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SUMMARY

This thesis presents the results of an experimental investigation into
the forced convection evaporation behaviour of two organic fluids,
monochlorobenzene and the eutectic of biphenyl-biphenyl oxide which are
suitable as working fluids for low output Rankine cycle systems. Details
are given of a high pressure and temperature experimental loop which was
constructed for the investigation which incorporated an electrically heated

BERBE] vith a heated length of 1.83 m in which the test fluid

flowed vertically upwards. The range of experimental conditions

investigated were as follows:-

Test Variable and Units Monochloro- Biphenyl-
benzene biphenyl oxide
System pressure, MN/hl2 .51 - 3.093 .225 - .521
Mass velocity, kg/hz sec. 296 - 886 195 - 743
Heat flux, ki/m° 13 - 200 40 - 190
Inlet sub-cooling, kJ/kg. 12 - 201 25 - 191
Exit quality .01 = .99 02 .~ .99
Bulk fluid temperature, -C 146 - 326 232 = 344
Inside wall temperature, °C 176 - 575 252 - 503
Reynolds No. 18,000-86,900 15,500-47,600
Prandtl No. 2.9 = 3.7 L.0 - 5.8

It was found that the heat transfer in both the single-phase and sub-
cooled boiling regimes could be described by existing correlations. In the
net boiling region however this was not the case and none of five literature
correlations considered for comparison purposes adequately represented the
experimental data. A correlation of the net boiling data was derived using
multiple linear regression analysis which employed the heat flux and liquid-
vapour density ratio as the correlating variables. Heat transfer in the post

dry-out region could be represented by a standard single-phase correlation
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employing vapour phase thermophysical fluid properties. The heat flux at
dry-out was correlated for a number of tests in terms of the mass velocity,
latent heat and vapour quality at dry-out. The high wall temperatures caused
by dry-out promoted thermal breakdown of the test fluids which served to
highlight the prime importance of thermal stability considerations in Rankine
cycle working fluid selection.

Included as Appendices are the data reduction computer program, a digest
of the thermophysical properties of the test fluid, an error analysis and

a listing of experimental and derived data for each test undertaken.

Further Appendices give details of exploratory investigations concerning

the thermal stability of monochlorobenzene employing a gas chromatographic
method for the chemical analysis -of fluid samples taken véfore and after
heating, dissolved.gas measurement-an& test section exit void fraction

determination.
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NOMENCLATURE
A Test section flow area, "
A Cross sectional area of test section wall, wn/k (Do'2 - Da), n°
Bo Boiling number, @/( A G)
Cpy Constant pressure vapour specific heat, kJ/(kgK)
CpL it " liquid i o .
cp° Ideal gas specific heat , kJ/(kg.mole K)
D Test section inner diameter, m
DL Equivalent hydraulic diameter of liquid film (Eq.3.16), m
Do Test sction outer diameter, m
E Thermocouple emf, mV
£ Fanning friction factor
fTP Two-phase friction factor
Fc . Convective heat transfer correction factor in Chen correlation
(Eqs 3.14).
Fr, Froude number based on ligquid portion of flow, (G(1-x))2/pL25;D
FNB Nucleate boiling correction factor in Guerrieri-Talty correlation
g Acceleration due to gravity, 9.81 m/sec.2
G Mass velocity, m/A, kg/(m2 sec.)
h Heat transfer coefficient at tube wall, k‘d/(mac).

Convection component (macroscopic)of heat transfer coefficient

mac
in Chen correlation (Eq. 3.14), m

hmic Nucleate boiling component (microscopic) of heat transfer
coefficient in Chen correlation (Eg. 3.15), m

h Combustion gas - tube wall heat transfer coefficient,
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TP

e

Test section current, amperes

Thermal conductivity cal/(cm.s.K)
Vapour thermal conductivity, mW/(m<C)
Liquid " " "
Thermal conductivity of test section material, W/(m.C)
Low pressure thermal conductivity, cal/(cmas.K)
Two -phase mixture thermal conductivity, mW/(m.C)
Test section heated length, m
Mass flow rate, kg/s.
Molecular weight
Nusselt number, hD/k
Nusselt number based on liguid thermal conductivity, hD/kL
Pressure, I‘*ll\]/m2 or kN/m2
Critical pressure, Mthz
Reduced pressure, p/pC
Parachor
Prandtl number, uCp/k
Test section inner radius,m
i B iouter M i
Radius of minimum size thermodynamically stable bubble (Eq. 3.10), m
Test section resistance, ohms
Universal gas constant, 8.3143 kJ/(kg-mol K)
Reynolds number,gﬁm/h or GD/u
Liquid-phase Reynolds number, (1-x) GI}/'pL
Nucleate boiling suppression factor in Chen correlation (Eq. 3.15)
Temperature, %
Bulk fluid temperature, °%
Critical temperature, K

Film temperature, (Tw + Tb)/é, %a
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TL Fluid temperature in sub-cooled region, %
T, Reduced temperature, T/Tc

Tsat Saturation températufe, 0C

Tw Inner wall temperature, %

Two Outer wall temperature, %

u Velocity , m/s.

U Overall heat transfer coefficient, kW/(mEC)
v Liquid specific volume, m3/kg.

Via Difference in specific volumes of saturated liquid and vapour, mB/kg.
' Test section voltage drop, volts

Vc Critical volume, m3/kg

X Vapour phase mass flow faction or guality
Xyt Lockhart-Martinelli parameter (Eq. 3.8)

Zc Critical compressibility.

Y Parameter defined by Eq. A3.9

) Thickness of laminar sub-layer (Eg. 3.711) m
Ap Pressure drop or pressure difference, kN/'m2
AT Temperature difference, oC

B Wall superheat, T - T_., °C

&Tsub Degree of sub-cooling, Tb - Tsat’ %

€ Two-phase flow parameter in Chawla correlation (Eq. 3.16).
A Heat of vaporisation (Latent heat), kJ/kg.
u Viscosity, centipoises.

B Vapour viscosity, mN s./'m2

By Liquid viscosity, i

uo Iow pressure viscosity, centipoises.

B, Viscosity at wall, mN s./in2

& Parameter defined by Eg. A3.5

P Critical density, kg/m3
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Density kg/m3
Electrical resistivity, p.ohm-cm.
Vapour phase density, kg/'m3
Liquid " " i

Reduced density, ﬁ/pc

Surface tension, mN/m
Wall sheer stress, N/m2
Wall heat flux, kW/m®

z
Frictional component of pressure gradient, kN/m”
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INTRODUCTION

el

1.2

153

The Rankine cycle is the most widely used thermodynamic system for
electrical power generation. The cycle is shown in Fig. 1 for an
elementary system employing water as the working fluid and in a
modified form in Fig. 2 for an organic system incorporating a de-
superheater/feed heater. In the former system high pressure water fed
by the feed pump is vaporisedto steam in the boiler through the
addition of heat. The high pressure and temperature steam passes to
the turbine where it is expanded down to a low pressure and temperature,
in so doing producing work, before being condensed and circulated
around the system again. Whilst water is the conventional working
fluid for such a cycle it does have thermodynamic and turbomachinery
deficiencies which have led to consideration being given to the use
of alternative fluids such as liquid metals and organics. In
particular during the past decade or so the advantages of organics as
the working fluid for low power output Rankine cycle systems which
employ a turbine as the prime mover have been clearly demonstrated.
There is a large market for low power output systems of say up to

200 kW and the prime movers currently fulfilling this demand are the
petrol and diesel engines. Whilst the latter in particular have a
high thermal efficiency, reciprocating engines in general have high
maintenance costs, are noisy and can cause a lot of atmospheric
pollution. Rankine engines employing turbines on th: other hand are
simple, being not subject to high vibratory forces they have lower
maintenance costs and a longer life, are relatively silent in
operation and by having a more controllable combustion process cause
less atmospheric pollution. Additionally since the combustion is
external a wide variety of heat sources can be used.

The advantages of organic fluids over water for low power output

turbine systems arise from the much lower nozzle efflux velocities and
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enthalpy drops associated with high molecular weight fluids. With

steam as the working medium efflux velocities are very high. Hence a
corresponding and impractically high blade speed is required to achieve
a good turbine efficiency with a small diameter rotor. This together
with the large losses arising from employing small blade heights and
partial admission rules out steam as a candidate working fluid for high
efficiency vapour turbine systems. In comparison, the low nozzle efflux
velocities obtained with organics enable a turbine to be designed to
operate at the optimum nozzle efflux-blade velocity ratio. Further

a single stage construction is often possible since the available enthalpy
drop is low. These factors promote mechanical simplicity and minimum cost.
Because the enthalpy drop across the turbine stage is much lower than

in the case of steam larger mass flow rates are required for a

given power output permitting the use of full admission and relatively
large blade heigh¥s, which are desirable design features.

An unusual feature of some organic fluids compared with water, is

the positive slope of the saturated vapour line of the temperature-
entropy diagram. This is illustrated for the fluids used in the
experimental programme, viz: Monochlorobenzene and Biphenyl-Biphenyl
oxide, in Fig. 3. A consequence of this difference is that super-
heated vapour exists after expansion at the turbine exit. Thus blade
erosion problems are absent, unlike the case with steam where super-
heat turbine inlet conditions are often necessary so as to limit steam
wetness to an acceptable amount. This latter characteristic can
however be a drawback with some candidate organic fluids which have

a temperature-éntrOpy diagram with a very large positive slope.
Expansion of such a fluid through a turbine would result in

considerable superheat being present at the turbine exit which

necessitates the incorporation of a regenerative heat exchanger to
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recover it, prior to condensing, by feed heating so as to ensure
a reasonable cycle thermal efficiency.
The selection of the best working fluid to use from amongst the large
number of organic fluids in existence is not straightforward since
many factors can influence this choice. A comprehensive review of
factors affecting the choice of working fluid including details of
applications of organic Rankine cycle systems with the various working
fluids used covering the period 1850 to the present day has been
previously given in Ref. 1. . e

The fluid selected should;-

(ii.ll Pﬁssess high therﬁai séébiiié& with good materials
compatibility.

(ii)  Be non-explosive and non-poisonous.

(iii) Have a molecular weight above 50 and a near isentropic (vertical)
slom of the saturated vapour line on the temperature-entropy
diagram so as to avoid turbine blade erosion problems at
the end of expansion.

(iv) Have a low freezing point.

(v) Have a higher than atmospheric vapour pressure at the cycle
condensing temperature.

(vi)  Possess good heat transfer properties.

(vii) Be cheap and readily available.

Only relatively few organic fluids meet sufficient of the foregoing

criteria or have enough known about them to warrant serious

consideration as candidate working fluids. Of these the 13 listed in

Table 1 have been studied using computer programs to calculate their

'thennodynamic properties and perform cycle analyses of their use in

air-cooled condensing systems to determine the most suitable one for

a particular power range(z). The results of this latter study showed
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q £
E;::;i:titj‘"f" i) =1 603(20)] 121(93.5)| 19122 [57.5020) |64 (57.8) | mo(2s)]137(93.5) 119(80) [136(20) | 121(20) |56.9(20) | ©6.9(20) |97.5(25)| -
vt spectfic fy ket %M ul182(2000 1.970100) | 1.335 2 [1 2000 [1u5(25) | 1.60200] 14305283 1.72022.1) |1. 690200 [1.15¢20) [ 1205050 | 12090300105 50y] -
I(;:'::::J‘l’i;;"“m 2571108 [1.0020) [wosesm.8)| zean:| soie| 209y 506050 s2e37.8) | .s7040) 675(20) [1.065(20)] 2.6(25) | 5.22(25)].82(2%) *
Surface fensiir [=hi m 72.5(20) | 38.1(22) 2i03C. |z2.6(20)| - h(25)] 33.9(20.6)] 30f20) |28.5(20)|27.2(20) | 1s(25) | 15(25) | 15(2%) -
CP) - Monoisorreryici;henyl CP25 - Toluene
Cr27 - KHunochlorcrensene DOYW E - O-dichiorobenzene
HFE - Hexafliro:encene PP % - Perflurodecalia
CP32 - Fyriaine PP 9 - Perfluoromethyidecalin
DOW A - Eiphenyl-Siztenyloxide FC 75 - Perfluoro-2-butyltetrahydsofuran
CP3h - Muophene (~e-TOL - O-ethyl ioluene
O-XYL - Urtho xylene

Fipgures

TABLE 1 FAsiTAL LIST UF RANKINE CYCLE WORKING FLUIDS AND THEIR PHOPERTIES

in

-1 .
trackets denote the temperature in C at waich

the property applies.

_€2_



1.7

= 20 =

that of the fluids considered the first 5 listed in Table 1 (excluding
water) were most suited for various power ranges in the overall range
from 0.5 to 200 kw,. Of these monochlorobenzene (CP27) and the
eutectic of biphenyl-biphenyl oxide (DOW A), known commercially as
Dowtherm A (The Dow Chemical Co., USA), Thermex (Imperial Chemical
Industries Ltd., U.K.), Diphyl (Bayer AG, W.Germany) or Gilotherm

DO (Rhone-Poulenc, France) were selected for experimental study to
determine their heat transfer characteristics, one of the fluid
selection factors mentioned above.

Monochlorobenzene or chlorobenzene as it is sometimes termed having
the chemical formula 06H5Cl is widely used as a starting material

for the production of phenol, aniline, chloronitrobenzene, DDT etc.

It is manufactured by the chlorination of benzene in the presence of

a catalyst (usually ferric chloride, FeClE) to form a simple molecule
where one chlorine atom has replaced one hydrogen atom around a single
benzene ring. Some typical properties of monochlorobenzene are given

in Table 2(3)-(5).

Unlike biphenyl-biphenyl oxide, monochloro-
benzene has no history of use as a thermal fluid except in some of the
development projects mentioned in Ref. 1. The eutecticmixture of
biphenyl-biphenyl oxide has a history of use as a heat transfer fluid
going back to the early 1930's. It is, as indicated in Fig. 4 a
mixture of 26.5% biphenyl and 73.5% biphenyl oxide by weight. The
boiling points of both these components are so close that the mixture
evaporates azeotropically i.e. with the same composition in the liquid

and vapour phases. An enrichment of the liquid with one of the

components of the mixture thus does not occur on evaporation and its

properties do not change. Typical properties of biphenyl-biphenyl oxide

(6)-(9)

are also given in Table 2 . The saturation pressure-temperature

and liquid-vapour density ratio characteristic for the two fluids are



CHLCROBENZENE

SYNONYMS: MONOCHLORDBENZENE,

EIFHENYL~-BIPHENYL OXIDE

STNCNYME: DIPHENYL-DIPHENYL

FLUID CHLOROBENZOL, CHLOR- OXIDE, DOWTHERM 4,
EENZOL, PHENYL THERMEX, DIPHYL,
CHLORIDE, GILOTEERM DO.
; nammn Q)
SN O 26.5% BIPHENYL 0_O
CHEMICAL FORMULA CgHe0
MOLECULAR WEIGHT 112.6 165
BOILING POINT AT 1,014 BAR, °C 131.7 257.7
FREEZING POINT,’C -45 12
DENSITY AT 20°C, kg/m° 1105 - 1107 1062
CRITICAL PRESSURE, BAR 45,2 32.04
CRITICAL TEMPERATURE, °C 359.2 497
CRITICAL VOLOME, m°/kg .00274 .00311
LIQUID SPECIFIC HEAT AT 20°C, kJ/(kak) 1.36 1.15
LIQUID THERMAL CONDICTIVITY, mW/(mK) 141 (20°C) 140 (25°¢C)
LIQUID VISCOSITY (DYNAMIC), kNs/o> 8 (20°%) 35 (25°¢)
SURFACE TENSION AT 20°C, uli/m 32,0 43.0
;giﬂ'f Sggor VAPOURISATION AT BOILING e i
HEAT OF FUSION, kJ/kg 85.8 98,2
FLASH PoINT, °C 32.0 116.0
FIRE POINT, °C 52.0 128.0
AUTO IGNITION TEMPERATURE, °¢ 615.0
LOWER EXPLOSIVE LIMIT IN AIR, % v/v 1.4 1.0
UPPER " voowon 7.1 3.5
THRESHOLD LIMIT VALUE, ppa v/v 75
DIELECTRIC CONSTANT 5.7 (20°¢) 3.26 (23.9°¢)
SPECIFIC RESISTIVITY AT 20°C, OHM-CM 2 x 10° 6.4x10

FEEFRACTIVE INDEX

1.5215 (25°¢)

TABLE 2: Summary of characteristic data for Monochlorobenzene and the
eutectic of Biphenyl and Biphenyl oxide.
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s
shown in Figs. 5 & 6 along with those for water as well as for some
of the other fluids mentioned in Table 1. Fig. 6 which presents the
pressure-temperature characteristics as a plot of saturation pressure
versus reciprocal of absolute temperature further illustrates the
advantages of organic fluids vis a vis water. For a particular

temperature the system pressures are lower which leads to lower

stresses in the pressurised components such as evaporator tubes which

operate at maximum cycle temperatures enabling lighter, lower cost
materiéls to be used.

An organic Rankine cycle system such as shown schematically in Fig.
2 incorporates several heat exchangers viz. preheater/boiler or
evaporator, desuperheater/feed heater and condenser. It has been
estimated that the cost of these heat exchangers comprises a large
proportion, about 40%, of the overall cost of a low power output

(10)

system with boiler costs accounting for up to half of this latter
figure(113 It is thus evident that reliable heat transfer information
on the fluids under consideration is required to provide the basis for
the economic design of the heat exchange components. It was to provide
such heat transfer data that the investigation described in this
thesis was instigated. For this purpose a test loop was constructed
and heat transfer measurements undertaken on two fluids which were
subject to the pressureand temperature conditions expected in an
organic Rankine cycle system evaporator. The data required could not
be obtained by calculation since boiling heat transfer theory is not
sufficiently advaneced. Obviously the main interest of the experimental
research has been on boiling heat transfer since heat transfer laws
for single phase systems are by comparison well established. The

prime objectives of the investigation were:(i) to obtain data for

monochlorobenzene and biphenyl-biphenyl oxide for the several distinct
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modes of heat transfer existing within a vertical electrically
heated test section and (ii) to subsequently correlate these data
either by means of existing correlations or by means of relationships
derived from the analysis of the experimental results.
One of the essential differences between water and organic fluids
is the good thermal stability of the former compared with the generally
poor thermal stability of the latter. Water is considered to be
completely stable up to quite high temperatures, say 600 C, when
dissociation begins to occur. Organics have a much lower limit of
thermal stability i.e. the temperature above which unacceptable
decomposition of the fluid occurs. The latter governs the temperature
to which the fluid can be heated in the system, which in turn largely
determines the thermal efficiency of the cycle. It is thus essential
that the selected fluid should have acceptable thermal stability in
the presence of commercially available materials under the repeated
cyclic conditions@@éé@ég?%?@@in Rankine cycle systems and this factor
can be considered to be the most important of all the fluid selection
criteria<12) (13). Quantitative information on the thermal stability
of biphenyl-biphenyl oxide obtained from long term endurance loop
testing is available in the literature(1h)(152 No similar information
however could be found for monochlorobenzene and thus a preliminary
investigation on thermal stability aspects was undertaken on fluid
samples used in the heat transfer tests. This latter work which
employed a gas chromatographic method of chemical analysis is reported

in Appendix 5.
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HEAT TRANSFER IN ONCE-THROUGH EVAPORATOR SYSTEMS

A low power output organic Rankine cycle system would in all probability

employ a once-through boiler rather than the recirculating type used

in most conventional steam plants. For a small power plant a single

tube of a once-through boiler would have sufficient vapour generation

capacity to meet the total requirements of the power plant. Such

single tube units are usually called monotube boilers or vapour

generators in which sub-cooled fluid entering from the feed pump is

completely vaporised and superheated in a single pass.

A monotube boiler is preferred to a recirculating type for an organic

fluid application for the following reasons:

(1) The high temperature working fluid inventory is minimised.

(ii) The bbiler_is‘cdﬁﬁact due to the absence of a vapour &;;ﬁ,-liquid
separator‘éhh‘réci}culating pump.. R

(iii) The boiler has a low thermal inertia which consequently produces
a rapid response to control equipment,

(iv) There is greater safety if there is an over-pressure incident.

(1) above is particularly important for organic systems where fluid

thermal decomposition is always present to a greater or lesser extent.

Thermal decomposition is primarily a function of temperature and the

fluid residence time at temperature. Thermal decomposition will thus

be very much less with a once-through design, where the hot-cold mass

ratio can be as low as 1:100 (162 than with a recirculating system

where a relatively large amount of fluid is being continuously heated

at maximum cycle temperatures. A once-through design also minimises

the likelihood of the formation of stagnant regions which could lead

to accelerated thermal decomposition of the working fluid. In addition

to reducing the system cost the absence of a large primary pressure

vessel eliminates the possibility of catastrophic boiler explosions

occurring in accident situations, a particularly desirable feature
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where mobile power plants are concerned.
The amount of heated surface area reguired for a given thermal duty
and temperature difference can be determined from a knowledge of the
overall heat transfer coefficient between the combustion gas and the
working fluid flowing within the tube. The overall heat transfer
coefficient at any point along the boiler tube, referred to the tube
i.d. is the reciprocal of the combined thermal resistances of the

combustion gas, the tube wall and the working fluid viz.:-

1
U =
ol R T
where:
U = overall heat transfer coefficient referred to tube i.d.
h0 = heat transfer coefficient from the flue gas to the
tube material.
h = heat transfer coefficient from the tube wall to the
working medium.
kw = thermal conductivity of the tube material.

The combustion gas heat transfer coefficient ho for a monotube boiler
is generally one or two orders of magnitude smaller than the equivalent
tube wall and working fluid heat transfer coefficients and thus its
magnitude largely determines the heat transfer area required. The
working fluid side heat transfer coefficient however determines the
boiler tube wall temperature, larger heat transfer coefficients leading
to lower tube temperatures. Since the boiler tube operating
temperature places an upper limit on the performance and compactness
possible with a boiler a knowledge of the heat transfer process within
the monotube is essential for design purposes.

The various regimes of heat transfer occurring during the once-through
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forced convection evaporation of a fluid flowing vertically upwards in
a tube having a uniform wall heat flux are illustrated in Fig. 7.
During vaporisation the nature of the flow changes from pure liquid

to pure vapour via a number of two-phase flow patterns or regimes
ranging from discreet bubble flow to mist flow. The fluid enters the
tube in a sub-cooled state i.e. the bulk temperature is below the
saturation temperature corresponding to the inlet pressure level and
heat transfer from the heated wall is by single-phase forced convection.
The fluid temperature is progressively raised until a point is reached,
termed the onset of sub-cooled boiling where the liquid becomes
sufficiently superheated to form bubbles at preferred nucleation

sites on the wall of the tube. Initially these bubbles are very small
and are restricted to the wall in a thin Eoundary layer and any that
are swept out into the stream rapidly condense in the colder bulk
fluid and the net increase in void fraction, i.e. the ratio of the
vapour phase volume to the total volume at a particular cross-section
of the tube,is negligible. Some investigators have termed this the
'highly sub-cooled' region. As the bulk sub-cooling further decreases
up the tube a rapid increase in the bubble population occurs and these
begin to grow and depart into, but not condense,in the main stream.

The location where the rapid increase in voidage occurs is known as
the 'point of net vapour generation' and the distance from this point
to the bulk boiling boundary occupies the so called 'slightly sub-
cooled' region.

The bulk temperature and void fraction continue to increase through
the slightly sub-cooled region until the bulk boiling boundary is
reached when sufficient heat has been added to the fluid to raise its
average bulk or mixed mean enthalpy to the saturation value corresponding
to the local pressure. Another name for this location is the 'zero

quality' point, quality being defined as the weight fraction of the
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flow vaporised at any particular point along the duct. Vigorous
nucleate boiling of the fluid is taking place at this stage and in
this nucleater boiling region the heat flux to the liquid may be
increased considerably without any significant increase in the wall
temperature, which is generally only slightly higher than the liquid
saturation temperature. Further up the tube into the positive quality
regime the bubbles agglomerate to form vapour slugs surrounded by
saturated liquid in a region variously termed turbulent slug, churn
or froth flow. Nucleate boiling still occurs at the wall and bubbles
continue to feed the vapour slugs until the vapour flow rate becomes
so high that the majority of the liquid is forced into an annular
film on the wall with the remainder of the liquid being carried as
entrained droplets in a turbulent vapour core, the so-called 'annular
flow' regime. Generally nucleate boiling will continue to take place
in the liquid film to a diminishing extent in low quality annular
flow until it is eventually suppressed by the increasing flow velocity
leading to too small a temperature difference across the liquid film
to support nucleation.
As the flow continues up the tube the annular flow pattern persists
with heat transfer taking place by conduction and convection through
the thin liquid film and evaporation occurring at the liquid-vapour
interface. The liquid film thus progressively decreases in thickness
due to the effects of evaporation and entrainment and eventually
at the so-called 'dry-out point' there is insufficient liquid left
in the film to wet the wall at all points around its circumference.
A dry patch thus forms at the heated surface at which point the vapour
now adjacent to the tube wall acts as a partial insulant which, with
a heat flux controlled system such as a radiantly heated tube, gives
rise to a sudden increase in wall temperature. There can be relatively

large surface temperature oscillations present at this point which are
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indicative of the unstable conditions whichappertain at dry-out,
however these soon decrease and conditions stabilise, assuming the
effect is not catastrophic, with higher temperature gradients than
existed previously. Catastrophic conditions arise when the temperature
rise is such that the tube overheats to beyond the melting point of
the material, or to a temperature which in combination with the
pressure conditions within the tube causes a failure of the tube wall.
These critical conditions of heat transfer and fluid flow are
variously referred to as dry-out, boiling crisis, critical or peak
heat flux or burn-out conditions. An important distinction between
a similar situation caused by vapour blanketing in a sub-cooled nucleate
boiling system is that with the latter the temperature transient
is extremely rapid and it invariably results in tube failure, whereas
that occurring on dry-out is by comparison very slow and often, as
in this work, produces tolerable wall temperatures. Indeed, since it
is inevitable in a once-through boiler operating at saturation conditions
that the dry-out transition has to be experienced it is an over- -
riding design condition that its occurrence should not cause failure
of the boiler tube wall. The flow pattern after dry-out becomes one
of liquid droplets entrained in vapour over a so-called 'liquid
deficient' flow region. Liquid droplet vaporisation occurs by
conduction and convection to the superheated vapour. The tube wall
temperature after its precipitous rise at dry-out decreases slightly
as a result of liquid droplet evaporation, producing higher vapour
velocities and corresponding greater heat transfer coefficients.
Finally, all the liquid is evaporated and heat transfer is by single-
phase convection to a superheated vapour.
The foregoing description of once-through boiling can be summarised

for design purposes by the variation of the fluid side heat transfer
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coefficient as shown for a steam system in Fig. « The major

di sadvantage of this process as applied to organic fluids is that a
dry wall condition exists for a significant portion of the evaporator
tube which with a radiant heat source could result in high wall
temperatures enhancing fluid decomposition. This region of high
metal temperatures is thus of particular concern to the once-through
boiler designer since it effectively constitutes a practical design
limitation both from tube material stress and fluid breakdown
considerations. The major factor influencing the magnitude of the wall
temperature rise at dry-out is the value of the applied heat flux.
There is however little quantitative informationin the open literature
which makes recommendations on the maximum heat fluxes to use with
organic systems of the type being discussed, which with the absence of

a reliable prediction theory makes recourse to experiment a necessity

even for the simplest geometries.
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REVIEW OF HEAT TRANSFER CORRELATIONS FOR THE SINGLE PHASE, SUB-COOLED

BOILING & SATURATED BOILING REGIMES UP TO THE ONSET OF WALL DRYOUT.

From the foregoing chapter it is evident that once-through boiling or

evaporation as it ocecurs in a monotube vapour generator is quite

complex. In particular the presence of the various two-phase flow patterns

seriously complicates the task of predicting heat transfer into the
flowing fluid. Each of these flow regimes, which can vary significantly
in detail for various combinations of pressure, flow rate and vapour
quality etc. suggests a different model for the calculation of heat
transfer rates etc. Because the physical phenomena associated with
boiling in two-phase mixtures are not fully understood at the present
time, design equations for the various flow regimes are based upon
empirical or semi-empirical correlations. The purpose of this Chapter
is to review the literature correlations which were used for comparison
purposes with the experimental results in the data reduction phase of
this investigation. Only a brief summary of these correlations will

be made here since comprehensive discussions concerning them can be
found in the various books on boiling heat transfer which have been
published in recent years(18)-(23).

Single phase forced convection heat transfer correlations.

In this regime the temperatures of the wall and fluid are both below

the fluid saturation temperature for the local pressure. A [LAiahan
sub-layer exists next to the wall which provides the primary resistance
to heat transfer. With an increase in fluid velocity, the sub-layer
thickness decreases and the mainstream turbulence increases which causes
a corresponding increase in heat transfer. Three of several single-
phase correlations for turbulent flow in pipes are given overleaf:-

(24)

Dittus and Boelter in their correlation equation:-



a4

h.D plin 0.8 W Cp 0.4
L - L LPL i

-— = 023 Ege 3+1)
= Lo 5

evaluated all fluid properties at the bulk temperature of the fluid.
(25)

Sieder & Tate added a viscosity ratio factor to a similar

expression as Eq.3.1 viz.:-
.14

BN ogy | PP o T B “ (Bg., 3.2)
b, b, , My

where again all fluid properties were evaluated at the bulk fluid

temperature except ¥, which was evaluated at the wall temperature.
The dynamic viscosity ratio term was added to account for the fact
that the boundary layer at the wall is strongly influenced by the
temperature dependence of the viscosity.

As a conclusion from the analysis of a large amount of experimental
data on forced convection on a variety of liquids the Engineering

(26)

Sciences Data Unit recommended the following equation with the

fluid properties all evaluated at the bulk temperature:-

( hL ) = exp ( =%.796 = .205 logeRe - 505 logePr-.0255(logePr)%)

PLuCpL
(Eq. 3.3)
which can be written in the form of Eq. 3.1 as:-
i‘;_l_)_ - E. Re'797, pp*9 (Eqe 3.4)
o

where E = .0225 exp(-.0225 (lOgePr)?)

Sub-cooled beoiling heat transfer correlations.

In the case of sub-cooled boiling heat transfer the tube wall

temperature is above the local fluid saturation temperature. When this
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excess temperature or wall superheat exceeds a certain value bubbles
form at nucleation sites on the tube wall which cause the heat
transfer coefficients to be substantially increased beyond their
previous single phase values. Correlations for this regime range from
completely empirical or semi-empirical dimensionless group ones to

the more fundamental superposition type which employ pool boiling
correlations with added terms to account for liquid motion.

Moles & Shaw(27)

have summarised the dimensionless group and super-
position type correlations for sub-cooled flow boiling. From an
analysis of experimental sub-cooled flow boiling covering different

fluids and geometries the latter investigators have proposed the

following dimensionless group correlation:-

s (g O r >0.67 % )0.5 5, \O7
L TL { PGu CpL&Tsub a

(Eq- 3-5)

D"IJ‘

In the above expression all properties are calculated at the saturation
temperature corresponding to the relevant system pressure with the
exception of the Prandtl group which is evaluated at the film
temperature (the arithmetic mean of the walland bulk temperatures).

The all-liquid heat transfer coefficient hL in Eq. 3.5 was recommended
to be calculated using the ESDU correlation (equation 3.3 or 3.4).

(28)

The foregoing expression is similar to that developed by Papell

for the sub-cooled flow boiling of water viz:-

< p 1.08 0.7
hL )\PGu prﬂTsub PL

Both Egs. 3.5 and 3.6 are restricted to sub-cooled boiling since the

parameter containing the degree of sub-cooling of the fluid (stub =

T, - T_ ) becomes infinite at zero sub-cooling.
sat
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3.4 Saturated flow boiling heat transfer correlation.

3.4.1 Heat transfer correlations for the net boiling region can be
separated out under two general headings (i) the wet wall correlations
and (ii) the dry wall or liquid deficient correlations with the
dividing line between the applicability of each being the wall dryout
point. Only the correlations relevant to heading (i) will be discussed
here since rig operating difficulties prevented reliable heat transfer
data from being obtained in the post-dryout region.

3.4.2 A large number of empirical or semi-empirical correlations

have been developed to correlate boiling heat transfer data for a
variety of fluids(ag). One of the earliest correlations of data for
the local heat transfer coefficients in evaporation is that given by

(30)

Guerrieri & Talty from experiments undertaken with organic fluids

in a single tube natural circulation vertical boiler. In a similar

(31)

manner as in the work of Dengler & Addoms published at the same
time, the existence of two contributionsy namely forced convection
effects and bubble nucleation effects, to the overall heat transfer
process in flow boiling@iggﬁrecognised. For the case when nucleation
effects were assumed to be absent Guerrieri & Talty related the boiling

heat transfer coefficient to the single phase all-liquid heat transfer

coefficient by the following expression:-

n = 3.4 (_1__) Dyt (Eq. 3.7)
hL Xttt )
where Xtt is the parameter used by Lockhart & Martinelli 2% to-

correlate two-phase pressure drop measurements when both phases were
in turbulent flow viz:-

0.1 0 |, Fa iy, 059

e ’L —
¥5 Pg

P,

tt (Eg. 3.8)

The single-phase liquid coefficient hL is calculated by the following
Dittus & Boelter relation which only considers the unvaporised part

of the mass flow i.e. G(1-x) in the calculation of the Reynolds number

term:~
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By = 023k (DG(‘I-x))O'S (CpL]J-L )0‘4 (Eq. 3.9)
D Ly ¢ i

At low values of 1/Xtt, i.e. at low qualities the heat transfer

coefficient given by Eq. 3.7 must be multiplied by a 'nucleate boiling

augmentation factor' FNB to account for the increased heat transfer

due to nucleate boiling. The value of FNB was empirically found to be:-

Fug = 0.187 (r'/é)-'555 where r' was defined as the minimum radius of

a thermodynamically stable bubble corresponding to the wall superheat:-

5 2

— - .1
FEAase B e (Eq. 3.10)

Mp X.ﬁTsa

t

and § the thickness of the 'ISMiNA layer at the wall given by:-

T
o}

0.5
o
T Re (_L (Eq. 3.11)
1.

where S is the wall shear stress, D/h.(-dpF/dz).

The nucleate boiling correction term F, . cannot be less than unity

NB
which corresponds to a value of r'/§ of 0.049 and thus nucleation
suppressed conditions are present for any r./é value greater than

this latter figure.

3.4.3 In an attempt to obtain a single equation to cover both the
nucleate boiling and the forced convective regions Schrock & Grossman(BB)
suggested the use of the 'Boiling Number',@/A G to characterise the
nucleate boiling region and the Lockhart-Martinelli parameter to
characterise the forced convective region. Their correlation, derived

from experiments with water and steam in vertical tubes can be expressed

as follows:-

h = 7390 (_ﬁ) + 1.5 x 10'L*<1 )-6’7 (Eq. 3.12)

AG xtt
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where hL is calculated using the Dittus-Boelter equation (Egq. 3.1).
The correlation is based on the assumption that at low heat fluxes
the flow is annular and thus convective effects are dominant and there

is a strong dependence on X As the heat flux ismised nucleate

tt®
boiling augments the forced convection effect until, when the heat flux
becomes sufficiently large, the heat transfer process becomes independent
of the two-phase flow characteristics of the system. At this stage

the heat transfer coefficient becomes independent of xtt and can be
correlated by the Boiling Number.

3.4.5 Lavin & Young(Bh) provided several correlations for evaporation

as a function of the local flow regime from experiments undertaken

with Refrigerant512-and 22 in short horizontal and vertical electrically
heated copper tubes. The form of the equation chosen to correlate

the data in the annular flow regime which excluded any nucleation

contribution can be expressed as:-

1.16 -0.1
h 1 + x ) =
B, ° C(T—x) ('ﬁ) Ll

where C = 3.79 and 6.59 for the vertical and horizontal tubes
respectively with hL being calculated using the Sieder-Tate correlation
(Eq. 3.2), with the Reynolds number term defined in an identical manner
as in Eq. 3.9.

3.4.6 Chen >

utilised the data for water and organic fluids of
several previous investigators to produce a correlation for saturated
flow boiling that has subsequently gained widespread acceptance. The
correlation was based on a superposition principle where effects due to
bubble nucleation and forced convection are added to arrive at the
overall heat transfer coefficient.

The heat transfer contribution associated with forced convection effects

was termed the 'macroconvective' component and defined as:-
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0.8 0.4%
B = 0.023 @ (G(‘L—x)D ) (uchL) F, (Eq. 3.14)
D
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e

As a simplification it was assumed that the Prandtl numbers of the
liquid and vapour were equal and that K. ., the two-phase mixture thermal
canductivity was equal to the liguid value on the basis that the main
res;stance to heat flow was the annular liquid film adhering to

the tube wall. Fc is a flow-dependent Reynolds number factor which
was assumed to be a function of the Lockhart-Martinelli parameter xtt'
The actual dependence of F; on xtt was derived by Chen from the test
data of severél independent sources and is reproduced herein Fig. 9.
The nucleation heat transfer additive effect was defined by Chen as
the 'microconvective' component which was calculated employing the

nucleate pool boiling correlation of Forster & Zuber(36) multiplied by

a nucleate boiling suppression factor Sc (Sc >1), viz:-

79 5 o L9
. o.oones] Ky T Py -2t e.,p‘75sc (Eq. 3.15)
s 29 ) -2k, .2k
L G

'3 °5u

where AT = Tw-Tsat (wall superheat) and &p is the vapour pressure
difference corresponding to AT. The suppression factor Sc which was
also determined by Chen from experimental data is similarly reproduced
in Fig. 9 and this reflects the decreased nucleation effects as the
vapour flowing qualityincreases (i.e. as Fc increases). At zero flow -
rates Sc becomes unity and the microscopic heat transfer component
reduces to that given by the pool boiling value 6f Forster & Zuber.

At the opposite extreme of high two-phase mixture velocities the value
of Sc decreases towards a minimum value of about O.7. There is thus
always a nucleate boiling component with the Chen correlation unlike

other correlations which assume complete suppression of nucleation effects
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at higher Reynolds numbers. As previously stated the two components
are added to give the total heat transfer coefficient i.e.:=

Be=vh 2 + h
3.4.7 A saturated flow boiling correlation covering the complete
vapour quality range which incorporates a number of dimensionless

groups has been proposed by Chawla(Bﬁa.

A 'two-phase flow parameter'’
€ , the ratio of the mean ligquid velocity to the mean vapour velocity
was introduced to define a Nusselt number (b.dL/ kL) based on the
equivalent hydraulic diameter DL of the liquid flowing'as a film

around the tube wall. This equivalent hydraulic diameter was given as:-

Dy = DJ1- [14+3x De3 (Eq. 3.16)
xcPL7'PG

The two-phase flow parameter € was empirically correlated as a
function of the liquid Reynolds & Froude numbers, quality, density and
viscosity ratios of the liquid and vapour phases and the relative
roughness of the tube wall as shown in Fig. 10.

The final correlation for the heat transfer coefficient was derived
from an analysis of experimental heat transfer data for both water and
organics fof two ranges of the product of the liquid Reynolds & Froude
numbers viz.:-

for (ReL.FrL) < 109

Nu = hDL = 0.0066 (ReL.FrL)'W5 (x/1-x)(PL/'PG)'S(uL/pG)'S.ReL'35.PrL

42

)

(Eq. 3.17)
and (ReL.FrL) > 109

Ma = hD, = 0.015(ReLFrL)‘3’ (x/*:-x)(mL/lr:G)'3 (uL/uG)'8 ReL‘55PrL'“2

L

w

(Eq. 3.18)
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DESTGN, CONSTRUCTION AND OPERATION OF THE LOOP USED IN THE EXPERIMENTAL

HEAT TRANSFER INVESTIGATION.

Introduction

ﬁ;l;l Over the past 25 years wide use has been made of loop facilities
for investigating the mechanism of heat transfer to the fluids used

in thermal power systems. The most common type of loop used in

such studies has been the closed loop system as shown schematically

in Fig. 11 for the rig employed here. The function of the loop

system is to provide controlled fluid conditions over a suitably
instrumented test section. These fluid conditions i.e. flow rate -
pressure and temperature are usually controlled at the test section
inlet although some investigators have preferred to control exit
conditions instead. Control of fluid temperature prior to entry to the
test section can be affected by the amount of heat input from a
pre-heater situated upstream of the test section. Sufficient heat
input should be available to provide any desired test section inlet
temperature up to the saturation value. It is usual with such rigs
however to have a certain amount of sub-cooling at the test section
inlet so that the thermodynamic state at this point can be determined.
It is also desirable to have an all-ligquid inlet if burnout data are
to be obtained with the so-called 'hard inlet! conditioncEB). There
are several methods available to control loop pressure utilising
hydraulic accumulators, pressurisers or pressurising reciprocating
pumps. Control of the flow is normally [¢ffested| by a valve situated
upstream of the test section however other methods of control include
variation of circulating pump speed or regulating the amount of pump

by-pass flow.

4.1.2 The test section geometries used in loop studies have varied

enormously from the single uniform bore tube as used here to the

complex rod and cluster arrangements employed in nuclear reactor
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development work. The most extensively used method of supplying heat
to the test section is by resistance heating of the test section wall
using low voltage, high current a.c. or d.c. electrical power. This
type of constant heat flux heating enables local heat transfer
coefficients to be measured at intervals along ths test section as
indicated in Fig. 12. The inner wall temperature of the test section
Tw is arrived at by subtracting the wall temperature drop from the
measured outer surface temperature Two' The wall temperature drop
is calculated using the Fourier heat conduction equation for a
cylinder with a known amount of internal heat generation and material
thermal conductivity. The bulk fluid temperature, Tb, adjacent to a
wall thermocouple is calculated from a measured temperature at the
test section inlet and the known amount of heat added up to the
particular wall thermocouple position in question. Thus the only
unknown in the heat transfer equation:-

g = h/(T, - T,)
is the heat transfer coefficient 'h' which can be determined at each
wall thermocouple position. In the remainder of this Chapter a
description will be given of the heat transfer loop which was designed
and constructed incorporating the foregoing general principles together
with the experimental techniques employed and some of the problems
encountered during the course of the investigation.

Experimental Heat Transfer Loop Design.

4.2.1 It was envisaged at the outset of the investigation that the rig
should simulate as far as possible an organic Rankine cycle eystem

operating under both steady state and transient conditions as part of
a joint project with another University department who were interested
in the dynamics of closed loop systems using on-line computer control.
In the event however this collaborative project was not undertaken and

becuase ‘of time limitations the rig, originally designed to study
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boiling, desuperheating/feed heating and condensation, was progressively
modified to being a system suited only for the investigation of forced
convection boiling. The following parameters were selected for design
purposes which covered the extreme conditions for the fluids considered
in the parallel computer simulation studies(a):-
Maximum operating pressure 6.9 MN/'m2

" fluid temperature 350°%¢

n test section temperature 600°C

n flow rate S45 kg/hr.

gt test section power input 40 kW.
4.2.2 The rig as constructed had a height of about 4.6 m. and was
sited within a partitioned off area in room A304 of the main
University building. This partitioned off area had two levels for
access purposes and its own ventilation extraction system. The loop
constructional material was stainless steel with the exception of a
Nimonic 75 test section (Nimonic 75 is a trade mark of H.Wiggin &
Co. Ltd., Hereford). It was designed in accordance with relevant
pressure vessel design standards for operation at the maximum pressure
and temperature conditions given in %4.2.1.

Primary Loop.

4.3.1 As shown in Fig. 11 the loop consisted of a closed primary

circuit with several auxiliary systems. Fluid was circulated by a
glandless type pump through a flow meter and pre-heater prior to

flowing vertically upwards through the test section. From the test
section the fluid, either a liquid or liquid-vapour mixture, passed to

a series combination of a reflux cooler/condenser and a water-cooled
concentric tube sub-cooler where heat was removed to condense any

vapour and reduce the temperature to a suitable value at the circulating
pump inlet. Connections were made to the primary loop for filling,

venting, pressurising, pressure relief and dumping, spraying down,
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vacuuming out and drainage.
&;é;é The primary loop construction material was type 321 austenitic
stainless steel and it was assembled using compression type fittings.
The type of compression fittings employed were supplied by Betabite
Hydraulics Ltd. and they gave satisfactory service under the severest
combination of pressure and temperature conditions employed i.e.
3 MN/m2 and 325°C with monochlorobenzene as the circulating fluid.
The primary pipework bore ranged between 12.7 mm and 19 mm for various
sections of the circuit with the connecting lines to the auxiliary
circuits being 6.35 mm bore. The valves in contact with the test fluid
were 6.35 mm Hoke 2100 Series with the exception of the 12.7 mm flow
control valve. The latter valves had a PTFE based stem packing which
gave no problems with either leakage or seizure with the very searching
fluids used in the test programme.

4.3.3 Primary circulating pump. The circulating pump used was supplied

by HMD Pumps Ltd. and was of the glandless type employing a magnetic drive
coupling (Figd3).The pump had a single open impeller and gave a head

of 12 m. over the range of flow rates used in the test programme. Whilst
no serious loop stability problems were encountered a pump having a
greater head would have allowed a larger range of flow conditions

to be investigated than was the case. During‘the test programme the

pump performed satisfactorily with suction fluid temperatures of up

to 207°C although it was nominally rated for only 150°C.

b.3.4 Primary fluid flow meter. A turbine flow meter was used to

measure the volumetric flow rate through the system. A flow meter
of this type is insensitive to changes in the density of the flowing
fluid and they have a dynamic flow metering range of 10:1 or more.
The flow meter was manufactured by Electronic Flo-Meters Ltd., type
B/1/4/2 and had a linear metering range of 54-540 kg/hr (water at

20°C). The body of the magnetic pickup of the flow meter was fitted
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with a coiled copper tube heat exchanger to limit the temperature of
the electronics to below the manufacturers recommendation of 70°C
maximum. A full flow filter was fitted upstream of the flow meter
to remove particulate matter from the loop fluid.

4.3.5 Pre-heater. The temperature of the fluid at the test section

inlet was regulated by the amount of heat input from an electrically
heated pre-heater. The pre-heater was formed of a type 321 stainless
steel tube, through which the fluid flowed vertically, and was heated
as a resistance element byllow voltage, high current electrical‘prer.
This power, which was d.c. was provided by a Simpson variac-controlled
three-phase transformer feeding a three-phase bridge rectifier
supplying up to 1,000 Amps at a potential of 12 volts with a maximum
output voltage ripple of 5% peak to peak. The pre-heater dimensions
were 15.87 mm outside diameter, 12.7 mm inside diameter with a heated
lengﬁh of 2.13 m. The pre-heater was electrically isolated from the
adjacent loop components by insulated flanges. Flexible heavy-duty
braids (Head Braiding Ltd., type HB186) were used to connect the power
clamps fixed to the pre-heater and the power supply busbars. The

6.35 mm x 50.8 mm section busbars which connected the power supplies
of both the pre-heater and the test section from the output terminals
to the flexible braids were manufactured of electrolytic grade copper.
Both the braids and clamps were plated to prevent oxidation.

4.3.6 Flow control valve; A 12.7 mm Hoke 2100 sgeries needle

valve was fitted upstream of the test section for flow control purposes.
Although the valve stem packing was only rated by the manufacturer for
up to 23000 the valve satisfactorily operated at maximum temperatures
and system pressures of 29700 and_3.omm/h2 and 33200 and .4?MN/m2 with

monochlorobenzene and biphenyl-biphenyl oxide respectively.
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4.3.7 Reflux cooler - condenser. A reflux type heat exchanger was

employed for initial cooling of the primary fluid after it left the

test section. This consisted of a mild steel shell having the primary
loop formed as a coil within it as shown in Fig. 14. This coil was
immersed in an intermediate heat transfer fluid, water or Thermex

which was boiled up by heat from the primary fluid the vapour so

produced being condensed on a water cooled copper coil situated in the
upper half of the vessel. Heat removal was thus to the moling water
circulating in the condenser cooling coil and because the boiling and
condensing heat transfer L@mﬂ were large the unit was relatively
compact. Based on a heat transfer . rate of 126 k‘vl/m2 of primary coil
area the heat removal capacity was approximately 15 kW. A sight élass
holder for a 100 mm diam. x 12.7 mm thick ground Pyrex glass sight glass
(Quadrant Glass Co.) was fitted to the shell for observing whether
refluxing was in progress, which with the vessel itself was hydraulically
pressure tested up to 2.5 MN/ma.

4.3.8 Sub-cooler. Prior to entering the circulating pump and completing

the primary circuit the fluid was further reduced in temperature in
a water cooled heat exchanger or sub-cooler. The heat exchanger was
of the concentric tube type with the cooling water flowing upwards,
in counterflow to the primary fluid, in an annulus between the tubes.
The central tube through which the primary fluid flowed was 15.87 mm
i.d. having a cooled length of 2.43 m.

Auxiliary Loop Systems.

L.,4.1 Pressurisation. Under absolutely steady-state conditions with

a closed loop system of the type discussed the heat input will equal
the heat output and there will be no need for an external pressuriser
for pressure.control purposes since the amount of fluid in the loop,
monitored by say the condenser level, will determine the system

pressure. In practice, however, such steady state conditions are
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difficult, if not impossible, to achieve so that there will be some
inflow and outflow of primary fluid which must be stored in an
accumulator system directly connected to the loop. Such an accumulator
may also be used for accommodating the increase in fluid volume which
occurs upon evaporation and during initial heating on loop start-up
without having to dump excess fluid outside the high pressure part of
the system. A further advantage provided by such an accumulator or
pressuriser is that the rig remains at pressure when there is no power
to the test section. This minimises the amount of pressure cycling
involved when the power supply is cut off for any reason which limits
the additional stresses to couplings, valves etc. which is induced by
pressure cycling which could lead to failure of loop components.

A pressuriser also reduces the time involved in getting the loop system

back on-line when the test programme has been [interrupted,:

Closed loops usually employ one of the following types of pressuriser

system ;-

(i) A hydro-pneumatic accumulator where a pressurising gas, usually
nitrogen, is loaded over the loop fluid in the vessel to provide
the partial pressure to give the required pressure in the test
section.

(ii) As in (i) but with the pressurising gas separated from the fluid
in the vessel by an elastic membrane or piston.

(iii) A vapour pressuriser which employs immersion heaters to maintain
a vapour bubble over the loop fluid in the pressuriser vessel.

A pressuriser such as (i) or (ii) would maintain pressure stability but

it would produce severe temperature reductions in the circuit since

make-up from it would be cold. It would also be much larger than an
equivalent vapour pressuriser for the same stored energy in the
pressurised fluid. For good pressure stability a large stored energy

is required and the stored energy of a fluid at saturation temperature
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is an order of magnitude or more greater than the stored energy in a

gas at the equivalent pressure. A vapour pressuriser is also the
preferred system when it is desired to maintain a low gas content in

the loop fluid since with the other types there is the likelihood

of gas absorption from the pressurising gas,even if it is separated
from the loop fluid by a membrane as in the hydro-pneumatic accumulator
commonly found in hydraulic systems.

The immersion heated closed in vessel shown in Fig. 15 was employed

for pressurising the loop system under discussion here. It was
connected to the primary loop via a 6.35 mm bore line and an isolating
valve and was teed in on the suction side of the circulating pump.

The volume of the vessel between its high and low working levels was
about 1400 crn3 which was sufficient to accommodate the changes in the
loop fluid inventory which occurred during start up and in operation.

In the automatic operation mode the pressuriser heaters (3 x .825 kW)
were switched on and off by an indicator-controller (Ether type 991D)
which monitored the temperature in the pressuriser vapour space. A 6.35 mm
i.d. spray line connected the discharge side of the circulating pump

to the pressuriser vapour space via a manually operated isolating valve.
Operation of the spray line would cause a reduction of the vapour. space
temperature on the spraying-in of colder fluid and this in turn would
produce a fairly rapid reduction in the primary loop pressure. Although
not used for this purpose to a great extent in the present study
degassing of the loop fluid could be effected by the spraying operation.
Non-condensible gases were stripped out of the loop fluid during the
spraying process and these accumulated in the pressuriser vapour space
which could be periodically vented off to atmosphere.

The amount of liquid in the pressuriser was monitored during all

phases of loop operation. The determination of the liquid level inside

a vessel at high pressure and temperature is not an easy task. High
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pressure sight glasses connected across the vessel can be used, but
are not easily read and if the liquid is hot the different temperatures
in the vessel and the sight glass result in an [(HKBoWATertar gue to
density differences. The level measurement system adopted in this
work utilised a differential pressure transducer. One side of this
transducer was connected to the vapour space via a condensation pot
and a water-cooled line which constituted a reference leg. The other
side of the transducer was connected to the lower half of the vessel
just below the lowest permissible level. The differential pressure
across the transducer was proportional to the level of liquid in the
vessel provided the reference leg was maintained at a constant
temperature.

4.4.,2 Filling and make-up. The loop fluid was stored when not in use

in a 0.133 m3 stainless steel tank. The tank was fitted with pockets
for two cartridge heaters (Hedin 0.7 kW each) for boiling up the

loop fluid at the commencement of a day's rig operation. The tank‘was
also connected to a vacuum line which was used during degassing of

the fluid prior to loop filling. A sight glass and thermometer pocket
were fitted to the tank for monitoring the level and temperature
respectively. Only sufficient fluid for two or three loop charges

was held in the storage tank and it took about half an hour to boil

it up from cold. A transfer-under-vacuum system was normally employed
for filling the primary loop.

Make-up fluid for when the loop was operating at pressure was supplied
by an air-actuatedreciprocating pump as shown in Fig. 16. The delivery
pressure of this pump was directly proportional to the air supply
pressure, i.e. an air supply pressure of 0.3 MN/'m2 enabled it to

pump against a pressure of 6.89 MN/he based on the air cylinder to
barrel area ratio of 19:1. 1In the original loop design which envisaged

the inclusion of condensation studies with associated low pressures on
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the suction side of the pump this reciprocating pump was intended to
be used for primary fluid circulation. According to Associated
Engineefiﬁg ﬁtd. who designed é éiﬁilér unit for usé_in a éteém car
engine rié_the pﬁmp was capagie of delivering-about 3.6.l/@in; (155

double strokes/min at 12_&§%Jétroke) against a pressure of 10.35 MN/mz.

.4.3 Vent and drain system. Two 6.35 mm i.d. lines with isolating

valves and sight glasses connected the primary .loop high points and
the dump/drain tank for venting purposes during loop filling. Loop
drainage connections with isolating valves were fitted to the two
lowest points of the loop for drainage of the system on completion of
a day's operation.

L.4.4 Pressure relief and dump line. A pressure relief line was

connected to the primary loop between the test section exit and the
reflux cooler/condenser. To protect the system from over-pressurisation
a bursting disc assembly was set in this line, the bursting pressure

of the disc (F.A.Hughes & Co., type SZBPD) being 8.79 MN/ma‘i 5%

Since it was undesirable to lose all the contents of the system should
the disc have ruptured a relief valve was fitted downstream of the
bursting disc assembly. This relief valve was set to lift at a
pressure of 8.3 MN/mz, somewhat above the maximum working pressure of
6.89 MN/ma. In the event of an over-pressure incident rupturing the
bursting disc the loop contents would be discharged until the

pressure in the primary system fell below 8.3 MN/ma.

The relief valve was connected on its downstream side to a dump/drain
tank which had a volume of 0.133 mi. A few litres of cold loop

fluid were permanently stored in this tank for the purpose of quenching
out the high pressure hot loop contents which would enter in the event
of a bursting disc rupture. The dump tank was also connected to the
primary loop by an extension of the spray line which was fitted with

both hand and solenoid operated isolating valves. Operation of either
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of the foregoing valves caused loop fluid to be dumped out of the
primary system and provided a means whereby rapid depressurisation

of the entire system could be @@Eﬁﬂ in an emergency.

4.4.5 Vacuum system. Vacuum lines with isolating valves were connected

to the loop pressure relief line, reflux cooler/condenser shell and
fluid storage tank. A portable two-stage rotary vacuum pump (Metrovick
Ltd.) and a cold trap for vapour condensation /collection could be
connected to either of these lines for evacuating the loop prior to
filling, for control of pressure in the reflux cooler shell during
operation or for promoting degassing of the fluid during storage tank
heating.

L.4.6 Reference pressure and other gas systems.

The test section inlet and exit pressures were measured by a method
which employed low range pressure transducers backed by a reference
gas (air). A schematic of this reference pressure circuit is shown

in Fig. 17. The reference gas pressure was controlled by a precision
regulating valve (IV Pressure Controllers, Type 133/140/ER/V) mounted
near the loop control panel. A gas bottle was used as a reservoir

for the reference gas which was periodically charged up by a 5-stage
high pressure air compressor (G.Radaelli, Milan). The reference pressure
manifold downstream of the regulating valve was connected to a second
gas bottle which acted as a damper for pressure fluctuations caused by
the floating of the regulating valve.

A line was connected to the loop storage tank for introducing low
pressure nitrogen gas from a storage bottle. This was used during
loop filling when there was an insufficient pressure difference at the
end of the transfer under vacuum process to completely fill the loop
system. An air compressor and receiver located outside the loop

enclosure provided compressed air for operating the reciprocating make -

up pump.
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4.4.7 Water cooling services. In addition to the cooling water

requirements for the reflux cooler/condenser and sub-cooler, operating
experience with the loop showed that cooling of the following
instruments and loop components was necessary, either to protect
electronic equipment from high temperatures or to cool sealing features
to prevent primary fluid leakage:-
(i) Test section and pre-heater inlet and exit thermocouple glands.
(1) Pressuriser vapour space thermocouple gland. .
(1ii) The lines connecting the test section pressure tappings and

the differential pressure transducers.
(iv) Pressuriser level reference leg and condensation pot.

(v) The pick up casing of the turbine flow meter.

4.4.8 Ventilation extract system. The rig enclosure was provided with

a ventilation extract system consisting of a forced draught fan and
«3 m diameter flexible ducting led to outside the building.

4.4.9 Photographic illustrations of the loop. A selection of

photographs of the loop complex is given in Appendix 1.

Test Section.

4,5.1 A straight uniform bore seamless tube vertically orientated

in the loop circuit was used as the test section for the experimental

et ]

programme. The material selected for the test section was Nimonicﬁfg
4F SRR Ni75, Cr19, Fe5, Mn1, C.1, Si1.0, Ti0.4) on account
of its very low temperature coefficient of electrical resistivity(jg)as
indicated in Fig. 18. This latter property is important in maintaining
constant heat flux conditions along the length of the test section when
there are large axial temperature variations present such as occur on
wall dry-out. Stainless steel, the more commonly used test section
material .has a rather large temperature co\e\fficient(!‘LO> of electrical

resistivity, as also shown in Fig. 18 and thus large heat flux variations

can exist in once-through evaporation type tests.
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&;z;é The nominal dimensions selected for the test section, summarised
in Fig.19 (15.88 mm o.d., 12.7 mm i.d., 1.83 m heated length) were a
compromise choice involving several factors which will be briefly
elaborated on. The length and diameter of the test sections are inter-
dependent and determine the heat flux, mass velocity and the pressure
gradient. A restriction on the minimum i.d. was that the bore should
be such to be representative of the size that would be employed in an
actual system, whilst the heated length was largely dictated by the
headroom available in the rig area. The remaining geometrical dimension,
wall thickness, together with the material being considered determined
the test section resistance (from R =P, L/Am) which had to be compatible
with the available power supply. In practice experiments are usually
limited by the capacity of the power supply i.e. for short lengths of
tube there can be a current limitation with a voltage limitation for
longer lengths. The wall thickness is also an important parameter in
materiallstressing calculations. Ideally the test section should be

as thin as can be allowed by internal pressure and thermal stress
considerations so as to minimise the temperature drop through the wall
and thus improve the accuracy of inner wall temperature determination.
&;2;1 The test section bore was checked for ovality at intervals along
its length using an air gauging technique(h1 ki ). This method,

used for inspection purposes in the production industry, employed

an air jet impinging on the measuring surface from a nozzle in the
gauging head which was inserted in the tube bore. The air pressure,
measured on a water manometer, between this nozzle and an upstream
control orifice was by a suitable choice of nozzle dimensions and
operating pressures, a linear function of the separation disténce
between the gauging head and the tube wall. With this method, after
first calibrating the set-up with a gauging ring of known bore, the

separation distance between the sensing head and the tube wall could be
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accurately determined since changes in the manometer level were several
thousand times greater (approximately 2,500) than variations in the
separation distance. The bore as measured at around 100 locations using
the foregoing method was 12.65 + .01 mm. The outside diameter of the
test section was also measured at intervals along its length using a
micrometer and found to be 15.905 I_.O1 mm. The bore of the test section
was left in the as-drawn condition for the heat transfer tests. The
surface finish of the tube wall was measured using a Talysurf meter which
computed the centreline average (CLA) value of the surface roughness
together with the production of surface roughness profiles. Typical
surface profiles and CLA values for new and used tube samples are shown
in Fig.20 . The latter samples were taken from the inlet and exit
regions of the tube on the completion of testing.

4.5.4 The test section was orientated vertically in the loop circuit
and was electrically isolated from the adjoining upper and lower
components by stainless steel flanges with insulating gaskets, washers
etc. as shown in Fig.21 . The material used for electrical
insulation purposes was 1.59 mm thick Klingerite (R. Klinger Ltd.),

an asbestos-based pipe-flange jointing product recommended for use up
to 13.8 MN/meand 550°C. The non-insulated halves of the test section
flanges at inlet and exit were provided with pressure and temperature
tappings. Thermal expansion of the test section during loop operation
was accommodated by the tensioning arrangement shown in Fig. 22. The
test section exit flange was rigidly fixed to the main loop support
structure so that expansion was downwards and taken up by a pre-loaded
Belleville washer stack. A characteristic of Belleville spring washers
is that over a certain portion of their deflection they exert a force

3

which is independent of the amount of deflection . By a suitable

. (b4 .
ch01ce( ) of washer dimensions a constant load of about 140 kg. was

maintained on the test section throughout its working temperature range
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without any over-stressing or bowing occurring. A similar type of
Belleville washer stack was also employed for allowing for the thermal
expansion of the pre-heater.

4.5.5 The 1.83 m heated length of the test section was preceded by

a .69 m calming length (L/D = 55 made up of .51 m from the flow control
valve to the lower flange and .18 m from the flange to the top face of
the lower power clamp. Direct current was supplied via busbars and
flexible braids from a transformer-rectifier through the upper and
lower power clamps which were bolted to the test section. Care was
taken to ensure good electrical contact between the clamps and the
test section by having the centre hole in the clamp blocks reamed out
+025 mm smaller in diameter than the tube outside diameter with the
tube being lapped over the clamping region. The test section power
supply unit was a 415 V, 3-phase, 50 Hz. input Ferranti silicon
rectifier, (Ferranti, Hollinwood No. 20/10061) having a separsate
motorised Berco voltage regulétor (Model M3743AI No. 65803) giving a
0-40 volts output at 750 amps. The voltage output of the rectifier
set was limited in the present work to 21.7 V at 760 amps (16.5 kW)
by the non-optimum value of the test section resistance. The input

on the primary side of this transformer-rectifier set could be switched
to be regulated by an automatic power control circuit. In this latter
mode of operation a constant heat input into the test section could be
maintained during periods when there were fluctuations in the line
supply voltage.

Loop Instrumentation.

4.6.1 The parameters which were either monitored and/or measured

during operation of the loop system are indicated on the circuit

schematic shown in Fig. 11. The instrumentation employed for this
purpose is given in the schedule listed in Table 3 . Further details
concerning the system pressure, temperature and flow rate measurements are

given overleaf. The test section wall temperature measuring instrumentation



PARAMETER SENSOR MANUFACTURER TYPE RANGE ACCURACY
REFERENCE PRECISION EETSE MODEL C, 21.6cm|0-10.34 Mi/a> | <0.1% FSR
PRESSURE BOURDON TUEE DIAL NO, 62641 [(0-1500 psi)
GAUGE

REF,-FLUID BELLOWS ACTUATED|AEI AUTOMATION | BARTON MODEL |0-5.08m. W.G. 0.5% FSR
PRESSURE AT  |INDICATOR 200 N0.600389 |(0-48 Ki/a%)
TEST SECTION
EXIT
REF,~FLUID VARTABLE HONEYWELL 1028 + OD31 + 34.5 1N /a2 <1.5% NON-
PRESSURE AT RELUCTANCE 0SCILLATOR- LINEARITY
TEST SECTION  |TRANSDUCER DEMODULATOR <1% FSR
EXIT
REF.-FLUID VARTABLE RELUCT-|S.E. LABORATORIEY SE42/L/V/EB + 69 kﬂ/m2 <1.5% NON=-
PRESSURE AT ANCE TRANSDUCER NO. 1914 LINEARTY
TEST SECTION |+ 0/D ONIT <1% FSR
INLET
FLUID PRESSURE [BOURDON TUEE HOPKINSONS 0-10.34 Hn/hg INDICATION
AT TEST SECTION [GAUGE (0-1500 psi) ONLY
INLET
PRE-HEATER MIC ST.STEEL PYROTENAX T041 ET7/NC-NA AS
INLET TEMPERAT- [SHEATEED CR-AL INSULATED HOT CALIBRATED
URE T/C JUNCTION
PRE-HEATER " W " "
EXIT TEMP,
TEST SECTION " " n "n
INLET TEMP
TEST SECTION " n " n
EXIT TEMP.
PUHP INLET " " n "
TEMP,
FLUID TEMP.
HEFGHE F'L(}w_ " " " "
METER
PRIMARY LOOP TURBINE FLOW- |ELECTRONIC FLO- | B/i/2 54.5-54.5 kg/hr.| +.5% LINEARITY
FLOWRATE METER METERS LTD. NO. 8193 + 1% FsR

FREQUENCY RACAL 9520 VARIOUS, USED ON| 0.1%

METER INSTRUMENTS NO. 2459 0-1000 Hz

AMPLIFIER KEMO LTD. GB2

NO. 14833

STABILISED FARNELL L 30/BT 0-30v DC

POWER SUPPLY  |INSTRUMENTS NO. 2043
TEST SECTION FOIL HOT AEE WINFRITH WIRE: TYFE IC AS CALIBRATED
SURFACE TEMP. | JUNCTION & CU- |& SAXONIA 30 SWG (,314 m]

(INSULATED T/C's)

CON T/C WIRE

TABLE 3 INSTRUMENTATION SCHEDULE
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CONT....
PARAMETER SENSOR MANUFACTURER TYPE RANGE ACCURACY
TEST SECTION CR-AL SAXONTA 32 SWG(.274mn) AS CALIBRATED
SURFACE TEMP. INSUGLASS
(WELDED ON
T/C's)
TEST SECTION DIGITAL VOLT- ( SOLARTRON IM 1402 VARIOUS, USED .05%
VOLTS METER NO. 200310 ON 0-20V
TEST SECTION POWER SHUNT 75 mV FOR 1000A |+ 0,5%
AMPS =
TEST SECTION MOVING COIL CROMPTON 300 0-40 V CLASS INDEX 1.5
VOLTS PANEL METER INSTRUMENTS BS 89 (1970)
(INDICATION
ONLY)
Zﬁg; SECTION n L] " 0_1200 A "
rprg%;:m'rm " n " 0_ 1 Sv n
isﬁ;“m'“'rm n " " 0_10°0A "
PRESSURISER VARTABLE HONEYWELL 1028 + OD31 + 34,5 kN/m2 <1,5% NON-
LEVEL RELUCTANCE 0SS/DEMOD, UNIT LINEARITY
TRANSDUCER <1% FSR
PRESSURISER [MIC ST. STEEL PYROTENAX T041 HT7/NC-NA INDICATION ONLY
VAPOUR SPACE  |SHEATHED CR-AL INSULATED HOT
TEMPERATURE T/C JUNCTION
PRESSURISER INDICATING ETHER 991D WITH 0-1200 C + 1%
HEATERS CONTROL |TEMPERATURE ANTICIPATORY .5% ON CONTROL
CONTROLLER CONTROL BAND
NO. 11654
PRESSURISER BOURDON 0-4.14 Myi/n° INDICATION
LOCAL PRESSURE |TUBE GAUGE (0-600 psi) ONLY
INDICATION
SUB-COOLER ROTAMETER GEC-ELLIOT 2000, TUEE SIZE|0-10 1/min + 2% FSR
C.W. FLOWRATE PROCESS 18X, FLOAT
INSTRUMENTS TYFE S
NO. $37040
SUB-COOLER MIC ST.STEEL PYROTENAX TO41 HT7AC-NA AS CALIBRATED
¢.W, INLET SHEATHED INSULATED HOT
TEMPERATURE |THERMOCOUPLE JUNCTION
SUB-COOLER
c'“. EXIT n " n n n
TEMPERATURE
REFLUX COOLER |ROTAMETER GEC-ELLIOT 2000, TUEE 0-5 1/min, + 2% FSR
PROCESS SIZE 14X, FLOAT
INSTRUMENTS TYPE $§
N0.937039.
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CONT. oo«

PARAMETER SENSOR MANUFACTURER TYPE RANGE ACCURACY
REFLUX COOLER | MERCURY GALLENKAMP 0-100 C ST
C.W.INLET TEMP. | TEERMOMETER
REFLUX COOLER . "
C.W. EXIT TEMP. 19 2 =%

LUX COOLER | SIGHT GLASS QUADRANT GLASS INDICATION ONLY
SHELL LEVEL co.
REFLUX COOLER | BOURDON TUBE 0-2.07 MN/a°
SHELL PRESSURE | GAUGE (0-300 psi) "
REFLUX COOLER | BOURDON TUEE = :
SHELL VACUUN | GAUGE RONARDD O-760 TOR%
DISPLAY PANEL | DIGITAL MARCONT MULTIMETER TF | VARIOUS, USED ’
oV INDICATION | VOLTMETER INSTRUMENTS 2670 NO, 6835 | ON 100 mV RANGE
TORAGE TANE MERCURY GALLENKAMP 0-300C "
TEMPERATURE THERMOMETER
g{;ﬁ&:&ﬁ: SIGHT GLASS CRANE LTD. "
STORAGE TANK BOURDON TUBE 0-207 Ki/u’ "
PRESSURE GAUGE (0-30 psi)
STORAGE TANK - 0-760 TORR 1
VACUTM (0-30"Hg)

E 2
DUMP TANE BOURDON TUEE 0-275 Xi/m :
PRESSURE GATGE (0-40 psi) i gl
0

COLD TRAP y (ozgg ?,gm; INDICATION ONLY
VACTUM €
REF. PRESSURE " 0-27.6 MN/n°

STORAGE BOTTLE
PRESSURE

(0-4000 psi)

INDICATION ONLY
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is covered separately in section 4.7 of this Chapter. The remaining
instrumentation was essentially provided for monitoring various
parameters during operation of the loop. These parameters, most of
which concerned the various auxiliary systéms were not normally

recorded during the data-taking operations. An exception to the
foregoing were the respective flow rates and inlet and exit temperatures
of the cooling water supplies to the reflux cooler and sub-cooler.

The latter together with the test section and pre-heater power input
measurements were used in drawing up a heat balance for the loop.

4,6.2 Primary fluid temperature. The primary fluid temperature at

various points in the system was measured by 1.59 mm o.d. stainless
steel sheathed minerally insulated Chromel-Alumel thermocouples.

The thermocouples were directly immersedin the loop fluid through
penetrations in the pressurised components which were sealed by a
compression type thermocouple gland, (BICC Ltd.). Some problems with
leakage were experienced with these latter fittings which were overcome
by including an additional PTFE seal under the gland nut and by local
cooling of the sealing points in cases where heat conduction from the
high temperature loop components would have softened the PTFE seal

and caused leakage.

4.6.3 System pressure. The absolute value of the fluid pressure at inlet

and exit of the test section was determined from measurements of the
reference pressure and the output signals of the differential pressure
transducers. The reference pressure was measured by a Heise model

C precision bourdon tube gauge. The full-scale reading of this gauge
was 10.35 M‘Wma (1500 psi) sub-divided into sectors of 13.8 kN/m‘2
(2.0 psi). A knife-edged pointer and mirror-backed scale enabled the
gauge to be read to within 3.4 kI‘I/m2 (0.5 psi).

A differential.pressure indicator (AEI Barton type 200)was fitted in

parallel with the exit differential-pressure transducer to provide,
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in conjunction with the Heise gauge, a2 direct visual indication of the
system pressure. This differential-pressure indicator had a full-scale
range of 48 kN/m2 (6.95 psi) sub-divided into hundredths and was used
for fine control of the test-section exit pressure during data recording.
Two further direct indications of system pressure were:

(1) A lafge bourdon tube gauge (Hopkinsons Ltd.) sited adjacent
to the loop control panel which was teed in to the test section
inlet-pressure tapping. This latter gauge served as a check
on the system pressure during operation on occasions when the
differential indicator moved off scale.
(ii) A bourdon tube gauge connected to the pressuriser vapour space.
Water cooled heat exchangers were fitted to the lines connecting the
tappings on the test section flanges to the differential pressure
transducers. This was undertaken in order to reduce the possibility
of errors in the pressure-drop measurementswhich would be caused
through compressibility effects by vapour collecting in the lines.
These latter liquid lines to the transducers were also slugged with

about 50 mm of 0.5 mm bore capillary tube to reduce pressure fluctuations.

4.6.4 System flow rate. The mass flow rate through the primary loop

was determined from the output of the turbine flow meter (Electronic
Flo-Meters Ltd.) and a thermocouple just upstream of the flow meter
position. The former provided an electrical pulse output, the frequency
of which was proportional to volumetric flow rate. The pulses were
generated by the magnetic blades of the rotor when they passed a
stationary pick-up assembly containing a magnet and coil mounted
externally on the meter body. With each blade passage a voltage

was induced in the coil which was amplified using a series combination
of an operational amplifier (RS Components type FET-OPA) and a

Kemo amplifier (Type GB2) for registering on a Racal digital frequency

meter (type 9520).
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L.6.5 Test section power input. The test section power input was

calculated from the voltage drop between the power clamps as measured
by a Solartron digital volt meten and the current as determined from
a precision power shunt which gave an output of 75 mV for 1,000 amps.
A voltagemaividing circuit was utilised to enable the test section
voltage drop to be recorded on the same range as the other parameters.

L.6.6 Data logger. A 100 channel DART system data logger, manufactured

by Electronic Associates Ltd. was used to record the majority of
observations taken in an actual test. A Data Dynamics ASR 33 teletype
printer was employed as the output device which limited the maximum
scanning speed to 1 channel every 0.8 seconds. The 100 mV range scale
was employed for all the measurement channels on which the system was
found to record with a sensitivity of 10 uV, approximately equal to

«25 C with Chromel-Alumel thermocouples. The following parameters were

recorded by the data logger:-

Parameter No. Channel Nos. on
data logger

Test section electrically

insulated thermocouples 77 00 to 76
Test section inlet temperature 1 77

i " exit " 1 78
Pre-heater inlet temperature 1 79

i, " exit B 1 80

Fluid temperature before

circulating pump 1 81
Fluid temperature before

flow meter 1 82
Sub-cooler cooling water inlet temp.| 1 83
Sub-cooler cooling water exit temp. 1 84
Reference-test section inlet

differential pressure transducer 1 85

Reference minus test section exit
differential pressure transducer 1 86
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Pressuriser level differential

pressure transducer 1 87
Test section voltage drop 1 88
" " current 1 89
Pre-heater voltage drop 1 90
it H current 1 91

Test section welded-on

thermocouples 6 92-97
Spare channels 2 98-99
Total 100

Channel number OO0 of the data logger was connected to the uppermost
thermocouple on the test section i.e. at the test section exit, with
channel number 76 connected to the lowest.

4.6.7 Centralised display of instrumentation. The majority of the

instruments and controls necessary for operating the loop and for
data recording purposes were situated around the central display located
on the upper working level of the loop enclosure. The following.
parameters were continuously displayed during rig operation:-
Turbine flow meter output frequency (Racal digital frequency meter)
Reference gas pressure (Heise gauge)
Reference minus test section exit pressure (Barton differential
pressure indicator).
Test section volts (Crompton Instruments type 300 panel meter).
n n amps n n " n n i}
Pre-heater volts 4. A A 1" o "
n " n amps n n n n n "
A selector switch was fitted which enabled the following parameters
to be displayed as required for checking purposes during data recording
on the 100 mV range of a digital volt meter mounted on the central
display board:-
Reference - test section inlet differential pressure transducer output.

n = n n ex.lt " n " "
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Pressurieer level differential-pressure transducer outupt.
Test section volts.
i i amps.

Pre-heater volts.

" n amps.
When not being used during data recording the pressuriser level was
normally continuously displayed on the panel DVM so as to give an
indication of any leakage of primary fluid.

4.6.8 Burn out detection system. At the outset of the investigation

it was considered to be desirable to incorporate a test section
protection system that would trip the test section power if an over-
temperature incident occurred before a physical failure actually took
place. As previously mentioned ,with heat-flux controlled systems high
wall temperatures can occur when there is an impairment to heat

transfer between the tube wall and the fluid caused by vapour blanketing
in sub-cooled boiling and by dry-out in saturated boiling. Operational
experience with the loop however during the commissioning phase showed
that dry-out, with the relatively low heat fluxes employed, produced
tolerable test section temperatures so that the detection system produced
was never actually employed and this is mentioned here purely for

record purposes.

The simplest type of burn-out detector is a thermocouple which measures
the tube wall temperature, the output of which can be used to actuate

a power trip system when the temperature reaches a pre-determined

level. Such a system would however depend on the thermocouple hot

junction being [HGSEEEd] within the burn-out zone which, as has been
found, can be extremely localised so that a large number of thermocouples
would be required to be sure of detecting the temperature rise. An

alternative method which does not rely upon the fortuitous placement of

a thermocouple is to utilise the change in test section resistance caused
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by a change in its temperature. A Wheatstone bridge was formed by the
two halves of the test section and the centre and end wires which were
spot welded to it during the thermocouple placement process. A sensitive
trip amplifier detector (Kom-Pac 1 by MTE Electronics Ltd.) was
incorporated in the bridge as indicated in Fig. 23. The theor;).r“Fs J(46)
was that any imbalance in the bridge caused by an increase in the test
section temperature could be detected and the signal used to switch

off the power to the test section. The sensitivity of the system was
designed to be such so as to trip the power at a signal level from the
bridge of 10 mY corresponding to a resistance change of 0.25% of the

test section resistance. In practice with the limited testing undertaken
with the system the out of balance potential produced on dry-out was
extremely small due to the low temperature coefficient of electrical
resistivity of the material of the test section and the modest post dry-out

temperatures experienced.

Test Section %=1l thermocouplss.

4.7.1 The location of the test section instrumentation, consisting
essentially of thermocouples for measuring the outer surface
temperature,is shown in Fig. 24 . Initially Chromel-Alumel thermo-

couples (32 swg, .274 mm) were spot welded on the

test section using a capacitor discharge technique at 25.4 mm intervals
along its length. It was known that there would be pick-up by these
directly . attached thermocouples due to the potential gradient across
the test section and a procedure was instituted for measuring the

amount of pick-up during the thermcouple fixing process which could then
be subtracted to or added to subsequent thermocouple readings to arrive
at their true output. The pick-up problem is illustrated in Fig. 25

and it arises when the two wires of the themmocouple junction are not

at points of equipotential on a current carrying surface. This gives
rise to a potential gradient emf across the thermocouple junction which

is in series with the true signal. This additional component can add
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’,’xappings located as close as possible

2 to heavy current connections

TEST
SECTION

Kom Pac 1 trip
R anplifier

E - test section e.n.f.

Rl’ H2 - test section resistance
R3, R4 - external resistances
RD - detector resistance

for a 1:1 ratio Bridge, i.e. R, = Rz, R, = R, the Bridge sensitivity can be

1 3 = "4
shown (45] to be:-
£, -1,
e R
1 (G4 d)
e

where ED = out of balance potential at the detector

R1 = increase in resistance R1 due to dry-out temperature excursion

Fig. 23 Dry-out detection Bridge circuit
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to or subtract from the thermocouple emf according to its polarity.

As an example of the magnitude of the error that could be caused if the
potential gradient emf were unaccounted for; considering a volt drop
across the test section of 1 volt per 25.4 mm length an axial displacement

between the two wires of only .025 mm would create a pick-up of 1 mV,

equivalent to 25°C with Chromel-Alumel thermocouples (~ .0k mV/°C).

In practice it was found to be difficult to eliminate entirely the
potential gradient emf even by very careful positioning of one flattened
wire on top of the other using a microscope prior to spot welding.

The procedure adopted was to limit the amount of pick-up to .067 mV
(nv1.5°C) with 10 volts across the test section, by rewelding a
particular thermocouple until it was within the permissible pick-up
figure. With DC heating the pick-up problem is more serious than with
AC where it can be readily identified as an oscillation about a mean
level which can possibly be tolerated by the reading instrument or
removed by a suitable filter.

L.7.2 The smount of pick-up of a particular thermocouple w2s determined

by connecting it to a UV recorder having a very sensitive galvanometer
(.067 mV/cm) and applying a known voltage across the test section for
a second or so( h?)eéikt the instant of switching the current on and
off the UV trace deflected an amount equal to the pick-up as indicated
in Fig. 25. This procedure was repeated at several voltages for each
thermocouple and a calibration graph produced as in Fig. 25 of pick-up
against test section voltage. The thermocouples were checked for
correct performance in monitoring test section wall temperatures up

to around 1?5°C using only the pre-heater for heating the loop fluid,
prior to testing them with the test section power on. This method of
arriving at the true thermocouple output by adding or subtracting the
pick-up for a particular test section voltage drop was found to be

satisfactory for very low voltage drops of 1-2 volts. However the

temperature distribution so derived became increasingly random as the
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voltage level was raised. This problem was unforeseen and considerable
efforts were directed at finding a solution which did not entail
disturbing the welded-on thermocouples. A current reversal changeover
switch was installed to enable two readings of each thermocouple to
be taken with opposite polarities across the test section. These readings
were taken immediately following each other when the tube wall had
reached a steady state temperature and the theory was that the summation
of the two readings would cancel out the pick-up emf, provided it was
of the same magnitude but of opposite sign for the two polarities.
Tests with this current reversal system however demonstrated that this
was not the case and that the pick-up was random and time varying aﬁd
was probably attributable to common-mode interference converted to
series-mode, caused by a voltage difference between the test section
and data logger earths. As there was no ready solution to this problem
without employing a three-wire type of thermocouple in a bridge circuit
incorporating a high quality potentiometer for balancing out the

(49) (50)

pick-up signal a decision was made to abandon welded-on
thermocouples in favour of ones which were electrically isolated

from the test section surface.

4.7.3 The electrically isolated themmocouples installed in place of
the welded-on ones incorporated a novel type of hot junction formed

of an electroplated foil. These foil hot junctions were obtained from
the Reactor Development Laboratory, Atomic Energy Establishment,
Winfrith where they had been developed by specialists involved in

test section instrumentation for large scale heat transfer loop
experiments. Whilst primarily intended for dry-out detectian(11q)
the foil type hot junction had shown advantages in overcoming the
problems which arose, particularly at high temperatures, in securing a

normal thermocouple junction to a test section when it was separated

from the surface by a non-electrically conducting material such as a
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mica sheet.
4.7.4 The hot junctions supplied had been produced as a batch of
several hundred from .051 mm thick annealed constantan foil using
a photo-etching process similar to that employed for the manufacturing
of printed circuita(115). The identi cal constantan strips formed
by the chemical etching process were each 2.0 mm wide and 3%0.2 mm
long with a short end tag at either end. Half of each of the strips
were plated by electro-deposition with silver to a thickness of
0.0063% mm on either side, indicated by the darker half of the foil
shown in Plate 3. The silver plating was then covered with a 0.001 mm
protective layer of nickel. The electro-deposition process followed
at AEEW is not known to the writer however it was probably similar to
that' datailed by Wilson & Bpps’ 0 dier & Boelter V%) and THomas. 1107
who describe thermocouple or themmopile construction by this process.
For this type of thermocouple there is an optimum plating thickness,

determined by Wilson & Epps(116)

for silver to be between 20-%0% of
the constantan core cross sectional area. The plating thickness used
here was equivalent to about 25% of the constantan core area. Since
the silver plating has a low resistance compared with that of the
constantan core it effectively shorts out the base metal underneath
and a thermo-junction therefore exists at the extremity of the silver
plating on the foil. The nickel flashing acts only to protett the silver
from oxidisation and does not contribute to the thermo-electric effect
at the junction(11h). The emf output of the silver-constantan
thermocouple was found from the calibration exercise (reported in
paragraph 4.8.3) to closely follow the copper-constantan tables )

(115)

in confirmation of the findings of AEEW . A close compliance

with the copper-constantan tables was to be expected because copper

and silver have a near identical thermo-electric emf(119).

4.7.5 The method employed for fixing the foil hot junction to the tube

i
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is illustrated by the series of photographs in Plates 1-8. Copper

and constantan wires (30 swg, %314 mm) were first crimped to the end
tags of the silver plated and constantan ends respectively using

nickel sleeves 1.524% mm o.d., 1.27 mm i.d. and 6.35 mm long employing

a made up crimping tool. Since these sleeves connecting the hot junction
to the thermocouple wire were very small it was assumed that there

was no temperature gradient along them which would have contributed

to the measured emf. The foil was then placed on the adhesive side

of a high temperature silicone varnish impregnated glass cloth tape

25.4 mm wide (Permacel No. 212) followed by a small sheet of .0025 mm
thick mica (Attwater & Son, Preston) and the whole wrapped around the
test section after first carefully locating the hot junction in the
desired p;sition. A single sheet of asbestos paper (Attwater) was
positioned around the glass cloth tape and the whole tightly bound

with glass fibre string (1 mm dia., .3 mm wall Vidaflex 99, an
unvarnished fibre glass sleeving braided using E type glass yarn suitable
for up to 700°C manufactured by Jones, Stroud & Co. Ltd.). Seventy-

one such themmocouples were fixed to the test section in the same axial
plane at equal intervals of 25.4 mm commencing at a distance of 25.4 mm
from the start of the heated section. At distances from the start of
heating of .152, .457, .762, 1.107, 1.137 and 1.168 m double foil
thermocouples 180° apart were positioned to check on whether there

was any circumferential variation in the tube wall temperature.

4,7.6 In order to check the insulated themmocouples six 32 swg (.274 mm)
Chromel-Alumel ones were spot-welded to the test section mid-way between
the insulated ones at distances of .267, .521, .8, 1.103, 1.131 and
1.156 m. These were used for comparison purposes with the insulated
ones when steady state tube wall temperature conditions were established

when only the preheater was being used to heat the circulating fluid.
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~ These welded-on thermocouples were fixed employing a capacitor-discharge

spot welding technique. After spot-welding the hot junction on to the

' tube the thermocouple wire was wound cnce round the test section to

‘ minimise conduction losses at the thermocouple junction and then

covered over with a high-temperature adhesive cement (Fortafix Ltd.)

| and allowed to cure. A similar procedure was also used for fixing the

three burn-out detection system wires to the test section, one at the
mid point of the tube, the other two each at 12.7 mm from the start
and finish of heating respectively.

Loop System Check out and instrumentation calibration.

4.8.1 The primary loop circuit was cleaned and degreased after

assembly by circulating a solvent, trichlorotrifluoroethane (Refrigerant
113). The system was then pressure-tested to 10.35 MN/m2 utilising

the air-operated reciprocating pump. Because of their very low surface
tension refrigerant fluids are extremely searching and leaks could be
readily detected using a Hélide leak-detecting lamp. The latter was

of the blow-lamp type, the flame of which changed from being nearly
invisible to green or bright blue in the presence of a refrigerant leak.
4.8.2 Prior to installing the primary.fluid turbine flow meter the
makers calibration was checked with water using the weigh tank and
stopwatch technique. The results of this latter check and those of

a repeat calibration exercise which was carried out several months

later mid-way through the experimental programme confirmed the makers
figures for the flow meter as shown in Fig. 26.

On the system pressure measurement side the Heise gauge had been

supplied by the manufacturer with a certificate which showed a nil
deviation of the gauge reading from the deadweight tester figures at

all calibration points up to 10.35 MN/mZ. The gauge was used as received
from the manufacturer apart from the adjustment of the zero point

of the scale each day in order for the subsequent readings to be
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absolute pressure values. Although no recordings were taken from the
other Bourdon tubg type pressure gauges in the loop complex most of
them were checked out prior to use with a Budenberg deadweight tester.
The low range inlet and exit differential pressure transducers were
initially calibrated at the outset of the investigation and on several
other occasions during the course of the test programme using a
constant pressure air supply and mercury manometer. Frequent calibration
of these latter pressure transducers was considered to be necessary
because of the possibility ofgéisignificant change in their calibration
which could have been caused by excessive differential pressures.

Such excessive differential pressures could have been caused by a leak
of either loop fluid or the reference gas during start up and shut

down when the loop pressure could rapidly alter. Whilst no serious
incidents of this latter nature occurred, due to close visual monitoring
of the test section exit-reference gas pressure as displayed by the
Barton differential pressure indicator, a transducer protection system
would have been desirable as a safeguard to limit differential
pressures to less than the stated manufacturers maximum limit of ten
times the transducers working range. No such problems existed with

the similarly calibrated Barton differential pressure indicator which
was designed to withstand differential overload up to its full static
pressure rating of 17.2 MN/m2 (2,500 psi).

A calibration was also undertaken of the remaining differential
pressure transducer which was used to indicate the level of fluid inl
the pressuriser. The output of this variable-inductance transducer

was noted under low and high level pressuriser conditions and this was
periodically checked during loop shutdowns.

£:§;2 All three types of thermocouple i.e. stainless steel sheathed,
electrically insulated and welded-on were calibrated prior to use in

a constant temperature oil bath (up to 235°C) and/or an electrically

heated furnace (up to ~600°C), The temperature of the oil bath or
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furnace was measured by a Platinum-13% Rhodium/Platinum thermocouplecﬂ )
in conjunction with a high accuracy potentiometer (Croydon Instrumentst
Cropico P3 No. 4481} Both of the two forms of Chromel-Alumel thermocouples
used viz. the stainless steel sheathed ones for fluid temperature
measurements and those which were welded to the test section were found
to follow the table values of Ref. 52 up to within :‘.500 up to their
calibration limit of 400°C. Except for below 100°C the output of the
foil type thermocouples corresponded to within + .3, =.5°C of the values
given in Ref. 53 up to 400°C. Since it was highly likely that the

test section wall temperatures would exceed 400°C the calibration of

the foil type thermocouples was taken up to about 600°C,which in the
event was just high enough to cater for the maximum test section
temperatures experienced in the test programme. The thermocouple
calibration measurements are summarised in Table 4.

4.8.4 Several calibrations were undertaken in connection with the
electrical power supply to the test section. Prior to installing the

test section into the loop its electrical resistance was measured in

an electrical standards laboratoryfi. ‘W‘&g_
Instrument Co. No. 22489). The measured resistance between the power
clamps was .0275Q which compared favourably with the calculated value

of .0283Q evaluated using a resistivity value of 113 uQ-cm. The output
of the voltage dividing circuits employed to enable the test section

and pre-heater voltage drops to be recorded by the data logger were

checked for linearity over the 0-100 mV range. A stabilised power supply
was employed in these latter tests to simulate the test section and
pre-heater voltage drops. Unfortunately no high amperage facility

existed for checking the output of the precision shunt which was

used for determining the test section current; its accuracy was quoted

as + 0.5% over a 0-75 mV (0-1,000 amps) range. To confirm the uniformity

of voltage drop across the test section a check was made of the voltage
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b 65.7 2.64 65.2 -5 31 371 18.84 371.1 0 15:17 371.1 0
.5 80.1 5.26 79.8 =3 3.2 480.9 19.43  380.9 0 15.57 5804 =5
.6 9l.1 3.97 9l 0 3,84 93.8 -.3 3.3 390.6 20.04 390.8 4.2 15.97 390.1 -5
.7 107.5 58 107.4 -1 .39 106.8 =7 3.4 Loo.3 20,60 L0o.1 -2 16.3%9 399.8 =3
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133 157.7 7.02 157.8 +al 6.43 157.6 -1 3.8 L38.6 235.04
1.2 169.6 7.60 169.4 -2 6.91 169.3 -.3 3.9 L48.0 23.62
: 161.3 8.18 180.7 -.6 7.38 181.4 ¥al b0 574 2h.21
1.4 192.9 8.79 192.6 -3 7.85 193.0 +.1 h.1 466.7 2h.79
1.5 204.1 9.38 203.8 -.3 8.3 204.3 1.2 k.2 h76.0 25.38
1.6 215.4 9.98 215.2 -2 8.76 215.8 v.h k.3 185.3 25.97
1.9 226.5 10.57 226.2 -3 9.20 227.0 +.5 h.h Lgh .5 26.55
1.8 237.4 11.17 237.2 -1 9.65 237.5 t.1 4.5 503.6 27.13
1.9 248,z 11.76 28,2 -1 10.09 248.7 4.0 L.6 512.8 27.72
2.0 258.9 12.33 258.5 ) 10.53 258.9 o b7 521.9 28.30
2.4 269.6 12.93 269.3 -5 10.95 269.5 = 4.8 531.0 28.88
2.2 280.1 15.5% 280.0 -1 11.38 279.6 -.5 h.9 540.1 29.46
2.3 29G.5 14,12 290. 4 -.1 11.82 290.4 -1 5.0 549.1 40.00
2.4 200. 8 Wh.72  300.9 4.1 12.2h  200.8 0 551 558.1 30.60
2.5 311.1 15. 51 3.2 +.1 12.68 311.4 .3 5.2 567.1 31.19
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2.7 7214 6. 50 331.9 +.3 13.51 331.2 -2 5.4 581.9 32.%4
2.8 14 17.09  341.7 +.3 14,00 3h5.0 ~h 5.5 593.7 32.93
2.9 3514 17.68 351.7 +.3 1,34 151.2 -.2 5.6 602.5 33.51
3.0 361.3 8,26 561.4 +.1 14%.75 361.0 -5 5.7 611.3 3h .09

NH denotes

'not recorded’

(1) As given by BS 1826 (1952)
" K3 1828 (1961), limited to h0O C

(2) " "
(j} " "

" BS 1827 (1952)

TABRLE 4

Results of calibration

exercise or woll and fluid temperuture measurement thermocouples

_§6..
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at several positions along the test section usiné the welded-on
thermocouples and burn-out detection system wires as voltage tappings.
The result of this exercise for nominal potential drops of 5, 10,

15 and 20 volts across the test section are shown in Fig. 27 . This
latter check was undertaken after the loop had been in operation for some
time. It is evident from Fig. 27 that despite the care taken to ensure

a good contact between the power clamps and tube a high resistance

oxide film had in fact built up at the interface of the tube and upper
power clamp.

L.8.5 System dynamic checks and calibrations. Apart from the check on

the linearity of voltage drop across the test section the foregoing

calibrations were essentially checks undertaken prior to the initial

filling of the loop for commissioning and test purposes. After filling
the loop and during the test programme several other calibrations

or dynamic checks were undertaken to establish confidence in the

instrumentation associated with the test section. These tests were:-

(i) The determination of the test section single-phase heat transfer
and pressure drop characteristics for comparison with standard
correlations.

(ii) A comparison of the test section wall temperatures as given by
the insulated and welded-on thermocouples as z check on the likely
accuracy of the former type.

(1ii) The determination of the heat loss from the test section at
various operating temperatures so that appropriate correction
factors could be applied to the heat flux as calculated from the
voltage and current readings.

4L.8.6 Single-phase heat transfer and pressure drop tests. Heat transfer

data was obtained under single-phase flow conditions prior to and at
intervals during the test programme for compariscn with established

single-phase heat transfer correlations. A good agreement with the
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latter would indicate that a high degree of confidence could be placed
in the reliability of the two-phase results obtained subsequently. A
typical result of one of these check runs is shown in Fig. 28 from
which it can be seen that the standard correlation is followed to within
a few percent. It should be noted that these tests were always
undertaken with highly sub-cooled fluid or a low heat flux to avoid
any heat transfer enhancement effects due to sub-cooled bubble formation.
Tests were carried out under adiabatic flow conditions to determine
the single-phase pressure drop characteristic of the test section for
comparison with that predicted by a standard correlation. The experimental
frictional pressure-drop component was determined by subtracting the
gravity component from the measured total pressure drop between the
tappings on the test section for various primary loop flow rates. The
tube friction factor was calculated employing the experimental frictional

pressure drop value from the Fanning expression:-

iif ~ ZAfzu%D )

Fepresentative results of these latter tests are shown in Fig.. 290
As shown in Fig.29 tests were conducted with two fluids, Refrigerant
113, which was the solvent employed for loop cleaning, and the first

of the two test fluids, Monochlorobenzene over the Reynolds number
range 9,000-25,000. For comparison purposes the standard Nikuradse
correlation for the frictional pressure drop component in smooth tubes
is also presented in Fig.29 according to the 1:'elzalt:;i.c:m(54 ):-

qog #93 2n log,, (Re.£**”) - 0.4

Considering that the frictional pressure drop component was only a
maximum of around 8% of the gravity component for these single phase
runs there is reasonable agreement between the experimental and predicted

friction factors.
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4.8.7 Comparison between insulated and welded-on test section

thermocouples. Initially it was considered that in the absence of

pick-up emf's that the test section welded-on thermocouples would have

a higher accuracy than the insulated ones. Accordingly 6 welded-on
thermocouples were incorporated in the test section instrumentation

for comparison purposes when there was no test section power. During
the start-up phase of loop operation test section power was not applied
until nearing the intended operating point. During these start-up
periods when steady state temperature conditions had been established
for each adjustment of pre-heater power and/or mass flow rate test
section wall temperature readings were recorded from both the insulated
and welded-on thermocouples. Due to pre-heater power limitations it

was not possible to obtain a test section wall temperature higher than
about BO?OC which thus represents the upper limit at which the thermo-
couple comparison exercise was carried out. The results of the comparison
study are shown in Fig.30 where the difference in temperéture between
the insulated and welded-on thermocouples is plotted against temperature.
It can be concluded from these results that the initial assumption

was incorrect and that errors due to fin effects would need to be
quantified when welded-on thermocouples are employed for test section
wall temperature measurements.

4.8.8 Heat loss from test section. The heat loss from the test section

at various temperatures was determined by comparing the measured heat
input into the test fluid under single phase flow conditions with that
calculated from the electrical power input. The heat input into the
test fluid was determined from the measured inlet and exit temperatures,
calculated liguid specific heatsand computed flow rate. The results

of this comparison exercise for all the non-boiling runs carried out
during the test programme is shown in Fig.31 . A correction factor, a

function of the measured power input was calculated from a least squares
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fit to the data points shown which was incorporatedin the data reduction

computer program.
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The test programme was commenced upon completion of the system calibration

were undertaken with monochlorobenzene and 38 with biphenyl-biphenyl

oxide as the test fluids. This Chapter will deal with the loop starting,

5% EXPERIMENTAL PROCEDURE AND OBSERVATIONS

5.1
and check out exercises. In all a total of 254 experimental runs
operating and shut-down procedures, the data-taking operation and a
discussion of some rig design deficiencies and limitations.

5.2 Starting procedure.

The starting procedure for each series of test runs was identical

and it took between 3 and 4 hours to reach the desired operating point.

The test fluid in the storage tank was degassed by heating it up to iis
boiling point and subsequently holding it under a sub-atmospheric pressure
for half an hour. For monochlorobenzene the resulting dissolved gas
content was 5 ml/100 ml (see Appendix 6, page 247). During this period the
primary loop was evacuated down to a pressure of about 2 torr and then
filled with degassed fluid from the storage tank using a transfer

under vacuum process. A low.pressure nitrogen blanket gas was employed
indicated by air-free fluid flowing at the sight glass vents when the
vent and filling valves were closed. The pressuriser which was isolated
during the filling operation was checked to be zbout one third full

and heated up with the vent valve open to boil off any non-condensible
gases. After closing the vent valve and building up a pressure of
about 140 kN/'m2 in the pressuriser the isolating valve to the loop

was opened to pressurise the loop. Before an excessive differential
pressure was allowed to build up across the pressure transducers the
reference pressure gas supply was opened up and continuously adjusted
to balance out the loop fluid pressure. At this stage whilst there

was no flow in the system the output of the differential pressure

transducers was checked against the known gravitational pressure drop
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between the test section inlet and exit tappings.
When the desired pressure level was being apprcached the circulating
pump was started, a flow rate set and the pre-heater power switched
an to heat up the primary fluid. The temperature of the liquid in
the shell of the reflux cooler/condenser was brought up to aroudd
3000 below that of the primary fluid circulating within the heat
exchanger coil before cooling water was turned on to the condenser
coil. An immediate reduction in shell pressure occurred on supplying
cooling water to the condenser coil which caused vigorous boiling of
the shell fluid which could be observed through the port-hole type
viewing window. Henceforward until the conclusion of the particular
series of tests the refluxing conditions so established were maintained
by control of the shell pressure through alterations in condensing
coil cooling water flow rate and/or adjustment of the vacuum pulled on
the shell vapour space by a rotary vacuum pump. Water was employed as
the heat exchange fluid for tests with monochlorobenzene up to and
including reduced system pressure tests of .22. At the water temperatures
involved with the B = .22 tests the shell pressure was approaching
its design maximum of 1.8 MN/mZ which necessitated a change to a high
temperature, low pressure fluid for subsequent tests. Sub-atmospheric
pressures were present in the reflux cooler shell with the thermal
fluid so employed (ICI Thermex).
When the reflux cooler/condenser had been made operational the test
section power was applied and adjustments made to the pre-heater power
and/or flow rate to produce as far as possible the desired test
section inlet condition for the first test of the series. It was
found that one could best obtain the desired inlet test condition by
keeping the pressure slightly above the saturation pressure for the
fluid temperature, but below the final desired operating pressure during

heating of the system. During pressurised operation i.e. no net vapour

generation in the test section, at start up and during breaks in the
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data recording phase of operation, the loop pressure could be

controlled very closely by the Ether controller which automatically
switched the pressuriser heater(s) on and off. With two-phase conditions
in the test section the pressure at the test section exit was controlled
by manually switching on or off the pressuriser heaters.

Data recording phase of loop operation.

The data recording phase commenced when steady state operating conditions
had been achieved with the desired pressure level, test section power
input, test section inlet temperature and flow rate. Steady state
loop operating conditions prevailed when the heat input to the loop
system (test section, pre-heater and circulating pump) equalled the
heat output (reflux cooler, sub-cooler, heat losses), and in practice
these conditions were quickly established when changing the operating
point because of the low primary loop inventory (2-3 litres, excluding
the pressuriser and "dead leg" piping).
In addition to the inputs to the data logger listed in 4.6.6 the
following were also recorded during data taking for a particular test
of the series:-
(i) System pressure.
(ii) Test section exit - reference gas pressure difference as given
by the differential pressure indicator.
(1ii) Flow meter output frequency.
(iv) Test section volts as recorded by a Solatron IM3124 digital
volt meter which was used for setting the test section volts for
a particular test.
(v) Test section and pre-heater volts and current as displayed by
a panel digital volt meter using the selector switch.
(vi) Reflux cooler - condenser cooling water flow rate.
(vii) Reflux cooler/condenser'cooling water inlet and exit temperatures.

(viii)Sub-cooler flow rate.
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During the recording phase the pressure difference between the reference
gas and loop fluid as displayed by the Barton differential pressure
indicator was closely controlled by manual control of the pressuriser
heater(s). With experience it was possible to control to within one

or two divisions (1 division = 0.48 kN/ma) of adatum point when only
single phase flow conditions were present. With evaporation taking
place such a fine degree of control was unobtainable although it was
possible to limit pressure fluctuations to + 5 divisions whilst data
recording was taking place. A second parameter closely controlled
during the data-taking phase was the reflux cooler shell pressure to
ensure that steady-state heat removal conditions prevailed.

Tests were carried out for ascending values of heat flux only and

were terminated when the test section uppermost thermocouple indicated
that dry-out conditions had occurred or were about to occur. The
thermocouple nearest the test section upper power clamp was continuously
displayed whilst the test section power level was raised. This latter
operation was greatly facilitated by having 'raise' and "ower switches
mounted on a Wandering lead'which operated the motorised voltage controller.
A second Wandering lead'incorporated a push button switch for switching
off the test section power in an emergency.

Loop shut down.

At the conclusion of the series of tests for the day both the test
section and pre-heater power were removed and the loop gradually de-
pressurised by operating the spray line to the pressuriser. During the
spraying down process,which was capable of creating a rapid reduction
in the system pressure,the reference gas pressure was continuously
adjusted to avoid excessive differential pressures occurring across the
transducers. It was found that the loop could be depressurised and

returned to room temperature conditions in about two hours.
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5.5 Rig operational observations and limitations

It is appropriate at this point to enumerate for the record some of

the problems encountered during the experimental programme which arose
either from deficiencies in the design of the loop system or were
associated with the properties of the test fluids used.

The loop system as constructed provided remarkably trouble free
operation on the mechanical side during the course of the investigation.
Despite the low surface tension and excellent wetting characteristics
of the two fluids tested there was a complete absence of primary fluid
leaks. There was only one mechanical failure during the test programme,
that of a thermocouple gland nut. There were no over-pressure
incidents causing bursting disc rupture and no occasions when it was
necessary to carry out an emergency depressurisation by dumping the
loop contents to the dump/drain tank by using the solenoid operated
valve.

On the thermal side there were limitations on the test section inlet
temperature or inlet sub-cooling caused by inadequate pre-heater power
and/or the temperature limitation of the circulating pump. Not enough
pre-heater power was available for the higher flow rates and system
pressures employed to raise the loop fluid temperature to the desired
level after the fluid had been cooled down in the sub-cooler to an
acceptable temperature at the pump inlet. There were also problems on
the heat rejection side caused by variations of the pressure in the
shell of the reflux cooler/condenser. This latter component operated
under quasi-steady state conditions and it required almost constant
attention during the data taking phase to make adjustments:(i) to the
cooling water flow rate when operating above atmospheric pressure and
(ii) the amount of bypass leakage to the vacuum system when operating
at sub-atmospheric pressure so as to maintain a constant shell pressure.
Shell pressure variations, unless closely controlled, would affect

the system pressure by increasing or decreasing the heat rejection rate
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to the heat exchange fluid which was at the saturation temperature
corresponding to the shell pressure. Some form of automatic pressure
control of this component would have been highly desirable.
On the hydraulic side no serious loop instabilities of the type

(22 )

associated with two-phase systems were encountered. Ideally a
circulating pump having z higher head would have been desirable to
maintain the desired flow rate on occasions when the increase in
pressure drop created an evaporation caused the flow rate to reduce

to match the increased circuit resistance. A second problem with

flow rate adjustment was due to the insensitivity of the 12.7 mm flow
control valve which was effective for only about its last full turn.

The high wall temperatures present under dry-out conditions caused

fluid breakdown with carbon forming over the dry wall region at the

test section exit. This carbon spalled off the wall and was carried
around the circuit to be deposited in the filter upstream of the turbine
flow meter. This filter had only a very small filtering element which
very quickly cloggéd up when dry-out occurred. Usually there was just
sufficient time to record data before the flow rate started to fall
significantly which necessitated the power being removed from the test
section to ensure that the dry-out front at test section exit did not
progressively march upstream. A filter having a much greater particulate
trapping capacity or a system of changeover filters would have allowed
the post dry-out regime to have been investigated in more detail than
was undertzken in this investigation.

The major problem with the instrumentation was created by reference

gas and loop fluid pressure fluctuations which affected the output of
the differential pressure transducers. Gas reference pressure fluctuations
occurred due to the 'floating' of the spring loaded adjusting valve
despite the provision of a damping reservoir teed into the reference

pressure line. Loop fluid pressure fluctuations could have been caused
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by the circulating pump, the mode of pressurisation or the evaporation
process in the test section. A Solartron JM1776 computing digital
volt meter was used for occasions, such as the frictional pressure drop
measurements, when it was necessary to accurately know the mean level
of the d.c. signal outputs of the differentizl pressure transducers.
During the data-taking phase several readings of the differential
pressure transducers outputs were taken and the mean of these was
used to calculate the absolute pressure at the test section inlet and

exit.
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RESULTS

6.2

Reduction of Data and Calculation of Results.

In the interests of accuracy and to allow for the widest possible
exploitation of the data it was decided to handle all data reduction
and subsequent calculations by computer. The program developed for
this purpose was written in Fortran and was initially run on the University
ICL 1905E computer. The program was subsequently modified for use
with a Univac 1108 system. The computer program calculated the
experimental local heat transfer coefficients at points along the

test section where an insulated thermocouple was positioned for
measuring the wall temperature ie. at 25.4 mm intervals up the tube.
Also calculated by the program were the predicted heat transfer
coefficients as given by the correlations discussed in Chapter 3.

The program was general for the case of vertical up-flow of fluid in an
electrieally heated tube and only required amendments to the thermo-
physical properties calculation routine to be used with either of the
two test fluids employed in the investigation. A listing and
description of the data reduction computer program is given in Appendix
2 and the derivation of the associated thermophysical properties of

the test fluids in Appendix 3. The input data required for the program
is given in Tables 21 and 22 of Appendix & which lists the experimental
data taken in the investigation.

Summary of Results.

Data were obtained from 254 and 38 test runs with monochlorobenzene
and biphenyl-biphenyl oxide respectively. These were made over the
range of variables shown in Table 5 overleaf.

A listing of the derived experimental conditions for each of the

tests is given in Tables 23 and 24 of Appendix 8 for monochlorobenzene

and biphenyl-biphenyl oxide respectively.
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Range Investigated Range Investigated
Variable with monochlorobenzeng with biphenyl-
biphenyl oxide

System pressure, MN/hZ +51 = 3.093 225 = 521
Mass velocity, l-r.g/m2 secd 296 - 886 195 - 743
Heat flux, ki/m 13 - 200 4o - 190
Inlet sub-cooling, kJ/kg 12 - 201 25 - 191
Exit quality .01 - .99 .02 - .99
Bulk fluid temp., °C 146 - 326 232 - 344
Inside wall temp., °C 176 - 575 252 - 503
Reynolds No. 28,000 - 86,900 15,500 - 47,600
Prandtl No. 2.9 - 3.7 4.0 - 5.8

Table 5: Range of test variables for investigation.

Comparison of Single Phase Heat Transfer Correlations with Experimental

Results.

Single.phase heat transfer data was obtained from 39 runs with mono-
chlorobenzene as the test fluid. Typical test data taken at the extreme
ranges of reduced pressure employed during the experiments with mono-
chlorobenzene are given in Figs. 32 and 33 along with calculated and
predicted heat transfer coefficients. Comparisons between the
experimental and predicted heat transfer coefficients for the single

3 X ! I 4
phase experiments are given in Fig. 34 for the Dlttus-Boelter(2 )

correlation and Fig. 35 for the Sieder-Tate( 5 ). The experimental
points shown in Figs. 34 and 35 are based on the heat transfer
coefficient for a particular run averaged between thermocouples Nos.
14-60 inclusive (thermocouple location numbers are as shown in Fig.

2k ). For some of the single phase tests the inner wall temperature
exceeded the local saturation temperature for part of the heated
length so that enhancement effects due to sub-cooled boiling could

have been present. In these cases the averaging of the heat transfer

coefficients was restricted to those lying between thermocouple
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position No.60 at the lower end of the test section and the position
at which the saturation minus inner wall temperature difference became
negative. The number of data points considered in arriving at a mean
heat transfer coefficient for a particular run was thus 47 in the
majority of tests to between 20 and 45 in cases where the inner wall
temperature exceeded the saturation temperature for varying portions
of the test section length downstream from thermocouple 60. As can
be observed from Figs. 34 and 35 the majority of the experimental
points are within + 10% of the values predicted by either the Sieder-
Tate or Dittus-Boelter correlations. The heat transfer coefficients
as calculated by the ESDU correlation were identical with the Dittus-
Boelter values over the range of conditions investigated and have thus
not been presented here.
Similar single phase heat transfer results obtained from 9 test runs
with biphenyl-biphenyl oxide are also shown in Figs. 34 and 35 .
An example of an inner wall temperature profile with this fluid is
given in Fig. 36 together with the derived and predicted values of the
local heat transfer coefficients as given by the Dittus-Boelter and
Sieder-Tate correlations.

Comparison of Sub-Cooled Boiling Heat Transfer Correlations with

Experimental Results.

Typical inner wall and fluid temperature profiles occurring under sub-
cooled boiling conditions are shownin Figs. 37 and 38 for monochloro-
benzene at reduced system pressures of .12 and .67 respectively. Also
shown in Figs. 37 and 38 are the experimental heat transfer coefficients

] . (27 ) (28 )
together with those predicted by the Moles and Shaw and Papell
correlations. A total of 150 experimental results with monochlorobenzene
were used in deriving the comparisons shown in Figs. 39 and 40

between the heat transfer coefficients predicted by the two correlations

considered and the experimental values. As in the single phase
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correlation comparisonsthe average heat transfer coefficient for a
particular run was similarly restricted to those measured between
thermocouple position numbers 14-60 excluding points upstream of
thermocouple No. 14 in tests where the value of aTsub was less than

10 C, the limit of the Moles & Shaw and Papell correlations applicability.
Fig. 39 indicates that the Moles & Shaw correlation fits the experimental
data to within about + 25%. With the Papell correlation the difference
between predicted and experimental values of heat transfer coefficient

is + 30 and - 40%.

Sub-cooled boiling data from 15 tests with biphenyl-biphenyl oxide

are included with the monochlorobenzene comparative results in Figs.

39 and 40 . A sub-cooled boiling wall temperature profile for one

of these runs is presented in Fig. 41 .

Comparison of Net Boiling Heat Transfer Correlations with Experimental

Results.

The data used for the comparison of the experimental values of the
boilingheat transfer coefficients with the correlation predictions were
obtained from 105 test runs in which net boiling occurred over a
significant portion of the test section. The results from two of these
tests, representing the extremes of system pressure used in the mono-
chlorobenzene investigations are shown in Figs. 42 and 43 . The
derived values of the heat transfer coefficients and the correlation
predictions are plotted versus the test section boiling length and
equilibrium quality in Figs. 42 and 43 . The boiling length was
defined as that portion of the heated length from the thermocouple
position where the equilibrium quality exceeded zero to the end or to
the dry-out point in runs where this latter condition occurred. The
average values of the experimental and predicted heat transfer [Goefficients|
for the boiling length up to and including thermocouple no. 14 were
determined for each of the two-phase tests and are compared in Figs. 44

- 48 for the five literature correlations discussed.
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Of the 38 biphenyl-biphenyl oxide tests there were only 8 in which

bulk boiling occurred over a significant portion of the test section.
Inner wall, fluid and saturation temperature profiles and the quality
variation for one of these tests are shown in Fig.49 together with

a comparison between the values of the local experimental and predicted
heat transfer coefficients. The average values of the experimental

and calculated heat transfer coefficients for the boiling length are
included with the monochlorobenzene comparisons in Figs. 44 to 48 .

Correlation of net boiling experimental results employing linear

multiple regression analysis.

As indicated in Figs. 44 to 48 there is poor agreement between the
experimental and predicted values of the heat transfer coefficients

for the range of variables covered in the investigation. One of the
objectives of the research programme was to produce a design correlation
if existing ones proved to be inadequate. Accordingly the experimental
data were analysed using multiple linear regression analysis to develop a
suitable correlation.

The experiments undertaken during the investigation involved several
independent variables i.e. heat flux, mass velocity, system pressure
etc. which could have influenced the heat transfer process as

described by the heat transfer coefficient, the dependent variable.

It thus becomes necessary to isolate the effect of one independent
variable from the effects of the others to determine the contribution

of each variable to the total effect. This was carried out using linear
multiple regression analysis which is a standard statistical technique
for establishing a linear functional relationship between one

dependent and two or more independent variables(55 }.

Initially the correlation of the experimental data was carried out using
a dimensionless group,non-linear equation employing four parameters

commonly used in forced convection boiling heat transfer work to
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describe the dependent variable. These dimensionless groups were the
Reynolds, Prandtl and Boiling numbers and the Martinelli parameter
with the dependent variable being expressed in the first instance as
the ratio of the heat transfer coefficient with boiling to the single
phase heat transfer coefficient (h/hL), i.e.

n/a, = ARe)™" ()2 (x, )P (Bo)®* (Eq. 6.7)

by a logarithmic transformation Eq. 6.1 becomes:-

log(h/hL) = logA + bl1logRe + b2logPr + bBlogX'tt + bhlogBo (Eq. 6.2)

or in the general form of the linear function with multiple variables:-
¥y =a + blx1 + b2x2 + b3x3 + bhxb (Eq. 6.3)
where: Yy = dependent variable which varies partially due to variation
in x1; x2, x3/or xk.

x1, x2, x3, x4 = independent variables.

a, b1, b2, b3, bl = multiple regression parameters.
Eq. 6.3 is termed the linear multiple regression eguation of y on x1,
x2, x3 and xk.
The sum of squares E of the deviation of the data points from the most
probable Cﬁrrelating line is:-

2
E = Z(y - a - blx1, - b2x2; - b3x3, - b1+x1+i) (Eq. 6.4)

1=
where: N is the number of sets of data points.

The optimum values of the parameters a, b1, b2, b3, b4 are those which
minimise the sum of squares E. These are obtained by partially
differentiating Eq. 6.4 with respect to a, b1, b2, b3 and b4, and
setting the results equal to zero to produce after simplification a
set of five simultaneous equations:-

Na + b1Zx1 + b2Zx2 + b32Zx3 + bi2Zxhk =2y

a®x1 + b1Zx1° + b2Zx1x2 + b3Zx1x3 + blZx1xk = Zx1y

aZx2 + bIZx2x1 + b2%x2° + b3Zx2x3 + biZx2xk = Tx2y

a3x3 + b1Zx3x1 + b2Zx3x2 + b}Zx}a + biZx3x4 = Zx3y

aZxh + biZxbx1 + b2Zxbx2 + b3Zxbx3 + bhZxh® = Zxby
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where the summation is over N, the number of data sets.
By simultaneously solving the foregoing equations the regression
coefficients b1, b2, b3, b4 and the intercept a can be determined.
This latter exercise was carried out employing the proprietry computer
program MULIRE(sé).
The results of the regression analysis employing the four dimensionless
groups as independent variables indicated that two of them, the Reynolds
number and the Martinelli parameter could well be omitted since their
contribution to the correlation was small. The most significant
correlating group was the Boiling number and in the final two parameter
dimensional equation chosen to fit the experimental data it was replaced
by the applied heat flux along with the substitution of the liguid-
vapour density ratio for the Prandtl number. For this final correlation
the dependent variable employed was solely the boiling heat transfer
coefficient. The regreésion coefficients calculated for a 95% confidence
level by the computer program for the correlation were a = .5783,
b = .7134, and ¢ = -.3792 using the data in Table 25 (Appendix 8).
The final equation in the logarithmic form was:-

log h = .5783 + .7134 log%EL.3?9210ge (pn/pc)
and in the exponential form:-
h= 1.783 g 712 T (Eq. 6.5)

where: h = average value of the heat transfer coefficient over the

boiling length, kW/m> C.

@ = heat flux, kW/m2

pL/pG ratio of the liquid and vapour densities at the particular

I

system pressure.
The foregoing two variable correlation accounted for 92.1% of the total
squared deviation of the dependent variable, i.e. 92.1% of the total
variation in the values of the heat transfer coefficients from the

correlation line can be related to variations in heat flux and density
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Fig.50 Heat transfer coefficient as a function of heat flux for
the monochlorobenzene and biphenyl-biphenyl oxide test series.
Eq 6.5 is shown for the average value of the liquid-vapour
density ratio present in each test series.
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ratio or system pressure. For the initial four independent variables
correlation the percentage variation explained was 97.6%. Thus only
about 5% in explained variation has been sacrificed in the simplification
of the correlation to two independent variables.
With the inclusion of the 8 biphenyl-biphenyl oxide results in the
regression exercise Eq. 6.5 becomes:-

h = 1.692 §°722 (8 /b, =379 (Eq. 6.6)
in this case 91.3% of the data (121 cases) is correlated for a 95%
confidence level.
A cumulative plot of the experimental heat transfer coefficients versus
applied heat flux is shown in Fig. 50 together with correlation lines
drawn for the average values of the density ratio employed in the test
series. A further comparison between the heat transfer coefficients
calculated using Eq. 6.5, and the measured values is presented in
Fig. 51 and also in Table 25 of Appendix 8.

Correlation of dry-out heat flux data for monochlorobenzene.

Criical heat flux or dry-out conditions sometimes occurred at the
conclusion of a daj's loop operation. On every occasion when the test
section power input was increased for the next test in a series when
boiling conditions were present the uppermost wall temperature thermo-
couple was continuously displayed in order to detect the possible
oneet of dry-out as indicated by a step increase in temperature at the
end of the heated section. As previously stated it was only possible
to operate the loop for a short period (about 5 mins.) after the onset
of dry-out due to filter blockage by carbon spalling off the dry wall
region of the test section. During ths period however it was possible
to secure at least one set of data at nominally steady state conditions
before the test section and pre-heater power were switched off and the
loop shut down for filter cleaning.

Dry-out conditions were present in the monochlorobenzene tests listed
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in Table 6 which gives the value of the independent variables for
each test along with the thermocouple no. which indicated the dry-out
point by a significant rise in wall temperature. Also given in
Table 6 is the equilibrium quality at the dry-out point (xDo) as
obtained from the heat balance equation:-

gDO = (GD/ME.)(Ahi + )\xm) (Eq. 6.7)
As is the case with a uniformly heated tube it was found, from
monitoring the wall thermocouples, that the dry-out condition occurred
first at the exit end of the test section. This was also confirmed
from a visual inspection of the test section after the completion of
the experimental programme where there was clear evidence, from
discolouration, of overheating just below the upper power clamp. Despite
being carefully monitored however, the dry-out front had proceeded
upstream to varying degrees as indicated in Table 6 at the instant
of data recording, significantly so in the case of some of the test
carried out at a reduced pressure of 0.27. Because the position
of the dry-out front wasinvariably non-stationary during data
recording it was considered that the usefulness of the datain Table 6
for developing a novel correlation was limited. A further factor
considered in assessing the reliability of the data was the fact that the
test section inlet temperature used to calculate the sub~-cooling was
not recorded {on channel ne.?77) until about 1 minute after the
commencement of data recording when by then the dry-out position could
have significantly altered, as could also have been the case with the
mass velocity due to filter blockage.
The burn-out heat flux in uniformly heated tubes has been demonstrated
to show a dependence upon the variables (D,G,p and xDO) local to the

( 63)

burn=~out point s, the so called 'local conditions hypothesis'

(120 )

postulated by Barnett which has subsequently become the basis

forpractical correlations for water data such as those developed by
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(65)&21).

Macbeth The latter concluded from an examination of

the published world data onburn-out for water in uniformly heated

tubes that the data could be subdivided for correlation purposes

into low and high velocity regimes. The transit{on point between

the regimes was found to vary with the system pressure and the test
section length to diameter ratio. 1In the high velocity regime the
burn-out heat flux is observed to be insensitive to mass velocity whilst
almost direct proportionality is observed in the low velocity

regime. Apart from the low velocity regime the effect of pressure

an the burn-out heat flux is extremely complex(ss)

. Since the mass

velocities present in the tests with dry out were relatively low and

because of the limited number of tests undertaken at each pressure
(121)( 21)

use was made of the following low velocity expression as

a first attempt to correlate the dry-out data. 1In this equation, which

wag evaluated using British units D and z were in inches, ﬂio in Btu/

2
(£t°hr), A and 8h, in Btu/lb and G in 1b/(ft hr).

(Bpy x 107%) = &, + D (G x 107) (an,)/H (Bg. 6.8)
1 + C1z
where: A1 = 0.00106 A D"0'63 (G x 10'6)"0'1?
C, = 0.00344 p 173 (G x 10'6)‘1’22

Table 7 lists the calculated dry-out heat flux values together with
the % deviation from those determined experimentally.

Post dry-out heat transfer.

The tests chosen for post dry-out heat transfer analysis were those:-

(i) Where the wall temperature was reasonably constant for four
or more thermocouples spacings from the end of the heated section
upstream towards the commencement of dry-out and

(ii) Where the film temperature, T, = (Tw - Tsat)/é was less than
35000, this being the upper limit of the available fluid

thermophysical property data for monochlorobenzene.
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The results for 8 tests fulfilling the foregoing criteria are given
in Table 8 where the experimental heat transfer coefficients are
compared with those predicted by a Dittus-Boelter type expression

(Eg. 3.1 ) employing both saturation and film temperatures for the
calculation of the fluid properties. Additional data for these latter
tests is given in Table 6 .

The inner wall temperature profiles for test numbers 245 and 246 are
shown in Fig. 52 . This latter Figure shows the dry-out front
propagating upstream as the power level was progressively increased.
In both cases the heat transfer coefficient downstream of dry-out
decreased to a value of around 1 kw/mzc, a typical figure for all the
dry-out runs in which the wall temperature profile was reasonably
fully developed. The wall temperature profile for a case (test No. 244)
_where the onset of dry-out had moved upstream to about the mid-point
of the test section is presented in Fig. 53 . This result shows a
fairly rapid reduction in wall temperature after passing through a
maximum value as the vapour quality increased along the channel.

Dry-out heat flux and post dry-out heat transfer data for biphenyl-

biphenyl oxide.

Comparative dry-out conditions were experienced in only two of the tests
with biphenyl-biphenyl oxide as listed in Table 9 . Tempsrature
profiles etc. from one of these tests, (No. 27) are shown in Fig. 5k

and comparative experimental and calculated heat transfer coefficient
values in Table 10 . No values of the latter are given for the case of
the film temperature properties figure since the film temperature
exceeded the 350°C limit of the thermophysical property data. A
correlation of dry-out heat flux for biphenyl-biphenyl oxide was not

attempted because there were too few data points.



FROM TESTS WITH MONOCHLORCEENZENE

T HEAT FLUX MASS é/6 INLET T/C NO. DISTANCE QUALITY
bl TEST EER AT DRYQUT m,oc;n' pisin SUBCOOLING | AT ONSET | TO DRYCUT | AT DRYOUT
No. ngsgm ko/n R/NA L g & | MR ¢ e} OF, BRTOUT ] A,
3 (8 0) (e) (An) |(FIG. 24) | (2) (%)
2% .537 212.6 487.7 .44 64.5 13 1.50 .56
27 .536 211,5 506,8 .42 60.0 13 1.50 .54
42 .542 165.3 452.7 .37 29.1 -] 1.78 .69
102 .986 174.3 500,2 .35 21.0 7 1.65 .67
103 .986 174.7 499.7 .35 20,8 8 1.63 .66
104 .986 175.1 493.3 .35 19.1 9 1.60 .67
105 .986 175.8 493.3 .36 17.9 9 1.60 .68
8 157 1.812 159.0 616.6 .26 57.6 6 1.68 .39
158 1,809 159, 4 624.6 .26 57.3 6 1.68 .38
159 1.803 159.4 607.1 .26 54,2 6 1,68 .42
168 1.782 136.9 532,2 .26 36.5 6 1.68 .48
M 169 1.782 136.6 531.5 .26 39.6 4 1.73 .49
170 1.782 140.5 522.7 .27 37.3 9 1,60 .48
™ 191 2.978 199.4 697.0 .29 149.8 6 1.68 .04
4 192 2.968 199.0 678.7 .29 144.6 6 1.68 .10
i 201 2.966 158.6 564,1 .28 126.1 4 1.73 .20
210 2.969 155.2 548,2 .28 127.4 6 1.68 .17
217 2.947 199.9 475.0 .42 109.7 2 1.78 )
223 2.980 83.3 367.6 .23 61.6 3 1.75 44
224 2.976 83.3 367.6 .23 60.6 3 1.75 .45
243 1.219 135,1 430.5 $3L 17.4 71 1.04 .38
244 1.193 135.4 393.1 .34 11.6 36 0.92 .39
§ 245 1.173 136.8 370.0 .37 11.9 7 1,65 .78
246 1,200 145.9 343.7 .42 18.3 13 1.50 19
247 1.186 155.5 335.0 .46 20.8 15 1.45 .83
254 1,177 136.1 296,0 .46 18.1 9 1.60 .92
TABLE 6, SUMMARY OF DRY-OUT TESTS WITH MONOCHLOROBENZENE
TEST mﬁgiﬂ INLET DISTANCE LATENT cawmuk.;m DRYOUT EXP. D.0. | DIFF. %
O, 111/1’1‘.2 r sm;m . T(I)Ng}[ggm Btﬂ-ifn;h Zhr FLJ_Ixz Hf:;m I ge-gc
x10 B/tr | -
26 359 27.7 59 114.6 0814 257 212.,6 -20.8
27 374 25.8 59 114.8 .0828 261 211.5 -23.4
42 .333 12.5 70 114.4 .061 192 165.3 -16.2
102 .369 9.0 65 105.6 .0627 198 174.3 -13.6
103 .368 9.0 64 105.6 .0633 200 174.7 -14.5
104 364 8.2 63 105.6 0636 201 175.1 -14.8
105 .364 27 63 105.6 .0633 200 175.8 -13.8
157 455 24,8 66 90.5 0712 225 159,0 -41,5
158 . 460 24.6 66 90.5 .0713 225 159.4 -41,2
159 .448 23.3 66 90.7 .0698 220 159.4 -38,0
168 .392 16.6 66 91.1 ,0600 189 136.9 -38.0
M 169 .392 17.0 68 91.1 .0594 187 136.6 -36.9
4 170 .238 16.0 63 91.1 .0430 136 140.5 3.2
191 .514 64.4 66 65.5 .0840 265 199.4 -32.9
192 .500 62.2 66 65.7 .0812 256 199.0 -28,6
201 .416 54.2 68 65.8 L0668 211 158.6 -33.0
210 .404 54.8 66 65.8 L0673 212 155,2 ~36.6
B 217 -350 47.2 70 66.3 .0552 174 199.9 12.9
223 271 26.5 69 65.5 .0375 118 83.3 -41.6
294 271 26.1 69 65.6 .0375 118 83.3 -41.6
243 345 7.5 41 62.1 0747 236 135.1 -74.7
244 <290 5.0 36 101.5 .0750 237 135.4 ~75.0
245 .273 5.1 65 101.8 0469 148 136.8 - 8,2
¥ 246 253 7.9 59 101.6 .0492 155 145.9 - 6.2
247 247 8.9 57 101.9 .0498 157 155.5 = 50
£ 254 .218 7.8 63 102.0 .0412 130 136.1 4,5
TABLE 7, COMPARATIVE DRY-OUT HEAT FLUX DATA AND PREDICTIONS
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TEST |LENGTH |AVERAGE |SAT. RANGE OF WVERAGE |CAL. HTC. |CAL. HTC.
¥ NO. |OF DRY |QUALITY [TEMP. (T e T . HTC|OVER DRY- |[OVER DRY-
OUT ZONE |OVER DRY OVER DRY PVER DRY |OUT ZONE |OUT ZONE
OUT ZONE OUT ZONE PUT ZONE |USING SATJUSING FILM
m c c kw/m -C TEMP,PROP |TEMP, PROP
b TR M L kw/m"C kw/m" C
§102 .127 <71 243 127-141 1.32 .97 161
§103 .127 .72 243 137-147 1.23 .97 1.01
104 .152 75 243 148-162 1.16 .98 1.02
105 .152 .7k 243 149-163% 1.15 .99 1.02
P43 .533 .58 256 103-154 1.07 +75 =75
245 .102 .83 254 i o P i 1.19 .87 .89
4246 .20% .90 255 129-152 1.04 .89 .89
254 .127 .99 254 109-115 1521 .85 .87
TABLE 8: Comparison of monochlorobenzene measured and calculated heat

transfer coefficients following the onset of dry-out.

TEST [SYSTEM [HEAT ° MASS @ RATIO| INLET |T/C NO. QUALITY |
NO. |PRESSURE |FLUX VELOCITY| G SUB-COOL [AT ONSET | AT DRY-
MN/me  |kw/m@ kg/mes | kd/kg |kJ/kg. |OF DRY- | OUT
oUT
(FIG. 24)
27 460 169.5 416.1 41 56.2 14 «55
2l 6l 167.4 | 4114 41 51.7 15 .55

TABLE 9: Summary of dry-out tests with Biphenyl-biphenyl oxide.

LENGTH  |AVERAGE RANGE OF CAL. HIC.)

TEST SAT. AVERAGE ICAL. HTC.
NO. |OF DRY- |QUALITY | TEMP. (T ~Tgat)|EXP.HTC. |OVER DRY |OVER DRY
OUT ZONE [OVER DRY OVER DhY|OVER DRY |OUT ZONE |OUT ZONE
|oUT ZONE OUT ZONEJOUT ZONE [USING SAT}USING SAT
2 - ¢ kw/m2C  |TEMP.PROP| TEMP, PROP
kw/me C Ey/mzc
27 .152 .67 329.5 hkL2-163 1.10 1.123% |FLUID
PROP.
3k <152 .68 340.2 h42-162 1.10 1.126 |DATA NOT
AVAIL.

TABLE 10: Comparison of Biphenyl-biphenyl oxide measured and calculated
heat transfer coefficients following the onset of dry-out.
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Four modes of heat transfer were studied during the investigation,

(1) Single phase heat transfer with both the tube wall and bulk
fluid below the local fluid saturation temperature.

(ii) Sub-cooled boiling heat transfer when the tube wall and bulk
fluid temperatures were respectively above and below the local
saturation temperature and there was no net generation of vapour.

(iii) Two-phase convective boiling heat transfer with net generation
of vapour.

(iv) Post dry-out heat transfer.

i DISCUSSION
?.1

viz:-
Wee

The conventional dimensionless parameters for fully developed turbulent
flow in tubes wére utilised to correlate the single phase heat transfer
data as summarised in Figs. 3% and 35. The data points shown
represented the average heat transfer coefficients for particular

tests evaluated at_distances greater than 24 diameters from the
commencement of heating where conditions should have been fully
developed. The results for specific tests given in Figs. 32, 33 & 36
indicate that the film temperature drop was essentially constant and
thus the wall temperature followed the bulk fluid temperature which

was linear with distance up the tube for the case of aniform heating.
It is evident from Figs. 34 and 35 that the established Dittus-Boelter
and Sieder-Tate single phase heat transfer correlations adequately
predict the monochlorobenzene experimental results within + 15, -10%.
The viscosity correction term (pb/'p.w )'1h in the Sieder-Tate equation
reduced the spread of the data with heat flux and was the superior
correlation of those used for comparison purposes in the data reduction
exercise. However the difference between the predictions of all three
correlations (the ESDU gave the same values as the Dittus-Boelter) was

less than 5%. The results for the biphenyl-biphenyl oxide tests indicate
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that some points lie outside the + 10% limits bounding the correlation
lines. The most probable explanation for the outliers is that the
sub-cooling was insﬁfficient in some of these tests to prevent dissolved
gases from coming out of solution and creating increased heat transfer
through the additional fluid agitation present at the tube wall. Since
it was not expected that the single phase heat transfer experimental
results would show any marked departure from those given by the
established correlations the measurements obtained in the non-boiling
runs served as a simple overall check on the reliability of the
experimental apparatus, and of the methods used in the reduction of the
data. Since most of the single phase results lay within 10% of the
accepted correlations the test facility was considered to be reliaﬁle
and adequate for the boiling heat transfer measurements which was where
the main interest of the experimental investigation lay.

As the bulk fluid gradually increased in temperature a point was reached
where the wall temperature exceeded the local saturation temperature

by a small amount.and bubbles began to form at nucleation sites on the
wall. Depending on the degree of sub-cooling and also on the properties
of the fluid the bubbles could either move away from the wall into

the cooler bulk stream and be condensed or continue to grow as they

were carried downstream. The latter was most likely to have occurred

in the present experiments on account of the low thermal conductivity
and low heat.of vaporisation of the fluids used. Such a combination
would result in a slow cooling rate for the superheated liquid boundary

(57 as it moved relative to

layer associated with the detached bubble
the surrounding sub-cooled liquid. This slow cooling would allow time
for the bubble to grow by further evapofation from the bubble-super-

heated liquid interface, which would have been aided by the low heat of

vaporisation of the bulk fluid. In the case of waten the liquid thermal

conductivity and latent heat values are greater than those for either
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monochlorobenzene or biphenyl-biphenyl oxide by factors of about 5 and
8 respectively. In contrast therefore bubbles would generally tend

to collapse immediately upon leaving the heating surface until the
sub-cooling decreases sufficiently to allow the bubbles to grow in

the bulk fluid when a rapid increase in void faction would occur.

The formation of bubbles and the mechanism of growth in the sub-cooled
boiling regime creates increased fluid agitation which results in
significantly higher heat transfer coefficients than those present
under non-boiling conditions. This can be observed from the monochloro-
benzene results shown in Figs. 37 and 38 for the extreme system
pressures considered. The wall temperature does not increase with
increasing bulk temperature as with single phase heat transfer and
eventually it levels off and remains a few degrees above the fluid
saturation temperature. The data for monochlorobenzene shows that the
wall superheat (Tw - Tsat) in fully developed sub-cooled boiling
decreases as the pressure increases in a similar way as in the case of
sub-cooled flow bdiling of water(58 J. The biphenyl-biphenyl oxide
data shown in Fig. 41 indicates a somewhat different trend to the
monochlorobenzene results in that the inner wall temperature JHéreESes .
with distance in the sub-cooled boiling region. There was however some
doubt on this unusual observation since the wall temperature mzasurements
from thermocouple No. 13 to the end were considered to be unreliable
due to the possible presence of carbon on the heating surface. A
similar effect with sub-cooled boiling was however noted by Stone(58 )
in experiments employing water in vertical upflow where thermal
entrance effects were suggested as a possible explanation for this
observation. :

Of the two sub-cooled boiling correlations examined for comparison
purposes Fig. 40 shows that the one due to Papell(aa) only provided

a modest correlation of the experimental data. The correlation was
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however derived using data solely for water although agreement with
sub-cooled boiling data for liquid ammonia was claimed. A better
correlation of the experimental data was given by the Moles & Shaw(z?]
equation as indicated in Fig. 39. The latter correlation was derived
employing a much greater range of experimental data including that for
several organic fluids. Both the Papell and the Moles & Shaw correlations
were very sensitive at low values of the sub-cooling and in fact

predict infinite heat transfer coefficients at zero sub-cooling. Thus
their use with sub-coolings below 10°C is not recommended as indicated
by the asymptotic trend of the biphenyl-biphenyl oxide calculations

shown in Fig. 41 .

The commencement and ending of the net boiling and sub-cooled boiling
regions respectively were assumed to be at the intersection between

the bulk temperature and the saturation temperature profiles. As
illustrated in Fig. 7 the flow pattern in the net boiling region is
shown to change from a nondescript bubbly-churn flow to one of annular
flow where the liquid phase is concentrated in a film adjacent to the
heated surface. On the basis of the findings of other Envedtigators

it was assumed that this transition to annular flow would occur at

about 2% quality and therefore the predominant heat transfer mechanism

up to dry-out was expected to be forced convection boiling. Thus the
correlations employed for comparison purposes in the data reduction
exercise were based primarily on annular flow models. Generally these
correlations gave predictions lower than the experimental values of

the heat transfer coefficients. As indicated in Figs. 44 - 48 a rather
widespread variation exists in the heat transfer coefficients calculated
using the referenced correlations. All of the predictions however show
the same trend, that of increasing heat transfer coefficient with
increasing quality. In contrast the experimental values of heat transfer

coefficient were essentially constant along the boiling length. The
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Guerrieri-Talty, Schrock-Grossman and Chen correlations all incorporate
the Lockhart-Martinelli parameter Xi: which is a strong function of the
weight fraction of vapour or quality. The modification of the liquid
phase convective term for the Guerrieri-Talty correlation by the
inclusion of the point mass velocity of the unvaporised part of the
stream in the expression for the Reynolds number further makes this
correlation a strong function of the flowing quality.
As discussed in Chapter 3 the Guerrieri-Talty, Schrock-Grossman and
Chen correlations all téke account of nucleate boiling effects to
varying extents. In the Guerrieri-Talty correlation a multiplication
factor (Fyg in 3.4.2 ) was applied to the convective heat transfer
coefficient for this purpose which in the present experiments ranged
from 2.44 - 6.46 and 1.9 - 2.7 for the monochlorobenzene and biphenyl-
biphenyl oxide data respectively. In the Schrock-Grossman correlation
the nucleate and convective boiling components of heat £ransfer were
additive, the relative proportions being a function of tﬁe Boiling
number and the Lockhart-Martinelli parameter. For the range of
experimental conditions covered in the investigation, the Schrock-
Grossman correlation predicted that nucleate boiling effects accounted
on average for approximately 95% of the local heat transfer coefficient.
Fig. 45 indicates that of the five correlations considered the one
due to Schrock-Grossman showed the most consistent trend in comparison
with the experimental data for monochlorobenzene, however the calculated
values of the heat transfer coefficient were only about half of the
measured values. This underestimation has been noted previously [Efom
the data of other investigators for both water and organic f].u:Lds(35 )
and thus the constant of 7390 appearingin Eq. 3.12 cannot be considered
to have any generality. The Chen correlation combined the effects of
nucleate boiling and convective boiling in an additive manner as in the

Schrock and Grossman correlation. It was more complex however than the
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latter but unlike the previous two which assume the total suppression
of nucleation at some stage the Chen correlation admits to some nucleate
boiling contribution throughout the finite Reynolds number range.

In the present experiments the Chen correlation indicated that the
nucleate and convective contributions to the total heat transfer
coefficient were about equal for most tests. An exception was in the
case of the highest system pressure tests with monochlorobenzene when
nucleation effects were calculated to be 3-4 times greater than
convective effects. Lavin & Young provided several correlations as

a function of the local flow regime. The one ( Eg. 3.713) used to
derive the values for comparison purposes shown .u Fig. 46 was for
annular flow which did not include any contribution for nucleation
effects. As in the case of the previous correlations the expression
was a strong function of vapour quality through the inclusion of the
dimensionless quantity (1 + x)/(1 -X.The final correlation considered
for comparison purposesin the data reduction exercise was the one due
to Chawla(E? ) which solely considered convective boiling. The values
of heat transfer coefficients predicted by this correlation bore the
least resemblance to the experimental values of the five correlations
discussed. The correlation was similarly a strong function of the
vapour quality and also of the density ratio of the liquid and vapour
phases. This dependence on the density ratio is evident from a
comparison of Figs. 42 and 43 in which the density ratios are different
by a factor of about eight in going from low (largepL/pG ) to high
system pressures. Better agreement to the experimental values can be
observed to be present in high density ratio tests. An explanation
for the wide difference encountered in the present work between the
experimental and predicted values of the heat transfer coefficients
probably lies in the value used for € , the two phase flow parameter,

(59 )

In the publication where the correlation for this latter quantity
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was presented it was noted that significant errors could be present

at density ratios, pL/%} y of less than 200. For the range of
conditions investigated in the present work the maximum value of

the density ratio was 60 in the case of the lowest net boiling system
pressure tests with biphenyl-biphenyl oxide (50 in the case with
monochlorobenzene).

Only the data obtained from the middle portion (1.168 m) of the

1.83 m test section was used in calculating the mean heat transfer
coefficients presentedin Figs. 44 - 48 ., The data from the omitted
section at the test section inlet was considered to be unreliable due
to possible thermsl entrance effects. The data from the end portion
was similarly considered to be unreliable due to the probable presence
of carbon on the heated surface formed during tests when dry wall
conditions were present in this region. Evidence of carbon formation
can be observed from the scatter in the wall temperature measurements
of Figs. 33, 38, 43 and 53 (test numbers 180, 183, 222, and 244) which
were obtained towards the end of testing with monochlorobenzene. As
noted earlier there was a lack of agreement between the correlation
predictions and the boiling heat transfer data taken in the investigation
and thus an empirical approach, using multiple linear regression analysis
was adopted to derive a heat transfer correlation suitable for design
purposes. This statistical analysis of the experimental data showed

a strong heat flux or nucleation effect and a weak vapour quality and
flow rate or forced convection effect in the range of variables
considered, similar to that noted by other investigators for v.».rater(58 )
and refrigerant fluids( 60362 ). The data clearly indicated a
pressure dependance of increasing wall superheat with decreasing
pressure and the final equation derived only incorporated heat flux

and pressure as correlating parameters. Pressure was expressed in

terms of the liquid-vapour density ratio, a parameter common to all
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fluids, unlike pressure which has significance only when the fluid
experiencing it has been named.
Since by definition dry-outmust occur in a once-through evaporator
it becomes essential for design purposes to be able to predict the
dry-out point, the magnitude of the surface temperature rise and of
the heat transfer coefficients in the post -dry-out region. The
position of dry-out determines the length of the dry wall region of
the evaporator tube which can be an important economic factor if
special steels are required for the high tube wall temperature
conditions. The temperature profiles shown in Figs. 52-54 all show
the characteristic uncontrolled rise in wall temperature at the onset
of dry-out present with electrically or radiantly heated tubes.
Under these heat flux controlled conditions there is theoretically
no upper limit to the wall temperature which will adjust itself
upwards to whatever temperature level is required to force the heat
through the tube. In comparison with experiments with water however
the heat fluxes employed in the investigation were modest and thus
the maximum temperatures experienced (around 600°C) were fortunately
below those which may have caused physical burn-out of the test section.
It was likely however that the dry-wall region temperature profiles
were still developing to a greater or lesser extent at the time of
data recording. Thus the derived values of the heat transfer
coefficients for the dry-wall region should be regarded as providing
an order of magnitude indication only unlike those obtained from the
other regions of the test section where nominally steady state
conditions prevailed.
As discussed in Chapter 6 there were operational and rig deficiencies
which effectively prevented precise burn-out data from being obtained.
In investigations specifically designed to obtain burn-out data

for a fixed length to diameter ratio pressure and mass velocity
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are usually held constant for a test series and the burn-out heat
flux is determined for a range of inlet subcoolingst122)(125). Here,
due to preheater power limitations and the insensitive flow control
valve it was not possible to set a specific flow or test section inlet
temperature for a particular test. Additionally it was considered
that conditions over the test section could have changed significantly
during the data recording period either through dry-out front
propogation or filter blockage. Despite these limitations a
correlation of the dry-out data was attempted using the 'low velocity!
expression given by Macbeth(121)(21), the comparison being shown in
Table. 7. The use of a 'low' rather than a 'high' velocity correlation
was considered to be justified since the mass vélocities used were
comparable to those present in some of the tests with R12 (a high

MW fluid) carried out by Stevens et 31(123)

which were shown to
correspond to the low velocity regime. Considering that the correlation
constants of Eg. 6.8 were derived from water burn-out tests there

is fair agreement, particularly at the higher qualities, with the
present data. The only modification for its use here involved

the latent heat term (in A1) which suggests, as previously noted by
Masheth "), that Latunt heakids the dosineniteflnid prapenty oontroliing
burn-out or dry-out in the low velocity regime. The effect of
increasing wall heat flux on the position of dry-out when the other
parameters remain essentially unchanged is shown for two successive
test runs in Fig. 52 (test nos. 245-6). The location of the dry-out
point moved upstream and the maximum wall temperature increased as

the heat flux was increased.

Whilst the temperature rise at dry-out is abrupt it is some distance
from this point before the maximum temperature is reached. This is

indicative that the inception of dry-out does not start simultaneously

all around the perimeter of the heat tube, but is extremely localised
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as observed by Hewitt et al(6 . These latter researchers were the
first to observe the liquid‘filﬁ on the outside of a heated rod,
as seen through a glass annulus, become very thin at the dry-out point
and break up into rivulets. It is presumed that these thin and
narrowing rivulets of liquid on the heated wall continue downstream

. of the dry-out point until all wetting finally ceases and a maximum
temperature, such as indicated in Fig. 53 is reached. The wall
temperature reduces after reaching the maximum value due to increasing

- convective heat transfer effects through the vapour film which now

. completely blankets the surface. This improved heat transfer is

i cauéed by the higher flow velocitiesin the tube as more entrained
liquid is evaporated. Finally a stage, not shown in Fig. 53 is
assumed to be reached further downstream when only vapour is present
and the wall temperature increases once more due to the decreasing heat
transfer coefficients present as the vapour becomes superheated.

7.12 Evaporator tube gas side corrosion is a function amongst other factors
l of the tube wall operating temperature. It is thus desirable to have
a knowledge of the magnitude of the surface temperature rise on the

transition to dry-out and of the heat transfer coefficients in the
' post dry-out region so as to determine adequate operating margins.
The temperature rise at dry-out, expressed as the difference between the
inner wall and saturation temperature, is shown in Fig. 55 for tests at the
five reduced pressures at which tests were undertaken with monochloro-
 benzene. For three of these tests at P. = +12, .22 and .39 a pressure

effect can be observed in which the temperature rise at dry-out

decreases with increasing system pressure. This is in keeping with

the observations of other investigators(65 ) (66 )from tests with water-

' steam systems which indicated a very strong pressure effect. For
' example, for a constant mass velocity and heat flux, reduction of

bressure from 19 to 14 MN/izl2 increased the maximum temperature rise
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by a factor of 4.5. Data from the tests at reduced pressures of .27
and .67 do not however fit into the trend suggested by the other system

pressure tests. These anomalies could be due to the lower mass

velocities used in the .27 tests and with the large inlet sub-
Pr

1}

coolings for those at P, .67. With the P+ .27 temperature profile
shown in Fig. 53 which had the much longer post dry-out region, it

is evident that a maximum wall temperature rise condition has been
passed through unlike the other system pressure tests where the wall
temperature profiles were probably still developing. The highest sub-
coolings arose in the D= .67 tests because of pre-heater power input
limitations. As a consequence the boiling length was quite short (also
influenced by the reduced latent heat) with the dry-out zone being
constrained to a few thermocouple spacings from the end of the heated

(63 (€6) with uniformly

length. It was found from water-steam experiments
heated vertical tubes that the maximum temperature rise at dry-out
could be correlated in terms of the ratio @/G (units kJ/kg.) by a

simple relationship:-

T - T .= C.(g/6)2> (Eq. 7.1)

W.max sat
As previously noted it was found that the constant C was a strong
function of pressure and it was concluded that at high pressures, say
above p = .8 with water, the maximum temperature rise at dry-out can

be small and undetectable above the 'wet wall' temperature provided
¥R -

.r‘-q
the @/G ratio was sufficiently low njﬂﬂ#ﬂt 615u, 6§

similar pressure effect could be detected in the data obtainedin this
investigation a correlation on the lines of Eq. 7.1 for the maximum

wall temperature rise on dry-out was not attempted due to the large
variation in @/G present in the tests (see Table 6 ), and the
probability that the wall temperature profiles were not fully developed,
quite apart from the questionable accuracy of the wall temperature

measurements towards the end of the heated section.
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7«13 In the tests with dry;out the heat transfer coefficients over the

dry wall portion of the test section considered, were, as indicated in
Table 8 , around 20-30% greater than those calculated by the Dittus-
Boelter equation assuming all vapour flow and employing either the
saturation or the film temperatures for the determination of the fluid
properties. This would indicate, as previously concluded by Kearsey
that in the initial portion of the dry wall region the liquid plays an
important part in the heat transfer process. The contribution from

the liquid would diminish until a stage was reached further downstream
of the film dry-out point when heat transfer would be soclely to a
vapour stream having droplets entrained in it when the heat transfer
coefficient would be expected to correspond with the Dittus-Boelter

all vapour value. In practice however it has been found from water-

(68)

(67

)

steam post dry-out investigations that the heat transfer coefficients

in the liquid deficient region are less than the Dittus-Boelter values
for the equivalent steam flow alone assuming the steam to beat the
saturation temperature. This would suggest that the steam was not
in thermodynamic equilibrium with the water and was probably super-
heated inspite of the presence of a considerable amount of entrained
liquid. Since no significant departure from the values calculated

from the standard Dittus-Boelter correlation, assuming all vapour

flow, was fonnd for the data obtained in this investigation the analysis

of heat transfer in the post dry-out regime was not taken any further.

A further factor influencing the latter decision was also the doubts

about the accuracy of the wall temperature data taken from the dry wall

region of the tube which was in all probability affected to some
extent by carbon formation.

7.14 The factors affecting the accuracy of the heat transfer coefficient
values derived from the investigation have been commented upon in

Appendix 4. Based upon the error analysis in this latter Appendix,
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the maximum errors estimated for the main independent variables of
this study are:-

System pressure . - + .17 kN/m2

Mass velocity - + 2.5 to + 6.0%

Heat flux - + 10%

Inlet temperature:- + 1.1°C
The determination of the boiling heat transfer coefficient required
an accurate measurement of the tube-fluid temperature difference.
It was estimated on the basis of the available data that this difference
would be of the order of 11 - 1?°C. In fact however the heat transfer
coefficients proved to be greater than expected and in many of the
experimental runs the temperature difference was less than 5°C,
presenting increasing difficulties in measurement. The possibility
exists that in these cases where the temperature difference was small
that there could be significant errors in the derived values of the
heat transfer coefficients due to the uncertainties involved in
temperature measurement. The absence of reliable experiemental data
for the physical properties of the test fluids for the range of
temperature and pressure considered creates further uncertainties when
analysing the results of the investigation. In particular there
exists some uncértainty regarding the liquid thermal conductivity of
monochlorobenzene and the liquid viscosity of biphenyl-biphenyl oxide.
When more reliable information becomes available on these properties
the results of the heat transfer tests can be re-evaluated. Overall
however the good agreement of the single phase heat transfer results,
as compared to standard correlations gives credence to the view that
the boiling heat transfer results obtained in the investigation are

accurate to within + 25%.
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7.15 For data reduction purposes, in the absence of experimental information
on the local pressure gradient variation, a linear pressure drop was
assumed across the test section. Since the pressure drops measured in
the investigation were small the latter assumption was considered to
be justified for simplifying the data reduction process in the calculation
of the local fluid saturation temperature without introducing significant
errérs. It was not possible to undertake a systematic analysis of
the test section pressure drop due to the absence of void fraction data.
The void fraction with two-phase flow directly affects the magnitude of
the gravity and acceleration components of the total pressure drop and
thus must be known over the channel pressure drop measurement increment
for their relative contributions to be identified. As a part of the
data reduction exercise the test section pressure drop was calculated

employing the homogenous theory which assumed equal liquid and vapour

phase velocities i.e. a slip ratio of unity. The results B@
calculations are presented in Tables 26 and 27 of Appendix 8 which
give the contributions of the three components of pressure drop present
in vertical upflow viz. gravity, friction, and acceleration together
with the experimentally measured overall pressure drop for monochlorobenzene
and biphenyl-biphenyl oxide respectively. From Tables 26 and 27 it
@n be observed that for the range of mass velocities employed in the
investigation the pressure drop was mainly due to the head of liquid in
the tube i.e. the gravity component was dominant and the frictional and
acceleration components were small compared with the overall pressure
difference. In hindsight it would have been desirable for the gravity
or hydrostatic head to have been a sufficiently small proportion of the
total pressure drop so that the forces due to phase interaction could,
with suitable instrumentation, have been measured accurately. This
would have entailed employing larger mass flow ratesora smaller bore

test section.
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As recorded in Appendix 7 the void fraction was measured using the
gamma attentuation technique at a position immediately above the upper
power clamp. The void fraction values obtained however were considered
to be in error for several reasons given in Appendix 7 and were thus
not used in the analysis of the heat transfer or pressure drop data.
Evaluation work undertaken with the void fraction measurement system
prior to the commencement of the experimental programme showed that
there could be large differences between the actual and measured void
fractions particularly at low values of the latter. Despite this it
was considered to be worthwhile to obtain measurements with the

system during the data taking sessions for future development purposes.
These latter measurements are included as Table 28 in the compilation
of experimental and derived results of Appendix 8. Examination of
Table 28 shows that voidage is only indicated as being present in

the net boiling tests,whereas from the discussion in 2.5 a significant
amount of voidage was expected to be present in test runs having

a low sub-cooling at the test section exit.

As well as influencing fluid decomposition the presence of dissolved
air in the loop fluid can have a significant effect on heat transfer,
particularly in the case of sub-cooled boiling. It could be expected
that with organic fluids that such effects are accentuated over the
case with water due to their much larger dissolved gas contents (c.f.
Table 20 page246). As detailed in Appendix 6 an existing apparatus
was utilised to determine the dissolved air content of monochlorobenzene
to serve as a check on the reliability of the method when it was
employed for air solubility measurements on candidate fluids for which
literature data was not available. In the event however the method
was not adopted for the other fluid tested, biphenyl-biphenyl oxide
because of the requirement for the refurbishment of the apparatus and

for the lack of time.



- 164 -

7.17 In conclusion,from the findings of the present investigation for the
fluids and range of conditions evaluated in the tests it is recommended
that the inner wall temperatures for a monotube evaporator system should
be calculated as follows:-

(a) Using either the Dittus-Boelter or Sieder-Tate equations for the
single phase region.

(b) The Moles and Shaw correlation for the sub-cooled region, up to
values of AT_. = 10°C.

(c) Use of Eq. 6.5 from the upper limit in (b) to the dry-out boundary
for the net boiling region.

(d) Dittus-Boelter equation employing all vapour properties for the
post dry-out region.

Thus with the exception of the net boiling region, heat transfer in

the present investigation could be adequately predicted by established

correlations. From the lack of agreement between the net boiling

data and the various literature correlations one might conclude that

the latter should only be used over the tested range and not be

construed to have any general validity.

The existence of the dry wallrmegion in a once-through evaporator

creates a potential hot spot problem, especially when high combustion

gas temperatures are present such as in fossil fuel fired systems.

Under such heat flux controlled conditions the wall temperatures in

the dry-wall region could, as demonstrated, be significantly higher

than when the tube wall was wetted because of poorer heat transfer

coefficients. Of the factors influencing the rate of fluid themmal

decomposition the most important one is the metal surface temperature.

As an exémple of the effect of temperature; for the case of biphenyl-

biphenyl oxide the degradation rate increases by a factor of 2.5

when the heating temperature is increased from 343°C (500°F) to

371%¢ (700% ) (69). It must therefore be ensured that the design values
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of evaporator tube wall temperatures are within specified limits for

acceptable fluid decomposition, making allowances for fault conditions

which may arise from off-design performance or inadequate maintenance
of the system. Several methods have been reported for the avoidance
of hot spots with organic monotube systems:-

(1)  An evaporator for refrigerants having a very low thermal
stability threshold (200°C) incorporated a corrugated firetube
which acted as a radiation shield preventing the tube bundle
from being exposed to the flames of the heat source(70).

(i) A double pipe system’?)(72)

where the inner tube containing
the evaporating organic fluid was protected by a 'buffer' annulus
of water. The pressure in the annulus was arranged to be
such so as to permit heat transfer from the combustion gases to
the organic fluid by a boiling and condensation process such
as in a heat pipe.

(iii) The immersion of the evaporator in a heat treatment salt
which acted és an intermediate heat transfer medium(?B).

(iv) The employment of lower heat fluxes in the high quality region
of the evaporator tube(7k).

(v)  The suggestion for the adoption of supercritical operating
condiﬁcns(101 as in the pioneering UK demonstration system(?s)
and in the more recent total energy system development in the

usal76)

Of the foregoing , subject to metallurgical limitations, (v), has many
attractions from a thermodynamic standpoint for extracting the
maximum amount of heat from the combustion products. For organic
fluids, in comparison with water, the required pressure conditions

for supercritical operation are not prohibitively high for

application to low power output systems. Studies of supercritical
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heat transfer to suitable organic fluids are suggested as an

extension of the present investigation.
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8. CONCLUSIONS.

This investigation was conducted to determine the heat transfer
characteristics of two candidate organic Rankine cycle working fluids. A
test facility was designed and constructed in which forced convection boiling
and non-boiling of monochlorobenzene and biphenyl-biphenyl oxide were studied
over a range of system pressures, flow rates etc. A computerised data
reduction system was developed for processing the experimental data obtained
from the vertically orientated electrically heated test section. Specific
problems arising from the poor thermal stability of the organic fluids
employed were also examined. Within the range of variables covered in this
experimental investigation the following conclusions and recommendations can
be made:-

(1) Heat transfer in the single phase region was adequately represented
by standard correlations for turbulent flow in tubes i.e. the Dittus-
Boelter or the Sieder-Tate equations.

(ii) The experimental sub-cooled boiling data could be satisfactorily
correlated by the Moles & Shaw eguation and to a lesser extent by the
Papell equation.

(iii) An examination of the net boiling data showed that whilst most of the
data was in the annular flow regime strong nucleation effects were
present. Vapour quality and flow rate effects were of second order
significance to heat flux effects over the range of conditions
investigated. The net boiling correlations recommended in the literature
for the determination of local heat transfer coefficients did not
correlate the data for the same local flow and thermodynamic conditions.

oy ——

(iv) An empirical equation incorporating the parameters which mostbt

the boiling heat transfer process was used to correlate the data obtained
in the investigation. These latter parameters were the heat flux and
system pressure the latter being expressed as the ratio of the liquid

-Vapour density ratio. A multiple linear regression analysis technique
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was used to determine the constant and exponents for the correlation
eguation.
The burn-out or dry-out conditions experienced in a number of tests
produced tolerable wall temperatures in all cases. There were
operational problems and rig design deficiencies which effectively
prevented precise dry-out data from being obtained during these
latter tes£s. A Macbeth low mass velocity expression was used to
correlate.the dry-out data, the tests with high dry-out quality showing
reasonable agreement between measured and calculated values of the
dry-out heat flux.
The post dry-out heat transfer coefficients measured during the
short period that was available for data taking following the onset
of dry-out could:be correlated with a Dittus-Boelter type equation
employing vapour phase properties.
Operational problems caused by carbon formation during the investigation
highlighted the prime importance of thermal stability considerations
in organic Rankine cycle fluid selection. Results obtained from gas
chromatographic analysis of monochlorobenzene, sampled before and
after heating, showed an increase in the concentration of benzene

and ortho- or para-dichlorobenzene.
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s RECOMMENDATIONS FOR FURTHER WORK.

9.1 :The problem of wall dry-out causing high wall temperatures with a heat
flux controlled monotube boiler design is considered to be a critical
factor when employing organic fluids which have relatively poor thermal
stability in comparison with water. A possible way of avoiding high
tube wall temperatures and consequent fluid decomposition is by the use
of supercritical operating conditions. An investigation of super-
critical heat transfer is thus suggested as an area of research as an
extension of the present investigation.

9.2 The absence of reliable thermophysical property data for the test fluids
introduced additional uncertainties in the present work in the
interpretation of the experimental results. Experimentally derived
data, particularly in respect of liquid thermal conductivity and
viscosity for the test fluids under consideration would be highly
desirable so as to avoid the use of sometimes questionable fluid
property prediction methods.

9.3 Since fluid thermal stability aspects are the critical factor in fluid
selection dual use should be made of a loop facility such as was used in the
present investigation for obtaining both liquid and gas phase samples
for chemical analysis. Almost all the information on fluid thermal
decomposition has been obtained from experiments conducted using
laboratory glassware type apparatus which bears little resemblance to a

practical situation.
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APPENDIX 1 - PHOTOGRAPHIC ILLUSTRATIONS OF
THE HEAT TRANSFER LOOP

View of circulating pump looking _;:_1L ﬁ@ﬁﬁﬁfmm
Connection on discharge side of pump was to spray/dump line.
Filling line isolating valve is shown in the bottom left hand
corner.

Test section lower support structure showing Belleville washer
tensioning arrangement with flow control valve beneath. The

test section lower flange pressure tapping is shown above the washer
stack.

View inside test section and pre-heater enclosure looking upwards
towards the test section exit.

View of test section and pre-heater enclosure at upper level with
part of the panelling removed. The test section support structure
is shown fixed to a concrete ceiling beam.

Thermocouple ‘gland cooler removed to show sealing gland for

1.59 mm dia. sheathed thermocouples.

View of upper level showing DART system data logger and reflux
cooler. In the background is the portable rotary vacuum pump

used for reflux cooler shell pressure control. In the foreground
is a centrifugal pump which was employed for boosting the domestic
water supply pressure to the reflux cooler condensing coil.

View of reflux cooler showing condenser coil cooling water flow
meter. The vacuum gauge was employed for shell pressure monitoring
when Thermex was used as the intermediate heat exchange fluid in
the reflux cooler shell. The porthole type window in the reflux
cooler shell was used for observing the refluxing process.

View of sub-cooler, pressuriser and circulating pump suction line.

The pressuriser is shown with part of its enclosure removed when

operating at a pressure of about 1.655 MN/hi2 (240 psi).The line to



Plate 17.

Plate 18.

Plate 19.

Plate 20.
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the upper portion of the pressuriser is the spray line which was
connected to the discharge side of the circulating pump (see

Plate 9). The solenoid valve shown level with the pressure gauge
take off tee was employed for discharging the loop contents to

the dump/drain tank. The pressurising line to the loop is shown
Jjust below the top of the sub-cooler support structure.

View of lower loop area showing circulating pump in background,
pressuriser enclosure, dump/drain and storage tanks and air-operated
reciprocating pump. The access staircase to the upper working

level is shown to the right.

Test section and pre-heater power supplies. The one in the fore-
ground was for the pre-heater (Simpson) which was manually controlled
by the regulator set in the upper portion of its casing. The

test section power supply was in two units, a Berco motorised

voltage regulator to the left with the main Ferranti transformer-

rectifier located behind the pre-heater unit.

View of centfal display panel at upper working level. Below the
clock is the frequency meter for the turbine flow meter with the
Heise gauge and Barton differential pressure indicator to its

left and right respectively. Below the frequency meter is the
panel digital volt meter and above the panel is the Ether indicator/
controller. To the right of the panel is the Hopkinsons gauge

and just below it the reference-pressure regulating valve. The
four meters shown above the clock were for indicating the test
section and pre-heater volts and amps. The view shows the system
at a pressure of around 1.93 Mﬂ/ha (280 psia). The Barton gauge
indicates a reading of 95% of its range i.e. the reference pressure
was above the loop pressure at the test section exit by 45.5 kN/hz.
View of 3 stage high pressure air compressor and reference gas
storage bottles locéted.outside the loop enclosure. The smaller

cylinder on the left hand side was used as the reference pressure
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damping cylinder teed in to the downstream side of the precision
pressure regulating valve.
Plate 21. View of test section assembly prior to installation in the loop.

The door to the enclosed rig area is shown to the left.



Plate 9. View of glandless type _ —
circulating pump looking downstréam«to: the

turbine flow meter.
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Test section lower support

Plate 10.
structure showing the Belleville spring

washer tensioning arrangement and flow
control valve.



Plate 11. View inside test section and
pre-heater enclosure upwards towards the
test section exit.
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Plate 12. View of the test section and pre-
heater enclosure at the upper working level.



Plate 1%. View of thermocouple gland cooler removed
to show sealing gland for sheathed thermocouples.

Plate 14.

DART system data logger and reflux

cooler/condenser at upper working level.
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Plate 15. View of reflux cooler/
condenser.
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Plate 16. View of loop at the lower working
level showing the sub-cooler and pressuriser.
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Plate 17. View of lower loop working area Plate 18. View of test section and pre-
showing the circulating and reciprocating heater d.c. power supply units.

pumps, storage tanks and access stairway

to upper level,




Plate 19.

View of central display panel
working level.

at upper
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Plate 20. View of high pressure air compressor
situated outside the loop enclosure.
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PLATE 21. VIEW OF TEST SECTION ASSEMBLY PRIOR TO INSTALIATION IN THE LOOP.
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APPENDIX 2 - DATA REDUCTION PROCEDURE

A2.1 Introduction

Since there were a large number of wall temperature and other measurements
taken during the investigation it was considered to be essential to employ
a computer program in the data reduction exercise. A suitable computer
program for this purpose was developed as part of the investigation which
was used for analysing the results from the test runs. The logic flow chart
for the program is given in Fig. 56 and the program listing in pages 188
- 198 . The first five pages of this latter listing contain a brief
program description, literature references for the correlations and an
index of the program nomenclature. As there were a number of candidate
organic working fluids shortlisted for testing it was a requirement that the
program should be as general as possible. With the exception of the coefficients
used for calculating the thesmotphysiealy properties of the particular fluid
and the test section dimensions the program as developed is geﬁerally
applicable for analysiﬁg the results of heat transfer tests in the case of
vertical upflow of one component fluids. The program was written in Fortran
initially for use on an ICL1905E machine and was later adapted for use on
a Univac 1108.
A2.2

After reading in the data for a specific test, the mass velocity and
applied heat flux were calculated from the dimensions of the test section.
A power loss correction factor was included in the heat flux calculation
to allow for the heat loss from the test section to the surroundings. This
latter factor had been derived from single phase te;ts when the electrical
power input was compared with the measured enthalpy increase of the test
fluid (Fig. 31). Two polynomials covering adjacent ranges in the overall

range 0-600°C were employed to convert the wall thermocouple emf's into

centigrade units, namely:-
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READ IN
INPUT DATA

ASSIGN VALUES
OF D, L AND
CALCULATE G ETC.

CONVERT T/C

[READINGS TO TEMPS
CALCULATE WALL
TEMP. DROP &

TNNER WALL TEMPS.|

INDICATOR FOR COMM.
OF HEATED SECTION

CALCULATE PRESS.
& LIQ, ENTHALPY
AT COMM. OF
HEATED SECTION

CAL, SAT. TEMP.
& ENTHALPY AT
COMM. OF HEATED
SECTION & INLET
SUB-CCOLING

N =N+

TEST WHETHER END
OF HEATED LENGTH
HAS BEEN REACHED

3/5/

0

CAL. FLUID
|ENTHALPY AND SAT
TEMP. AT EACH
INCREMENT ALONG
HEATED LENGTH

TEST WHETHER SAT.
ENTHALPY HAS BEEN
EXCEEDED

©

Fig.56 Data Reduction Computer Program Logic Diagram




Y= N+1

CALCULATE
SUB-COQLED FLUID
PROPERTIES

CaL. . S1HGLE
PHASE OR SUB-
CCOLED BOILING

H.T.C.

CAL. LITERATURE
SINGLE PHASE OR
S.C.BOILING HTC'S

CALCULATE
SINGLE PHASE
PRESSURE DROP
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CALCULATE
SATURATED FLUID
PROPFERTIES

CAL. EXP,
NET BOILING
H.T.C.

CAL, LITERATURE
CORRELATIONS NET
BOIL,, HTC'S

CALCULATE
TWO PHASE
PRESSURE DROP

INDICATOR FOR FIRST T/C
POSITION ON HEATED SECTION

PRINT OUT COF TEST
PARAMETERS & PRES

DRCP CCMPONENTS

FRINT OUT SINGLE
PHASE &..SUB.COOL.
BOILING RESULTS

R
s

PRINT CUT NET
BOILING RESULTS

NaNs1
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0-400°¢:
T = 25.886297 x E - .61954869 x E° + .022181644 E - .00355009 x E'

400-600°C: _ '

T = 11.782 + 10.8989 x E + .210921 x E° - .00295912 x B

The expression for the 0-400°C range was taken from Benedict(77 ) and
the third order polynomial for the 400-600°C range was derived from a least
squares fit to the data obtained in the investigation as part of the wall
thermocouple calibration exercise (Table 4 ).
A2.3

The inner wall temperature at a particular themmocouple position was
determined by subtracting the calculated temperature drop through the wall
from the measured outer wall value. The temperature difference across the

tube wall was calculated from the heat conduction equation for a cylinder

with uniform internal heat generation given by:-

4 2 2, 4
Two - 'I'w = . %) r- : r, loge(;é)- (ro - r") (Eq. 42.1)

2

The above was derived assuming uniform generation of electrical heat, constant
thermal conductivity and constant electrical resistivity both radially and
axially along the length of the tube. The more elaborate equation s e.g.

Kreith & Sl.:.mmerf.‘ielci(,?8 )

allow for the variation with temperature of the
thermal and electrical conductivities. However with the small temperature
differences employed in the present experiments the simpler formula suffices.

For the dimensions of the test section used Eq. A2.1 reduces to:-

=2
Tyo Ty = BV K% 775 x 10 (Eq. A2.2)

The thermal conductivity kmof the test section material was taken to be
a linear function of temperature as shown by the data of Powell and Tye( 59)
in Fig. 57 Strictly, the value of %memployed in Eq. A2.2 should have been
the mean of the inside and outside values which would have required an

iterative technique to be used to determine the wall temperature difference.
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However, since the applied heat flux was relatively low the associated wall
temperature difference was also low and thus the error involvedin the
calcukation of this latter quantity by using the simplified assumption that

T

the thermal conductivity was constant across ths wall thickness at T A

was very small.
A2

The next stage in the program calculation was the determination of thé
thermodynamic condition of the test fluid at the commencement of the heated
section. For this purpose and for the subsequent program calculations the
thermophysical properties of the test fluids were expressed as 3rd order
polynomials in reduced temperature. An exception to the foregoing was the
fluid saturation temperature which was expressed as a 6th order polynomial
in reduced pressure. After the sub-cooling at the start of heating had been
calculated a marching process up the test section was commenced, the incremental
steps being the distance between successive’ thermocouples. Since a uniformly
heated test section was employed in the tests the fluid enthalpy could
be calculated at succeésive steps along the tube.
At each segment the bulk fluid enthalpy was tested against the
enthalpy of the saturated liquid at the calculated local test section
pressure. If the bulk enthalpy of the liquid in the segment was less than

that of the saturated liquid the routine prote

that segment as sub-cooled liquid and calculate all single phase quantities
and dimensionless groups using Tb = TI? If the bulk enthalpy equalled or

exceeded that of the saturated liquid, the computer routine switched to
a two-phase mode with the fluid properties now being calculated using

T Both the single-phase and sub-cooled boiling regimes were

b = Taat®
considered to be a single region with all five of the referenced correlations
being evaluated at each segment. An inspection of the computer print-out

had thus to be made to decide on which of the correlation predictions were
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valid i.e. depending on whether the wall temperature was above or below the
local saturation temperature and upon the value of the sub-cooling at a
particular point. For the bulk boiling region the literature correlations
were similarly evaluated at each point and in their case none of them are
valid downstream of the onset of wall dry-out, quite apart from any
deficiency in the model upon which any of them were based.
A2.5

Whilst there was no systematic experimental study of the test section
pressure drop in the investigation, the computer data reduction routine
calculated the pressure drop according to the homogeneous theory for both
the single and two-phase regions. For both regimes the pressure drop in
the case of vertical up-flow consists of three components viz: Ap

gravity,

and Ap The latter term in the case of single-phase

ﬁpfriction acceleration’

flow is essentially zero for a constant cross eection channel and incompressible
liquid and is normally neglected. For the net boiling regime the homogeneous
model considers the two phases to flow as a single-phase possessing mean

fluid properties. In the case of a uniformly heated tube where liquid is
evaporated from a saturated liquid condition to a vapour-liquid mixture

of quality x & a constant rate the expression for the pressure drop in

1
vertical upflow reduces tc>(2 ):—

ﬁp = 2fTP L 02 VL
D

X [V v
1 + E'( LG) + szLGx + gL loge (1 + LG f)

L b L

(total) (frictional) (accel) (gravity)

The above expression also assumes that the compressibility of the
gaseous phase is negligible and that the temm (VLG/Vﬂ and the two-phase
friction factor fTP remain constant over the length considered. The Fanning
expression f = .046Re™*2 was employed for the calculation of the friction

factor with the mean viscosity in the Reynolds number term being defined
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as:

oA I
G]T:
e

A2.6

After the end of the heated section has been reached the results are
printed out as shown in the specimen output on pages 202 - 5 .. The two
main groups of results are prefaced by a summary of the experimental
conditions for the test and the calculated pressure drop components. The
first group gives information on the fluid thermmodynamic conditions at
each thermocouple location up the test section along with the experimental
and predicted values of the heat transfer coefficients. This group can
include both the single and two-phase regime results as for the example
shown or only a sub-cooled fluid jh€adedl listing if net boiling conditions
were not achieved. The second group of results which again can be sub-

divided into single and two-phase regions give essentially the fluid property

¥aluesat each thermocouple position up the test section.
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LR R R R R R L L R L T e

*
* COMPUTER PROGRAM FOR REDUCTION
* OF EXPERIMENTAL DATA ON THE

* FORCED CONVECTION EVAPORATION
* OF ORGANIC FLUIDS IN VERTICAL
* UPFLOW THROUGH AN ELECTRICALLY
* HEATED TuBE.

.
-

LA N A

LR R AR

BT TR TR AT REN o m

LA R RS DESCRIPTION LR LR TR
LA R R L R R L

THE PROGRAM ACCEPTS EMF READINGS FROM 71 EGUALLY SFACED
THERMOCOUPLES ALONG A UNIFORM SORE VEPTICALLY ORIENTED TEST
SECTION WwHICH 15 RESISTANCE HEATED 3Y LOw VOLTAGE, MIGH
CURFENT ELECTRICAL POWER.OTHE® INPUT DATA ASE THE MEASURED
FLUID PRESSURE AND TEMPERATYURE AT THE TEST SECTION INLET AND
EXIT,FLOWRATE AND POWER INPUT,

FROM THE MEASURED INLET CONDITIONS THE FLUID ENTHALPY IS ;
CALCULATED AT EACH THERMOCOUPLE INCAREWENT UP THE TUBE WwHICH IS
COMPARED WiTH THE SATURATED FLUID ENTHALPY TO JETERMING
eHEThen SATURATION OR tULX 20ILING CONDITIONS HAVE REEN
REACHED.

THE EXPERIMENTAL HEAT TRANSFERP COEFFICIENTS CALCULATED Ey THE
PFOGRAM ARE COMPARED wITH THOSE GIVEN BY CURRELATIONS CONTAINED
IN THE UNDERMENTIONED REFERENCES.

LR AR A R R R T R
rEER R REFERENCES rANRE
LA R R A R R R R R R R R R T R

MOLES FaDs AND SHAW J.FeGs BOILING HEAT TRANSFER TO SUBCOOLED
LISUIDS UNDER CONDITIONS OF FORCEp CONVECTION

TRANS«INST.CHEM ENGRSE. V50,PP7o=-84 (1972) s

SNGINEERING SCIENCES DATA UNIT NO.67016. FORCED CONVECTION HEAT
TRANSFER IN CIRCULAR TUSES=- PART 1:CORRELATIONS FOR FULLY
DEVELOPED TURBULENT FLOW,THEIR SCOPE AND LIMITATIONS. APRIL 1967

SITTUS F.W. AND BOELTER L.M.K. HEAT TRANSFER IN AUTOMOBILE RADIATURS
QF ThE TUBULAR TYPE.
UNIV.OF CALIFORNIA PUELICATIONS IN ENGINEERING V2,P443 (OCT 1930)

SIEDER E+Ne AND TATE G.E. HEAT TRANSFER AND PRESSURE DROP OF
LIGUIDS IN TUBES.
IND.ENG.CHEM. V28,PP1429-1435,(1926)

CHEN J.C. CORRELATION FOR SOILING HEAT TRANSFER TO SATURATED
FLUlDS IN CONUFFTI?E FLOW.

[
|
|
1'

IND «ENGoCHEM . PROCESS DESIGN & DEVELGPMENT V3,.,PP222-32Y(15¢6)
ALS0 ASME PAPER NO,. pl=HT=-14 (1981)

CHAWLA J.M, CORRELATION OF CONVECTIVE MEAT TRANSFER CUOEFFICIENT
FOR TWC PHASE LIQUID VAPGUR FLOW.
1970 HEAT TRANSFER CCNF. PARIS PAPER NQO. B 5.7

LAVIN J.G, AND YOUNG E.4. HEAT TRANSFER TO EVAPORATING
REFRIGERANTS IN TWO PHASE FLOW.
AsToCH.E. JNL. V11,6,PP1124=-1132 (1965)

SCHROUCA V. E. AND GROSSMAN L.M. FORCED CONVECTION EOILING
IN TURES.

WUCLEAR SCLENCE AND EMGINEERING V12,PP4T764-421 (1542)

GUERRIERI S.A. AND TALTY R.D. A STUDY OF HEAT TRANSFER TO
ORGAMNIC LIWUIDS IN SINGLE TULE NATURAL CCNVECTION VERTICAL TUDE
S0ILERS,

CHEM.ENG.FROG.5YM.SERTES NO.1E,V 5Z PP69-77(1954)

PAPELL S.S. SUBCOOLED BUILING HEAT TRANSFER UNDER FOFCED

CONVECTION IN A HEATED TUBE.
NASA TN D1533 (1962)
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22 c AR R E R R R R R R e R R e )
g7 c LR TN T NOMENCLATURE et nkw
L& c I Y T R T ]
&5 S Ask4Cyeo COEFFICIENTS IN FLUID THEIMOPHYSICAL PROPERTY
1 c POLYNOMIALS
&7 C ACTPOW CORRECTED POWER INPUT ,I.E. CALCULATED POWER LESS
g C HEAT LOSS
£9 C ALPHA EQUILIBRIUM VOID FRACTION CALCULATED USING FQUAL LIQUID
»C C AND VAPOUR PHASE VELOCITIES
g1 C APPS TEST SECTION CURRENT
92 c ASG,EBS5G CONSTANTS AND EXPONENT IN SCHROCK AND GRQSS™AN
93 [ 4 CS6 CORRELATION
94 - c AVREN AVERAGE REYNOLDS MO« IN SINGLE OR TWO=PHASE REGIONS
95 ¢ 14 NMUSSELT NO. CALCULATED USING CHAWLA LIORRELATION
26 c 30 BOILING NO.
57 ¢ CE CHAWLA TWO=-PHASE FLOW PARAMETER
¥ c CF FACTOR FCR EVALUATING CHAWLA TWO=-PMASE FLOM PARAMETER
L §9 c CLY CONSTANT IN LAVIN AND YOUNG CORRELATION
16¢ c CNySN CONSTANT AND EXPONENT IN EGUATION FOR FIT CF CHENS
101 C BUBBLE GROWTH SUPPRESSION FACTOR S
102 C CPLIG CONSTANT PRESSULRE SPECIFIC HEAT OF LIQUID AT SATURATION
103 (4 TEMPERATURE ’ '
104 c CPLIGF CONSTANT PRESSURE SPECIFIC HEAT OF LIQUID AT FILM
105 C TEMPERATURE
104 C CPLFQ CONSTANT PRESSURE SPECIFIC HEAT OF LIQUID AT SUP=-COOLED
197 c TEMPERATURE
1¢8 C CPVAP CONSTANT PRESSURE SPECIFIC HEAT OF VAPOUR AT SATURATION
109 4 TEMPERATURE
110 ¢ CSA FLOW CROSS SECTIONAL AREA
11 C DATE OATE OF TEST
112 C e EQUIVALENT LIQUID FILM HYDRAULIC DIAMETER IN CHAWLA
113 C CORRELATION
114 8 DEL LAMINAR FILM THICNESS
115 L4 DELPSA SINGLE PHASE ACCELERATION FRE SSURE DRIP COMPONENT
116 C DELPSF SINGLE PHASE FRICTIONAL PRESSURE JROP COMPONENT
117 C DELPSG SINGLE PHASE GRAVITATIGNAL PRESSURE DROP COMPCMNENT
1182 C DPTOTS SUM GF SINGLE PHASE ACCELERATION,FRICTIONAL AND
119 C GRAVITATIONAL COMPONENTS
120 € DELPTA TWO PHASE ACCELERATION PRESSURE pROP COMPONENT
121 C DELPTF TWO PHASE FRICTIONAL PRESSURE pRGP CO“PONENT
1¢2 (4 DELPTG TWO PHASE GRAVITATIONAL PRESSURE DROP COMPONENT
2 5 (o DELTAL AXIAL DISTANCE BETWFEN WwALL TEMPEPATURE THERMCCCUPLES
124 C DELT P PRESSURE DROP S5TwEFN INLET AND EXIT TEST SECTIGN
125 E FLANGES
126 C w1 TEST SECTION SORE
127 C VPBAR CALCUATED PRESSURE JROP 14 AR,
18 C DPCHEN DIFFERENCE BETWEEN FICTITIOUS TUBE WALL PRESSURE aND
129 ™ SATURATIgN PRESSURE IN CHEM CORRELATION
130 ¢ DPTOTT SU® OF TwO PHASE ACCELERATION,FRICTIONAL AND
121 [ GRAVITATIONAL PRESSUAST TROP COMPONENTS
132 c PPTQT SUM OF SINGLE GR SINGLz AND Tw0 PHASE PRESSURE DROP
133 C COMPONENTS
134 c ODTF INNER wWALL TEMPERATUARZ - SUSCOOLED FLUID TEMPERATURE
125 C DTSAT INNER 4ALL = SATURATICY TEMPERATURE
136 C E TEST SECTION OUTER WwALL THERMOCOUPLE ENF
137 [ égT MUCLEATE BOILING CCORECTION FACTOR IN GUERRIERI AND
118 C TALTY CORRELATION
139 E ENTHAL HEAT INPUT CALCULATE: FTQ% MEASURED INLET AND EXIT
140 C FLUID TEMPEPATURES
141 C F FANNING FRICTION FACTOR
12 C FC CHEN F FACTOR, RATIO OF Tw0 PHASE REYNOLDS NO. TO THE
163 4 LIQUID RPEYNOLDS NO. =ASED CN THE LIQUID FRACTION OF THE
144 c FLOW
145 C GaA MASS VELOCITY
146 C HA HEATED AREA OF TEST SECTiON EASED ON INSIDE DIA¥ETER
147 C HEO0IL EXPERIMENTAL SOTLING MEAT TRANSFER COUEFFICIENT
148 C HCH HEAT TRANSFER COEFFICIENT CALCULATED USING CHAWLA
149 (4 CORPELATION
150 < HCNE SINGLE PHASE FORCED CONVECTIOUN MEAT TRANSFER COEFFICLENT
151 (W BASED CON THE DITTUS=-3CELTER CORRELATION EMPLUYING AN ALL
152 C LIGUID REYNOLDS NO.
153 C HCRIC CHEN PICROCONVECTIVE MEAT TRANSFER COEFFICIENT
1564 C HCMAC CHEN PACROCONVECTIVE HEAT TRANSFER COEFFICIENT
139 C HCTOT SUP OF CHEN MICROCONVECTIVE AND MACROCONVECTIVE HEAT
156 C TRANSFER COEFFICIlgNTS
157 C HDE SINGLE PHASE DITTUS AND 2CELTER HEAT TRANSFER
158 c COEFFICIENT
19 C nESDU SINGLE PHASE HEAT TRANSFER COEFFICIENT CALCULATED
160 C USING THE ENGINEERING SCIENCES DATA UNIT CORRELATION
1¢1 C HEVAP ENTHALPY OF EVAPORATION
162 C HF FLUID ENTHALPY AT INCREMENTS ALONG TUBE
163 4 HFLUX HEAT FLyxX
1664 ([ HET HEAT TRANSFER CQEFFICIENT CALCULATED USING THE GUERRIERI
165 c AND TALTY CORRELATION
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HEAT TRANSFER COEFFICIENT CALCULATED USING THE LAVIN

SUBCOCLED BOILING HEAT TRANSFER COEFFICIENT CALCULATED
USING THE MQLES AND SHAW CORRELATION

SINGLE PHASE HEAT TRANSFER COSFFICIENT SASED ON THE
SIEDE? AND TATE CIUATICN USING AN ALL LIGUID SEYNOLDS

SUECUOLED BOILING MEAT TRANSFER COEFFICIENT CALCULATED
HEAT TRANSFER COEFFICIENT CALZULATED USING THE SCHROCK

SINGLE PHASE SIEDER AND TATF HEAT TRANSFER COEFFICIENT
EXPERIMENTAL SINGLE PHASE OR SUBCOOLED BOILING HEAT

COUNTER FOR INCREMENTING THE PROCESSING OF DATA SETS
LENGTH OF HEATED PORTION OF TEST SECTION

(N=1-START OF HEATED SECTION,N=2-POSITION OF FIRST
THERMOCOQUPLE M=73 -END OF HEATED SECTION)

FLUID PRESSURE AT POSITIONS ALONG TEST SECTION ASSUMING
A LINEAR PRESSURE ORUP FROM THE INLET TO EXIT FLANGE

FLUID PRESSURE AT EXIT TEST SECTION FLANGE TAPPING
FLUID PRESSURE AT INLET TEST SECTION FLAYGE TAPPING
PRESSURE AT COMMENCEMENT OF HEATED SECTION

MEASURED POWER TO TEST SECTION (VOLTS = AMpS)

HEAT LOSS FROM TEST SECTION TO SURROUNDINGS

PRANDTL MO, BASED ON FILM TEMPERATURE PROPERTIES
PRANDTL NO. BASED ON SUBCOOLED TE“PERATURE PROPERTIES

SATURATION PRESSURE CORRESPONDING TO INNER WALL
TEMPERATURE IN CHEN CORRELATION

MODIFIED REYNOLDS NO. IN CHEN CORRELATION

PRODUCT OF ALL LIQUID REYMOLDS AnD FROUDE NOS.
LIQUID REYNOLDS NO, cASED OM SUBCOOLED TEMPERATURE

LIQUID REYNOLDS NO. 3ASED QN SATURATED TEMPERATURE

FLUID DENSITY AT THE TEST SECTION INLET TEMPERATURE
FLUID DENSITY AT SATURATION TEMPERATURE

FLUID DENSITY AT SUBCOOLED TEMPERATURE

VAPOUR DENSITY AT gATyURATION TEMPERATURE

VAPOUR DENSITY AT SUBCOOLED TEMeERATURE

MEASURED POWER TO TEST SECTION (1 =#i R)

RADIUS OF MINIMUM SIZE THERMODYNAMICALLY STABLE EBUBSLE
SATURATED LIGUID SPECIFIC VOLUME

SATURATED VAPOUR SPECIFIC VOLUME

pIFFERENCE BETWEEN SATURATED AND SUBCOCLED FLylD

SATURATION = SUBCOOLED FLUID TgMPERATURE

SURFACE TENSION AT SATURATION TEMPERATURE

LIGUID THERMAL CONDUCTIVITY BASED ON FILM TEMPERATURE
FLUID TEMPERATURE AT TEST SECTION EXIT

THERMAL CONDUCTIVITY OoF LIGQUID AT SATURATION TEPERATURE
THERMAL CONDUCTIVITY OF LIQUIC AT SUBCOQLED TEMPERATURE
THERMEL CONDUCTIVITY OF VAPOU® AT SATURATION TEMPERATURE
FLUID TEMPERATUPE AT TEST SECTION INLET

THERMAL CONDUCTIVITY OF TEST SECTION MATERIAL

REOUCED INNER WALL TEMPERATURE

TEST SECTION INNER WALL TEMPERATURE
TEST SECTION OUTER WALL TEMPERATURE

LIGUID VISCOSITY AT SATURATION TEMPERATURE
LIQUID VISCOSITY AT SUSCCOLED TEMPERATURE

VAPOUR VISCOSITY AT SATURATION TEMPERATURE
LIGUID V SCOSITY AT INNER WAL TEWPERATURE

LIGUID VISCOSITY AT FIL™ TEMPZRATURE

STATION MO. AFTER LIQUID REACHES SATURATION ENTHALPY

166 ¢ HESAT SATURATED LIQUID ENTHALPY
167 c HLY

168 4 AND YOUNG CORRELATION
149 C HmS

170 C

171 C HNBLY

172 C

173 c NUMBER

174 c

175 C USING PAPELL CORRELATION
176 c HSG

177 c AND GROSSMAN CURRELATION
178 C HST

179 C HSuUe

1180 4 TRANSFER CQEFFICLENT
181 c HVAP SATURATED VAPOUR ENTHALPY
1132 < IDATA

183 c L

164 C N POSITION NUMBER

1185 c

1186 c

187 C NDATA NO. OF DATA SETS
l1.8 4 P

1189 C

1150 c TAPPINGS

191 C PE

1192 c PI

1193 4 PO

194 [+ POw

195 c POWLOS

156 c PR REDUCED PRESSURE

197 c PRNF

198 C PRNO

199 ¢ PSAT SATUKATION PRESSURE
200 (4 PWALL

201 C

202 C RECHEN

203 ¢ REFR

204 c RENO

205 ¢ PROPERTIES

U8 Tt RENUM

207 c PRGPERTIES

‘208 4 RHO

209 4 RHOLIG

210 c RHOLFQ

21 C RHOVAP

‘212 4 AHOVFAQ

213 4 RISG

214 C RSTAR

215§ 4 SPVLIGQ

216 - c SPVVAP

217 c STNO SERIES TEST NO,

218 c Sus

219 4 ENTHALPY

220 (4 suscCL

2z1 ¢ SURTEN

222 c TCLIGF

223 c TE

224 ¢ TESTNO TEST NO OfF DAY

225 4 TF BULK FLUID TEMPERATURE
226 4 TFILM FILM TEMPERATURE

227 C TFSAT SATURATION TEMPERATURE
228 C THCL1G BUCTIVIT!
2z9 ¢ THCLFOQ

230 C THCVAP

25 c TI

232 c TK

233 ¢ TLY

234 S TR REDUCED TEMPERATURE
235 [ Twl

236 C Two

237 (s VEL FLUID INLET VELCCITY
238 [ visLIa

1239 < VISLFQ

240 ¢ VISVaP

241 (= VISWAL

262 C vOLTS TEST SECTION VOLTAGE pROP
2643 C VSLIGF

244 C X VAPOUR QUALITY

245 ¢ TT MARTINELLI pApAMETER
244 C Y

247 ¢ z

RECIPROCAL OF MARTINELLI PARAMETER
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243 c IK 421N CONSTANT AND EXPONENT IN EGUATION fFOK FIT OF CHENS
269 [ RETYNOLDS NO. F FACTOR

¢50 c

251 ¢

252 [

253 C

254 C

255 £ R R e e

256 c tesss PROGAAM LISTING eseeee

257 c LA A A A R R T

258 c

259 c

260 C

261 INTEGER TESTNO,STNO,Y

262 REAL L

263 (4

264 DIMENSION “13)'3(131'C(13)|Dl13"ﬁf733'P‘73).Tia(?3).71£{73)'TK(?
265 33)4TFC73) 4 TR(73)4PR(T3) ,TFSAT(73I),HF(73),5U3(73),X(73),CPLIA(73),D
2¢é arsa1t?3!.naoxL(?J).:TT(iS).VJSLIG(?3).vlsvaﬂt?3).SPvL:ut?S!.SPvVAP
2e7 5C73),2(73),FCC7T) ,RENUMCT72) ,RECHEN(T73),S5(73)

268 QIMENSION PWALL(73),0PCHEN(73) ,HCMIC(73),HC¥AC(73),HCTOT(73),THCL]
269 BG(?!).SURTEN(?SJ.HEVAP(?!).RNOV‘P(?!J.ncna(?}),RST&R(?S).bEL(?S).E
270 S&T(?Z).Hsrt73).50(7}),HSG(TS).TLTrTSJ.ylsuaL(?l),unaLY(?S).ﬁLvt?BJ
2N 7.SUEtL(?SJ.DTF(?SJ,“SUE(?S).TFLLM(?B),tPLIQf(?!).vSLIGFt?S)

272 DIMENSION TCLIHF(?!),PRNF(?}).RENO(?}).DRNO(?BJ.HESuutPS).H-st?3),
273 knPgP(?SJ.HoB(?S),RST(?]).RROLIQ(?Z).HFSAT(?!).H?AP(?S).(P?IP(?SJ,T
274 kdcle(?S).PS&T(?}).aLPH&(?!).ULSLrQ(?S).C?LF3<?33,THCLFnl?!),aH0(7
275 33) s VEL(T3) ,AVREN(73),F(73),RHOLFQ(73)

276 DIMENSION RnOVFn(?S).Fﬁ(?!:.REFn(?5).CF(?3).CE(?3).D:(?3).ac(?l).u
277 1CHIT )

278 DIMENSION DATE(2)

279 c

280 4

281 c

(282 c

ggi E POLYNOMIAL COEFFICIENTS FOR MONOCHLOROBENZENE See Note 1, Page 199
285 DATA A/B248.864=3213473,-2584,.38,4977.66,2393.¢3,-3F,B023,=-.01134u6
hEY) 16,1.07081,=03¢6406,906.626,49.30864,19,7075,=-179.724/

2a7 DATA B/=26923.9,12737.,6,9481.1,-17639.8,-2158.71,153.419,2.04195,-
288 . 21,366469,1.3977,-2748.82,-205.545,108,556,812,006/

289 DATA C/33757.6,=16976.2,=11223:3,22634648,71211.5,=-194.735,-.243593
290 19=01212264=1e74702,31644.469,329.53,-2646.894,-1250.03/

291 DATA D/=-146583,3,7666.52,4985.88,-9710.1,-4724.22,83.1821,-.201078,
292 2ab84130,4736661,4-1263.93,=-1466.217,116.351,672.037/

293 c

254 C

295 c

256 ¢ READ INPUT DATA

297 £ =essccccccee= -

298 c

299 IDATA=U

300 READ(C 5,902) NDATA

301 902 FORMAT(I2)

302 903 READ( 5,30) DATE,TESTNO,STNO,RP

303 3U FORMAT(2AL 4 1X,12,12,13,1X,F&.2)

104 READC 5,40) PIJPE,TI,TE,FLOW,VILTS,AMPS

305 LU FORMATQ)

306 READC 5,42)(E(1),1=2,73)

307 ke FORMAT()

308 c

309 c END OF INPUT DATA

310 c

131 C

312 3 COMMENCE PROGRAM CALCULATIONS

313 ¢ O e e sl s e

314 C

315 c

314 C DEFINE TEST SECTION DIMENSIONS AND THERMOCOUPLE SPACING,

317 c CALCULATE FLOW CROSS SECTIONAL AND HEATED SURFACE AREAS,

318 c MASS VELOCITY AND MEASURED POWER INPUT

319 c

120 L=1.8258

21 DI=,01265

1c2 DELTAL=0.0254

323 CSA=.735642D] 222

324 HA=3 ,1416+p1+L

325 GA=FLOW/CSA

326 POW=VOLTS*=AMPS=,001

3e? €

328 ¢ CORRECTION OF MEASURED POWER [NPUT FOR HEAT LOSS TO SURRQUNDINGS
329 c

330 ACTPOW=(.958+P0W) =.272
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POWLOS=PON-ACTPOW
HFLUX=ACTPOW/HA

CHECK UN POWER INPUT USING W=I*#2 R ASSUMING & MEAN ELECTRICAL
RESISTIVITY OF 113 MIC-OHM CM (TEST SECTION RESISTANCE=.0284 O0HY)
RISQG=AMPS*=2+,0234#+,001

CONVERSION OF THERMOCCUPLE EMF S TO TEMPERATURES AND EVALUATION OF
WALL TEMPERATURE DROP AND INNER wWALL TEMPERATURES ALONG TUBE
V0 &1 N=2,73
IF(E(N)=c0.6)27,37,38
EMF-TEFPP RELATIONSHIP FOR CU=-CQN THER™OCOUPLES 2ETWEEN O AND 40O
DEG C

37 TWOIN)=25.886297%E(N)=.5105434F*E(N)»wZ+,022181444»E(N)»=T-_0001355
J00F=E(N) nei
60 TO 39
EMF-TEMP RELATIONSHIP FOR CU-CON THERMOCOUPLES 3JETWEEN 400 AND 400
DEG C,(3RD ORDER FIT TO EXPERIMENTAL DATA)

3o TWOUNI=111,782410.8989+E(N)+.2109212E(N)»#2=,0029591Z2E(N)*=3
THERMAL CONDUCTIVITY OF MIMONIC 75 IN w/MDES C

39 TRIN)=12.56+.0157+TwO(N)
TUBE INNER WALL TEMP, CALCULATED ASSUMING A MEAN VALUE OF THEPmAL
CONDUCTIVITY AT T = TWO AND UNIFORM ELECTRICAL RESISTIVITY
TWICN)=TWOIN)-(HFLUX* ,775/TK(N))

&1 CONTINUE

(A A S A AR R R R R R R RS
-

CALCULATE PRESSURE DROFP BETWEEN INLET AND EXIT PRESSURE
TAPPINGS AND PRESSURE AT COMMENCEMENT OF MEATED SECTION

DELTAP=Pl.PE
PO=PI-DELTAP*,1505/2.23139

VETERMINE LIGUIp ENTHALPY AT [INLET ASSUMING THAT IT 1S EQuAL TO

THE SATURATION ENTHALPY AT THE SAME TEMPERATURE.OTHER THERMO=-
PHYSICAL PROPERTIES AT INLET CALCULATED FOR PRESSURE DAOP EVALUATION
AND CALCULATION OF SINGLE PHASE ENTHALPY INPUT

N=1

P(N)=PO

TF(N)=TI

TRIN)=(T1+273.2)/632.4
HF(N)=ACI)*+B(2)*TR(N)*C(3)TRIN) ##24D(3)eTR(N)ne3
CPLIQIN)=A(B)+B(O)*TRINI*CI(E)*TRIN) #»2+D(E)*TR(N)#e3
VISLIQUIN)I=A(E)+B(B)*TR(N)+*C(S8)I*TRIN) ##24D(8) *TR(N) #nl
RHO(N)I =ACI)4BCI) #TRINI+CCTII*TR(N) ##24D (1) *eTR(N)nel
VEL(N)=GA/RHO(N)

P(N)=PQ-DELTAP*,0254/2.23139

PRIN)I=P(N) /4S5 .

CALCULATE SATURATION TEMPERATURE FROM A 6TH OSDER POLYNOMIAL WHICH
IS A FUNCTION OF THE REDUCED PRESSURE See Note 1, Page 199

TFSATIN)I=120.155+1088 . 14PR(N)~4026.67*PR(N)*%2+10122.9+PR(N)*23=14
1040 b*PRIN) 424 +11065,14PRIN)*25-3372,72PR(N) s}
TRINI=(TFSAT(N)+273.2)/632.4

CALCULATE SATURATION ENTHALPY ANDO INLET SUSCOOLING

HFSATUN)=A(3)+8(3) »TRIN)4C(I)*TRIN) ##2+D(3)aTR(N) #a3
SUBIN)=HFSATI(N)=-HF(N)

INCREMENT STEPS ALONG TUBE AND TEST WHETRER THE END OF THE
HEATED SECTION HAS EEEN REACHED

10, N=N#1
IF(N-?3.5)101|101'1°2

CALCULATE LIQUIp OR TwWO PHASE ENTHALPY AT EACH INCREMENT ALONG
THE TUEE ASSUMING UNIFORM HEAT INPUT

107 HFIN)=HF(N=1)44 ., *HFLUX=DELTAL/(GA=*DI)
P(N)=P(N=1)=DELTAP*,0254/2.23139
LINEAR PRESSURE OROP ASSUMED 2ETWEEN INLET AND EXIT PRESSURE
TAPPINGS
PR(N)=P(N)/4L5.2
TFSAT(NJ=120.195*1088.1-Pl(M)-402ﬁ.67-PR(N)*-2o10122.0-pg(N)..5-1g
1646 J4*PRINI#24+ 711065, 1*PA(N)#25=-3372,72+P0(Y) %25
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L15 TRANI=(TFSAT(NI*+Z73.2)/7/632.4

S E HESAT(N)=A(3)+8(3)*TRIN)I#C(I)aTR(N)*##2+D(T)sTR(Y)enT

L17 (4

413 4 TEST WHETHER FLUID HAS REACHED SATURATION ENTHALPY

&19 (o

420 LIFCHFC(N)-HFSAT(N))104,104,103

421 C

422 C SATURATED BOILING CORRELATIONS

bcl C b et b e e e L e T e

L24 C

425 g

Li4 C EVALUATE SATURATED FLUID THER®™I®nYSICAL PROPERTIES WHICH ARE IRD
Le? C ORDER POLYNOMIALS OF REDUCED TE®PEZRATURE

423 4 NOTE :HVAP,THCVAP AND CPVAP ARE NOT EMPLOYED IN THE PRESENT
bed C PROGRAM CALCULATIQNS

430 C

&3 105 RHOLIG(N)=A(1)+8(1)*TR(N)I*CCI)IwTR(N)»*240(1) eTR(N) #23

L32 RHOVAPIN)ZAC2)+3(2)*TR(N)*CIZ) *TRIN) ##2+D(2) *TR(N)##3

433 c RHOLIQ AND RHOVAP UNITS ARE gKGE/wwee}

L4 HFESATINISA(Z)SE(IDI#TRIN)I#C(2)*#TO(N)#2240(3)eTR(Y)*al

“35 HEVAP(N)=AC(A) +E (L) *TRIN)#C(L)*TA(N)*224D(4L)2TA(N)#=3

438 HVAP(N)=A(S) +B(E)#TR(NI+4C(S)*TR(N) *»#24p(S5) #TR(N) =3

437 C HFSAT,HEVAP AND HVAP UNITS ARE XJ/KG

L18 CPLIGEN)=A(A)+B(E)*TRINI+C(A)I#TR(N)**2+D(A)*TR(N) »el

439 CPVAFINIZA(T)+B(T)*TRINI*C(7)#TR(N)»=24D(7)*TR(N) *3

440 c CPLIG AND CPVYAP UNITS ARE KJ/Xe DEGK
Chs VISLIQINI=ACEI+B(3)eTRINI*C(A)=TR(N)*22+0(8) «TR(N) 2al

L4 VISVAPIN)=A(G)+B(R) #TR(NI4C(T) wTR(N) #224D (D) *TR(N) 23

4463 C VISLIG AND VISVAP UNITS ARE MILLI NEWLSEC/Men2

bik THCLIG(NI=AC10)+8(10) *TR(NI*CC10) *TR(N) «224+40(10) aTR(N) #»3
L&5 THCVAP (NI =ACT11) 48 (11D *TR(NDI*CC11) 2 TR(N) #22+D(11) «TR(N) w3
LYY C THCLIQ AND THCVAP UNITS ARE MILLI-wATT/M DEG.K

La7 SURTEN(N)I=ACT12)+BC1Z) *TRINI*CC12)*TRIN) #+2+D(12) *TR(N) 2=}
463 C SURTEN UNITS ARE MILL! MEW./M

LHy PSAT(NI=AC13)+B(13)«TRINI*C(TITITR(N) * 224D (13)2TR(N)*23
450 4 PSAT UNITS ARE 3AR

451 SPYLII(N)=1,/RHOLIQ(N)

452 SPVyAP(N)=1./RHOVAP(N)

453 C }
L54 c CALCULATE WALL SUPERKEAT,cXPER™ENTAL SATURATED B0ILING HEAT
455 c TRANSFER COEFFICIENT AND MARTINELLI PARAMETER

456 2 i T TN T YRR
457 DTSATIN)=TWI(N)-TFSAT(N)

458 HBOIL(N)=HFLUX/DBTSAT(N)

459 XCN)=(HFC(N)=-HFSAT(N)) /HEVAP(N)

60 IF(X(N)-1.0)¢é7,68,08

461 6c X(N)=0,99%

L2 67 ATTCNI=(VISLIGIN) /VISVAP(N)) =, 12(SPVLIQ(N)/SPYVAP(N) ) en, Se( (1, /x(
Lol IN)I=1.)%»,5

Lth d

4¢S C CALCULATE VOID FRACTION ASSUMING NO SLIP

466 [ e cm———————— ——————— cmmme= B - -

467 C

4658 ALPH&(N)=1.I(1.-(Rnovlpth}IRHOLIG(&)-(a(hl-!.!xtu))))

Led C

470 C SATURATED BCILING CORRELATIONS

«71 t ————em————— e ce—eecm——

472 G

&7 C CHEN CORRELATION FOR SATURATED BOILING

b g LS e asie e e b See Note 2, Page 159
476 C DETERMINATION OF COEFFICIENT AND SXPONENT FOR CALCULATING F AS
t?; 4 A FUNCTION OF THE RECIPRGCAL OF TME MARTINELLI PACAMETER
47 c

479 ZON) =1 /XTTIN)

480 TFCZIN)=0.28)70,70,71

Lg 70 Ixk=2,.4

kg2 IN=,38 3

433 60 TO B0

bk 71 IF(I(N)=0.3)72,72,73

LES 72 1Kk=2.,27

(Y-} IN=,340

4a? G0 TO &0

LEB 73 IFCZ(N)-0,6)74,74,75

"089 T4 ZK’Z .‘?

450 IN=.412

491 60 TO 80

hL92 75 1FQ2IN)-2,0)76,76,77

493 76 2x=2.8¢C

494 IN=,855

435 G0 TO &0

L56 77 IF(2(N)-10,0)754,78,79

497 78 I1k=2.47

458 IN=.71%
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499 60 TO 30

s00 79 Ix=2.8U

501 IN=.699

502 BY FCUN)I=ZK*Z(N) 22N

€03 RENUM(N)=CA*DI=1000./VISLIGIN)

504 RECHEN(N)I=RENUM(N)I*FCIN)=e(=-1.25)

5G5S o

506 c DETERMINATION OF COEFFICIENT AND EXPONENT FOR CALCULATIAG 5 AS

507 C A FUNCTION OF THE MODIFIED REYNOLDS NO.

SGS C

5C%? IFCRECHEN(N)-3(000.)81,21,82

510 81 CN=104.643

511 SN==.204

512 G0 TO a7 e T

13 82 IF(RECMEN(N)=50000,)83,33,364

S14 €3 CN=b& 2D

515 SN==,402

516 w0 TO 37

17 €6 IFCRECHEN(N)=-8C000,.)ES5,85,38

518 85 CN=131.9

519 SN==,5012

520 GO TO a7

5¢1 80 IF(RECHEN(N)=100000.)43,47,44

- L5 CN=4560.0

523 SN==,817

Sik 30 TOQ 37

525 bu 1FC(RECHEN(N)=200000.)45,45,40

526 45 CN=1320.0

527 SN==,737

5¢8 @0 Tu a7

526 46 IFC(RECHEN(N)=40000G.)67,47,43

510 &7 CN=352416.0

531 SN==1.17

522 B7 SIN)=CN*RENUMIN) #=5SN

533 G0 TO o8

534 Lo SIN)=0.1

535 63 TR(N)=(TWI(N)*273,2)/632.4

534 LFC(TRIN)=.9355)E9,£89,90

537 BY PWALLCHI=ACTI2)+BCI3)*TRAINI*CCIZIRTR(N)I#«240(13) e TR(N) #nl

538 DPCHENC(N)=(PwALLI(N)=P(N))*100000.

519 ACMICINI=.0012Z2#CCTHCLIA(N) #,001) #e, 79 (CPLIG(N) *1000.)%® . 4SwRHOLI

540 Cu(N) anobhP) /CCSURTENIND #0931 ) ww SH(VISLIAIN) #0000 1)ww 27« (HEYAP(N)*

541 21000, ) e 0. 20" HOVAPIN) #» . 26 ) #DTSATIN) #» 26 *0PCHEN(N)#2,.7525(y)*» .00

542 3

543 60 TO ¥1 ’

S4k [ QUT OF RANGE OF FLUID PROPERTY CORRELATION (150 ¢)

545 Gy HCMICI(N)=0.0

By Qo1 HEMAC(N) 2,022 2 (GA (T =X (N))*DI/(VISLIQ(N)*,001)) %o S0 (VISLIGIN) =10

S&7 LU0, *CPLIGIN) /THCLIGUN) ) oo (eTHCLIG(N) *FC(N)*1.0E=06/01

548 HCTOTCH)SHCMICIN) +HCMAC(N)

549 5

550 ( LR T b e

551 C

552 c GUERREIRI AND TALTY CORRELATION

553 C e et

5S4 C

555 ACNB(N)=HCMACIN)/FC(N)

556 RETAR(N) 2(Z o2 8o T1L3TFIAT(N) awl #SURTEN(N) #,001) /(P(N)*1,0E+0S*HEY

557 2ZAPC(N)*DTSATINI*112.6)

558 DEL(N)=104oVISLIQ(N)*.CO1/RHOLIGAN) # (4, *RHOLIQ(N) /(DELTAP#=1,0E+0S5+

559 S01/L))**0.5

S¢0 EGTIN) =, 187+ (RSTARIN) JDEL(N))**(=.5555)

561 I1FCEGT(N)=1.0)50,50,51

5¢2 SJ AGTIN)=HCNBI(N) 23, 427(N)e=0,45

563 el TO 52

564 51 HETINI=J 4o 2 (N)**+0 4S*EGTIN)*HCME(N)

565 [

566 C ERRRRR AR AR R RNE RS o a et

567 c

568 ¢ SCHROCK AND GROSSMAN CORRELATION

569 : e

570 C Wi T ¥

571 5S¢ ASG=7390.

572 BS6=.,00015

S CSG6=.680

574 BOCNI=HFLUX/ (GA*HEVAP(N))

StS HSGUIN)=ASG*(BO(N)+ESE*Z(N)*+(SG)» 023 (GA=DI/(VISLIG(N)*,001)) 2+ 8

g;? 2*(VISLIGU(N)*1000,*CPLIGCN) /THCLIGIN) ) *» 333« THCLIQ(N)21.0E-06/D1
c

578 = aestrharstRtt Rt e ntan

579 C

580 c CHAWLA CORKELATION FOR SATURATED SOILING

5&1 [ S S S s g e M ey O e o e e AT A
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FR(N)=(EBA*(1.-XIN)) )22 /(RHOLIG(N)*»ez+9 31=D])
REFR(NI=FRIN)*GA* 1000 .*(1o=X(N))mDI/VISLIQG(N)
CRINI=C(T1.=X(KRI)/XU(K) D #REFR(N) oo (= T1L£L)*(RHOLIQ(N) /RHOVAP(N) ) e *(~
29) aVISLIGIN)/VISVAPIN))#w(=0,5)
IFCCFCn)=.001)55,55,5¢
3 = «O=2CFIN)
P e e See Note 3, Page 200
So CE(N)=0.310+CF(N)*e0.5
2y DCIN)I=DI=(1a=C1a+((T0a=XCN))/(X(N)*CECN) «CRHOLIGIN)/RHOVAP(N)))) I ue
2“5.5))
LF(REFR(N)-1C9.)57,57,52
57 BCUN)=U0006*REFR(M) ew &75=(X(N) /(T a=X(N)))*(RHOLIG(N)/BHOVAP(N))»
220 3o(VISLIQU(N) /VISVAP(N)) #e(Q 3eC(GA*1000.%CT1 ., =XC(N))=0I/VISLIQ(N))®
200, 35#(VISLIQ(N)#1000-*CPLIQIN)/THCLIQ(N)) oo 42
GO TO 59
55 BC(N)=.015*REFR(N) a#» 3o (X (NI /(1. =X(N)))2(RHOLTI(N)/RHOVAP(N) ) »#G,3
J#(VISLIQ(N)/VISVAP(N) ) ##0 . Bo(GA*1000*(1.~-X(N))*DI/VISLIG(N))*n0,3
O5*(VISLIQ(N)*1000«=CPLIQIN)/THCLIG(N)) =0 42
59 HCHON)=BC(N)*THCLIG(N)*1,0E=-04/0C(N)

LA AR E R Rl ARR R AR RS

LAVIN AND YOUNG CORRELATION

cLY=3,7%
TLY(N)=(TWI(N)+273,2)/632.4
IFCTLY(N)=-.9855)92,92,93
92 VISWALIN)=A(E) +a(3)oaTLYIN)+*CC(2)»TLY(N)##24D(Z)*T Y (N)esT
HNBLYUIN) = 0232 (GA=(1.=X(N))*DI/(VISLIG(N)*0,001)) em Ex(VISLIQ(N)=1
2000 .*CPLIGU(N)/THCLIGIN)) »#» I33a(vISLIG(N)/VISHNAL(N))we T4eTHCLIGIN
1)»1,06=06/01
ALY (L) ZHUBLY (N sCLY* (104X (N7 (1. 0=XIN)))Ina1 16/BO(N)eeD, 1
GO0 TO %9
OUT OF RANGE OF FLulp PPOPERTY COPRELATION (350 C)
93 HLY(N)=0.0 f

LA AR R AR AR E R S R T ERN]

TWO PHASE REGION PRESSUSE DROP CALCULATION

_PRESSURE DROP CALCULATLION USINs MOMOGENEOUS MOpEL )
AVERAGE REYNOLDS NG. OVER SATURATED BOILING REGION CALCULATED
USING A MEAN TWO PHASE VISCOSITy

51 AVREN(N)=GA*10C0.*DI/CXIN)*VISVAP(N) #+((T.a=XIN))VISLIG(N)))
FIN)= QGO AVREN(N)2*(=042)
b DELPTF=,1SE10I F(N)*GA*n2*SPYLIQ(N)*((N=Y=1)a 0254+ ,2L27)0(1.4( (5P
2VVAR(N)=SPyLIG(N))/SPVLIGIN) ) *x(N)=0,5),
£3 DELPTA=GA##2+(SpVVAR(N)=SPyLIG(N))*x(N)*,001
bo DELPTG=(F4812((N=Y=1)*,0254¢,24627)+*ALO0G(1.+(SPVVAP(N)=SPVLIZ(N))/S
ZPVLIQIN) #X(N)))/CCSPVVAP(N)=-SPYLIACN)) =X (N))#,001
6> OPTOTT=DELPTF+DELPTA+DELPTG
60 DPTOT=pPTOTS+CPTCTT
DPEAR=DPTOT#,.01
9« g0 TO 10C

LAAA AR S AR SRR dE S

SINGLE PHASE OR SUBCOOLED S0ILING CALCULATIONS

104 Y=N#+1

CALCULATE EXPERIMENTAL SINGLE PHASE OR SUSCOOLED BOILING
HEAT TRANSFER COEFFICIENT

TF(N)=TF(N=1)44 ,*HFLUX*DELTAL/(GA*CPLIG(N=-1)2D])
SUBCLIN)=TFSATI(N)=TF(N)

DTF(N)=TWI(NI-TF(N)
SUB(N)=HFSAT(N) =nF(N)
10c HSUB(NJI=HFLUX/DTF(N)

CALCULATION OF SUBCOOLED FLUID PROPERTIES

TFILRINI=(THLI(N)*TFIN)I/Cuu
TRINI=(TFILM(N)I*273.2)/¢€22.4
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465  CPLIGF(NI=A(G)+a(A)*TR(N) #C(E)*TRIN) *#2+D(4)=TR{y) 2w3
666 VSLIGF(N)=A(E)+B(2)*#TR(N)I*+C(a) *TRIN) *##24p(3) #TR(N) =23
867 TCLIGF(N)=ACI0)+8CT10)*TR(N)I+C(10)*TR(N) *«2+p(10) #TR(N) x23
668 PRNFINI=VSLIGF(N)*1C00.*CPLIGF(N)/TCLISF(N)
69 TRINI=(TFIND+273.2)/672.4
570 RHOVFOQ(N)=A(2)+8(2) #TR(KN)*C(2)*TR(N) 224D () eTH(N)a22
671 RHOLFG(NDI=AC1)+B(1)2TR(N)*C(1)*TRIN) *=2+D (1) sTR(N) =w3
672 VISLFRINISACE)+F(B)aTR(N)*C(C)*TRIN) *o +p(3)#TR(N)wel
6732 CPLFI(NI=A(E)+R(6)*TR(NI+C(S)*TRIN) #=2+4D(4) *eTR(N) «a3
74 THCLFQ(N)=ACT10)+B (10)*TR(N)I*CC10) *TIIN) ##2+p(10)*TR(N)#2
675 RENO(M)=GA*DI=10CO,/VYISLFI(N)
676 PRNO(ND=VISLFGI(N) »100C.*CPLFGIN)/THCLFa(N)
677 C
6782 C SINGLE PHASE AND SUBCCOLED BOILING CORRELATIONS
679 c e mm e m—————— e e
[6&0 c
681 C
l6s2 C ENGIMEERING SCIENCES DATA UNIT NQO. 67014 CORRELATION
1683 4 e e s e eee e e ee - —————— ——————- --
684 C IR e e e i
685 HESDU(N)=EXP(=2,.796-.205*ALOG(RENO(N))-.505+ALOG(PRNOC(N))=,0255=(A
foaa CLOG(PRNOCN)) #=Z) ) *RENO(N) *PRNOCN) *THCLFA(N) =1, 0E=06/D1
7 C
:i.‘. c SRR R AR R TR s R TA TR
685 c
650 c
691 4 MOLES AND SHAW CORRELATION
092 C e em s mc e e ———————— ———
493 ¢
Lyé TRCN)=(TFSATI(N)+273,2)/7632.4
695 RHOLIG(N)=AC1)+B(1)*TR(N)*4C(1)*TRIN) #*24D (1) *TRIN) o o3
666 RHOVAP(N)=A(Z)+B(2)*TRINI*C(2Z)*TRIN)#=24D(2) #TR(N) #»]
6377 CPLIQIN)SACE)+E(E)*TRIN)4C(E)*TR(N) ##24D (L) *TR(N)#n2
658 HEVAP(N) ZA(L) S (L) *TR(N)I*C L) *TRIN) #2224 (L&) aTR(N)#n3
699 HMS (N) =HESODU(N) * 78 . SePRNF(N)» o L8 * (HEVAP(N)/(CPLIGIN) *SUBCLIN)))
760 2#0.5*(HFLUX*RHOLIQUN) /C(HEVAP(N)*RHOVAP(N)*GA))#eC . 67+ (RHOVAP(N) /RH
701 EOLIGIN))»e( .7
702 o
703 C LR R R R R R R e R
704 C
.?05 c PAPELL CORRELATION
766 C e et ———————
767 4
708 HPAP(N)=HESDUCN) *F0.0#( (HFLUX*AHOLIQ(N) /(HEVAP(N)*RHOVAP(N)*GA) )w(
709 GHEVAPIN) / (CPLIG(N) #*SUBCL(N))) #=1,2«(RHOVAP(N)/RHOLIG(N) ) wal 08)ee,
710 77
711 o
I’?12 c PR ARR R R A AR R AR AR R
1713 C
714 4 DITTUS AND BOELTER
il L 4 S R S
716 [
717 HO3(N)=,023*RENOCN) *2 0, E#PRNO(N) =0 LeTHCLFO(N)*1,0E=06/D1
718 ¢
719 c FrssstasasNEREERRREY
720 C
1721 C SIEDER AND TaTE
i?zz < —mmmccaaa ——————
723 C
724 HST(N)=,027*RENO(N) ##0 S *PRNO(N)**0 . 3330 (VSLIQF(N)/VISLFQ(N))#=0,1
725 24*THCLFG(N)*1,0E=-06/D1
726 C
727 c LA R T
728 (8
729 4
(730 c SINGLE PHASE REGION PRESSURE DROP CALCULATION
(731 c mmemme—eaaaaa B - -
732 C
733 (4 PRESSURE DROP CALCULATION EMPLUYS HOMCGENEQUS mODEL :
734 c AVERAGE RE.NO. CALCULATED USING MEAN OF INITIAL AND FINAL LIQUID
T35 C VISCOSITY wALU:S
736 C :
37 21 AVREN(N)=GA*CI*1000./CCCVISLFOQ(N)I*VISLINC1))22,.))
738 FIN)=, 0LE&=AVREN(N) 2 (=0,2)
739 2¢ DELPSF=158,103«F(N)#GA=22+((1./RHOLFGQ(N))*+(T1o/RHO(T))) e ((N=1)2,02
740 254+,1908) 8056008 0 Bl et
T61 2> DELPSA=((1,/REOLFQIN)I+(1./gHO(1)))/2,=C1./RHO(C1)))2GA*=22,001
762 24 DELPS6=9,31#((N=1)2,0254+.1905)*(RHOLFQ(N)+RHO(1))*0.52,001
E7‘-3 25 DPTOTS=DELPSF+DELPSA+DELPSG
(Thé DPTOT=DPTOTS
745 DPEAR=DPTOT=.01

746 c




747
7L8
749
750
751
752
753
754
755
754
ST
758
75%
760
761
702
763
Tekh
765
766
767
7e8
TE9
770
771
772
o i b
(774
775
| 775
7277
|?77E
1779
‘T80
(781
|782
763
|7&6
'\ TES
786
(7e7
I?SE
Tao?

1750

792
7912
794

1785
796

757
7v8
799
300

801
8p2
803

ISC&
BCS
20e

;EO?

iaﬁa

1869

310

211
812
814
215
814
817
818
£19
azo0
821
8ol

‘823
8cs
825
326
-3
£28
29

(el a N el oW o

(s N el oyl L e o
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-
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AT Radtpant b dachenn

ENTHALPY INPUT CALCULATED USING THE MEAN FLUID SPECIFIC
HEAT VALUES AND MEASURED INLET ANp EXIT TEMPERATURES
(NOT VALID #HEN SATURATED SO0ILING OCCURS)
ENTHAL=FLOW*(TE-TI)*(CPLIQCT1)+CPLFQ(N)) /2.0
trrtreasadrdnnnTann.

GO To 100

PRINT CUT OF COMPUTED RESULTS

- -

1 0 N=2
wRITECS,11)DATE,TESTNO,STNU,RP
11 FOSMAT(IHT,9HTEST DATE,10X,2A4,2X,17THTEST KO, OF DAY =,1x,12,3x,17

THSERIES TEST NO. =,1X,I3,8Xx,18HREDUCED PRESSURE =,1X,F4,2)

“RITE( 6,31)
31 FORMATC(/1X,72HINLET PPESS EXIT PRESS INLET TEmMP EXIT TErP
1 FLON TEST SECTION)

WRITEC 6,32)
3¢ FORMAT(SXx,8BHBAFR BAR DEa C 0EG € KG/S
6 VOLTS AFes)

WRITEC 6,33)PI,PE,TI,TE,FLOW,VULTS,AMPS
13 FORH&T(EX.F?.!.t!,F?.!,?;.Fb.?.él.Fb.i.43.F6-&.1l.Fb.?.!x.Fc.T)

WRITEC 6,34)
34 FORMAT(/1X,'PRESS.DROP INLET SUB. MASS VEL. INLET VEL.
2 HEAT FLuUXx")

WRITEC 6,35)
25 FORMATI(SX,"BAR KJ/KG KG/Mee2 S r/S ; Kwl/
2H#a2 ")

wRITE( 6436)0ELTAP,SUB(T) 6A,VELLT) ,HFLUX
30 FORMAT(2X s FOedy?7X 4 Fbal1,SX Fael 7X Feal 2X,F5,.1)

WPITEC 6426)F0n RISG,ENTHAL POWLOS ,ACTPOWw

2c FORMAT (/4X,"PCWER" ,9X,"POWER"' ,9X, "POWER",9X,"'POaER",6Y, ' CORRECTED"
2,/,4:,'(v*l)'.&:,'(I'*ER)',?1.'(H.t°.7)'.2x.'LOSS',EI.'POU&Q'.!.S!
S "KW 12Xy "KW 12X KN 12X K 11X KW S 3N FE.2,E8X ,F0.2,8X,Fe.
42+7XyFSe296X3Fcad)

«RITEC 6,12)
_1c FORMAT(/2X,'CALCULATED SINGLE PHASE PRESSURE DwOP  CALCULATED TwO

2 PHASE PRESSURE DRGP TOTAL TOTALY)
WRITEC( 6,13)
15 FORMAT(1Y,"FRICTION ACCEL GRAV TOTAL FRICTION ACCE
T GRAV TOTAL PRESS ODROP PRESS DROP')
wRITEC 6,14)
1« FORMAT(1x,"'< UNITS FOR PRESSURE DROP COMPDNENTS
¢ ARE KN/Max2 > SAR")

WRITEC £,15)DELPSF,DELPSA,DELPSG,0PTGTS ,DELPTF,DELPTA,DELPTE,DPTCT
2T,DPTOT,DP3AR
15 FORMATUZX yFE a2y 3N 4 Fha2 5K sFlal 12X oFT a2 bXoFba2pbX Fba2,5X,Fb%2,2X,
3F7.214%3F7.2,32,F6.7)
1F(N=-Y0121,122,122

PRINTOUT OF SUBCOOLED REGION RESULTS TABLE

121 #RITEC £,123)
125 FORMAT(/52x,16HSUB=-COOLED FLUID)

«RITEC %5,124)
124 FORMAT(1X,'POS FLUID OUTER INMEZR FLUID SAT N TSAT Twl Sus
1H H H - A H '+/+5X,"PRESS TEMP TE
24P TEMP TEMP = TF = TF CuOL. SUB A=5 PAP E5DU D-b
Is-1 *9/,0X,'8AR DEG C DEG C DG C DEG C DEE C DEG C
LKI/IKG < UyiTS FOR H ARE Kw/Meaz ( > %)

779 WRITEC 6,27)NyF(N) ;TwOCN) ,TWICN) TFON) JTFSATIN) ,SUBCLIN) ,DTF(N),5
SUS(N) y hSUBIN) s HY"S(N) , HPAP(N) ,HESDUCN) ,HBBIN) ,HST(N)

27 FORMAT(ZX312,F0e23Fbal,3F0el, 1 F8al,F8al 1 Xy FSal 1N FS5.1,1%,Fesl,Fb42
1!__F__§__¢3|F6|2'FO.ZU__’__Q_O_?_"G:E)




830
331
832
232
234
835
23
237
833
339
240
S41
842
343
844
45
Bed
Fu?
343
G4y
850
£51
852
853
854
855
BSé
8s?7
858
859
860
!561
862
IEcS
11
8e5
See
867
868
8¢9
870
371
872
873
874
27s
&76
877
278
E79
80
881
B&2
863
&84
855
BES
357
&EB
239
8%0
891
By2
(3%3
894
895
296
897
ase
899
900
501
902
963
904
505
9ce
g07
908
909
910
211
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C
N=h+1
IF(N=-73.5)128,600,500
123 IF(N=Y)779,122,122
C
C PRINTOUT OF SATURATEL KEGION RESULTS TASLE
c
122 WRITE( £,129)
129 FORMAT(/52X,1S5HSATURATED FLUID)
C
dRITEC 6,130)
130 FORPAT(1X,"POS FLUID OUTER INNER SAT N TNI GUAL 1/ ¥OID
1o H H H - H ] H'y/+5%X, "PRESS T¢
2MP TEmP TEmP ~TSAT ITY XTT FRAC edlIL mIc ma( TuT
3 G=T S=6 L=Y CHAM®,/,5%X,"BAR DEG C DEG C DEG C DEG C
s < UNITS FOR H ARE KW/Ws=2 (
b >')
4
133 WwRITE( Cs23)N4PUIN) s TWOCND TWICH) yTFSATIND GDTSATCN) ,XCN),Z(N) ALPHA
;:H}.HEUIL(N).HCIIC(N),HCHAC{NI.HCTOT(N).HGT(V).dSG(N).nLT(N)‘HCH(H
20 FORMAT(2X,12,F0e2)FR 1F6e14F6a1,F5.1,FS,3,F3,5,F5.3,F7.2, F7adyFT.
T290FT7 224 FT7a24F742,F7e2,F7,2)
C
N=N+1 W, 0 24,
1’(“'73.5)133|¢0°.°00
4
c PRINTOUT OF ADDITIONAL SUBCOOLED REGION RESULTS TABLE
C

60y 4RITEC §,256)
253 FORMAT(/,5Zx,'SUB-COOLEp pLUIR")

wRITEC 6,257)
257 FORMAT(1X,'PCS TFILP® cLIQF VLIwF TLIGF PR.NF CPLFAR VSLFQ TCLFa PR.

1NO REN.NO ROLFS RHVAP CPLIG HEVAP H LIG *o/ 5%,
2'DEG C KJ/ “MN S/ myl KJ/ ®n S/ Mw/* 17Xx,°KG/ Kg/
IkJ/ KJ/ Kd/ "3/ 311X,"K6 € Mes2 M K'yoX,'KG € Mes, n e, 17
4Xy'"Meal peed xG C kG KG"')
4
NEZ

C6u wRITEC 5,25B)N, TFILMIN) ,CPLIGF(N) yvSLIGF(N) ,TCLIGF(N),PRNF(N),CPLF
TGUN) W VISLFGUN) yTHCLFQUN) yPANOIN) yRENOIN) ,PHOLFQl(N) ,RHOVAP(N) 4 CPLIG
SUN) yHEVAP(N) yHF(N)

€5¢ PORHaT(ZI.IZ]Fo.1.56.3.F5.3.1X.F¢.1.56.3,F0.3.55.3.1!.F6.1.F5.3.F3
Ta03Fba1,F6aT14FEa3,F6.1,F6,.1)

h=h+1
IF(N-72.5)259,7C0,700
259 IF(N=-Y)260,261,261

PRINT OUT OF ADDITIONAL SATURATED REGION PESULTS TASBLE

(s X ol ol

261 wRITEC( 6,262)
262 FORMAT(/S2x,"SATURATED FLUID'")

.
d PRINT OUT PARAMETERS WHICwW DC NO VARY OVER THE SATURATED
C BOILING REGIUN
C

WRITE(S,53)B0(73)
S5 FORMATC(//42X,"ECILING NOu = *,F2,.5,//)
[
WRITEC 6,4263)

263 FORMAT(1X,*P0OS ROLIQ RHVAP HEVAP CPLIG VSLIQ VISVAP THCLIQ SUTEN
TREYNUM™ RECHEN PwALL HCNB RSTAR DEL FRNO CF 8,/
2,6X,"'K6/ K6/ K4/ KJ/ MN S/ ™5 S/ mu/ MN/M® 18X, "BAR
IKwW/ M Moyl 8X, Ml pael xg KG C Mee? LA L. "

K"y 31X, "mae2C")
C

265 WRITE( £4264)N RHOLIGIN) JRHOVAP(N) JHEVAPIN) ,CPLTIQ(N) ,VISLIW(N), VIS
2YAPUN) yTHCLIG(N) 4SURTENCN) ,RENUM(N), RE(HEM(Ni PdlLL(N),PCN:(N) ’ST
Jaﬂtn).nsLtN) FR(N) ,CF(N), BC(a)

265 FORMAT(2Xx,12,Ft.1, r& 1y Fo.l FOa33F5.3,2%4F0.4, 7. 2eFEa24FB.0,FE,0,
TFea2)FLal1EPe39E9a3Fba3,Fe.6,Fb6.1)

C

N=Ns1
IF(N=-73.5)265,700,700
700 IDATA=IDATA+1
€03 IF(NDATA-IDATA)E(02:602+401
601 60 TO 502
602 sToep
END



= 00 =
Note 1

The following changes were required for processing biphenyl-biphenyl
oxide data:
(1) 3rd order polynomial coefficients (Table 13) in lines 283-392.
(ii) Critical temperature of 770.2 K in lines 378, 392, 415, 535, 664, 669
and 694.
(iii) Critical pressure of 32.04 bar in lines 385 and 412.
(iv) Molecular weight of 165 in line 557.
(v)  Replacement of the 6th order polynomial for calculating the saturation
temperature as a function of reduced pressure in lines 390-391 and

413-414 by the following:-

TFSAT(N) = 183.155 + 354.99*PR(N) - 51761.6*PR(N)**2
+ 510424, 0*PR(N) **3 - 2890910.0*PR(N) **4
+ 8534430.0*PR(N) **5 - 10147800.0*PR(N) **6
Note 2
The Chen ¥, and Sc.factors of Fig. 9 were fitted to an equation
of the type y = ax™.

() F_ = k(1/Xg)"

1/xtt k n
o Tim g 2.4 .38
2 = .3 2.27 346
.3 = .6 2.47 412
6 - 2.0 2.80 655
2.0 - 10.0 2.67 .719
10.0 - 100.0 2.80 .699
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(b) Sc = C(Re)n

where Re = ReL X Fc-'l'a5
-1.25
ReLx Fc c n

1.5 x 10“ - 3.0 x 101F 10.643 -.264
3.0 x 10" - 5.0 x 10% by, 22 -.402
5.0 x ‘IO“ - 8.0 x 10“- 131.9 -.5032
8.0 x 10" '~ 1.0 5167 4560. -.817
1.0 x 10° - 2.0 x 10° 1820. -3
248 x 10° - 4.0 x 107 358416. -1.17
4.0 % 407 =S 8 =" na

Note 3

The two-phase factor € used for the Chawla correlation shown in
Fig. 10 was taken to be the value at ¢/D = 1 x 10_4 applicable to
commercial drawn tubing. For values of the abscissa of Fig. 10 greater
than .007 € was 10 x the abscissa value. For values less than .001 & was

.316 x (abscissa value)o's.
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SPECIMEN OUTPUT OF DATA REDUCTION COMPUTER PROGRAM
(PAGES 202-5)

The initial portion of the print-out gives the test identification,
experimental conditions, power input comparison figures and the pressure drop
components as calculated using the homogeneous theory. There then follows
two sets of derived results for each thermocouple position along the test
section from inlet to exit in cases where the saturated liquid enthalpy
has been exceeded. Position 2 corresponds to thermocouple No. 71 in Fig. 24
and Position 72 to thermocouple No. 1.

In the example shown since the wall temperature was above the saturation
temperature sub-cooled boiling conditions were present from the commencement
of the heated length to position No. 28 (thermocouple No. 45 in Fig. 24).
Between position Nos. 28 and 29 the saturated liquid enthalpy was exceeded
and net boiling was assumed to have commenced. Wall dry-out conditions were
experienced in the test in question, the position of the commencement of the

dry-out front being at around position No.68 (thermocouple No. 5 in Fig. 24).



TEST DATE 11/02/75 TEST NO. OF pAY - 9 SERIES TEST NO. - 158 REDUCED PRESSU
INLET PRESS EXIT PRESS INLET TEMP EXLIT TEMP FLOW TEST SECTION
BAR BAR DEG C DEG C KG6/S voLTS AMPS
16.228 18.0%94 25&.t 294.2 +0785 19,ué 655.5
PRESS.OKOP INLET SuB. MASS VEL. INLET VEL. HEAT FLUX
BAR KJ/KG KG/mes2 § n/s KW/Mea2
« 134 57.3 624,06 o767 159.4
POWER POWER POWE K POWER CORRECTED
(Vep) (1#22R) (n cP.T) LOSS POWER
KW KW KW L] KW
12.48 12.20 4.52 «20 11.58
CALCULATED SINGLE PHASE PRESSURE DROP CALCULATED TwO PHASE PRESSURE DROP TOTAL TO0T
FRICTION ACCEL GRAV TOTAL FRICTION ACCEL GRAV TOTAL PRESS pROP PHE
€ UNITS FOR PRESSURE DROP COMPONENTS ARE KN/Maa?2 >
« 34 «0¢ 6.78 7,13 1.69 2.58 5.55 7.83 16.96 .
SUB~-COOLED FLUID
POS FLUID OUTER INNER FLUID SAT N TSAT 19l Sup H H H H H H
PRESS TEMP TEMP TEMP TEMP - TF - TF CooL. sun ‘M=-§ PAP ESDU b-B 5-T
oAR DEG C DEG € DEG C DEG C De6 € D6 € KJI/IKG < UNITS FOR H ARE KW/Mee2 >
2 18.21 297.9 290.9 255.9 284.1 28.2 35.0 55«3 &Lo56 3,89 3.24 1.53 1.54 1.65
3 15.21 290.7 28B9.6 256.9 284.1 27.2 32.7 53.2 4.87 3.97T 3.35 1.54 1.54 1.65
4 18,21 298.1 291.0 257.9 284&.1 26.2 33.1 511 4.81 4,05 3.46 1.54 1.55 1.66
5 18.21 297.2 290.1 25B.9 284.1 25.2 31.2 £9.1 5.10 4.14 3.59 1.54 1.55 1.66
6 18.21 297.0 290.0 259.9 284.1 24.2 30.1 470 5430 423 3.72 154 1.55 1.67
7 1bect 297.9 290.9 260.9 284.1 23.2 29.9 £5.0 5.32 4.33 3.8fL 1.55 1.50 1.67
8 156,20 2%7.5 290.5 261.9 284.1 22.2 28.6 2.9 5.58 4.43 4,02 1.55 1,506 1.60
9 18.20 297.5 290.5 262.9 2B4.1 21.1 27.6 L40.8 5.78 454 4.19 1.55 1.56 1.68
10 18.20 297.9 290.9 263.9 284.1 20.1 26.9 388 592 487 A:38 1356 1.57 1.69
11 18,20 29841 291.0 265.0 284.1 1%9.1 26.1 367 6,11 A BD 4.58 1.5 1.57 1.4%
12 18.20 297.2 290.1 266.0 254.1 18.1 24.2 3606 6.59 4.94 4,81 1.56 1.57 1.70
13 18.20 298.1 291.0 267.0 2B4.1 17.1 24.1 326 6462 5.09 5.086 1.57 1.58 1.70
14 10.20 298.1 291.0 268.0 264.0 16.1 2%.1 30.5 6,91 5:26 5.3% 1.57 158 1.1}
15 10.19 297.7 290.7 269.0 28B4.0 15.1 21.7 $8:5 X 54865 5585 158 159 .1
16 18.19 2v8.1 291,0 270.0 2B4.0 14,0 21.0 26«4 T458 S.65 6.00 1.58 1.59 1,72
17 18.19 29844 291.4 271.0 284.0 13,0 20.4 2he3 T.82 5.87 6.41 1.58 1.59% 1.7¢2
18 18.19 297.9 290.,9 272.0 284.0 12.0 18.8 2243 B.46 6.13 6.B7 1.59 1.80 1.73
19 10,19 297.4 290.3 273.0 284.0 11.0 17.3 20.2 9.21 642 T.h2 1.59 1.80 1.73
20 13.19 298.3 291.2 274.,0 284,0 10.0 17.2 18:1 9:27 6.75 B8.06 1.59 1.860 1.74
21 18,18 298.4 291.4 275.0 284.0 9.0 16.4 16,1 9:;75 7,13 b0y 1.860 1.61 1.74
22 1ba.18 29841 291.0 276.0 2540 8.0 15.0 164.0 10,63 T7.59 9,80 1.60 1.61 1.75
23 16.18 296.8 289,8 277.0 2E4,0 6.9 12.7 12.0 12.50 B.15 11.02 1.60 1.62 1.76
24 16,18 2v7.4 290.3 27E.1 2B4.0 s i [ 9.9 12.99 B.83 12.81 1,861 1.62 1.76
25 18.18 297.7 290.7 279.1 264.0 L.9 11.6 PeB 13,72 9,72 14.80 1.6 1.82 1.77
26 18,18 297.7 290.7 280.1 2E4,.0 3.9 10.6 5.8 15.03 10.93 18.01 1.62 1,63 1.17
27 10e18 29744 290.3 281.1 284 ,0 2.9 9.2 3e7 17424 1276 23425 1.62 1.63 1.7
2d 10417 gYEa1 291.0 262.1 28440 1.9 8.9 1.6 17.82 15.84 33.52 1.62 1.64 1.78
SATUKATEL FLulD
POS FLUID OUTER INNER SAT N TWl QUAL 1/ volo 1 H H H H H
PRKESS TLMP TEFPF TEMP -TSAT 11Y XT1 FRAC BulL KicC FAC ToT 6-T S$=u
BAR PEG C De6 € DeG € DEG C < UNITS FOR H ARE Kw/Mae2 (
29 18.17 2¥7.5 290.5 264 .0 6.5 .00¢ «011 024 24.35 ha.t2 « 71 5.33 3.51 13.82
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30
31
32
33
34
35
36
37
38
39
L0
41
42
43
Lé
L4
45
Lé
47
48

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
64
69
70
n
72
73

POS

Vo NV W

1b.17
18.17
18.17
16.17
15.16
18.16
1&.1&
18.16
1d+16
18.1%
18.16
15.15
18.15
15.15
18+15
10.15
18.15
16.15
18.14
18.14
16-“
18.14
16.14
18.14
16.14
16.13
1d.13
18.13
10.13
1d4.13
15.13
18.13
16.12
16.12
18.12
18.12
18.12
16412
18.11

18.11
16.11

18.11
18.11

18.11

16.11

TFILM
DEG C

273.4
273.3
274.5
27445
274.9
275.9
27642
276.7

290.3
297 .5
2977
298.8
297.0
297.7
296.7
297.7
297 .4
2'!'6-1
297.0
297.0
296.7
297.5
2¥7 5
297.5
296.7
297.5
297.0
297.5
297.5
297 .4
296.5
2v7.0
2v8.6
297.7
297.0
297.9
2Y7.7
298.4
299.0
Jul.1
299.1
296.1
296.b
29640
2%6.0
297.5
297.9
J08.4
32240
143.9
369.9
399.8
Iv9.8

CLIGF
KJ/

K6 €

1.973
1.972
1.979
1.979
1.981
1.986
1.968
1.991

291.2
2v¥0.5
290.7
291.7
290.0
290.7
289.6
290,7
290.3
289.1
290.0
290.0
259.6
290.5
2v0,.5
290.5
269.6
290.5
290,0
290.5
290.5
290.3
209.6
290.0
2¥1.6
290.7
2%90.0
290.9
290.7
291.4
2¥1.9
294.0
292.1
291.0
2b69.8
288.9
288,9
2y0.5
290.9
301.4
315.1
337.2
363.4
3v3.4
393.4

VLI1GF
MN S/
Maw2
<114
«114
«113
«113
«112
«112
«111
-111

263.9
263.9
283.9
283.9
2b3.9
283.9
203.9
283.9
283.9
253.9
283.9
283.9
283.9
2c3.9
283.9
23%.9
2503.9
283.8
263.8
233.8
253,8
263.8
243.8
243.56
283.8
283.8
243.8
283.8
263.8
2e3.8
203-8
263.3
2E3.8
283.7
283.7
283.7
263.7
2a3.7
203.7
283.7
283.7
263.7
263.7
283.7
283.7

TLIGF
MW/
MK
T6.7
76.7
76.5
76.5
76.4
16.2
76.2
76.1

VMMM NT O

® & & & ® 8 8 " 8" B e BN "o
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e Yo NN ONDOENCNDPOENCVNOCOOWND

LN -
0

109.7
109.7

PR.NF

2.920
2.9¢1
2.914
2.914
2.911
2.906
2.905
2.902

‘012
.022
«031
041
=051
061
071
050
090
.100
-110
«120
129
«139

« 149
«159
- 169
178
-188
«198
«c08
<21k
227
«237
2467
« 257
w67
270
«286
« 290
«300
<316
<325
«335
«345
+355
« 365
«374
«3E4
« 394
404
413
«423
«433

CPLFQ
KJ/

K6 C

1.898
1.902
1.906
1.909
1.913
1.917
1.921
1.925

«054
.094
«133
«172
«210
« 248
« 287
.325
364
<404
shbly
aB4
«525
«560
- o
<608
«051
«694
« 738
« 783
<829
«375
22
971
1.020
1.070
1.121
1.174
1.227
1.28¢
1.338
1.395
1.6454
1.514
1.576
1.039
1.704
1.770
10&59
1.50%
1.981
2.055
24132
2.210
2.2

Mu s/
LR,
« 123
J127
«126
«125
« 124
- 124
.123

«129 21.9¢6 J.44 1.29
«213 24.30 3.03% 1.58
«283 23.64 3.12 1.79
«361 20.41 3.63 1.95
+391 26.36 2.79 2.08
«h34 23,58 3.26 2.19
471 27.94 2. 74 2.28
«504 23,53 3.27 2.19
.533 24,81 3.10 2.43
«559 30.70 2.49 2.57
582 26.20 2.Y3 2.65
604 26.17 2.93 2.72
«623 27.7¢6 2.76 2.79
«641 24,03 3.20 2.85
«657 24,01 3.20 2.92
«+657 24.01 3.20 2.92
672 27.67 3.13 J.02
«635 23.96 J.03 J.12
«698 26.01 3.34 J.22
«710 23.092 J.ob 3.32
-.721 23.89 J.6é 3.01
«732 24.52 3.54 3.50
«742 2B.35 3.05 3.59
751 25.8b 5.35 3.67
«760 20.55 L.25 3.75
«T68 23.17 3.76 3.83
776 25.%80 3.36 3.9
763 22.55 3.86 3.99
790 23.M 3.76 t.06
797 20.9% 4.17 L.13
803 19.56 Lot? L.20
«809 15.51 5.6% L.27
<815 19.12 458 L.24
«821 21.89 J.98 4.4
<226 26.34 3.29 Laob?
«.831 30.82 2.80 L.53
«B356 30.7Y 2.00 L.59
«8941 23.52 3.e9 botbd
«Bhé6 22.33 3.%0 L.71
«B50 9.00 10.08 L.77
854 5.08 18.69 L.B2
859 2.98 34.43 L.B7
«Bo63 1.60 «00 L.93
867 1.45 « 02 L.99
870 1.45 «00 5.006
SUB-COOLED FLUILD
VSLFQ TCLFQ PR.NO REN.NG ROLFO
MW/ KG/
MK LEES.]
79.7 3.048 6177¥. 812.2
79.5 3.037 62204. B810.5
79.4 3,029 62633. BOB,.E
79.2 3.021 63065. B07.0
/9.0 3.013 63500. B805.3
76.8 3.005 o&3936. B803.5
TB.7 2.997 64379. 801.8
7€.5 2.969 64823. B00.0

«12¢

4.73 7.61 13.98
4.61 9.15 14.09
4.90 10.77 14.18
5.58 12.99 14,26
4.B7 12.23 14.34
5.645 13.92 14.41
5.02 13,40 14,48
S.66 15.47 14.54
5.58 15.68 14.60
5.05 14.48 14.06
5.57 16.33 14,72
5.65 16.84 14,78
5.54 16.75 14.b4
6.05 18.61 14.49
¢ 12 19,05 14,95
6.12 19.05 14.95
€.15 17.98 15.00
6.75 19.86 15.06
6.56 19.32 15.1
6.95 20.59 15.17
7.05 20.95 15.22
7.06 20.93 15.28
6.64 19.58 15.33
7.02 20.86 15.39
B8.00 24.00 15.44
7«59 22.70 15.49
7«27 21.61 15.55
7.85 23.52 15.40
7.83 23.42 15.06
B.30 24,96 15.72
8.67 26.13 15.77
9.96 29.95 15.83
b.92 26.B6 15.89
.39 25.08 15.95
7.76 22.77 16.00
7.3 20.99 10.06
7,39 21.11 16.12
B.35 24.64 16.19
.61 25.48 16.25
14.83 42,40 16.31
23.51 S5B.k4 164,37
39.30 78.88 16.44
4.93 111.86 16.50
.99 118.29 16.57
5.06 118.59 16.64
RHVAP CPLIG HEVAP H LIQ
KG/ KJ/ KJ/ KJ/
M*23 KG C KG KG
60.7 2.034 210.1 411,88
60.7 2,034 210.1 413.9
60.7 2.034 210.1 415.9
60.7 2.034 210.1 418.0
60.7 2.034 210.1 420.0
60.7 2.034 210.1 422.1
60.6 2.034 210.1 424.1
60.6 2,034 210.1 &426.2

11.49
11.52
11.56
11,62
11.64
11,69
11.72
11.78
11.82
11.85
11.91
11.96
12.00
12.06
2+ 1
12.11
12.15
12.21
12.26
12.32
12.37
12.43
12.47
12.53
12.61
12.66
12.71
12.78
12.84
12.91
12.98
13.07
13.12
13.17
13.23
13.29
13.36
13.45
13.53
13.74
13.99
14.32

.00

.00

.00

.05
.09
14
.12
23
.28
=32
.37
&2
&7
.52
57
‘62
67
- !
.73
.?e
JE2
.88
« 94
lgg

1,06

1.10

1415

1.21

1.26

1.32

1.38

143

1.49

1.55

1.61

1.06

1.72

1.78

1.64

1.90

1.96

2.02

2.08

2.14

2,20

2.217

2.3}

2.39

= g02 =



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

277.4
278.0
278.1
279.0
279.5
279.8
280.5
281.2
281.4
281.7
28246
203.,2
203.5
283.4
286442
2E4.9
2L5.4
2565.7
266.6

1.994
1.998
1.9%98
2.003
2.006
2.008
2.012
2.016
2.017
2.01%
2.025
2.028
2.030
2.020
2.034
2.039
24042
2.044
2.050

EOILING NO, =

PCS

29
30
n
32
33
34
35
36
a7
38
39
40
41
42
43
44
45
46
&7
43
L9
S0
£1
52

cT

54
55
56

ROLIQ
KG/
Maald

758.2

758.2

758.2

758.2

756.2

758.3

758.3

758,.3

758.3

758.3

7348,3

758.3

758.3

758.4

758.4

758.4

758.4

758.4

758.4

756.4

758.5

758.5

T58.5

758.5

750.5

758.5

758.5

758.6

RHVAP
KG/
Masd
60.5
60.5
00.5
00.5
60.5
60.5
00.5
60.5
00.5
00.5
60.5
60.4
0.4
60.4
60.4
[
oD.4
60.4
(A
ol.4
0.4
6h.4
60.4
o0.4
604
60.4
60.4
0.3

=110
<110
«110
«109
109
-109
«1048
+108
«107
«107
<107
106
<106
106
«105
«105
«105
« 104
« 104

76.0
75.9
75.9
75.7
5.6
75.5
7544
75.3
75.3
75.2
75.0
76.9
74,9
74.9
74,7
That
74.5
7445
76.3

00121

HEVAP
KJ/
K6

210.3

210.3

210.3

210.3

210.3

210.3

210.3

210.3

210.3

210.3

210.3

210.3

210.3

210.3

210.4

210.4

210.4

210.4

210.4

210.4

210.4

210.4

210.4

210.4

210.4

210.4

210.4

210.4

crLl1a
KJ/

KG

2.033
2.033
2.033
2.033
2.033
2.033
2.033
2.033
2.033
2.033
2.033
2.033
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032

2.899
2.896
2.896
2.891
2.880
2.PB8
2.8a%
2.882
2.861
2.BE0
2.876
2.874
2.873
2.873
2.871
2.86¢%
2.Re7
2.806
2.863

vsLia
MN S/
Mawg
«100
<106
<106
« 106
« 106
«106
« 106
.106
« 108
.10°
« 106
«106
«100
« 106
« 108
.1o°
«10¢
a"nf.
.106
. 108
« 108
« 106
«10¢
«106
«10¢
«10¢
- 106
-106

1.929
1.934
1.938
1.942
1.947
1.952
1.956
1.961
1.966
1.971
1.97¢6
1.981
1.987
1.992
1.998
2.004
2.00¢%
2.015
2.021

VISVAP
MN S/
nawg
«0151
«0151
«0151
0151
0151
0151
0151
«0151
0151
«0151
«0151
0151
«0151
<0151
0151
0151
0151
«0151
0151
0151
0151
L0151
+0151
0151
0151
0151
«0151

.121 78.3 2.982 65271. 798.2 60.6 2.034
«120 7B.2 2.974 65722. 796.3 60.6 2.034
119  78.0 2.967 66175. 794.5 60.6 2.034
<116 77.B 2.960 66632, 792.6 60.6 2.034
«118  77.6 2.953 67092. 790.7 60.6 2.034
<117 77.5 2.947 67556. 78B.B 60.6 2.033
e1lo T77.3 2.940 6802c. 766.9 60.6 2.033
VIS - TV 23938 68491, TBS.0 40.6 2.033
<115  76.9 2.928 69964, 783.0 60.6 2.033
114 76,8 2.922 69439, 781.0 60.6 2.033
«113  78.6 2.916 69918. 779.0 060.6 2.033
112  76.4 2.911 70399. 777.0 60.6 2.033
111 76.2 2.906 70884, 775.0 60.6 2.033
<153 76.0 2,900 71371. 772.9 60.6 2.033
«110 75.9 2.8vy6 71862. 770.8 60,5 2,033
«109  75.7 2.891 72355, 768.7 60.5 2.033
«108  75.5 2.B87 72852. 766.6 60.5 2.033
«108  75.3 2.882 73351, 764.5 60.5 2,033
«107  75.1 2.878 73853, 762.% 60.5 2.013
SATUKATED FLUID
THCLIQ SUTEN REYNUM RECHEN PWALL HCNOD
MW/ MN/H BAR KW/
MK Mang(
T4.79 4.B3 74791, 214913, 19.83 1.64
T4.79 4.8% 74788. 99999, 20.02 3.63
Tha?9 &4.B3 74785. T76877. 19.83 1,62
T4.B0 4.83 747B2. 65226. 19.88 1.60
74.80 &.d3 74778. 57817. 20.16 1,59
T4.B0 4.43 74775. 52713. 19.69 1.58
74.60 &.B3 74772. 49025. 19.88 1.56
T4.80 4,83 74769. 46064, 19.60 1.55
74.80 4,83 74766. 4304B. 19.B8 1.5&
7480 4,83 74763, 400609, 19,78 3.52
74.80 4.83 74760. 38517. 19.46 3.51
Thobl &L.83 T74756. 36694. 19.69 n.50
74461 4,563 74753, 35086. 19.69 1.48
TheB1 4.B3 74750. 33652. 19.60 1.47
Thobl 4.E3 74747. 32360. 19.83 1.46
TaaB1 4,54 74744, 31012, 19.B1  1.44
T6.81 4.B& 74741. 29337, 19.60 1.43
TaoB1 4 B4 74738, 27827. 19.87 1.42
ThoeB1 4.84 74734, 26459, 19.69 1.40
T4.81 4.84 747231. 25211. 19.83 1.39
T4.B2 4.e& 7L728. 24064. 19.83 31.18
T4.82 &4.86 74725. 23015. 19.7E 1.36
74,82 4.B4h  T4722. 22042. 19.55 M.35
76.82 &.b4 74719. 21140. 19.69 A.3%
T4.62 h.BL 74715, 20299. 20.11 1.32
T4.B2 4.B4 T471c. 17515. 19.88 1.31
T4.82 4.84 74709. 1E780. 19.69 1.0
Tho82 hab4 74706, 18090. 19.92 ".28

210.1
210.1
210.1
210.1
210.1
210.2
210.2
210.2
210.2
210.2
210.2
210.2
210.2
210.2
210.2
210.2
210.2
210.2
210.2

RSTAR
H.

«230-07
«207-07
«229-07
«223-07
«193-07
-Z‘o9-0?
.223-07
Izb‘-o?
1222-07
«234-07
«290-07
.2‘8—0?
«247-07
«262-07
«227-07
«227-07
-20?-0?
«227-07
«246-07
«226=-07
«226-07
.23?-0?
«268-07
«245-07
«194-07
«219-07
«2L4-07
«214-07

428.2
4£30.3
£32.3
4344
L3b6.6
438.5
LaDLS
La2.b
hak.b
L4b.T
L4B.T
450.8
L52.48
£54.9
L56.9
£59.9
461.0
Le3.1
L65.1

DEL
".

«797-05
«797-05
« 79705
19705
«797-05
«797-05
«797-05
«797-05
«797-05
«797-05
0?9?'05
«7197-05
«797-05
«797-05
«797-05
-?9!_05
«797-05
079?—05
797 -05
«798-05
«796-05
«776-05
-?91‘:—05
.?98-05
«7196-05
«7196-05
«7T98-05
«79b6-05

FR«NO

S.h47
5.340
5.235
5.130
5.026
La924
4.823
ka722
L.623
4.525
L.4zB
6.331
4,238
Lals2
4.050
3.958
3.947
3.777
3.689
3.601
3.51¢
3.‘29
3.345
3.261
3.179
3.0%8
3.018
2.938

CF 8c
2e2644 1.2
3801 6.8
«2065 12.5
1413 18.1
<1071 23.7
+08061 29.2
0718 34,7
L0615 40.2
o D537 657
0676 5141
0427 56.5
«0367 61.9
«0352 67.2
0325 T2.6
0300 77.8
«0279 d3.1
«02¢t0 88.3
«0243 93,5
0229 98.6
0215 102.7
«0204 10K.8
«0193 1121.8
-0163 11E.8
L0176 123.8
0166 128.7
L0156 133.6
-0151 138.5

L0144 143.3

= %0c =



758.6
758.6
758.6
758.6
758.6
758.6
758.7
758.7
758.7
758.7
758.7
756.7
758.7
T58.7
758.8
758.8
758.8

60.3
60.3
60.3
00.3
60.3
60.3
60.3
60.3
00.3
60.3
00.3
60.3
0.3
6C.3
60.3
0.2
o0.2

210.5
210.5
210.5
210.5
210.5
210.5
210.5
210.5
210.5
210.5
210.5
210.5
210.5
210.5
210.6
210.6
210.6

2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.032
2.031
2.031
2.031
2.031
2.031
2.031
2.031
2.0

+ 106
«106
- 106
« 106
« 108
<106
« 106
«10¢
« 108
«10¢
«10¢
=106
« 100
«10¢
<106
«10¢
<106

«0151
0151
«0151
«0151
.0151
0151
0151
0151
0151
0151
0151
0151
0151
0151
0151
«0151
0151

T&.B2
TL.83
T4.83
74.83
7T4.83
74,83
T4.83
T6L.83
T4.63
74,83
74.54
74,84
74,84
T4.84
Th.BE4
Th.b4

7“6‘ .

L.B84
L.B4
4.B4
L.B4
4.B4
4.b4
‘-85
4.85%
4L.B85
L.65
4.b55
4.B85
4.85
‘.05
4.05
4.65
L.B5

74703,
74700,
74697.
74693,
74690,
T4687.
74681,
74678.
TLETS5.
T4671.
T4668.
TLE6S.
TLEE2,
74659,
74650,
74653,

17440,
15827,
16248.
15699.
15177,
14682,
164209,
13759.
13328,
12916.
12521.
12143,
11779.
11450,
11080.
10724,
10382,

19.88
20.07
20.21
20.79
20.206
19.97
19.64
19.41
19.41
19.83
19.92
22491
27.23
315.47
13.09
12.54
12.54

1.24

«219-07
«198-07
-185-07
«147-07
«181-07
«207-07
«250-07
«292-07
«29Y2-07
«223-07
«212-07
-853-03
.‘52-03
-233-03
«152-08
-138-05
«13E-00

«798-05
.?96-05
«798-05
.798—05
«798-05
-796-05
.?96-05
«798-05
a770-uS
.79&-05
«796-05
«798-05
«798-05
«798-0¢
o790'05
-?95-05
«798-05

2.860
2.783
2.7uB
2.63%
2.559
2.406
2.414
2.344
2.274
2.206
2.138
2.072
2.008
1.942
1.879
1.817
1:755

«0138
«0133
<0127
<0122
«0118
0113
<0109
«0105
«0102
+00¥8
«0095
«0092
+0089
+008¢
«00b3
0081
0078

148.0
152.8
157.5
162.1
166.7
171.3
175.8
160.3
184.7
18941
193.4
197.7
201.9
206.1
210.3
214.3
218.4

- 502 =
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APPENDIX 3 - THERMODYNAMIC & TRANSPORT PROPERTIES
OF THE TEST FLUIDS

A3.1
The thermophysical property data employed in the data reduction

exercise are given in Tables 11 and 12 for Monochlorobenzene and Biphenyl-

biphenyl oxide respectively. To facilitate their use in the data

reduction computer program these property values were fitted to 3rd order

polynomials as a function of reduced temperature. The polynomial coefficients

derived in this latter exercise are given for both fluids in Table 13,

Since only a small proportion of the property values given in Tables 11

and 12 could be obtained from the literature or manufacturers information

use had to be made of property estimation techniques. The remainder of

this Appendix is thus concerned with detailing the prediction methods adopted

and the data sources consulted in compiling the property data for the two

test fluids.

A3.2 Monochlorobenzene

Since experimental information on the thermodynamic properties of
monochlorobenzene was almost non existent for the temperature range of
interest predicted values were exclusively employed in respect of the
following propertiesi- saturation pressure, liguid density, vapour density,
liquid enthalpy, latent heat and vapour enthalpy. Three tabulations of
thermodynamic properties of monochlorobenzene were available, each of which
had been produced by a computer program employing different prediction
techniques viz.:-

(1) The three parameter corresponding states method as used by
Smith( 79) which employed the Pitzer accentric factor as the
third correlating parameter.

(ii) The Martin-Hou equation of state as programmed by Mohammed(go)
using the procedure and constants for monochlorobenzene developed

by Burnside' 81
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TEMP. SAT. LIQUID |VAPOUR | LIQUID*| LATENT |VAPOUR [LIQUID [VAPOUR |[LIQUID [VAPOUR [LIQUID [VAPOUR | SURFACE
PRESS. |DENSITY [DENSITY | ENTHA- | HEAT ENTHA- |SPECIFI(JSPECIFIC|VISCOS.|VISCOS. |THERMAL |THERMAL | TENSION
LPY LPY HEAT HEAT COND. |COND.

C M/m® | keg/m | kg/m® | kd/kg. |kI/kg. |kd/kge | kd/kek | kd/kek |mNs/md aNs/m° | mw/mK | mW/mK | mN/m
170.0 .2565 | 935.5 8.5 264.1 | 290.5 554.6 | 1.664 | 1.231 222 0113 | 96.9 17.3 15.50
175.0 2857 | 929.4 9.4 272.5 | 287.5 560.0| 1.676 | 1.242 .215 0114 | 95.9 12.6 15.03
180.0 3173 | 923.4 10. 4 281.0 | 284.4 565.4] 1.690 | 1.253 .209 .0116 | 94.8 17.9 14.58
185.0 <3516 | 916.6 1.4 289.5 | 281.3 570.8| 1.702 | 1.264 .202 0117 | 93.3 18.3% 14,00
190.0 .3885 | 909.9 12.6 298.2 | 278.1 576.3| 1.714 | 1.274 .196 0118 | 92.5 18.6 1%.55
195.0 4283 | 903.3 13.8 306.9 | 274.9 581.8| 1.728 | 1.285 .190 0120 | 91.4 18.9 1%.06
200.0 L4710 | 896.1 15.2 F15:7 '} 2716 587.3| 1.741 | 1.296 .186 .0121 | 90.1 19.2 12.51
205.0 .5167 | 889.7 16.6 323.7 | 269.0 592.71 1.754% | 1.3%06 .179 0123 | 89.3 19.6 12.08
210.0 5661 | 882.6 18.1 331.6 | 266.6 598.2| 1.768 | 1.317 173 L0124 | 88.4 19.9 11.60
215.0 .6190 | 874.9 19.8 339.8 | 263.9 603.7| 1.780 | 1.327 .168 0126 | 87.2 20.2 11.08
220.0 6757 | 868.1 21.6 348.0 | 261.1 609.1| 1.795 | 1.337 .162 .0127 | 86.2 20.6 10.58
225.0 7363 | 860.6 2%.5 356.4 | 258.2 614.6| 1.809 | 1.348 .158 .0129 | 85.2 20.9 10.08
2%0.0 +B8011 | 852.5 25.6 365.0 | 255.0 620.0| 1.821 1.358 =155 0131 | 84.3 20 a2 9.64
235.0 8702 | 844.6 27.8 275.7 | 251.8 625.5| 1.8%6 | 1.368 .150 .0133 | 83.3 21.6 9.17
240.0 .9438 | 836.8 30.2 382.6 | 248.3 630.9; 1.850 | 1.378 bk 0134 | 82.5 21.9 8.75
245.0 [1.0221 | 828.5 32.8 391.5 | 244.7 636.2| 1.884 | 1.388 . 136 .0136 | 81.6 22.2 8.29
250.0 [1.1053% | 820.3 35.6 4oo.7 | 240.8 641.5| 1.900 | 1.397 1352 .0138 | 80.7 22.5 7.80
2550 111935 | 891.7 38.6 410.0 | 23%6.8 646.8| 1.916 | 1.407 .128 0140 | 79.6 22.8 .33
260.0 |1.2870 | 802.6 41.8 k19.4 | 232.6 652.0| 1.932 | 1.416 .12% 0142 | 78.9 23,1 6.94
265.0 [1.3860 | 793.0 45,3 L429.1 | 228.1 657.2| 1.950 | 1.426 .119 L0144 | 77.8 23.4 6.46
270.0 |1.4906 | 783.7 49,0 L428.9 | 223.5 662.4] 1.968 | 1.435 .115 L0146 | 76.9 2%.7 6.13
275.0 |1.6011 | 774.0 53.0 448.9 | 218.5 667.41 1.990 | 1.445 112 0148 | 76.1 24,0 5.61
280.0 |1.7176 | 763.9 | '57.4 459.1 | 213.3% 672.4] 2.014 | 1.454 .108 <0151 | 75.2 24.3 5.16
285.0 |1.8404 | 75%.6 62.1 469.5 | 207.8 677.3| 2.039 | 1.463 .105 0152 | 74.3 2.6 b, 74
290.0 [1.9696 | 742.4 67.2 480.0 | 202.0 682.0| 2.064 | 1.472 .102 0156 | 73.4 24,9 b, 34
295.0 [2.1054 | 731.0 72.7 490.8 | 195.9 686.7| 2.094% | 1.481 .098 .0158 | 72.5 251 3.93
300.0 [2.2482 | 718.9 78.8 501.8 | 189.4 691.2] 2.130 | 1.490 .095 0162 | 71.8 25.4 5557
305.0 |2.3979 | 706.7 85.4 51%3.1 | 182.5 695.6 2.174 | 1.498 .092 .0165 | 70.8 25.6 3.15
310.0 [2.5550 | 693.5 92.7 524.6 | 175.1 699.7] 2.226 | 1.507 .090 .0168 | 69.9 25.9 2.78
315.0 [2.7194 | 679.3 | 100.8 536.4 | 167.2 703.6| 2.290 | 1.515 .087 0172 | 68.9 26.0 2.40
320.0° [2.8916 | 664.5 | 109.8 548.5 | 158.8 703.3| 2.360 | 1.524 .084 0176 | 67.8 26.1 2.06
325.0 32.0716 | 648.1 119.9 561.0 | 149.6 710.6 | 2.440 | 1.532 .082 .0180 | 66.7 26.5 1.7
330.0 |3%.2596 | 630.5 | 131.6 5759 | 159.6 713.5| 2.520 | 1.540 .080 .0186 | 65.5 26.7 1.38

* Liquid enthalpy = O at 0°C.

- o -



TEMP. SAT. LIQUID |VAPOUR | LIQUID*|LATENT | VAPOUR |LIQUID | VAPOUR |LIQUID |[VAPOUR |LIQUID | VAPOUR [SURFACE
PRESS. |DENSITY |DENSITY | ENTHA- | HEAT ENTHA- | SPECIFI( SPECIFIQ V1SCOS. |VISCOS. |THERMAL | THERMAL | TENSION
LPY LPY HEAT HEAT COND. COND.

0 MN/m2 kg/m3 kg/m3 kd/kg. |kd/kg. | kd/kg. |kd/kegK |kd/keK mNs/'m2 mNs/’m2 mW/mK mW/mK  |mN/m
230.,0 | .0537 877.0 2.2 L08.7 309.8 | 718.5 2.181 | 1.643 .310 .0097 | 113.8 20.2 19.23
23%5.0 | .0608 872.0 2.5 419.6 307.7 | 727.3 2.19%3 | 1.656 . 300 .0098 | 113.1 20.6 18.77
240.0 | .0686 868.0 2.9 420.% 305.6 | 735.9 2.210 | 1.669 .290 .0099 | 112.4 20.9 18.40
2k5.0 | 0767 863%.0 3.2 41,7 303.5 | 745.2 2.223 | 1.682 .281 .0100 | 111.7 21.3 17.95
250.0 | .0865 857.9 3.6 4531 301.5 | 754.6 2.235 | 1.695 .270 .0101 111.0 21.6 17.49
255.0 | .0999 853.0 4,0 463.8 299.4 | 763.2 2.252 | 1.708 .260 .0102 | 110.3 22.0 17.06
260.0 | .1089 848.0 L4 Lok, 7 2973 |' 7772 2.264 | 1.720 .250 .0103 | 109.6 22.4 16.63
265.0 | .1197 844.0 4.8 486.1 294.7 | 780.8 2.281 | 1.733 245 .0104 | 108.9 22.7 16.29
270.0 | .1324 83%9.0 5.3 497.3 292.6 | 789.9 2.294 | 1.745 .2ho .0105 | 108.2 23.1 15.87
275.0 | 1471 834.0 5.8 509.2 290.0 | 799.2 2.306 | 1.758 .230 .0106 | 107.5 23.5 15.46
280.0 | .1629 828.9 6.3 520.8 288.0 | 808.8 2.323 | 1.770 .220 .0107 | 106.9 23%.8 15.04
285.0 | .1795 824.0 6.9 532.6 285.6 | 818.2 2.5%6 | 1.782 .215 .0108 | 106.2 24,2 14.64
290.0 | .1972 819.0 7.4 543.8 283.1 | 826.9 2.348 | 1.794 .210 .0109 | 105.5 24.6 14.25
295.0 | .2168 814.0 8.1 555.7 280.5 | 836.2 2.365 | 1.806 .205 .0110 | 104.8 25.0 13.85
200.0 | .2383 809.1 8.7 567.5 277.9 | 845.4 2.378 | 1.818 .200 .0111 | 104.1 253 13.48
305.0 | .2618 803.9 9.5 579.9 275.4% | 855.3 2.394 | 1.829 .195 0112 | 103.4 25.7 1%.08
310.0 | .2854 798.0 | 10.2 592.0 27%3.1 | 865.1 2.4507 | 1.841 .190 0113 | 102.7 26.1 12.65
315.0 | .3109 795.% | 11.0 604 .1 270.5 | 874.6 2.419 | 1.852 .185 L0114 | 102.0 26.4 12.29
320.0 | .33%84 7287:9 | 12:1 615.9 268.0 | 883.9 2.436 | 1.864 .180 0115 | 101.3 26.8 11.90
2250 | +3678 782.0 | 13.2 628.0 265.4 | 893.4 2.449 | 1.875 175 .0116 | 100.6 27.2 11.46
320.0 | .3972 777.0 | 4.3 640.6 262.6 | 903.2 2.465 | 1.886 .170 .0117 | 100.0 27.5 0
335.0 | 4306 2721 | 15.5 652.7 259.6 | 912.3 2.478 | 1.897 . 165 .0118 99.3% 27.9 10.76
340,0 | J4650 766.0 | 16.8 665.2 256.6 | 921.8 2.491 | 1.908 .160 .0119 98.6 28.3% 10.35
345.0 | .503%2 760.1 | 18.1 677.3 254.2 | 931.5 2.507 | 1.919 .155 .0120 97.9 28.7 9.96
350.0 | .5443 754.9 | 19.4 689.9 251.2 | 941.1 2.520 | 1.929 .150 .0121 97.2 29.0 9.61

TABLE 12 :

Thermophysical properties of Biphenyl-biphenyl oxide between 230 and 350°C.

* Liquid enthalpy = O at 12%¢.



FLUID COEFFICIENTS FOR MONOCHLOROBENZENE COEFFICIENTS FOR BIPHENYL-BIPHENYL OXIDE
PROPERTY e
A B C D A B C D
Pressure bar [-179.724 813.066 -1260.03% 672.037 -86.1235 |424.423 ~-706.06% 397.152
Liquid Density [ kg/m’ |8248.86 -26923.9 |33957.6 -14583.3 | 1680.18 [-2361.29 2685.56  1-1459.1
Vapour Density kg/m5 -3213.75 12737.6 -16976.2 72646.52 -734.278 |3262.0 -4891.%1 2485.48
Liquid Enthalpy | kJ/kg |-2584.38 9481.1 -11223.3 4985.88 -87.632 -370.222 2086.07 -544 . 869
Latent Heat kd/kg |4977.66 -17639.8 |22434.8 -9710.1 642.221 -1050.79 1368.05 -824.125
Vapour Enthalpy | kJ/kg |2393.28 -8158.71 [11211.6 4724 .22 55k .665 -1421.3%2 3454,53% -13%69.18
Liq. Sp. Heat kJ/kgH -38.863%% 153.419 -194.735 83.1821 . 727834 2.37543% -.371775 .218%99
Vap. Sp. Heat kJ/kgH -.0113466 | 2.04195 -.2h3593 -.201078 -.200124 |3.57577 =1.10501 -.0762112
Liquid Viscosity mNs/m° [1.07081 -1.36449 | -.121226 48413 . 118691 4,%2818 -9.91645 5.7053%9
Vapour Viscosity |mNs/m® |-.36404 1.3977 -1. 74702 . 736661 .000131574|.013093 .003853%24 [-.00219343
Lig. Ther. Cond. | mW/mK [904.624 -2748.82 | 3164.49 -1263.93 220.6 -257.905 204,22 -91.3%999
Vap. Ther. Cond. | mW/mK [49.8086 -205.545 | 329.53 -146.217 14,4374 -69.315 168.666 -75.0746
Surface Tension | mN/m |19.7075 108.556 -2h4 . 894 116.351 98.6139 -203.46 166.87 -63.4757
a + D.T 5

Fluid property in stated units = A + B'Ti-+ C.T

where T
r

Table 135 Coefficients for 3rd order polynomial representation of thermophysical properties of

= reduced temperature, T/Tc

3y

monochlorobenzene and Biphenyl-biphenyl oxide.

r

= 602 -
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(82 )

(iii) Data of the Monsanto Corporation which had been produced

using the Hirschfelder-Buehler-McGee-Sutton equation of state.

espect of

A comparison of the predictions fﬁ'@gb‘wﬂ¢m%‘@§5@r§:@—

saturation pressure, liquid and vapour sp. volume and latent heat is given
in Table 14 together with the available experimental values of these
properties as obtained by Young(a3 ). The property values as calculated by
the Martin-Hou equation of state were selected for incorporation in Table 11
in view of their better overall agreement with the experimental data.

The liquid specific heat of monochlorobenzene was calculated from the
correlation of Reid & Sobellcsh ). The latter is a three parameter
corresponding states correlation for estimating the heat capacities of
saturated liquids at reduced temperatures in the range .7 to .95. It is
based on the generalised Lydersen et al tables{s5 ) and involves six figures
and two equations to determine the effect of increasing the pressure on

the ideal gas until a saturated liquid results. The method can be

represented by the following equation:-

Co = £(Cp°, p/o s 2 To ) (Eq. A3.1)
where Cpo = heat capacity of ideal gas at that temperature.
p/’pc = reduced vapour pressure.
Zc = critical compressibility.
To, = TE/Tc = reduced boiling point temperature.

A graph of liquid specific heat versus temperature derived using the

foregoing method is shown in the summary of the specific heat, viscosity,

thermal conductivity and surface tension data for both test fluids in Fig. 58.
The vapour phase specific heat was assumed to be equal to the ideal

or zero pressure specific heat Cpo. The latter was expressed as a series

(85 )

expansion in absolute temperature 3L V125
Cp° = A + B.T + C.T° + D.T° (Eq. 43.2)
the values of the constants in the above expression in which Cpo has the

units of kJ/(kg. mole °K), where:
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TEMP. PROPERTY PITZER H-B-M-5S MARTIN-HOU |EXPERIMENT-
% UNITS CORRESPOND- |EQ. OF EQ. OF AL DATA
ING STATES |STATE STATE OF YOUNG
METHOD

160 .2050 .2047 .2050 .2045
185 « 3531 « 3539 3516 <3514
210 Pressure .5726 <5735 .5661 .5638
235 MN/me .8763 .8814 .8702 8712*
260 1.2935 1.2965 1.2870 1.2862
285 1.8366 1.8413 1.8404 N.A.
310 2.5456 1.5414 21555 N.A.
160 1.068 1.058 1.054 1.054
185 Liquid 1.108 1.097 1.091 1.092
210 Sp. Volume 1.151 1.141 1.133 1.134
235 m5/kg. 105 1.205 1.193 1.184 1.185*
260 1.266 1.256 1.246 1.247
285 1.347 1.336 10527 N.A.
210 1.456 1.445 1.442 N.A.
160 1471 . 1490 . 1450 <1474
185 s .0880 .0889 .0863 .0890
210 . e e <0547 0560 .0551 .0553
235 Sy .0358 .0367 .0359 .0361*
260 Caile X .0239 .0248 .0239 .0240
285 .0162 L0171 0161 N.A.
210 .0109 o117 .0108 N.A.
160 300.2 306.6 296.3 298.3
180 284.8 292.1 281.3 285.3
210 f?thalpy 267.9 272.3 266.3 268.g
235 .| 250.0 258.7 251. 252.6*
260 £§?§°ratl°f 2320.k4 239. 4 983 8 230.9
285 h 206.6 217.1 207.8 N.A.
310 175.9 189.8 175.1 N.A.

N.A. ~ Denotes experimental data not available.
¥ - Denotes linearly interpolated experimental value.

TABLE 14 : Comparison between calculated and experimental thermodynamic
data for Monochlorobenzene.
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A = - 4,7966, B = .38338, C = -.10579 x 107>, D = .66264 x 10~/
( 81)

‘from a least squares

(86)

which had been previously determined by Burnside
fit to the spectroscopic data for monochlorobenzene of Whiffen

The liquid viscosity experimental data given by Timmenmans(87 ) for
temperatures up to 240°C were extrapolated to 33000 using the method of
Thorpe & Rodger(88 ). The constants a, B and C given below were calculated
using experimental values of the viscosity at 200, 220 and 240°C for use
in the following expression:-

b = O/Q1 +aT + pT) (Eq. A3.3)

where oo = =-.,00534, B = .00003907 and C = .00278

No experimental values of the viscosity of monochlorobenzene vapour
could be found in the literature. The 'residual viscosity' correlation of

(85)

Jossi et al was used to derive vapour viscosity values for the
temperature range up to 330°C.Fornon polar gases the following equation
was used to determine the residual viscosity (p-p° ), for values of

reduced density below 0.3:-

BEF ¥
Ew-1®) = (11.0 91'58“.?%' - 11.0)(1072) (Eq. A3.4)
where: u = viscosity, centipoises
1
£ = 25 /8 (Eq. A3.5)
W /3
Pr = reduced density. = g/Pc

po is the low pressure viscosity at the same temperature which for non-
polar gases at reduced temperatures below 1.5 is given by the expression:-
£0° = (ko) (107, 1 % (Eq. 43.6)

where: Tr

reduced temperature, T/Tc and & is as defined in Eq. A3.5

in which T, = critical temperature °K, p

= critical pressure, atmospheres

and M = molecular weight.

The upper limit for experimental data on the thermal conductivity

(89)

of liquid monochlorobenzene is given in the NEL compilation as 120°cC.

Resort was therefore necessary to a thermal conductivity estimation method
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to calculate this property over the 1?0-33000 temperature range of interest.

After an evaluation exercise had been undertaken of the several estimation

techniques available(85 ) the viscosity values as given by the method of

Stiel & Thodos were selected for use. This latter correlation bears a

similarity to the previous one for vapour viscosity in the use of a 'residual'

thermal conductivity (k - k°) which was defined as a function of e

Vo M & P Since over the temperature range 170—35000 the reduced density,
P, takes values from 1.7 - 2.5 for monochlorobenzene it was necessary to

use two of the expressions for residual thermal conductivity viz.:-

for 0.5 < Pr < 2.0

(k-k%) ¥ 205 = (13.1) (1078 (e*7% - 1.069) (Eq. A3.7)
For 2.0 < Pr < 2.8
(k-k® 72> = (2.976)(1070) (" 155 4 2.016) (Eq. 43.8)
where: k = thermal conductivity, cal/cm.sec. K.
y = T /63 (Eq. A3.9)
73__
Z, = Critical compressibility factor = %

c

o . S -
k is the low pressure thermal conductivity at the same temperature which
was calculated using the following expression applicable to aromatic hydro-

carbons for reduced temperatures, Tr below 1.0:

€Y = (.455)(107) 1, (Eq. 43.70)
Cp

where Cp (cal/gmole °K) is the low pressure specific heat Cp° (Eq. A3.2).
The vapour thermal conductivity was calculated in an identical manner
as for the liquid phase from the Stiel & Thodos correlation, in this case
using the following expression for the residual thermal conductivity for
reduced densities below 0.5 in place of Egs. A3.7 or A3.8:-
(ki) o zc5 - (14.0)(1078) (e7*5355 _ 1) (Eq. A3.11)
(85 s

The surface tension was calculated using the Sugden correlation
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#5552 e =pe ) (Eq. A3.11)

0
( L G

where o is the surface tension (dynes/bm;),pL1 P, are the liquid and
vapour | densith

fluid known as the Parachor. This latter quantity has been shown to be an

- |

55 (gm moles/cm3) and P is a constant for a particular

additive function of the atoms and groups in the molecule and to be nearly
temperature independent. A value of the parachor of 244.3,as given by
(90

Quale a was employed for the monochlorobenzene calculations.
ploy

A3.3 Biphenyl-biphenyl oxide.

Unlike the previous fluid biphenyl-biphenyl oxide has been used as a
thermal fluid for several decades and thus its properties are relatively
well documentedin manufacturers literature. Thermophysical property data
on biphenyl-biphenyl oxide manufactured under 3 diffeéent trade names was
available from the following sources:-

(1) The Dow Chemical Co. (Dowtherm A)

(1i) Imperial Chemical Industries Ltd. (Thermex).

(iii) Bayer, Germany (Diphyl).

Of the foregoing the ICI values were selected to be incorporated in
Table 12 in respect of the following properties:- saturation pressure,
liquid and vapour densities, liquid enthalpy, enthalpy of evaporation,
vapour enthalpy, liquid specific heat and liquid viscosity. Apart from

(971 )(92)

two companion publications concerning liquid specific heat and
surface tension no references could be traced in the literature to confirm
whether or not the values selected were the most appropriate, Differences
are present between the various manufacturers data for these foregoing
properties as shown in Table 15 particularly in respect of liquid viscosity.
The vapour specific heat was assumed, as for monochlorobenzene to be
equal to Cp°. The coefficients for theestimation of Cp° by Eq. A3.2 were
calculated using the group contribution method of Rihani & Doraiswamy(85 ).

The values of A, B, C and D determined for biphenyl-biphenyl oxide were:

-63.878, .92825, -.59176 x 16" and .13885 x 10‘6 respectively.
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TEMP. FLUID DOW ICI LTD. BAYER A.G.
oc, PROPERTY CHEMICAL
UNITS co.

160 6.62 6.57 7.63
210 Saturation 31.9 31.9 35.2*
260 pressure 108.1 108.9 112.8
310 kN/me 285.4 285.4 298.7*
360 629.6 628.8 £51.3
160 945.3 342.0 945.0
210 . &L 899.4 95.0 900.5*
260 g;SZ?S 850. 1 847.0 855.0
310 kg/m% ¥ 796.5 797.1 803.2*
360 736.5 742.2 759.1
160 « 306 .30 . 3h
210 Vapour 1.33 125 1.46*
260 Density 4,18 4.37 L.4o
310 kg/me 10.5 10.2 11.2
360 22.6 22.5 24,2
160 335.2 334.9 325.3
210 Enthalpy 35102 317.2 307.3*
260 of 296.8 297.2 287.9
310 Evaporation| 273.0 273.0 263.5*
360 kJ/kg. 245.4 | 2Lk.9 234.0
2L0 2.149 | 2.210 2.132
260 Liquid 2.198 2.264 2.175
280 Specific 2.262 2.323 2.216
200 Heat 2.302 2.378 2.261
320 kJ/(kg.K) 2.348 2.436 2:3%2
340 2.401 2.491 2.371
240 . 380 .290 .298
260 Liquid «357 .250 .265
280 Viscosity . 342 .220 .233
300 mNs/m° .330 .200 .205
320 .320 .180 .185
340 <312 . 160 .168

* Denotes linearly interpolated value.

TABLE 15 : Comparison between manufacturers data for some
thermophysical properties of biphenyl-biphenyl oxide.
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Calculated values of the vapour viscosity were available from the
Dowtherm Handbook( 6) which indicate that this property is a linear function
of temperature in the range 90—3?000.

Experimental values for the thermal conductivity of liquid biphenyl-
biphenyl oxide up to 250°C were available from the work of Ziebland & Burton( 93)
which were linearly extrapolated to 350°C using the expressiontggfgiﬁgg?iif

kp (mW/m°K) = 139.0 - .138 (T - 47) (Eq. A3.12)

For the remaining properties the method of Stiel & Thodos was again
used to estimate the thermal conductivity of biphenyl-biphenyl oxide vapour
for the temperature range 230-35000. Similarly the parachor method was
used to calculate the surface tension. A value of the parachor of 395 was
employed in the latter calculation, this being the weighted mean of the

values for the constituents i.e. biphenyl and biphenyl og;de which were

calculated from the molecular structure by the method of Sugden.
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APPENDIX 4 - ERROR ANALYSIS

Ab.1

The data from any experiment can only beinterpreted within the limits
of the accuracy and reliability of the measurements. The purpose of this
Appendix is to estimate the uncertainty in the measured and derived test
quantities. These quantities are the main independent variables of the
study viz: system pressure, mass velocity, heat flux and inlet temperature
or sub-cooling and in the derived values of the experimental boiling heat
transfer coefficients. The values reported are the expected maximum
uncertainties and thus most of the data should fall within the limits
quoted.

Ak.2 System Pressure (at exit of test section).

This was derived from observations of:-
(i) The.reference gas pressure as measured by the Heise gauge and
(ii) the difference between the loop fluid pressure and the reference gas
pressure as measu?ed by a low range differential pressure transducer.
The uncertainty in the measurement of the system pressure is thus
essentially composed of the basic accuracies of the Heise gauge and the
pressure transducer and the accuracy to which they could both be read.
The least uncertainty was associated with the Heise gauge which was stated
to be accurate to better than 0.1% of its full scale reading. Parallax
reading errors were minimised by a reflecting mirror on the instrument scale.
These reading errors which would be essentially constant from test to test
would have been within + 3.4 kN/'m2 (+ 0.5 psi). The pressure transducers
were periodically taken down and checked using a low pressure air supply
against a mercury manometer. The calibrated accuracy of the pressure
transducers was thus quite high, say within 2% over their working range.
However, as mentioned previously small pressure fluctuations were present in

the transducer connecting lines which limited the accuracy to which they

could be read to about + 10% (+ 3.44 kN/m®), Thus taking all the factors
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affecting accuracy into account it is estimated that a maximum overall error
11?.2 kl\l/m'2 (+ 2 psi) could exist in system pressure measurements. For

the monochlorobenzene tests, depending on the absolute pressure level the
measurement uncertainty would be between + .5 - 3.0%. With the lower pressures
involved in the biphenyl-biphenyl oxide tests series the corresponding

figures would be + 3.3 - 7.0%.

AL.3 Mass Velocity

The volumetric flow rate through the loop was measured by a turbine flow
meter. This was converted to a mass flow rate figure by a hand calculation
from a large scale calibration graph for the flow meter and a knowledge of
the fluid density as inferred from a temperature measurement slightly
upsteam of the meter. Ignoring errors in the hand calculation the basic
accuracy in flow measurement is thus a function of:-

(i) The accuracy of the turbine flow meter.

(ii) The accuracy to which the flow meter could be read.

fii) The accuracy of fluid temperature measurement and

(iv) The reliability of the fluid density values employed in the flow

rate calculations.

Regarding (i) above the turbine flow meter was calibrated using water
prior to the commencement of the experimental programme and also approximately
midway through the monochlorobenzene tests. The results of these calibration
exercises are included with the manufacturers figures in Fig. 26 , where
they are shown to bein good agreement with the latter. The calibrated
accuracy of the turbine flow meter is thus of the order of + «05% over the
linear metering range. The output of the turbine flow meter was displayed
on a digital frequency meter and for the majority of the tests was constant
to within + 5 counts/sec. resulting in an average uncertainty of say + 1-2%
over the frequency range employed. Significant variations in flow rate only
occurred during tests when dry wall conditions were present. In the latter
cases a test run was abandoned whenever a nominal 5% reduction in flow due

to filter blockage occurred. The fluid temperature was measured by a sheathed



= 291 =

Cr-Al thermocouple immersed directly in the flow. This latter thermocouple
had been calibrated to + .4°C in an oil bath using an NPL certified mercury
in glass thermometer as the reference standard. As in the case with the
other thermocouples it was connected to the data logger which had a
measurement accuracy of + .05% with a resolution of + 1 digit. The
uncertainty in the measurement of the fluid temperature at the flow meter
thus amounts to + .?500 say :.1.000. For monochlorobenzene a change in
fluid temperature of 1°C results in a change of liquid density of approximately
0.22 kg/mB. The maximum uncertainty in the density calculation was
* .025% at the highest flow metering temperature of 190°C employed in the
tests when P = 910 kg/hB. In the case of biphenyl-biphenyl oxide the
corresponding figurewes:;gégéﬁbased on a density variation of .925 kg/m3
per °C and a maximum temperature at the flow meter of 207°C (pl.z 898 kg/
o).

The specific volume values for monochlorobenzene determined

(83) @)

experimentally by Young are considered by Timmermans
precise. Thus no uncertainty limits have been considered in the case of
this fluid when converting the flow rates from volumetric to mass flow units.
In the case of biphenyl-biphenyl oxide there is a slight difference in the
density values in the manufacturers literature over the range of temperatures
present in the test. At the flow meter where the temperature range was from
170—21000 the difference between the highest and lowest density values was
about .5%. This latter figure wasassumed to be the uncertainty in the
density of liquid biphenyl-biphenyl oxide for the range in temperature at
the flow meter.

In the case of monochlorobenzene when dry-out conditions were absent
there was an overall uncertainty in flow rate measurement of approximately
+ 2.5%. With dry-out conditions present the uncertainty was increased to

around 5.5%. The corresponding figures for biphenyl-biphenyl oxide are

+ 3.1% and + 6.1% respectively. These latter figures have been taken as
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the uncertainty present in the mass velocity calculation (m/A) since a
precise measurement of the test section bore had been made using an air
gauging technique.

A4. 4 Heat Flux.

The uncertainty in the heat flux calculation was essentially a functien
of the uncertainties in the measurements of the test section voltage and
current and in the estimates of the heat loss to the surroundings. The
tappings for voltage measurement were mounted on the upper and lower power
clamps and the readings were displayed on a Solartron type LM 1420 digital
volt meter in addition to being recorded by the data logger. The DVM figures
were used as input data for the data reduction computer program. The
uncertainty associated with the test section voltage measurements was
estimated to be + .5% taking into account the accuracy of the DVM (+ .05%)
and the presence of small line voltage fluctuations. The test section
current was calculated from the output of a precision power shunt as
recorded by the data logger. The uncertainty associated with this calculation
was assumed to be + .5% which was the quoted accuracy of the power shunt.

As stated previously a heat loss relationship was derived from the
single phase experiments when the electrical power input (V x I) could be
compared with the measured enthalpy rise (m.Cpﬁ.AT). Considering the
uncertainty involved in determining this latter quantity it is evident that
the heat loss estimate for a particular test had possible error limits of
up to + 10%. For the majority of the net boiling tests which were carried
out at a heat input of around 9 kW the uncertainty in the heat loss estimate
created a corresponding uncertainty in the applied heat flux calculation of
+ 8.9% which was exclusive of any uncertainties in the actual test section
voltage and current measurement themselves. When the latter uncertainties
are considered as well the overall uncertainty in the heat flux values are

of the order of say + 10%.
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A4.5 Inlet Sub-Cooling

The difference between the saturated liquid enthalpy and the actual
liquid enthalpy at any position along the test section up to the net
boiling point is termed the amount of sub-cooling. A parameter which is
usually controlled in loop experiments is the amount of sub-cooling which is
present at the test section inlet. The inlet sub-cooling was derived here
from a measurement of the actual fluid temperature and a calculated value of
the saturation temperature. The latter quantity was determined from an inlet
pressure measurement which was converted to a reduced pressure basis for use
in a polynomial representation of saturation temperature as a function of
reduced pressure. Thus the uncertainties in the inlet sub-cooling calculation
arise from the uncertainties in:-

(1) The inlet temperature measurement.

(ii) Inlet pressure measurement.

fii) The polynomial representing saturation temperature as a function of
reduced pressure.

As previously mentioned both the test section inlet and exit thermo-
couples were calibrated up to 400°¢C using a Platinum 13% Rhodium-Platinum
thermocouple as the reference standard. The guaranteed accuracy of such a
thermocouple is stated as being within + 1°C at the gold point (1064.43°C).
However for the range over which it was used (20-600°C) an improved accuracy
of + O.5°C can confidently be expected( 94). During the calibration process
the output of the Platinum-13% Rhodium-Platinum thermocouple was measured
on a Cropico P3 potentiometer which had an accuracy of .0O4%. The addition
of this instrument uncertainty gives an overall uncertainty in measurement
of the absolute temperature of the calibration furnace at 400°C of :..6400.
This latter figure has been taken to be the fundamental accuracy of the inlet
and exit fluid temperature measurement thermocouples. It represents an
improvement by a factor of nearly 5 on the measurement tolerance of the

thermocouples as bought in (:_BDC up to 400°C). To arrive at the overall
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uncertainty in inlet temperature measurement the data logger accuracy must
be taken into account. At 400°C this created an additional uncertainty of
* .1+5°C giving overall error limits of approximately * 1970

The test section inlet pressure was measured in an identical manner
as detailed for the exit pressurein A4%.2. The uncertainties in determining
the saturation temperature from this measured pressure emanated from
two sources:-

(1) The accuracy of the polynomial representation in comparison to
experimental saturation pressure-temperature data and,

(ii) the influence of system pressure measurement uncertainties of the order
of + 17.2 kN/m2 on the calculated saturation temperature.

Regarding (i) in the case of monochlorobenzene, for the three temperatures
shown in Table 14 for which experimental data is given (210, 235 and 260°C)
the calculated saturation temperatures were 209.7, 235.4, and 259.800
respectively. Thus it is assumed that the polynomial for saturation
temperature as a function of reduced pressure was accurate to within :_O.5°C.
The influence of system pressure measurement uncertainties on the calculated
saturation temperature was greatest at the lowest system pressures employed
in the tests. For monochlorobenzene at about 0.5 MN/’m2 an uncertainty in
pressure measurement of + 17.2 kN/m2 affected the calculated saturation
temperature by + 1.1°C. The corresponding figure for the maximum system
pressure tests of sbout 3.0 MN/'m2 was + 0.5°C. Thus the total uncertaint§
in the saturation temperature calculations for monochlorobenzene ranged
between + 1.0 to + 1.6°C for the highest and lowest system pressure tests
respectively.

The maximum uncertainty in the calculation of the sub-cooling occurred
when the uncertainty tolerances combined to give the gfeatest uncertainty
between the saturation and actual fluid temperatures at a particular point.
For the extreme ranges of system pressure employed in the monochlorobenzene

tests this maximum uncertainty was + 2.1 to i.2.7°C which corresponded to
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a maximum uncertainty in the sub-cooling calculation of approximately

+ 5.0 kd/kg. at both system pressures. In the case of biphenyl-biphenyl
oxide the 6th order polynomial representing the saturation temperature as

a function of reduced pressure was accurate to within :..1°C of the
manufacturers data over the temperature range 230-350°C. The lowest system
pressure employed in the tests with this fluid was about .25 MN/ha where

the pressure measurement uncertainty previously discussed created a
saturation temperature uncertainty of 1.3.7500. This corresponded to a
sub-cooling uncertainty of about + 8.6 kJ/kg. For the highest system pressure
tests of about .52 MN/ma the uncertainty in the calculation of the saturation
temperature was :_2.100 which corresponded to a maximum sub-cooling
uncertainty of + 5.2 kJ/kg. for the tests conducted at these pressures.

AL.6 Heat Transfer Coefficients.

¢
The heat transfer coefficient h when net boiling was present was

calculated from:-

h= ﬁ/(Tw-T )

sat”
The uncertainty in heat flux @ and the local saturation temperature

T§at have been previously discussed. The overall uncertainty in Tw was a

combination of the following:-

(1) The calibration error of the wall thermocouples.

(ii) Data logger errors.

§ii) Curve fitting errors in converting the thermocouple emf output to
temperature.

(iv) Errorsin the calculation of the wall temperature drop due to
uncertainties in the value of the test section material themmal
conductivity and wall thickness.

The insulated test section wall thermocouples were calibrated in an
identical manner as described in A4.5 for the sheathed thermocouples with
the exception that the furnace temperature was taken up to around 600°C.

It was estimated that the combination of calibration and data logger errors
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led to uncertainty in temperature measurements of :_1.000 at 400°C and
i.1.2°C at 600°C. The additional uncertainties introduced by the curve

fitting process were 1..208 in the temperature range O-MOC}OC('?7 )an

d

* .4°C from 400-600°C. Thus it is considered that the overall uncertainty
in the test section outer wall temperature measurement was + 1.2°C at
400°C and + 1.6°C at 600°c.

The uncertainty in the calculation of the temperature drop through the
tube wall was a function of the dimensional tolerances and the accuracy of
the thermal conductivity data for the tube wall material. Both of the
foregoing uncertainties were however minimised by virtue of the relatively
low heat fluxes employed in the test programme. For the highest heat flux
tests the temperature drop through the wall was approximately 10°C and
thus the maximum errors attributable to tube wall thickness variation
(i_.OT mm) was .06°C which reduced as the heat flux was lowered. The
literature source for the thermal conductivity data for Nimonic 75(39 ) makes

no reference to possible error limits on the values quoted. However in a

( 95) (96)

rejoinder to a discussion of another paper on thermal conductivity
measurements where an identical technique to the Nimonic 75 determinations
was employed the error limits are stated to be + 2%. For the maximum heat
fluxes employed the latter error limits would create a maximuml@é§f§§§§ﬁﬁ?
of :.o.2°c. Adding the maximum uncertainty in the calculation of the wall
temperature drop (say :_.3°C) to the uncertainties involved in the ocuter
wall temperature measurements gives the overall uncertainty in inner wall
temperature determination as + 1.5°C and iﬁ.9°C for metal temperatures up
to 400°C and 600°C respectively.

The maximum uncertainty in the heat transfer coefficient calculation
arose when the heat flux and wall - saturation temperature difference was
lowest. In the monochlorobenzene experiments the lowest values of wall

- saturation temperature difference were present at the highest system

pressure tests where they were nominally about 4°c, Considering the maximum
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uncertainty limits previously discussed for T and &'sat (1.6°C and 1.2°¢)
this latter figure could range between 1.2 and 6.8°¢C. Taking the heat flux
measurement uncertainty into account results in the derived value for the
heat transfer coefficient at a heat flux of 57 kwyhe being between 7.5 and
52.2 kw7m2°c i.e. about - 50% or + 270% of the nominal value of 14.2 kW/hzoc.
At the lowest pressure tests where the temperature difference was around
9°C the uncertainties combined to give substantially reduced overall error
limits on the heat transfer coefficient calculation for the same heat flux

of - 27% and + 23% about the nominal value of 6.3 kwym2°c.
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APPENDIX 5 - THERMAL DECOMPOSITION OF MONOCHLOROBENZENE

AS5.1

1
( ) it had been concluded

In a previous report prepared by the writer
that thermal stability was the most important factor to be considered in
selecting a Rankine cycle working fluid. When this latter fact became
evident it was considered desirable to have information on the chemical
changes which occurred in the fluid during its residence time in the loop
so that the some measure of the thermal stability of the fluid could be
obtained. As there was a gas chromatography apparatus available (Plate 22)
work was initiated on developing a procedure employing this technique for
the chemical analysis of monochlorobenzene fluid samples. In the event
however ﬁhis aspect of the investigation was not taken to a conclusion for
lack of time and because the loop facility was unsuitable for such thermal
stability studies 'since it was only intermittently operated for a few hours
at a time. Despite the lack of quantitative information on the thermal
decomposition of monochlorobenzene it is nevertheless considered to be worth-
while to record the procedures adopted for the analysis work in this Appendix
together with examples of specimen chromatograms obtained during the course
of the investigation for future reference.

AS.2

In gas chromatography(97 ) the various species of components in a
mixture can be separated out on a molecular basis in a column containing
a stationary and a moving phase. The latter is the carrier gas into which
the sample is injected which then passes into the separating column. This
separating column is a solid or a liquid coated solid inert support and
constitutes the stationary phase. As the sample mixture is swept along the
column the various species are selectively absorbed and desorbed at different

rates and are separated and eluted in the carrier gas. The presence of the

separated species in the carrier gas at the exit of the column is indicated
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by a detector from which a response is obtained corresponding to a change
in the properties of the carrier gas. In the work reported here a flame
ionisation detector was employed to detect these property changes. With this
method of detection the effluent gas at the exit of the column is mixed
with hydrogen and burnt in air. Ions and electrons formed in the flame enter
an electrode gap, decrease the gap resistance which permits a current to
flow in an electrical circuit giving a measure of the amount of a particular
constituent in the original sample eluted by the column at that stage
in time. The electrical signal from the detector is amplified and displayed
as a peak on a strip chart recorder. A schematic of a gas chromatography
system is illustrated in Fig. 59.
A5.3

The gas chromatography apparatus used was a standard Perkin-Elmer model
F11 (No. C1206) fitted with a flame ionisation detector (FID). On the
recommendatian of the Department Sf Chemistry, Combustion Research .Sec*l:ion(98 )
the column used was 4 m in length, made from .125" o.d. stainless steel
tubing packed with 11.5% Silicone o0il type MS550 and 11.5% Bentone 34
supported on 80-100 mesh Chromosorb W (see Table 16). Before use this
column was conditioned to produce a stable base line by heating for the
following consecutive periods with a carrier gas flow rate of 10 ml/min.:-
50°C for 1 hr., 100°C for 3 hrs., and 150°C for 24 hrs.
AS.4

Several chromatograms were obtained at different injection block [oien
temperature settings and carrier gas flowrates before the final operating
conditions were selected.’ These were a constant oven temperature of 10000,
injector temperature setting 3 and N2 carrier gas flow rate of 10 ml/min.
Gas pressure control unit settings were:- N2 19 lbs/in.z, H2 21 lbs/in2
and Air 16.5 1bs/in2. Samples to be analysed were injected through a

rubber septum by a Hamilton microlitre syringe (size 0-10 pl). The output

signal of the gas chromatograph was recorded as a trace using a Servoscribe
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Perkin-Elmer Ref. No. 0496-0788
Serial No. 26463

Stainless steel .125" dia. x 4 m long.

Liquid phase:

Silicone fluid M$50 (11.5 wt.%)*

Bentone 34 (11.5 wt.%)**

Support : 80 to 100 mesh Chromosorb W (77.0 wt.%)***
Temp. Range: 50 - 200°C

Activity: Non-polar.

"Applications: Aromatic hydrocarbons, alkyl xylenes

. - a non-polar involatile silicone oil

** - dimethyldioctadecyl ammonium bentonite

*** - a grade of diatomaceous silica.

TABLE 16 : Specification of gas chromatograph column.

Typical Analysis

Specification

Appearance

Colour (Hazen Units)

Density at 20°C

Specific Gravity at 15.5/15.5°C

Water 0%
Acidity H%l%
Free chlorine Cl%
Benzene ppm
Paradichlorobenzene ppm
Orthodichlorobenzene ppm

Residue on evaporation ppm
Distillation at 760 mm Hg
Range 2-97%

Clear liquid
5

T2

0.017

not detected
not detected
112

50

20

3.5

0.2°%¢
(contains the

tempegature
131.7 C)s

Clear liquid

1.105-1.107
1.111=1.113
0.03 max.
not detected
not detected

10 max.

0.30 max.
(shall contain
the
temperature
131.7°0) .

TABLE 17 : Typical analysis and specification of monochlorobenzene(B ).
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single channel pen recorder (type RE 511 No. R1916) on the 100 mV range with

a chart speed of 1 cm/min.

A5.5
The monochlorobenzene employed in the heat transfer tests was a general
99 -
purpose grade( ) manufactured by ICI. This chemical is produced on a

large scale by the catalytical chlorination of benzene which yields both
monochlorobenzene and dichlorobenzene which are separated by distillation.
The commercial grade contains traces of benzene, ortho-dichlorobenzene,
para-dichlorobenzene and higher isomers as impurities. The manufacturers

(3

analysis >formonochlorobenzene is given in Table 17 . A chromatogram
of an unused sample of monochlorobenzene is shown in Fig. 60 . As can be
seen one impurity was eluted before the monochlorobenzene and another after.
These impurities were confirmed as being benzene and either ortho- or
para-dichlorobenzene respectively by injecting in a calibration blend of
these compounds and noting that the retention time before elution was the
same as for the unused monochlorobenzene sample. It was not possible with
particular settings used to separate out the ortho- and para- isomers of
dichlorobenzene.
AS5.6

Since the loop was drained down each day with fresh fluid being added to
the make-up tank to compensate for any losses, it was only possible to compare
fluid samples taken before and after a single days operation. A 'before'
fluid sample was taken from the drainage point located between the pre-heater
and the test section (see Fig. 11) whilst the loop was being brought up
to its operating condition. The 'after' fluid sample was taken from the
same point whilst the loop was being run down in temperature prior to being
drained. After the initial fill of the loop at commencement of operation
no further flﬁid was added to the system from the make-up tank since any
leakage from the high pressure circuit was negligible. The chromatograms

obtained before and after the test series nos. 218-224 inclusive are shown
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in Figs. 61 and 62 respectively. These were tests carried out at the highest
reduced pressure, P .67 with a saturation temperature of 32500. Dry
wall conditions were present during test Nos. 223 and 224 so that it was
expected that a measurable amount of fluid decomposition would have occurred.
The first test run (218) of the series commenced at 1514 hrs. on the day
of operation and the last (224) at 1615 hrs. As an approximation it can
be assumed that the test fluid was at an average maximum temperature of
30000 for 3 hrs. and that about 30% of the fluid inventory was at these
conditions at any given time.
A5.7

Comparison of Figs. 61 and 62 indicates that there wasa small increase
in the concentration of benzene and dichlorobenzene after heating. An
equation describing the decomposition reaction which would produce this
situation is the following in which 2 moles of monochlorobenzene disproportionate
to form benzene and dichlorobenzene:-

2.06H Cl

5 = C6H6 + C6HQC1

2
It is highly 1likely however that the decomposition reaction was much
more complicated than that given above as indicated by the work of Cullis &

O B i &, et o 101 et S ierk of Lhese atthors

Priday
was conducted at temperatures in excess of those considered here they showed
that the main gaseous decomposition products were hydrogen chloride and
hydrogen. Since gas phase samples were not takenin the investigation it

was not possible to confirm whether the latter were included amongst the

breakdown products here.
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APPENDIX 6 - MEASUREMENT OF DISSOLVED AIR
CONTENT IN MONOCHLOROBENZENE

A6.1

Dissolved gas effects have been shown by previous investigators to

(102)
an

significantly effect heat transfer in flow boiling in both water d

(103)

organic fluids and to be an important factor influencing thermal

decomposition in the case of the latter( : ). Whilst no systematic study
concerning the effect of dissolved gases was undertaken during the
investigation it was considered to be desirable tolnow the dissolved gas
content of the loop fluid either from published data or by a measurement.
Since gas solubility data was not available for several of the candidate
fluids under consideration an evaluation exercise was carried out on an
existing apparatus to determine the dissolved gas content in monochlorobenzene
at various temperatures for comparison with published data in order to
assess the accuracy of the method, which was intgnded to be used for fluids
for which no data was available. Details and results of this latter
evaluation exercise are given in this Appendix.
A6.2

Gases are only miscible with liquids to a certain extent, the actual
solubility being a function of pressure and temperature and the nature of
the gas and liquid. Henry's Law states that the quantity of gas dissolved
in a given quantity of solvent or solution is directly proportional to its
partial pressure over the solution. Thus the amount of gas dissolved in
a liquid can be determined if the proportionality constant, the solubility
or Henry's Law constant for the particular gas-solute combination is
known.
A6.3

The method of solubility measurement adopted to determine the Henry's
Law constant for air in monochlorobenzene was based upon that described by

(104)

Derry et al using an existing apparatus as illustrated in Plate 23 and
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PLATE 23. Dissolved gas measurement apparatus
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Fig. 63. An aspirator containing monochlorobenzene, which had been
previously aerated for 30 minutes, was connected to the burette. The air
in the burette and connecting piping was displaced through the monochloro-
benzene by raising and lowering the mercury reservoir level a few times.
After eliminating all the air a known guantity of monochlorobenzene was
drawn into aml isolated in the burette. A reduced pressure was then
created in the burette by lowering the mercury reservoir to a selected
level which caused air to come out of solution and collect in the top of
the burette. To ensure that there were equilibrium conditions throughout
the monochlorobenzene in the burette the sample was agitated by raising
and lowering a wire cage within the burette using an external magnet.

When all the air had been given off its volume within the burette was noted
along with the reservoir and burette mercury heights and ambient air
conditions. The mercury reservoir was then lowered to another level to

create a new burette pressure and the process repeated.

A6.4

Assuming that the‘solubility of air in monochlorobenzene follows
Henry's Law then(1om:

5 = k p

Where: S = volume % of dissolved air (= volume (ml) of air measured

at STP dissolved in 100 ml of monochlorobenzene).
p = partial pressure of'air in the vapour with which the
solution-is in equilibrium.
k = solubility coefficient or Henry's constant having the units
of volume %/mm Hg when the pressures are measured in mm of
Mercury.
The amount of air dissolved in the aerated sample at a temperature T

.T

and atmospheric pressure B is:
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£ = kK (B-p)
Where: k1 = solubility coefficient at temperature T1.
p, = vapour pressure of monochlorobenzene at temperature T1.

When the monochlorobenzene is partially degassed in the burette let

S, = volume % of gas remaining in solution and S, = volume % of gas in

Vapour space = S1 - 52'
52 — ka (P - p2)
Where: kE = solubility coefficient at temperature TZ'
P = total pressure in vapour space.
P, = Vvapour pressure of monochlorobenzene in vapour space

which is at a temperature T2.
If VG = volume occupied by vapour space in burette and VL = volume

occupied by monochlorobenzene in burette at temperature T. then:

2
Sy = Vg (P - p,) 273 100
760 7 2 ) M
= k1 (3-91) - ka (P-pa)
Thus: VG x 273 x 100 g5 g (B—pT) - kZ (P -pa)
VL x (273 + Ta) x 760 (P-Pa)

In the experiment T2 was the ambient laboratory temperature of about
20°C and s (9mm Hg) was neglected in comparison with Py therefore:
123 V. s ky (B=p,) K,

VL P

If Henry's Law holds the graph of .123 VG against B—-p1 should be a

VL P
straight line, the value of k1 being given by its slope. The value of P,

the absolute pressure in the vapour space in the burette was given by the

expression:
P = B-(h=-=m+18P )
13.5
Where: k = mercury height in burette.

m = " i " manometer.
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1 =height of monochlorobenzene column in the burette.

o

1}

specific gravity of monochlorobenzene.

il

B = atmospheric pressure during experiment.

The volumes VG and VL were read directly from the burette, the latter
being corrected for the immersed volume of the wire cage (.15 ml).

Table 18 gives the results for the measurementsof the solubility

coefficient at 20°C, 60°C, 80°C and 100°C. From these the values of

125 VG and B—p1 have been plotted as ordinate and absicca respectively

2 P

in Fig. 64.

A6.5

As can be observed from Fig. 64 straight lines can be drawn through
the data for each temperature considered which confirms the validity of
Henry's Law for air in monochlorobenzene. The slopes of the lines gives
the values of Henry's constant which are shown below along with the solubility

calculated employing the appropriate air partial pressure.

Temperature Henry's constant k Solubility cm5 gaS(STP)/
oC vol %/mm Hg cm> MCB
20 (p1 = 751" mmHg) 016 « 1202
60 ( " = 694.5 ") .0172 .1194
80 ("= 615.2 ") .0187 1150
100 (" = 4g7.2 ") .0232 I . 1084

A6.6

SR ! o s : :

Solubility data obtained by Horiuti for Nitrogen and Oxygen in

monochlorobenzene up to 80°C is contained in the compilation of Stephen
and StephenﬁO6 ) and is reproduced in Table 19. The values given in Table 19
have been corrected to an STP basis (0°C, 760 mm Hg.) and these component
solubilities have been used to arrive at the calculated air solubility figures
shown in Table 20. Also given in Table 20 are the experimental lubilities

( 106)

determined in this work together with comparison data for water
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Temperature OC Burette Manometer| Total pressure B-p1 R L VG
and experimental | Hg level | Hg level | in vapour By T
constants h - mm m - mm space P L
mm Hg

20°¢ 1040.6 | 603.0 318.4 2,37 | 2.2 | 0121
B = 765.5 mm Hg | 1025.2 492.0 222.6 3.387| 4.8 | .0286
p,= 9 mm Hg 1008.7 420.0 167.1 t.512| 7.8 | .0465
1= 114.4% mm 983.9 355.0 126.9 5.94% | 12.3| .0733
Segs MCB = 1.1 952.0 292.5 96.3 7.83 | 18.1 | .108
V. = 20.65 ml

60°¢C 1108.2 | 667.0 321.5 2.196 | 2.2 | .0134
B = 771.5 mm Hg | 1087.3 522.0 196.5 3.587 | 5.8 | .0349
pq = 65.5 mm Hg | 1043.9 394.5 112.9 6.253| 13.7 | 0824
1 = 113.3 mm 955.9 262.0 68.5 10.3 | 29.7 | .1786
S.g. MCB = 1.1
v, = 20.6 ml

80°¢c 1012.7 | 523.5 251.7 2.389| 3.2 | .0194
B = 750 mm Hg 1000. 4 456.0 196.3 3.061 | 5.4 | .0328
p, = 144.8 mm Hg| 981.4 386.0 145.5 L.134 | 8.8 | .0532
1'= 112.8 mm 947.8 5.5 98.5 6.106 | 14.8 | .09
S.g. MCB = 1.1 908.7 243.0 75.0 8.02 | 21.9 | .132
V. = 20.3 ml

L

100%¢c 1011.0 | 578.0 328.0 1.442 | 1.8 | .0109
B = 770 mm Hg 1000.6 478.5 238.7 1.981 | 3.6 | .0217
p1 = 292.8 mm Hg| 985.7 398.5 173.6 2.725 | 6.25 | .0376
1 =113.1 mm 965.2 334.5 130.0 3.638 | 10.0 | .0602
B8.g8s MCB = 1.1 934.1 269.5 96.2 4.914 | 15.6 | .0938
V. = 20.40 ml

E
Table 18. Results obtained in exercise to determine the solubility of air

in monochlorobenzene at various temperatures.
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Temperature Ng-M noohlorgbenzene &Mgnochlorogenzene
c cm” gas/cm” MCB cm” gas/cm © MCB
0 .0881 . 1748

10 . 1804
20 0994 . 1863
25 « 1020 . 1890
30 «1915
Lo 1974
40.1 -1116

50 « 2031
60 . 2094
60.5 -1259

70 .2163
80 2214
80.3 1399

C105)

TABLE 19: SOLUBILITY OF NITROGEN AND OXYGEN IN MONOCHLOROBENZENE

Mogochlorobenzene Solubility Water Solubiﬁit
cm” gas(gTpyem” MC cm” gas Cm%&c
gemp. *———;.\-._,-*é- --;«-Xw_-—._r*-—.:“ - Pat a n:n‘.‘(E’Il 8)
C B G This work [ Winkler (1891)
Air (cal- : g 3
NE 02 culated) Al 8%
20 .0915 i 7 5 . 1069 . 1202 .0181
60 0943 « 1521 . 1064 . 1194 «0103
80 .0876 . 1386 .0983 1150 .0075
100 - - - . 1084 00042

TABLE 20: LITERATURE AND EXPERIMENTALLY DETERMINED AIR SOLUBILITIES

IN MONOCHLOROBENZENE ALONG WITH

COMPARATIVE DATA FOR WATER
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From this latter Table it can be seen that the experimentally determined
solubilities, which showed the expected decrease with increasing temperature,
are 12-15% greater than the literature values which were rated by Markham

& Kobe(107) to be of the highest reliability. Since the method of Derry et

al(104) employed here was similarly considered by Batino and Clever( 189
to be reliable the difference between the experimental and literature
values can probably be attributable to a combination of manometer level
reading errors, the possibilities that equilibrium conditions were not
established in the aeration of the fluid samples in the first instance,
temperature variations in the nominally constant temperature bath, not enough
time being given for the sample to be thoroughly degassed at each data point
or slight air leakage into the burette vapour space during sample degassing.
A6.7

During the start-up phase of loop operation the fluid in the make-up
tank in the case of monochlorobenzene was degassed under a vacuum of 507
torr (10 ins. Hg) at an average temperature of 100°¢C for 30 minutes. Using
the Henry's Law constaﬁt value at 100°C of .0232 vol %/mm Hg the dissolved
gas content for the loop fluid can be determined as follows:

make-up tank pressure = 507 mm Hg.

Vapour pressure of monochlorobenzene at 100°¢ = 293 mm Hg.

Partial pressure of air in make-up tank = 507 - 293 = 214 mm Hg.

.. dissolved gas content = .0232 x 214 = 4.96 ml&ir/100 mlMCB
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APPENDIX 7 - VOID FRACTION MEASUREMENT AT TEST SECTION EXIT

A7.1

The vapour volumetric fraction or void fraction is an important parameter
in two-phase flow studies. A knowledge of the void fraction is required to
calculate the slip ratio (liquid + vapour phase velocities) and certain
components of pressure drop. Since there are widely varying flow regimes

(29)

in two-phase flow it has been suggested that an expression for the local
heat transfer coefficient along an evaporator tube should include the void
fraction, particularly when non-equilibrium flow conditions are involved
such as in the case of sub-cooled and low quality boiling.
A7.2

A system employing the gamma-ray attenuation technique was designed so
as to determine the void fraction at a position immediately above the upper
-test section power clamp. In the event this system was not developed to
the extent necessary for confidence to be placed in the void fraction
measurements obtained. by the time the rig commissioning tests were completed.
Since the expefimental programme with the rig could not be delayed for further
evaluation work the gamma attenuation apparatus was used in its state of
development at that time. The purpose of this Appendix is to record the
work undertaken on void fraction measurement with the gamma attenuation

technique together with the results obtained and a discussion of the possible

sources of errors between the actual and measured void fractions.

A7.3
The. gamma-ray attentuation method of void fraction measurement is a
J 10
well established technique in two-phase flow work( 9). Gamma rays are

attenuated as they pass through matter in such a way that the decrease in
gmma-ray intensity with distance is proportional to intensity i.e.:-

dI/dz = uI (Eq. A7.1)
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where:
I is the gamma-ray beam intensity

2z = the space co-ordinate in the beam direction.

the attentuation or linear mass absorption coefficient which is a

"
function of the material properties and the gamma-ray (or photon) energy.
For a uniform beam of monoenergetic gamma-rays which have passed through
an attenuating material of thickness t Eqg.A7.1, may be integrated to give:
(¢]
Where Io and I are the incident and transmitted ray intensities
respectively.

The above relationship applies equally to a laminated material configuration

and for the particular case of a two-phase mixture in a steel pipe:

two-phase fluid
’/,/ D

gamma-ray I, pipe wall 7/
BONRER | 5 o i ot s s i el e, i e e s /
w L W /4

detector
=T -p W
I= Ioe Ps' e pre Bs
By = linear mass absorption coefficient for pipe wall.
B = " " " " " two-phase fluid.

If the flowing fluid can be considered as homogeneous its properties can be

obtained from the relation:
Bp = Qpg + (1 - a)uL

where a is the void fraction and suffices G and L refer to the vapour
and liquid phases respectively.
Now the gamma-ray intensities measured by the detector when the pipe is

full and empty (i.e. 100% liquid and 100% vapour) are:-

I, = Ioe(_ZPSW) e(-pLL) for full pipe case

e(-pGL) for empty pipe case

[
{

= Ioe(_apSW)

e-(]"'L“""G)L



- 250 -
Thus for any intermediate mixture of vapour and fluid defined by the void
fraction a which results in an intensity I at the detector:
I1
Combining the latter two expressions we have:
loge I/I1
loge IZ/I1

The measurement of void fraction therefore involves only the determination

o =

(Eq- A¢703)

of the respective intensities and it is not necessary to have a knowledge of
the attenuation coefficients (u's) for the various materials involved. 1In
fact only the measurement of 'I' is necessary as I1 and 12 are constants
requiring measurement only at the beginning and end of each dayif the 'half
life', i.e. the time for the activity of the source to decrease by a half,
is sufficiently long.
A7.h4

The gamma-ray source and detection system usedin the investigation is
illustrated in Figs. 65 and 66 and Plates 24-27 . The source of gamma-rays
or photons was a radioisotope pellet contained in a removeable lead source
holder (Plate 26). The radioisotope was supplied by the Radiochemical Centre
where it had been produced by irradiating Thullium-169 in a nuclear reactor
to produce Thullium-170. This latter isotope decays with a half life of
129 days to a stable element Ytterbium-170 with the emission of gamma-rays
having a relatively low energy of .084 MeV. A low energy emitting isotope
was desirable since this would result in a greaterattenuation in the two-
phase mixture and thus provide a more accurate measurement of void fraction.
The 129 day half life of Thullium-170 was sufficiently long to ensure an
essentially constant source strenéth during a three-four hour data taking
session. The initial activity or source strength of the isotope when supplied

was about 100 millicuries which was selected so as to give reasonable counting

statistics during data recording whilst not posing a significant radiological
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PLATE 25. Void fraction measurement system - view of gamma source
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PLATE 27. View of detector head collimator
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hazard to personnel in the loop area.
A7.5

A scintillation counting technique was employed to measure the intensities
of the gamma-rays using a scintillation crystal and photomultiplier (Plate 26).
In this method each gamma photon entering the sodium iodide crystal produces
a light flash or 'scintillation' within it which is amplified by a photo-
multiplier to produce a current which is counted as a pulse by a scaler.
The gemma-rays emanating from the source were collimated by the lead source
holder to a 12.7 mm x 12.7 mm beam which traversed the complete flow area.
A specially shaped detector collimator (Plate 27 ) was employed to reduce
measurement errors with this so @lled 'one shot' technique which are
attributable to any non-uniform distribution of voidage in the channel(110).
The discriminator pulse height setting was adjusted so that pulses below a
certain level were not counted. The setting finally selected was 9.3 volts
in the discriminator range 0.2 to 10 volts. The pulse amplifier voltage gain
settings were x 5 for the Ekco M5050 unit and x 1 for the Nuclear Enterprises
NES287 pre-amplifier.
A7.6

For most test runs two counts each of 40 seconds duration were taken
whilst data recording was in progress. These measurements are given in Table 28
of Appendix 8 along with the empty and full tube counts which had been
previously obtained during the loop start-up phase and were assumed to be
unchanged from test to test for the day in gquestion. The evaluation of the
void fraction using Eq.A7.3 requires that the counts are obtained at the same
flow temperature. A temperature correction factor, Ft for the full tube case
was determined from single phase tests at different temperatures when a count
was recorded and compared to the room temperature (about 20°C) full tube count
taken on the same day. Values of Ft, the ratio of these latter two counts,

are shown for the single phase tests with monochlorobenzene in Fig. 67.
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Since the linear mass absorption coefficient for a given material is proportional
to the density of that material the temperature correction factor, Ft, can
be determined from:-
fi - k(L - P120)

Experimental values of Ft were used to determine the value of the constant
k in the above expression as 0.1631. For the biphenyl-biphenyl oxide test
series no single phase data were taken specifically for determining Ft.
The temperature correction factors given in Table 28 for the biphenyl-biphenyl
oxide tests were taken from the curve for this fluid given in Fig. 67 which
was derived from the monochlorobenzene tests for identical values of the
residual liquid density (pﬁ -”Lao).The empty tube temperature correction factor
was assumed to be unity for all tests with both fluids since the attenuation
of the tube filled with air at ambient conditions was found to be essentially
the same as that of the tube filled with vapour at the operating conditions.
A7.7

The test section exit void fractions calculated using Eq.A7.3 from the
values of I, I1 and 12 determined for each of the tests are given along with
the latter in Table 28 . Also shown in Table 28 is the calculated test section
exit equilibrium quality for each of the net boiling tests as abstracted from
Tables 23 and 24 . The exit void fraction is plotted against the exit quality
in Fig.68 for the monochlorobenzene test series conducted at a nominal
reduced pressure of 0.22. Two calculated void fraction-quality relationships
are included in Fig. 68 for comparison purposes with the experimental data.

The theoretical curves shown were calculated using:-

(1) The homogeneous model with the liquid-vapour phase velocity ratio (or slip

(ii) The Martinelli-Nelson(111)

correlation for steam-water systems at the
same value of 9L/‘E( 26.4, around 5.59 MN/hz with water).
A?.S

As mentioned in A7.2 it was considered that little confidence could be
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placed in the void fraction measurements obtained in the investigation, a
view which was confirmed by the following unusual trends shown by the
experimental data:-

(1) The mass velocity effect shown in Fig. 68 was opposite to that expected

(113 (113)

from the refrigerant data of Baker and Zuber et al

(21)

by Collier « In the net boiling region an increase in mass velocity

as summarised

increases the void fraction at a given value of exit quality, contrary
to the results obtained here.

(ii) The experimentally determined void fractions are considerably less than
the predicted values throughout the exit quality range when they should
be expected to be near those given by the Martinelli-Nelson prediction
at mass velocities less than 1,000 kg/mas(a1 )(60).

(1ii)No voidage was present in low exit sub-cooling tests when considerable

voidage could be expected from non-equilibrium effects.

b=
~3J
-

O

Several reasons can be advanced for the errors experienced in void fraction

measurements, viz:-
(i) Preferential void fraction distribution.
(ii) Departures from the assumption of true exponential attenuation of the

gamma-ray s.

(iii)Errors in the full and empty tube temperature correction factors.

Of the above it is likely that (i) was the main source of error in the
investigation with the 'one shot' technique employed despite the use of the
specially shaped photomultiplier collimator design for minimising such errors.
Prior to and at the conclusion of the experimental programme the accuracy of
the gamma atenuation apparatus was evaluated using various diameter Perspex
rods to create known void fractions within a sample offcut of the test section
tube. The results of this exercise are presented in Fig. 69 , where it can
be seen that significant differences exist between actual and measured vales,

particularly at low void fractions. Errors associated with (ii) would have
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arisen from the use ofm170 which emits, in addition to the .083 MeV
gamma-rays, .053 MeV beta rays. The presence of the latter would invalidate
the assumption of pure exponential attenuation to some extent.
42.10

In retrospect it would have been preferable to employ the traversing
technique to reduce errors due to preferential void distribution. With this
latter system instead of traversing the complete tube diameter a narrow
(~1 mm wide) collinated beam is traversed across the diameter to yield the
void fraction distribution which can be integrated to give the mean value.
Ideally also a pulse height analyser should have been incorporated in the
detection system to create a 'window' so as to count only photons having an
energy of about .083 MeV which would have followed an exponential attenuation
law. This latter system would however have required a much higher activity
gamma source to provide good counting statistics in a reasonable time since

otherwise the count rate would be rather low.
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APPENDIX 8 - LISTING OF EXPERIMENTAL & DERIVED RESULTS

A8.1

Table 27~ Listing of experimental data for monochlorobenzene (pages 264
- 281).

Table 22 - Listing of experimental data for biphenyl-biphenyl oxide
(pages 282 - 284),

These Tables have an identical format and list the experimental results
as inputted to the data reduction computer program arranged in four lines
of text so as to conserve space. Approximately half of the first line gives in
the following order:-

Date of test, Test No. of day, Series test No., Nominal reduced pressure,
Test section inlet pressure (bar), Test section exit pressure (bar), Test
section inlet temperature (°C), Test section exit temperature (°C), flow rate
(kg/s), Test section volts and amps. After a space there follows 7
recordings from the insulated test section thermocouples from the
inlet to the exit end,i.e. from position No. 71 to a ficti tious one required
by the computer program at the end of the heated length. These latter
thermocouple readings represent raw data from the tests as recorded by the
datalogger teletype.

28.2

Table 25 - Listing of derived experimental data for monochlorobenzene
(pages 285 - 289 ).

Table 24 - Listing of derived experimental data for biphenyl-biphenyl
oxide (page 290).

These Tables likewise have a similar format and give a digest of the
experimental conditions for each test together with inner wall temperature
values at intervals along the test section. The inner wall temperatures
are listed at intervals of .127 mwp the test section commencing at the first

thermocouple position (location nos. 71, 66, 61, 56, 51, 46, 41, 36, 31, 26,
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21, 16, 11, 6, and 1 in Fig. 24).
A8.3

Table 25- Listing of data used in multiple linear regression analysis
together with a comparison of experimental and calculated net boiling heat
transfer coefficients (pages 291-293 ).

A  summary of the heat flux and liquid-vapour density ratio values used
in the multiple linear regression analysis exercise together with a comparison
between the experimental and calculated heat transfer coefficients and the

nominal value of wall superheat present in a particular test.

8L

Table 26 - Comparison of measured pressure drop with that predicted by
the homogeneous theory for the monochlorobenzene test series. (Pages294-6).
Table 27 - Comparison of measured pressure drop with that predicted by
the homogeneous theory for the biphenyl-biphenyl oxide test mries. (Page?297).
Pressure drop components as calculated using the homogeneous theory
together with the experimentally determined overall pressure drop.
18.5
Table 28 - Summary of integral count measurements obtéined with the gamma-
ray attenuation apparatus for the determination of the test section exit
void fraction. (Pages 298-301).
A listing of the counts recorded during the data taking phases of the
monochlorobenzene and biphenyl-biphenyl oxide test seris. For each test
the full and empty tube counts are given together with a full tube temperature

correction factor taken from Fig. 67.
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5 12 5.731 5.423 197.8 207.0 N800
9.94 9.99 9.93 9,99 10.01 9,99 10.03
10,05 10,08 9.98 10,02 9.94 9,99 %.96
9.96 9.96 9.96 9.97 10,00 10.03 10.14
46 412 5,700 5.417 19F.2 208.2 .0800
10.03 10.07 10.03 10.08 10,10 10,0f 10.11
10.03 10.06 9.98 10.02 9.96 9.99 9.98
9.6 9.97 9.%7 9.97 10.00 10.03 10.16
W7 &12 5.772 5.427 172.8 198.6
.97 10,00 9,98 10.02 10,04 10,01 10,02
10.02 10.02 9.98 10.00 9,92 9.v9 9.96

10.0" 10,04 10.04 10.03 10.68 10.20 10.35

4B 412 5,767 5.42E 173.6 201.7
10.01 10.04 9.97 10.03 10.05 9.99 9,99
16.02 10.03 9.98 10.02 9.v4 10.00 9,98

10,07 10.04 10,06 10.03 10,09 10..1 10,35

49 o122 5.653 5.359 1986.4 205.2
106,16 10,17 10,10 10.15 10.16 10.14 10,16
10415 10418 10,12 10,16 10,10 10,14 10,11
16.0% 10.08 10.10 10.06 10.11 10,19 10,29

50 12 5.662 5.357 173.4 207.¢
10.25 16427 10.21 10.26 10,22 10,26 10,.2%
13,31 10.55 10.28 10.33 10.26 10.20 10.26
10.22 10,28 10.30 10,27 10,33 10.40 10,52

51 W12 5,679 5.355 173.6 207.4
10.22 10,28 10.40 10.2¢ 10,28 10.26 10,28
10.20 10.33 10.27 10.30 10.25 10.30 10.28
19.27 10.25 10.28 10.25 10.31 10.3F 10,50
52 412 5.684 5.356 200.2 208.6
19.24 10,38 10.31 10.36 10,36 10.37 10,35
1031 1035 10.29 10.33 10.26 10.31 10,29
10.26 10.25 10.2% 10.23 10.28 1C.34 10.43

53 W12 5.676 5.356 198.5 208.4
10.36 10.37 10.31 10.36 10.36 10.3% 10.346
10,30 10.35 10.28 10.32 10,2¢ 10.30 10,28

10.27 10.25 10.27 10.246 10.28 10.3% 10.43
56 422 10.114  9.910 184.6 194.9 1043
9,18 920 9,15 9.20 9,22 9.19 0.2%
.38 9.40 9.36 9.39 9.6 9.41 9.39
9.52 9.52 9.56 9.56 9.59 9.57 9.60
55 422 10,244 9,900 191,1 20B.4

10.09 10,13 10.07 10.13 10.13 10.14 10.1°2
10,40 10.45 10,41 10.44 10,42 10,48 10.47
10.62 10.09 10.74 10.75 10.£1 10.30 10,94

N779 10,90

16.80 10.66

«N569 19,19 673.7

10.72 10.70
10.55 10.62
10.72 10.63%

T.77 273.7
E.E7 &.B1
9.01 9.09
9.3 9.37

7«78 274.0
B8.93 E.89
9.07 9.1%5
9.40 9,39

T.80 277.7

10.02 10.00
Y92  9.00
10.17 10.03
7.88 278.1

10.08 10.04
¥Y.93 9.98
10.14 10.1¢4

L0815 11.02 3PE.4

10.04 9.9¢
9.92 9.98
10.24 10.3°2

0814 11.02 38v.1

10.01 %.9F
Y.92 9.98
10.2¢ 10.14
14,3

10.17 16.17
10.07 10.12
10.23 10.12

0785 14.17 5C0.C

10.31 10.30
10.23 10.27
10.45 10.3¢

NT7ES5 14,19 499.3

10.30 10,1
10.22 10.27
10.44 10.32

<0666 14,23 505.6

1037 16.27
10.22 10.2¢6
10.41 10.3%0

0644 14,38 5006,.9

1U.3F 10,38
10.21 10.27
10.47 10.31
7.89 ¢77.3
9.23 §.22
Y34 9,42
Y64 9.67

«+103& 10,05 354.4

10.18 10.16
10.61 10,49
10.88 10.81

10,52

10.70
10.60
10.54

o.53
v.08
9.25

5,88
915
9.36

10.00
Y .97
7.89

10,05
9.97
7.2

.97
Y.97
10.02

9.99
7.98
10.03

10.15
10.09
10.01

10.31
10.26
10.23

10.21
1v.24
10.20

10.37
10.26
10.20

10.36
10.25
10:21

9.20
960
G54

10.16
10.50
10.74

10.42 10,57

10.7¢ 10.72
10.00 10.60
10.54 1u.5¢

8.91
9.09
9.27

d.9v2
9.12
9.27

8.97
9.17
9.3¢4

8.98
9.19
9.36

10.08
9.96
.04

10.09
949
9.88

10.0%
9.97
9.84

10.05
10.01
9.87

10.02
9.99
9.78

10.03
10.01
9.98

10,03
9.99
9.%8

10.02
10.01
10.00

10.19
10.09
9.96

10.290
10.10
9.96

10.33
10.28
10.18

10.34
10.29
10.19

10.40
10.26
10.17

10.34
10.27
10.19

10.39
10.27
10.17

10.39
10.27
16.16

10.38
10.27
10.18

10.3¢
10.27
10.1&

9.29
9,44
9.54

9.30
P46
9.55

10.27
10.53
10.78

10.28
10,55
10.80

10.4°%

1w.7n
10. 462
10.c8

10.30
10.59
10.21

10.48

10.80
10.56
10.42

B.o9
Y.12
930

E.96
9.19
.30

10,07
Y96
9.4%

106.01
997
9.81

.98
Y97
9.95

9.99
Y.58
G.9¢

16.14
10.08
9.92

10.30
10.24
10.17

10.29
10.2‘
10.15

10.32
10.22
10.14

10.32
10.23
10.14

Yei5
Vehd
9.57

10.25
‘OCS?
10.81

10.53
10.65
10.66
10.62
10.8¢
g.58
8.91
9.17
F.bé
8.63
B8.98
9.24
9.55
977
10.0%2
9.98
994
9.81
10.01
10.00
9.94
9.54
9.92
10.01
10.13
9.58
9.9%2
10.02
10.14
10.14
10.14
10.10
16.99
10.28
10.30
10.2#
10,42
10.26
10.30
10,28
10.40
10.35
10.33
10,28
10.38
10.34
10.3¢
10.28
10.40
9.2
9.26
9.48
9.73
9.88
10.27
10.62
11.04

1C.58
10.58
10.065
10.58
11.02
B.54
be94
G.15
9.35
8-60
.99
9.23
Pabd
§.06
10.10
9.97
10,08
9.73
10.05
9.98
10,03
9.58
Y.97
9.98
10.48
9.063
9.99
9.99
10.46
9.98
10.14
10,08
10.25
10.04
10.30
10.27
10,71
10.03
10.28
10.2¢
10.70
10.19
10.33
10.22
19.58
10.18
10.32
10.25
10.60
8.9!
9.28
F.48
G064
.76
10.40
'o.b‘
10.93

10.70
10.66
10.¢7
10.57
11.09%
t. 68
8.95
9.15
%20
8.74
9.01
9:25
9.39
Yebt
10,12
9.97
10.09
9.93
11.05
9.98
10.07
9.78
9.98
9.98
10.38
9.80
10,00
9.99
10.39
10.12
10,16
10.08
10.25
10.20
10.33
10.26
10.70
16.20
10,32
10.26
10.63
10.34
10,35
10.24
10.55
10,33
10,35
10.25
10.56
9.08
9.30
9. 48
9.60
9.95
10.30
10.61
10.83

10.63
10.66
10,64
10.60
11.26
Ba71
§.95
9.20
9.35
8.78
9.00
9.27
9.43
9.89
10.12
9.98
10.10
9'°°
10.01
9.99
10.06
9.82
9.97
9.99
10.43
9.85
9.98
10.02
10.42
10.11
10,14
10.09
10.19
10,19
10.31
10.29
10.61
10.18
10.30
10.27
10.58
10.33
10.33
10.27
10.49
10.33
10.33
10.28
10.48
9.12
9.30
9451
9.58
9.99
10.33
10.66
10.82

10.69
10.63
10,67
10.58
12.97
8.69
.98
9.17
9.33
B.74
9.06
9.24
942
9.87
10.13
9.97
10.07
9.93
10.05
9.97
10,03
9.77
10,02
10.01
10.42
9.83
10.03
10.01
1C.40
10.09
10.1¢
10,08
10158
10.18
10.36
10.28
10.56
10.1¢
1C.34
10.27
10.54
10.32
10.3¢
10.28
10.43
10.31%
10.38
10.27
10.45
9.08
9.35
947
9.56
9.96
10.37
10.60
10.78

10.49
10.67
104 ¢4
10.56
12.97
B.78
8.99
9.15
9.3}
884
9.C6
Y22
Ya.h2
Yabb
10.C9
.9
10. 07
10.C1
10.C1
9.93
10.C3
9.56
10.00
9.58
10,42
10.03
10.01
9.59
10,40
10414
10.15
10. 06
10.18
10.23
10. 31
10.2¢6
10.56
‘u.zl
10,20
10.24
10.54
10, 3%
10.31
10.2}
10.43
10,36
10.23
16. 24
10445
V17
9.35
P47
9.58
10.09
10.38
10.60
10.78

- dge -



06712174 3
11146 11,17
11.66 11.59
11.55 11,88
0L /12776 &
11.98 11,97
12.C3 11.99
11.%5 12.0¢4
18712774 1

Q.66 $.68

9.99 9.9¢L
10.22 10.24
1812174 2
10 .54 10,58
11.08 11,02
1148 11,53
19712774 1
1195 11.94
12.06 12.Nn3%
‘12 .06 12,07
1912174 2
12.16 12.14
12 .23 12.19
1214 12,23
1912174 3
12 .28 12.24
12 34 12,30
12.21Y 12.50
19 112474 &
12.2% 12.25
12 .33 12,28
1219 12,28
1912174 S
12.37 12.34
12 .40 12,34
1230 12,38
19712174 &
12 649 12.47
1247 12.4%
12 .36 12.45
19712/74 7
12 .43 12.40
12 & 12,40
12.35 12.43
Pt R AL
10 .67 10.66
11.02 10.94
11.25 11.27
202474 2
111,68 11,73
|12.00 11.95
“11.94 12,02
t2n 2174 3
L 12.04 12.04
12.13 12.08
12.04 12,13
12012176 &

56 .22 10,228 6,906 194.9 222.t 1021 12.59 441,7
11,19 11,22 11,16 11,23 11.32 11.¢8 11,33 11,72 11,30
11,67 11,74 11,68 11,71 11,70 11,78 11.79 11.72 11,02
11.87 11.85 11,69 11.88 11,93 12,02 12.12 12.0¢6 11,94

57 .22 10.231 $.905 19E.0 2?3.c .1019 14,32 5°3,1
11.99 11.99 11.%2 11,98 12.02 11.9% 11.99 11.9E 11,67
12.00 12,02 11.96 12.01 11,97 11.6¢ 11,96 11.90 11,9¢
12.00 12,00 12.04 12.03 12,09 12.22 12.33 12.23 1z.11

56 22 10.042 9,831 182.6 200.5 1037 10.1¢ 355.3

9268 9,72 9.68 9.72 9.77 9.76 9.78 G.78 9,74

9.99 10.04 10.01 10,04 10.00 10.06 10,056 9.99 10.1°
10426 10,26 10.30 10,34 10.26 10,26 10,29 10,44 10.39

59 422 10,034 9,532 192.4 211.4 1039 12.72 44b.7
10,61 10463 10.58 10,68 10,73 10.72 10,78 10,77 10.72
11,69 11,16 11,94 11,14 11,15 11,2 11,27 11,17 11.19
11,57 11,58 11,66 11,70 11.76 11.76 11,80 11.56 11.76

60 .22 10.188 9.970 199.0 232.0 .1020 13.90 484,7
11.96 11,98 11.93 11.97 12,09 11.vé 12,01 12,03 11,97
12,03 12,03 11.97 12,02 11.97 11.¥8 11.97 11.92 12,00
12.03 12,04 12.06 12.07 12.13 12.23 12.38 12.26 12.16

61 422 10.117 9,97 203.0 244.0 1015 15,51 542.7
12414 12,18 12,12 12,16 12,17 12.14 12.18 12.21 12,17
12,19 12,20 12.14 12,19 12.12 12.14 12,13 12.05 12.16
12417 12417 1219 12,20 12,27 12,33 12,46 12.38 12.28

62 .22 10.068 9.902 202.0 245.G6 .0997 14.70 SR0.3
12.26 12,29 12423 12427 12.27 12.26 12.30 12.23 12.28
12,30 12,30 12,23 12,29 12.22 12,26 12,22 12.17 12.23
12422 12,21 12,25 12,26 12428 12.40 12,53 12,45 12.34

63 .22 10,10 %.903 204.4 243.7 ,N9PO 15,40 583,%
12,25 12.30 12.23 12427 12.28 12.27 12.30 12.31 12.29
12,29 12,30 12,24 12.28 12.22 12.25 12,22 12.16 12,22
12423 12,23 12426 12,24 12,29 12.3% 12.52 12,42 12.33

64 .22 104169 9.970 196.7 244.E 1000 17.88 624.9
12,34 12,38 12.33 12.35 12.37 12,36 12.40 12.40 12,18
12035 12,37 12,30 12.34 12,37 12,32 12.30 12.24 12.31
12.3% 12,32 12.34 12.35 12,36 12,47 12.60 1:.53 12,42

65 422 10,703 9,904 204.9 243,77 1904 19.03 £63,.¢
12447 12,52 12,46 12,49 12.4F 12,40 12,49 12.50 12.50
V12,46 12,45 12,38 12,41 12,37 12.40 12,29 12,33 12.1¢
12,30 12,37 12,41 12.41 12,45 12,52 12.68 12,58 12.49

66 .22 10,161 9.902 196.4 241.¢ .N97S 1P.78 654.3
12,461 12,46 12,38 12,43 12,41 12,40 12,44 12,43 12,43
12,40 12,42 12,37 12.40 12,34 12,3F 12,36 12.32 12.36

12,38 12436 12.40 12.40 12,4 12,32 12.6¢
67 .22 10.087 9.901 202.6 216.4 .1004
TU.6E 10470 10,65 10,73 10.76 10,75 10.7#
11.C0 11.05 11.00 11.02 11.02 11.06 11.06
11.28 11.28 11,33 11,35 11.40 11,40 11.42
68 .22 10.117 9,900 204,3 222.4

12.55 12.49
9,97 349.7

10.79 1U.74
11.02 11.11
11.44 11.39

1003 12.68 443.9

11,73 11,76 11,73 11.80 11.87 11,66 11,89 11,90 11.83
11.95 11.97 11,93 11.97 11.97 11.9% 11.93 11.27 11.9%
11.98 11,97 11.99 11,98 12.07 12,17 12.24 12.16 12.08
59 .22 10,091 9,910 205.5 240.0 L1000 14.10 463,3
12,05 12.07 12.02 12.07 12.08 12.06 12.08 12,10 12.06
12,08 12,10 12,04 12.09 12.02 12.06 12.0L 11.98 12.07
12,08 12,07 12,08 12.07 12.12 12.23% 12.34 12.27 12.17
70 .22 10,059 9.668 206.7 243.7 .N979 15.53 563.6

11.31
11.82
11.88

11.97
11.94
11.99

9.75
10.10
10.33

10.75
11.25
11.66

11.97
12.00
12.07

12.17
12.16
12.18

12.28
12.23
12.2%

12.30
1¢.21
12.24

12.39
12.31
1¢.32

1448
1£.39
12.40

12.44
12.35
12.40

10.75
11.09
11.34

11.84
11.92
11.98

12.07
12.03
12.08

11.45
11.8%
11.82

12.02
11.97
11.95

9.86
10,17
10.33

10.E6
11,353
11.70

12.03
11.98
11.58

12.21
12.13
12.11

12.32
12.39
12.18

12.33
12.20
12.17

12.41
12.29
12.28

12.51
12.37
12.35

12.47
12.35
12.3¢

10.87
11.13
1‘ .35

11,59
11.93
11.92

12.12
12.04
12.01

11445
11.87
11.54

12.01
11.99
11.98

9.87
10.14
10.36

10.88
11.34
11.76

12.04
12.01
12.03

12,21
12.16
12,17

12.35
12.23
12.24

12.36
12.21
12.24

12.43
12.30
12.36

12.51
12.39
12.43

12.48
12.37
12,43

10.84
11.14
11.38

11.93
11.94
11.95

12.13
12.06
12.07

11.50
11.88
11.78

12.02
12.01
11.90

9.89
10.18
10.35

10.94
11.40
11.69

12.03
12.03
11.94

12.18
12.1%
12.07

12.30
12.26
12.13

12.30
12.22
12413

12.37
12.32
12.23

12.47
12.40
12.30

12.42
12.40
12.28

10.R2
11.18
11.40

11.9¢
11.96
11.89

12,09
12.0¢
12.00

11.46
11.483
11.81

11.94
11.95
11.95

$.806
10.15
10.36

10.72
11.37
1.1

11.9%
11.98
12.02

12.14
12.13%
12.13

12.27
12.19
12.19

12.26
12.18
12.18

12.33
12.27
12.28

12.43
12.35
12.34

12.3¢8
12.34
12.34

10.87
11.13
11.39

11.92
11.91
11.9%

12,06
12.02
12.03

10.2%
11.47
11.88
12.05
11,58
11.97
11.99
12.27

9.43

9.87
10.20
10.55
10.21
10.92
11.464
11,85
11.55
11.98
12.01
12.28
12.23
12.16
12.17
12.45
12.28
12.28
12.22
12.55
12.23
12.28
12.21
12,53
12.29
12.36
12.31
12.68
‘2.‘2
12.50
12.38
12.79
12.36
12.39
12.3%8
12.77
10.43
1v.87
11.20
11.56
11.33%
11.92
11.95
12.18
11.90
12.06
12.07
12.34
12.16

10.78
11.48
11.83
12.30
11.60
11.98
11.986
12.57

9.40

9.89
10.19
10.46
10.24
10.93
11.42
11.90
11.53
12.01
11.99
12.60
11.93
12.17
12.13
12.80
12.04
12.27
12.20
12.90
12.05
12.28
12.18
12.86
12.23
12.34
12.28
13.05
12.34
12.44
12.37
13.13
12.27
12.39
12.34
13.13
10.42
10.87
11.19
11.52
11.40
11.93
11.93
12.44
11.99
12.06
12.03
12.58
12.06

10.98
11.53
11.85
12.20
11.81
11.97
11.98
12.49

Y.5¢

9.92
10.19
10,36
10.40
10.98
11,45
11.75
11.70
12.01
11.98
12.53
12.03
12.18
12,14
12.69
12.13
12.28
12.22
12.78
12,15
12.29
12.20
12.76
12.26
12.36
12.29
12.89
12.39
12.46
12.37
12.97
12.32
12.‘2
12.37

11.06
11.57
11.48
12.18
11.89
11,98
12.00
12 .47
9.53
9.92
10.24
10.36
10.46
11.00
11.48
11.73
11.84
11.98
12.00
12.54
12.12
12.16
12.16
12.70
12.23
12.26
12.22
12.78
12.24
12.26
12.20
12.75
12.30
12.33
12.30
12.91
12.43
12.41
12.38
12.98
12.37
12.38
12.38

12.98
10.54
10.91
11.22
11.38
11.52

12.946
10.60
10.91
11.23
11.38
11.59

11.96
11.94
12.38
12.03
12.09 12.06
12,04 12.04
12.51 12.53
12.14 12,16

11.92
11-95
12.40
12.02

10,99
11.¢1
‘1.&&
12.11
11.81
12.02
11.97
12.219

9.56

9.97
10.20
10.33
10,42
11.04
11.44
11.006
11.80
12.04
12.04
12.44
12,12
12.18
12,14
12.506
12.22
12.30
12.20
12.63
12.23
12.351
12.18
12.60
12.30
12.36
12.29
12.73
12.41
12.40
12.34
12.78
12.36
12.42
12.35
12.78
10,58
10.98
11.20
11.3¢6
11.56
11.96
11.94
12.33
12.00
12.09
12.05
12.41
12.13

11.20
11,63
11.82
12.11
11.58
11.98
11.56
12.39
9.67
9.58
10.18
10.33
10,61
11.C7
11.44
11.66
11.65
12.01
12.04
12.44
12.15
12.16
12.10
12.56
12.26
12,28
12.17
12.63
12.27
12.28
12.15
12.60
12.35
12. 34
12.25
12.73
12.48
12.44
12.33
12.78
12.41
12.39
12.32
12.78
Tuaet®
10.96
11.18
11.26
11.74
11.93
11.90
12.33
12.06
12.0¢6
12.01
12.41
12.18

- 89%¢



12.19 12.18
12.26 12.20
12 .16 12.26
202174 5
12.27 12.2¢F
12.31 12.26
12.20 12,20
20712426 6
12 .28 12.26
12.30 12.26
12.20 12.29
20112776 7
12.40 12.39
12.39 12.32
12 .¢0 12.3°%
20/2/74 8
12 .46 12,45
12 .47 12.49
12 .35 12.43
202174 9
12451 12,49
12.50 12.46
12 .42 12.50
06701475 1
11.66 11,67
11.78 11.72
11.62 11.89
137001275 1
11466 11,47
11.73 11.70
11.76 11,81
13701775 2
11.88 11,84
11.90 11.¢5
11.84 11,89
13501275 3
12.95 12.0¢
12.164 12,07
12.C5 12.12
13/01/75 &
12.14 12.13
12.19 12.13
12.0F 12,18
13761475 S
12.15 12.14
12,18 12.11
12.07 12.14
13/01775 6
12.21 12.19
12.c6 12.158
12.13 12.22
1301775 7
12.18 12.18
12.264 12.17
12.14 12.21
13/01/75 8
12.27 12.27

T2.18 12,20 12,15 12.19 12.21 12.17 12.22 12.24 12.19
12.21 12.23 12.1€ 12,27 12,13 12,17 12.16 12.11 12,18
1219 12,18 12,19 12,18 12,23 12.35 12.46 12.40 12.%0
71 .22 10.115 $.903 £08.8 245.2 .0941 16,71 SR3,z
12,28 12,30 12,24 12.30 12,32 12.30 12.30 12,34 12.30
12426 12,28 12,24 12.26 12.19 12.24 12,23 12,17 12.2¢4
12425 12.23 12.22 12.24 12429 12,61 12.52 12.4E 12,36
72 22 10,160 9,905 208,68 245.0 .N941 16.62 581.7
12,27 12.31 12.24 12.29 12.30 12.28 12,30 12.34 12.30
12,26 12.28 12.22 12.26 12.20 12.¢4 12.20 12.18 12.23
12,23 12.22 12.26 12.22 12.2R 12.40 12,53 12.45 12.3¢
73 22 10.116 9.596 209.0 243.1 0894 17.73 622.7
12,38 12,43 12.33 12.38 12,40 12.38 12,38 12.42 12.3°P
12.34 12.36 12.30 12.33 12,25 12.20 12.256 12.23 12.29
12.29 12.27 12.32 12.30 12.35 12,48 12.58 12.52 12.41
T4 422 10,129 9.902 206.0 245.0 0868 19.01 664.0
12,45 12,46 12.39 12.43 12,46 12,44 12,44 12,48 12.60
12239 12,44 12,39 12,42 12,36 12,38 12.36 12.34.12.40
12,38 12.35 12.41 12.38 12,44 12,56 12.70 1z.63 12.50
75 222 10.172 9,915 211.1 244 .8 -.N808 19,72 488.0
12449 12.50 12.45 12,50 12,50 12.49 12.53 1:.54 12.51
164648 12,51 12,46 12,48 12,43 12,47 12.45 12,40 12.43
T2.47 12,44 12,48 12,46 12,50 12,64 12,73 12.70 12.57
76 422 9.885 9.693 215,2 2% .0 .0931 1n.62 377.9
1169 11,72 11.69 11.75 11,60 11.79 11.82 11.84 11.78
11,76 11,79 11,72 11,76 11,76 11.50 11.79 11.73 11.E0
11.83 11.83 11.64 11.84 11,88 11.96 12.06 11.98 11,7€
77 222 9.8BD0 9,695 214.9 234.0 0924 10,04 351.1
11247 11,51 11,46 11,53 11.57 11.56 11,52 11.¢0 11,60
11.76 11,76 11.70 11.75 11,09 11,73 11.72 11.6E 11.73
11.77 11,77 11.78 11.78 11,84 11.59 11.96 11.94 11.87
T8 22 9.819 9.626 219.3 240.4 0919 10.96 321.2
11463 11,84 11,50 11,83 11,64 11.22 11.84 11,86 11.86
11,66 11,87 11,52 11.85 11.80 11.53 11,01 11.76 11.81
11.65 11,85 11.66 11.86 11.91 11.99 12.08 12.02 11.94
79 22 10,150 9.586Y 220.5 244.2 0912 12.60 440.8
12,04 12.07 12.0 12.07 12.06 12.06 12.0¢6 12.09 12.0?
12,06 12,08 12.03 12.08 12.02 12.u 12.03 11.98 12.06
12.0° 12.06 12.0% 12.06 12,12 12.21 12.3% 12.26 12.17
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12.14 12,15 12,08 12.14 12,08 12.10 12.08 12.04 12.09
2ol 12.77 12:13 12:37 12.16 12.28 12,40 12,33 12.22
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12.13 12,18 12,10 12414 12.14 12,13 12,14 12.17 12.15
12.13 12.13 12,07 12.13 12,07 12.09 12.07 12.02 12.09
12,08 12,07 12.07 12.07 12.13 12.23 12.36 12.27 12.17
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12.07
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12.17
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1220 12.25
12.21 12.30
13701775 9
12.34 12,34
12.40 12,73
12.30 12,37
13201275 10
124461 12,42
12 45 12,42
12 .38 12.47
13701774 11
12 45 12.44
1251 12.48
1260 12,47
13101774 12
12 46 12,46
12 .52 12.46
12.41 12,51
1461775 1
1473 11.73
11.67 11,83
11.64 11.90
14 261475 2
11.92 11.88
11,94 11,91
11 .69 11.95
14 /01775 12
11.91 11.88
11.9% 11.94
11.69 11.95
164 01175 4
124672 12.07
12.14 12.09
12.05 12.11
1401275 5
12 .v% 12.08B
12.1¢ 12.08
12 .06 12,09
14/C1775 6
1217 12.14
12.1% 12,13
12.04 12.15
14701775 7
1227 12.189
12.22 12,17
12412 12.21
14/00/75 B
1218 12,17
12.c3 12.16
1< .13 12.20
14131175 9
12.22 12.19
12.26 12.20
1216 12,24
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1232 12.26

12,26 12.28 12,20 12.26 12,192 12.27 12.20 12.16 12.2°
12426 12.23 12426 12423 12,30 12,446 12,56 12.47 12.36
B85 222 10,077 9,43 223.2 2L%5.4 761 17,75 616.0
T2e34 12632 12431 12435 12.306 12,35 12,36 12,39 12.37
1236 12.26 12,29 12.32 12.27 12.50 12.30 12.24 12.30
12.30 12,30 12.33 12.31 12,37 12.52 12.67 12,56 12,44
6 422 10,031 9,876 223.2 245.4 727 19.25 671.5
12.46 1266 12,38 12443 12.43 12,04 12,464 12,48 12,47
12642 12.44 12435 12,43 12,35 12,640 12,32 12,33 12,39
12,40 1241 12,42 12,40 12,46 12.58 12,71 12.64 12,52
E7 .22 10.031 9,803 222.6 246.0 N7T17 19,68 64,9
12.46 1247 12461 12,47 12,44 12.45 12,468 12.49 12.47
12,46 12,48 12,41 12,46 12.40 12,43 12,41 12.26 12,47
12443 12.63 12,64 12443 12,48 12.00 12,74 12,66 12.54
EE .22 10.026 9,837 222.5 24S.c "717 19.83 628.0
12046 12448 12442 12446 12,64 12,47 12,47 12.50 12,49
12,46 12,68 12,43 12,48 12.40 12.45 12.44 12.39 12,44
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11.74 11.79 11,75 11,79 11.82 11.60 11,81 11,82 11,78
11,84 11,85 11.79 11.84 11,72 11,02 11.7F 11.73 11,62
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12,18 12.17 12,18 12,18 12.23 12.34 12.48 12.41 12,30
98 4?72 10,096 9.917 22E.0 244.5 0731 16.67 521.1
12,26 12.31 12,24 12.29 12.28 12.30 12.29 12.33 12.30
12.27 12.28 12.20 12.26 12.22 12.24 12.23 12,16 12.24

12.21
12.26

12.37
12.29
12.33

12.45
12.38
12.41

12.47
12.41
12.43

12.49
12.46
12.43

11.77
11.82
11.88

11.89
11.88
11.92

11.91
11.90
11.92

12.10
12.05
12.06

12.08
12.05
1¢.08

12.15
12.09
12.10

12.19
12.12
12.16

12.17
12,13
12.17

12.22
12.17
12.20

1¢+29
12.24

12.20
12.20

12.40
12.29
12,28

12.49
12.38
12.35

12.53
12.42
12.38

12,53
12.43
12.38

11.86
11.80
11.79

11.94
11.88
11.85

11.96
11.E8
11.84

12.14
12.03
12.01

12.15
12.04
12.062

12.19
12.07
12.05

12 .2‘
12.13
12.16

12.22
12.12
12.13

12,26
12.15
12.14

12.32
12.21

12.22
12.27

12.34
12.31
12.35

12.46
12.38
12.45

12.51
12.461
12.46

12.52
12.42
12.48

11.84
11.82
11.82

11.96
11.90
11.88

11.98
11.50
11.88

12.16
12.06
12.06

12.15
12.06
12.08

12.21
12.09
12.12

12.24
12.14
12:.17

12.23
12:35
12.20

-
[V R VR V]

28
17
23

12.34
12.24

12.2¢4
12.16

12.38
12,32
12.23

'2-‘5
12.40
12.31

12,48
12.44
1232

12.45
12.45
12.34

11.84
11.84
11.78

11.90
11.92
11.84

11.92
11.93
11.83

12.11
12.08
11.98

12.10
12.08
12.00

12.18
12.12
12.03

12.19
12.16
12.07

12.19
12.17
12.10

12.24
12.18
12.11

12.2°¢
12.26

12.18
12.20

12.31
12.25
1c.28

12.40
12.38
12.36

12.42
12.38
12.37

12.44
,2.‘1
12.37

11.60
11.80
11.80

11.88
11.36
11.87

11.89
11.28
11.87

12.07
12.02
12.01

12.07
12.04
12.04

12.12
12.06
12.08

12.14
12.10
12.11

12.14
12.12
12.13

12.18
12.14
12.17

12.24
12.20

12.24
12.58
12.36
12.34
12.31
12.68
12,42
12.40
12.44
12.78
12445
12.44
12.42
12.86
12.45
12.46
12.43
12.84
11.46
11.78
11.82
12.24
11.80
11.89
11.89
12.30
11.91
11.89
11.89
12.39

12.20
12.84
12.26
12.34
12.27
12.98
12.30
12.50
12.38
13.13
12.33
12.44
12.40
13.18
12.35
12.46
12.41
13.18
11.43
11.563
11.82
12.16
11.78
11.92
11.89
12.28
11.83
11.92
11.89
12.26
12.08 11.93
12.09 12.09
12.07 12.05
12.60 12.50
12.06 11,92
12.08 12.09
12.07 12,03
12.62 12.52
12.13 12.04
12.13 12.14
12.09 12.07
12.62 12.62
12,18 12.06
12.16 12.18
12.13 12.11
12.75 12.65
12.17 12.05
12,16 12.18
12.16 12.14
12.75 12.66
12.22 12.15
12.19 12.21
12.17 12.15
12.8 12.78
12.28 12.22
12.26 12.28
12.24 12.23

12.24
12.73
12,34
12.37
12.30
12.E6
12.139
12.44
12.39
12.96
12.43
12. 48
12.62
13.00
12.43
12.48
12.43
12.96
11.60
11.82
11.62
12.14
1"89
11.91
11.88
12.25
11.68
11.92
11.88
12.22
12.04
12.09
12.04
12.44
12.05
12.08
12.05
12.4¢
12.13
12,16
12.08
12.52
12.17
12.1%
12.12
12.55
12.16
12.18
12,13
12.58
12.1¢
12.22
12.15
12.67
12.25
12.29
12.23

12.20
12.73
12.34
12.32
12.27
12.88
12.38
12.41
12.40
12.98
12.41
12.44
12.39
13.03
12.42
12-‘3
12.42
12.k7
11.64
11.80
11.83
12.20
11.91
11.88
11.90
12.28
11.88
11.90
11.89
12.26
12.06
12.06
12.06
12.47
12.06
12.06
12.05
12.48
12.1¢4
12.12
12.09
12.54
1¢.18
12.15
tewil
12.58
12.16
12.15
12.14
12.60
12.18
12.18
12.16
12.68
12.24
12.25
12.26

12.23
12.62
12. 31
12.34
12.30
12.72
12.35
12.47
12.40
12.78
12.40
1250
12.43
12.57
12.39
1249
12.44
12.57
11.62
11.86
11.483
12.14
11.90
11.93
11.89
12.22
11.87
11.94
11.89
12.22
12.04
12.11
12.06
12.40
12.04
12.10
12.05
12.41
1€.13
12.16
12.08
12.40
12.16
12.20
1212
12.50
12.13
12.138
12.14
12.50
12.17
12.22
12.1¢
12.506
12.24
12.30
12.24

12.18
12.62
12,33
12.24
12.24
12.72
12.40
12.43
12.33
12.78
12.43
12.46
12.26
12.57
12.44
12.47
12,28
12.57
11.73
11.82
11.80
124174
11.89
11.90
11.E4
12.22
11.88
11.62
11. 84
12.22
12.C7
12.(8
12.00
12.40
12.06
12.(8
12.00
12.41
12,15
12.14
12.C3
12,46
12.19
12.17
12.C8
12.50
12.16
12.16
1¢.10
12.50
12.19
12.20
12.11
12.56
12.26
12.26
1[.19



12,22 12.31
14701775 11
12.3L 12.3%2
12 .40 12,34
12.20 12,28
14/01/75 12
12 .41 12.40
12 .45 12.41
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16.4h 106447 16.38 16444 16,38 16442 16,40 16.31 16.3¢F
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12.75 12,75 12.62 12.75 12.68 12,72 12.70 12.66 12.70
1273 12,74 12.73 12.76 12,80 12.96 13.13 13,06 12.56
229 427 12.088 11,935 235.4 255.7 0903 1% .43 450.7
1277 12.81 12,78 12,80 12,79 12.78 12.7% 12.82 12.7¢R
1277 12,78 12.71 12.76 12.69 12.73 12.7T1 12.87 12.73
12.77 12476 12.76 12.76 12.80 12.%7 13,16 13.10 12.99
230 .27 12.088 11.957 22B.4 256.4 0662 14,11 473.7
12.81 12.86 12,50 12.85 12,64 12.82 12.84 12,66 12.82
12.78 12,78 12,71 12,75 12.69 12.73 12.70 12.62 12.68
1263 12.63 12,04 12,65 12.65 12.60 12,66 12.64 12.64
231 .27 12.096 11.950 228.8B 2586.8 0627 14.62 4E9.7
12.84 12.90 12.83 12.87 12,86 12.84 12.84 12,.86-12.82
1278 12,79 12.73 12.77 12.70 12.73 12.72 12.64 12.72
12.66 12466 12,66 12,07 12.68 12.02 12.69 12.68 12.67
232 .27 12.101 11.970 229.6 256.0 .N572 15.%& 522.5
12.84 12,89 12,80 12.68 12.83 12.063 12.83 12,67 12.83
12.81 12.81 12,76 12,60 12,74 12.70 12.7¢ 12.68 ,12.74
12.72 12.70 12.70 12.71 12.73 12.06 12.73 12.7% 12.7%
233 .27 12.022 11.901 229.0 256.4 .0535 16,00 539.6
12.864 12,88 12.82 12.86 12.85 12.85 12.85 12.87 12.84
12.82 12.64 12,78 12,82 12.76 12.80 12.78B 12.70 12.7¢
12074 1271 1271 12474 12276 12.71 12,77 12.75 12.75
234 .27 11,987 11,863 229.0 256.8 N4B2 14,72 5¢3.6
12,687 12.91 12,86 12,88 12.68 12.b6 12.87 12.91 12.88
12.85 12.87 12.80 12.84 12.7R 12.87% 12.80 12.75 1z.80
12.80 12.77 12.78 12.78 12,82 12.76 12.83 12.80 12,80
235 .27 11,938 11.834 226.7 2%6.4 045E 17.33 594.8
12.88 12.92 12.67 12,88 12.88 12.88 12,90 12.93 12.90
12,88 12.68 12,83 12.86 12.52 12.8¢ 12.8L 12.76 12.83
12.83 12,80 12.80 12.82 12.84 12.77 12.86 12.84 12.E4
23€ W27 124622 12,247 224.3 243.7 .N965 10,91 366.9
11.96 12,00 11,97 12,03 12,07 12,07 12.09 12,12 1z.08%
12435 12.39 12.33 12.40 12.34 12,41 12.40 12.34 12.45
1266 12465 12.65 1272 12.76 12.76 12.76 1z.78 12.73%
237 W27 12.442 12,263 232.4 256.4 0956 12.63 421.7
12,80 12,05 12.061 12.86 12,86 12.t7 12.34 12.67 12,82
12.86 12.85 12,78 12.83 12,78 12.61 12.7¢ 12.72 12.78
2ol 12,08 12,77 12.79 12,82 12.97 13,14 13.08 13.11
238 427 12.25E 12.128 241.3 256,35 .08B% 14.15 472.5
12.B8 12.92 12.87 12.90 12.91 12.89 12,.8F 12,92 12.88
1.8 12.90 12.04 12,88 12,81 12,86 12.83 12.78 12.84
12.88 12.86 12,86 12.88 12.91 13.09 13.26 13.19 13,25
239 27 12104 11.6P6 235.4 25645 08B0 14.21 474.,0
12,82 12.86 12,78 12,63 12.B2 12.52 12.82 12.84 12.81
12.82 12.84 12.77 12.83 12.75 12.80 12.78 12,72 12.78
12,863 12,83 12,83 12.85 12.89 13.¢0 13,22 13.17 13.22
240 .27 12.004 11.862 240.0 255.1 0715 15.52 S19.9
12.84 12.88 12.53 12.806 12.86 12.85 12.87 12.59 12,84
12,85 12.87 12.80 12.86 12.78 12.51 12.31 12.74 12.82
12.88 V12.E7 12,67 12,88 12.94 13.14 13,30 13.23 13.31
241 .27 12.359 12,210 236.0 257.4 0674 15.52 518.8

12.67
12.64
12.78

12.71
12.72
12.86

12.79
12.73
12.87

12.81
12-63
12.64

12.80
2.70
12.66

12.81
12.75
12.73

12.84
12.78
12.76

12.86
12.84
12.80

12.90
12.83
12.84

12.06
12.46
12.61

12.81
12.78
12.84

12.88
12.84
12.92

12.81
12.79
12.90

12.84
12.80
12.95

12.73
12.63
12.80

12.76
12.70
12.88

12.88
12.72
12.89

12.86
12.67
12.061

12.84
12.70
12.63

12.88
12.75
12.70

‘z‘us
12.77
12.72

12.92
12.79
12.77

12.53
12.583
12.97

12.19
12.47
12.04

12.88
12.77
12.86

12.92
12.82
12.92

12.586
12.77
12.93

12.89
12.79
12.57

12.73
12.606
12.89

12.77
12.72
12.98

12.83
12.74
‘,.D‘

12.85
12.68
12.62

12.83
12.70
12.63

12.85
12.76
12.70

12.88
12.78
12.73

12.92
12.80
12.76

12.93
12.84
12.80

12.19

12.48
12.006

1
1
1

(R LT

&8
B0
01

12.92
12.85
13.14

12.86
12.80
13.08

12.88
12.82
13.17

12.68 12.65
12.68 12,61
12.96 12,87

12.73
12.7¢
15.0‘

12.70
12.67
12.97

12.77
12.75
13.06

12.73
12.70
13.00

12.80
12.66
12.66

12.78
12.63
12.065

12.80
12.68
12.68

12.7%
12.64
12.08

12.82
12.73
12.76

12.78
12.70
12.76

12.84
12.77
12.80

12.80
12.74
12.81

12.684
12.7¢6
12.8E

12.E7
12.62
12.88

12.90
12.83
12.94

12.8€5
12.78
12.96

12.19

12.50
12.51

12.16
12.53
12.53

12.83
12.67
13.15

12.80
12.76
15.13

12.86 12.84
12.88 12.80
13.23 13.21

12.81
12.81
13.22

12.79
12.77
13.18

12.85 12.83
12.82 12.77
13,30 13.27

12.78
12.67
12.67
12.73
12.72
12.70
12.74
12.81
12.80
12.76
12.76
12.82
12.7¢&
12.78
12.47
12.62
12.82
12.78
12.70
12.67
12.08
12.78
12.76
12.72
12.91
12.83
12.78
12.7¢6
12.97
12.84
12.83
12.81
12.98
12.86
12.84
12.85
11.70
12.20
12.5¢
12.62
12.6F
12.83
12.81
12.89
12.90
12.86
12.86
13.00
12.84
12.80
12.82
12.97
12.92
12.83
12.83
13,05
12.25

12.03
12.67
12.63
12.92
12.69
12.72
12.70
12.99
12.77
12.77
12.71
13.01
12.78
12.79
12.66
12.54
12.82
12.79
12.69
12.56
12.83
12.62
12.74
12.61
12.90
12.84
12.77
12.65
12.94
12.84
12.60
12.68
12.93
12.89
12.82
12.74
11.82
12.24
12.56
12.70
12.79
12.83
12.78
13.03
12.91
12.88
12.84
13.15
12.85
12.81
12.79
13.09
12.89
12.86
12.82
13.18
12.87

12,64
12.67
12.64
12.8b
12,68
12.71
12.70
12.91
12.76
12.78
12.73
12.%3
12.E0
12.79
12.65
12.67
12,863
12.78
12.68
12,70
12.E9
12.82
12.73
12.78
12.91
12.84
12.77
12.82
12.92
12.87
12.80
12.88
12.95
12.89
12.84
12.96
11.82
1¢.26
12.56
12.78
12.82
12.82
12.78
13.00
12.92
12.886
12.664
13.15
12,86
12.82
12,80
13.09
12.87
12.8¢
12.83
13,22
12.86

12.64
12.64
12.66
12.79
12.70
12.68
12.72
12.87
12.77
12.73
12.74
12.E9
12.80
12.76
12.68
12.55
12.85
12.74
12.70
12.58
12.88
12.78
12.77
12.63
12.89
12.80
12.78
12.68
12.90
12.84
12.82
12.73
12.90
12.85
12'&‘
12.79
11.88
12.25
12.60
12.65
12.87
12.78
12.79
12.88
12.90
12.8‘
12.04
12.96
12.83
12.78

.E0
12.91
12.66
12.81
12.84
13.01
12.84

12.63
12.70
12.65
12.78
12.66
12.74
12.72
12.90
12.76
12.78
12.74
12.90
12.78
12.81
12.66
12.66
12.83
12.80
12.68
12.68
12.E€5
12463
12.73
12.73
12.67
12. 87
12.76
12.717
12.26
12.68
12.81
12.83
12.88
12.90
12.84
12.88
11.86
12.,
12.56
12.57
12.82
12.86
12.77
12.86
12.68
12.88
12.33
12.94
12.82
12.83
12.79

12.92

12.63
12,66
12.84
12.99%
12.80

12.66 .

12.67
12.¢€1
12.78
12.7
12.72
12.¢8
12.90
12.80
12.76
12. M
12.50
12.83
12.78
12.60
12.¢6
12.87
12.77
12.63
12.¢8
12.88
12.79
12.¢68
12.73
12.88
12.83
12.70
12.77
12.89
12.84
12.75
12.83
12.89
12.88
12.78
12.88
11.97
12.32
12.53
12.57
12.84
12.82
12.73
12.86
12.91
12.86
12.81
12.94
12.E4
12.79
12.76
12,92
12.86
12.83
12.80
12.59
12.84
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12.04 12,82
12 .69 12,83
12 &0 12.E0
05402275 7

289 12.R7
13.00 12.85
12.81 12.79
05463475 &
13.19 13,04
13.16 13,03
18 .44 18.82
05/02/75 9
12 85 12.87
12 .84 1c.B4
25.20 25.2%
05703775 10
12.k2 12.82
12.6% 12,81
12.86 12,.0¢
057403775 11
1241 12,93
12.90 12,89
12 .69 12.90
05/03/775 12
12 .89 12.9%
12.%2 12.89
12 .89 12,92
06/C3775 1
11.62 11.63
12.02 11.95
12 .2% 1z.30
06 /03775 2
12 ¢4 12,81
12.09 12.03
12 .82 12.88
061062475 1
12462 12,60
12.¢6 12460
12 .0 12.42
06 /03775 &
12.67 12.¢5
12 .70 120°6
12 .66 12.66
06/01175 5
12.76 12.71
12.77 12.72
12.73 12.74
06703775 &
12 .EN 12,80
12.63 12.80
12.77 12.79
06 /03775 7
12 £S5 12.86
12.87 12,83
112.659 12.B7

12,62 12,83 12,60 12,67 12,35 12.27 12.53 12.78 12.5¢
1éeBl 12,08 12.83 12.86 12.52 12.65 12.82 12.74 1é.53
12,02 12,79 12,80 12,81 12,63 12,76 12.82 12.81 12.62
242 427 12.177 12.043 244 .6 2% .0 NS89 16.71 5¢0.8

12,86 12,02 12,66 12.58 12.68 12.5F 12,87 12.96 12.48
12,92 12,89 13.00 12.84 12,83 12.58 12,86 12.79 12.87
12,81 12.78 12.72 12.82 12.B7 12.53 12.8¢ 12.B€ 12.84
243 427 12,263 12,190 247.2 259.0 0541 17.86 595.6

12,97 12,94 12,88 12.92 12.94 12,93 12,96 13.02 13,2¢
12,98 12.97 12.91 12.98 13,03 13.58 13.80 13.09 13.09
19.76 20472 20.92 21.53 21.52 21.52 21.57 21.51 19.¢¢
244 .27 12.095 11.929 249.6 2%6.u 0494 17.90 595.6

12,82 12.53 12,81 12,86 12,85 12,53 12.85 12,47 12,.0°¢
12287 12491 12.%0 12.94 17,00 13.08 13.56 20.66 21.36
25438 25442 25.69 25481 25.588 25.7E 25,84 25.70 25.13
245 27 11,828 11,726 z47.8 254.2 0465 17.89 601.9

12480 12,87 12,77 12.83 12,83 12.82 12.8Y 12,83 1z.83
12,81 12,86 12.60 12483 12.8) 12.84 12.84 12.78 12.85
12.87 12,85 12,90 12,49 12.92 12,91 12,97 13,02 13,01

/

266 427 12,101 12,000 245.8 256.4 0432 18,46 620.0

12089 12470 12489 12,95 12.92 12.62 12.94 12.96 12.93
12.B6R 12.92 12.87 12.94 12,67 12.90 12.90 12.84 12,89
12,92 12.90 12.97 12.98 13,02 17,04 13,28 16.43 18,94
247 227 11,977 11,862 243.7 255.7 0421 19.06 639.2

12,89 12,91 12,68 12.92 12.52 12.89 12.91 12.54 12.93
T2aBB 12492 12,55 12,70 12,24 12,58 12.90 12.62 12.88
12.89 12.91 12.97 13.02 13.21 14.25 19,26 20.63 20.65
24E W27 120314 12,136 21E.2 276.3 L0460 10,97 3¢3.¢

11063 11,68 11,66 11,75 11,75 11,76 11,72 11.81 11.73
11.97 12,05 11.9F 12,02 12.00 12.0¢ 12.07 11,98 12.11
12.32 12.30 12.33 12.39 12.42 12.39 12.41 12.48 12.40
2649 .27 124276 12,110 230.8 256.0 0925 12.85 L25.7

12.7P 12,82 12.76 12.85 12.¢3 12.62 12.82 12,66 1¢.60
12,83 12,85 12.76 12.83 12.74 12.7° 12.7% 12.69 1¢.60
12,81 12,78 12477 12,81 12484 12.%3 12.9F 1..59 12,94
250 .27 12.096 11.986 249.U 256.0 0573 12.90 426.7

12.57 12,66 12.62 12.67 12.62 12.5° 12.61 12.62 12.61
Tcet2 12,064 12.58 12.62 12.58 12,62 12.60 1¢452 12460
12462 12,60 12.5% 12,060 12.64 12.5% 12.60 12,65 12.71
251 .27 12,059 11,948 247.2 2%6.0 N538 14,08 468,3

12465 12,70 12.67 12474 12,66 12.05 12.66 12.70 12,66
10068 12,70 12,65 12.6% 12463 12,868 12,66 12.56 12,66
12,66 12465 12407 12,67 12,70 12.ct 12.46 12,70 12.69
252 .27 12,00% 11,296 240.3 25644 «N409 15.51 516.8

12472 12.78 12,75 12,80 12,76 12.73 12,74 12.7¢ 12.7¢
12,72 12,77 1270 12,75 12.69 12,75 12.73 12.63 12.73
12,74 12,72 12.69 12.75 12.79 12.71 12.74 12.80 12.7F
253 427 11.961 11,862 245.5 256.2 0417 16,77 56G.9

12,89 12,63 12.60 12.83 12.80 12.79 12.80 12,87 12,80
12,81 12,83 12,78 12.81 12.75 12.50 12.7% 12.70 12.7F
12,60 12,79 12,76 12,51 12,66 12.75 12.8% 17,.EF 12.B°F
254 427 11,870 11.769 244.6 255.4 .0372 17.88 599.1

12,1 12.68 12.84 12.90 12.87 12.54 12.3%6 12.58 12.E¢
12.85 12.88 12.40 12.85 12,81 12.84 12.54 12.74 12.E4
12.8¢ 12.54 12,81 12.86 12.51 12,87 12.89 12.93 12.9¢4

12.78
12.82
12.82

‘2.82
12.88
12.83

12.99
13.16
20.18

12.76
2l.b°
24 .43

12.75
12.85
15,00

1c.EE
1¢.91
17.44

12.84
12‘&8
20.60

11.74
12.12
12.28

12.80
124.76
12.64

12.55
12.61
12.62

12.61
12.64
1c.07

12.67
12.73
12.76

12.74
1¢.78
12.68

12.78
12.54
12.96

12.¥)
12.84
12.81

12.92
12.83
12.84

13.04
13.36
zo'ao

12.8%
22.¢0
24,45

12.85%
12.67
12.95

12.97
12‘92
19.70

12.98
12.90
20.78

11.bs
12.13
12.28

12.E6
12.77
12.858

12.66
12.62
12.49

12.7T2
12.64
12.55

1?.?8
12.73
12.64

12.82
12.78
12.71

12.89
12.83
12.94

12.86
12.83
12.77

12.89
12.61
12.84

12.95
16.306
20.%1

12.64
23.08
24.06

12.88
12.85
12.97

12.97
12.91
20.13

12.96
12.89
21.18

-

I.t
2.1
2'3

~N W

12.806
12.E0
12.72

12.63
12.01
12.43

12.068
12.6¢6
12.47

12.76
12.72
12.53

12.81
12.78
12.ﬁ0

12.86
12.84
15.08

12.85
1¢.581
12.7¢

12.82
12032
12.83

12.93
15.73
18.94

12.°%¢
23.064
22424

12.74
12.92
13.21

12.94
12.95
19.912

12.94
12.94
20.93

11.87
12.21
12,23

12.FR1
12.E5
13.04

12.62
12.63
12.54

12.6F
12.67
12.60

12.74
12.76
12.70

12.81
12.81
12.81

12,84

12.8¢6
17.25

12.81
12.81
12.7¢

12.86
12.80
12.20

12.90
15.56
1.6

12.80C
24,03
21.49

12.7¢
12.28
13.78

12.90
12.91
20.17

‘2.8c
12.08
21.12

11.86
12.18
12.23

12.78
12.77
12.93

12.57
12.61
12.50

12.6¢
12.064
12.55

1:.?2
12.71
12.64

12.7#
12.77
12.27

12.83
12.84
18.13

12.82
12.81
12.74
12,93
12.868
12.82
12.78
12,93
12.92
15.18
18.69
12.87
12.84
24,39
22.27
12,84
12.79
12.87
17.04
12.96
12.91
12,93
20.62
12.93
12.90
12.90
21.56
11,30
11.87
12,22
12.38
12.65
12.80
12.87
12.80
12.63
12.58
12.63
12.51
12.72
12.65
12.68
12.5¢4
12.78
12.72
12.76
12.62
12,83
12.7¢
12.80
12.70
12.88
12.83
12.86
18.82

12.a7
12.61
12.67
12.92
12.89
12.81
12.48
12.93
12.98
14 .80
19.21
12.87
12.89
24 .62
22.54
12 .84
12.81
‘2.!6
16.80
12.93
12.93
12.91
21.37
12.93
12.91
12.88
22.35
11.48
11.92
12.22
12.26
12.78
12.82
12.78
12.73
12.56
12.63
12.64
12.53
12.63
12.48
12.69
12.55
12.71
12.77
12.77
12.63
12.76
12.82
12.80
12.71
12.82
12.87
12.87
18.70

12.66
12.83
12.82
12.50
12. 88
12.862
12.86
12.93
13.05
17.66
18.95
12.84
12.84
2L, E2
£2.03
12,83
12.80
12.87
19.07
12.93
12.93
12.93
21. 44
12.93
12.92
12.90
22.34
11.50
11.91
12.20
’2. 1‘
12.78
12.80
12.77
12.80
12.62
12.61
12.60
12.58
12.65
12.68
12.66
12,613
12.73
12.74
12.73
12.71
12.80
12. 81
12.79
12,80
12.85
12. 86
12.85
19.05

12.485
12.863
12.68
12.91
12.87
12.43
12.711
12.96
13.19
17.58
18.77
12.85
12.22
25.00
21.31
12.83
12.80
12.89
19.15
12.93
12.90
12.95
21,34
12.91
12.89
12.91
22.22
11.57
11.%0
12.26
12.19
12.84
12.78
12.60
12.68
12.63
12.58
12.66
12.51
12.68
12.65
12.69
12.53
12.76
12.71
12.75
12.6‘
12.81
12.78
12.582
12.70
12.86
12.83
12.68
1€.78

12.88
12.42
12,50
12.86
12.92
12.01
12,81
12.93
13.97
17.02
19.78
12.80
1208
24489
21.40
12.7b
12.85
12.68
19.02
12.89
12,93
12.91
20,99
12.68
12.94
12.59
21.80
11.53
11.9¢
12.24
12.18
12.7¢
12.b5
12.78
12.93
32437
12.04
12.63
12.50
12.063
12.70
12.67
12.56
12.71
12.74
12.77
12.62
12.77
12.83
12.82
12.70
12.82
12.88
12.86
18,89

1¢c.88
12.7¢
12.80
14.88
12.E9
12.7¢6
12. 81
13.08
13,43
1674
19.7¢
12.64
1¢. 83
254013
21.40
12.81
12.92
12.E5
1¥.C2
12.%2
12.92
12.¢68
20,59
12.91
12.51
12.84
21.80
11.¢5
11.68
12.21
12.18
1¢e 81
12,80
12.76
12,53
12.60
12.¢2
12.58
12.50
12.66
12.¢8
1¢.63
12.56
12.73
1¢.78
12.70
12.62
12.E80
12.81
12.74
12.70
12.53
12.88
12. 81
18.89
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LISTING OF EXPFRIMENTAL CATA NERTAINED USING PIPHFNYL-BEIPHENYL OXIDE

EAfH DATA SET OCCUPIES & LINES IN THE FOLLOWING TABLE .APPFOXIMATELY MALF OF THE FIEST LIME GIVES IN THE FOLLOXING ORDER

ODATe OF TEST,TEST NO. CF DAY,SERIES TEST NO.,REDUCED PRESSURF,TEST SECTION

INLET PRESSURE(PAR) ,TEST SECTION EXIT PRESSURE (BAR)

TEST SFCTION INLFT TEMP.(DEG C),TEST SFCTION LXIT TEMPL(DEC C),FLOWKATE(KG/SFC) ,TEST SECTION VOLTS,TEST SECTION AMPS. THERE THEN
FOLLOWS A SPACE AFTER WHICH 72 TEST SECTION OUTER WALL THEKMOCOUPLE READINGS(MV) FRUM INLET TO EXIT COMPRISE THE REMAINDER OF THF
DATA SET+THE LAST NF THESE THERMOCOUPLE READINGS IS A FICTITIOUS ONE WHICH 1S REQUIKED =Y THE DATA REDUCTION COMPUTEP PROCRAM

18/04/75 1
12.24 12,21
12.49 12,419
12.68 12.71
T1E/06775 2
13 .66 13,67
146 .09 14,072
14 .40 14044
18/04/75 3
14,73 14,75
15.29 15.2E
15.1%8 15.23
18017 &
14 .%2 16.92
15.06 15.06
15.41 15,48
1E /04475 5
15.16 15.16
15.29 15.28
15.02 15,66
22t 9
14 .27 16,28
14,79 14,79
15.18% 15,22
c2 LTSy 2

RUIRTER VT

14 .65 14,48
14,92 15.061
22 /C4/75 3
14 .72 14,79
14 .9 146,93
15421 15.30
22704475 &
14 .93 14,97
1515 15,13
15444 15.54
ea 106275 S
14 .93 14,77
1522 15,17
1557 15.63
24206275 1
155 15,88
16145 10613
1o 25 1ta32

24 104475 2

16 .30 16.29
16 .27 10.2¢
16 .62 16.51

2L 1047075 3

1 ,.0F 2.621 2,432 272,0 246.6 0511 10.12 340.9
12622 1231 12426 12.32 12.32 12.¢9 12.25% 12.732 12.36
12,48 12,53 12.4¢& 12,53 12.48 12.54 12,52 12.62 12,59
12,70 12.70 12.70 12.73 12.80 12.7¢ 12.75 12,7t 12.73

2 WME  2.850 2,472 280,50 264 .E ,NEB97 12.69 L71,1
1370 13,77 13474 13,82 13,83 13,77 13.7b 13,83 13,F¢
16408 14,97 14,06 14,12 14,08 14,16 14,17 14,04 14.21
14,43 14.43 14,08 14,48 14,57 14,50 14,52 14,51 14,50

3 oNB 2,681 2.503 246.6 277.8 NB91 146,11 479.9
Tho?7 14407 14,82 14491 14,92 14,086 14,57 14,93 14,97
1528 15,34 15.26 15.33 15.29 15.39 15,22 15.02 15.24
15.22 15.23 15.01¢c 15.16 15,26 15.¢24 15,32 15,30 15,27

b 408 2.712 2,532 248.4 2P6.2 M910 15.55 52b.7
16,92 146,96 14.76 14.96 14,99 14,06 14,92 15.04 15.0¢
15.09 15.17 15,04 15.09 15.05 15.08 15.16 15.07 15.21
1543 15441 15,42 15,46 15.52 15,49 15.46 15.45 15.44

5 08 2.779 2.60%1 250.6 295.4 JNBEY 146.75 5°2.0
1517 15.20 15.16 15.20 15,18 15.14 15,18 15.19 15.22
1528 15,36 15,27 15.33 15,31 15,34 15,34 15.27 15.3¢2
15063 15462 15465 15,068 1S.74 15,75 15.75 15,73 15.72

€& wBT  2.K59 2:281 23940 26B.Y 934 14,00 L7¢,4
14031 14,41 148439 1464406 146446 16,60 14,42 14,47 14.50
TLoabN 1484 14,76 146,83 16,81 14,59 14,90 14,76 14,.9¢
15620 1520 15423 15,30 15.32 15.15 15.15 15.17 15.20

T o077 2.43¢ 24257 275 .E 277.6 0927 15.44 525.3
Thotl 14,96 14,90 146,95 16,92 14,82 14.6F 14.73 14,78
Thatt 16746 V4066 16,70 14,066 146 .6F 14,69 14,57 14,77
15.07 15.02 15.03 15.04 15.13 15.14 15,09 15,09 15.10

B W07 2.432 2.25& 261.0 2PL.o .N920 18.7F S¢e,.1
14,63 14,93 14,89 14,946 14,90 Thach 14,83 146,90 14,94
14,90 15,02 14,93 14,96 14,93 14.9%¢ 14,97 14,26 15,02
1528 15426 15.27 15429 15.35 15.37 15,35 15.34 15.33

9 W07 2,424 2,247 2L4.0 2°1.6 P19 17.81 605.7
14495 15.05 14,98 15.05 14,99 14.98 14.99 15.02 15.97
15.12 15.21 15.10 15.16 15.17 15.1f 15.19 15,08 15,2%
15.52 15.50 15,51 15.55 15.61 15.¢1 15,623 15.62 15.061

10 W07 24425 2,248 240.2 293,.,E 0B79 1%.42 023.9
164493 15,00 16,92 14,98 14.96 16.93 14,96 14,96 14,98
1519 15.26 15.16 15,21 15.20 15.23 15,24 15,14 15,27
1561 15.59 15,62 15,65 15.73 15.73 15.75 15.72 15.72

11 11 3.801 3.673 249.0 2R8.¢ .NB1B 15,.%4 522.3
1592 16,93 1602 16,09 1610 16.03 16.0¢6 16,10 16.11
16,16 16,18 16,09 16,16 14,12 16,14 16,20 1£.062 16,17
16629 16426 1£.25 1¢.31 16.35 16428 16,29 16.29 16.29

12 11 3.781 3,600 249.4 295.6 .NE14 16.4% S5&1.2
1023 16430 16.25 16.29 16.26 16.22 16.20 10.26 16.26
16426 16422 16.20 10.26 16.23 16.26 16.27 16.13 16,30
16,46 16,46 T6.46 16446 16,53 16,50 106.50 16.45 16.48

13 11 3,767 3.592 251.8 306.1 .N828 17.B6 601.9

1¢.29
12.5F8
12.78

15,88
14.30
14.58

14 .99
15.12
15.38

15.98
15.20
15.564

15.19
15.37
15.80

14.51
164.96
15.25

14.78
14,74
15.21

14.81
15.00
15.42

15.00
15.22
15.68

14.98
15.28
15.81

16.13
16.1%2
16.27

10.23
16.29
16.57

12.38
12.5¢
12,75

13.91
14.20
14 .53

15.05
15.16
15.35

14.99
15.21
15.54

15.23
15.38
15.60

14.00
14.94
15.15

14.78
14,74
15.24

16.594
15.00
15.44

15.06
15.22

15.73

15.03
15.27
15.48

16.16
1¢€.16
16.42

16.28
16.27
16.62

12.4¢
12.59
12.78

12.94
14.25
14.57

15.08
15.2¢
15.32

15.03
15.22
15.56

15.24
15“2
15.64

14,63
14.99
15.23

14.72
14.77
15.26

14.92
15.03
15.48

15.0¢
15.25
15.76

15.07
15.29
15.89

‘6.1‘
16.16
16.42

16.28
16.30
16.02

12,39
12.64
12.74

12.36
12.57
12.66

13.38
14.23
14.406

13.91
1‘.?“
14.50

15.05
15.09
15.22

15.07
15.32
15.22

14.90
15.17
15.43

14.%7
15.23
15.52

15.23 15.14
15.44 15,39
15.81 15.77

14. 60
15.05
15.2¢8

14.57
14.99
15.24

14. 68
14.k2
15.22

14,61
1478
15.14

14.L%
15.0¢8
15.47

14.43
15.¢0
15.41

15,10 14,68
15,0 15.22
15.75 15.67

15.07
15.34
15.83

15.02
15.2¢
15.80

1¢.086
16.13
10.37

16.10
16.29
16.43

16.24
16.33
16.62

16.19
16.27
16.54

12.04
12.37
12.63
12.85
13.33%
13.90
146.31
16,66
14,30
15.08
15.0°
15.41
15.0%
14.94
15.23
15.60
15.06
15.18
15.46
15.88
13.24
14.58
15.07
15.26
14,58
14.60
14,79
15.28
14.41
146.8¢4
15.95
15.53
14,74
15.03
15.30
15.80
14.84
15.05
15.34
15.92
15.70
16,09
16.19
16.48
15.90
16.22
16.33
16.66
16.30

12.10
12.38
12.62
12.74
13.48
13.96
14.31
14.54
164.48
15.11
15.10
15.27
15.12
14.98
15.25
15.50
15.06
15.22
15.43
15.78
14.00
14464
15.07
15.11
14.78
14 .65
14.78
15.14
14 .59
"‘.b‘a
15.07
15.47
14,76
15.06
15.30
15.71
14.85
15.11
15.38
15.83
15.53
16.11
16.18
16.40
16.18
16,27
16!32
16.58
16.30

12.13
12. 44
12.65
12. 62
13.51
14.00
14.33
16,62
14,54
15.17
15.05
15.34
15.07
15.01
15.26
15.59
15.08
15.26
15.48
15. 88
14.07
14,68
15.09
15.05
14,88
14,68
14,84
15.28
14,65
14.93
15.12
15.54
14,77
15.09
15. 37
15.81
14.87
15.17
15.43
15.94
15.61
16. 11
16.19
16,48
16. 30
16.26
16,33
16.68
16431

12.19
12.‘1
12.67
12.78
13,58
11.99
14.36
14.60
14,60
15.18
15.C8
15.26
14.98
14 .97
15.30
15.53
15.11
15.24
15.51
15.83
14.1%
14,67
15.13
15.78
164.96
14.68
14.91
15.26
14.71
14.89
15.14
15.53
14.82
15.07
15.37
1577
14.50
15.12
15.45
15.87
15.70
16.10
16.20
10.44
146.35
16.21
16.37
16 .64
16.33

12.15
12.48
12.67
12.87
13.5?
14,05
14,36
14,71
14.60
15.26
15.12
15.38
14,89
15.04
15.40
15.70
15.08
15.28
15.061
15.%7
14.14
14,76
15.12
15.30
164.96
14,68
14.96
15.41
14.63
14.92
15.23
15.668
14.82
15.09
15.4¢8
15.92
14,88
15.17
15.56
16.00
15.71
16.14
16.26
16."2
1¢6.28
16.27
16444
16.80
16432

12.26
12.45
12.¢0
12.67
13,62
14,04
14.30
14. 71
14,86
15.24
15.12
15.38
14.50
15,.C3
15.30
15.70
15.13
15.26
15453
15.97
14.20
14.74
15.C8
15. 20
14.97
14,66
14,80
15.41
14.70
14,61
15:13
15.68
14 .89
15.13
15.37
15.52
16,92
15.20
15.46
16.06
15.27
16.12
16,16
1662
16.28
16,26
16. 34
16.80
16,35

o= 282 -



16 .38 16.35
16 .39 16.38
1¢ .62 16.68
24 /04775 ¢
16 4t 16,44
16.52 16,48
16 .81 16,27
24106775 5
16 .48 16,44
16 .55 16.53
16 .£B 16,98
264 106175 6
16 .49 16.4F
16 .57 16.58
16 .90 1¢,.9¢
2404075 7
16 .57 16.56
16 .68 16.70
17 .09 17.18
24 /04775 @
16 .59 1¢.50
16.60 16,59
16 .97 17.C8
24 104175 9
16 .5 1£.50
16 .65 16.64
17.06 17.14
24 /04775 10
16 .59 16.5¢%
16 .62 16.81
17.26 17,23
. 25704475 1
1238 11,12
1738 1707
17 .30 17.3¢
25706275 2
17 .22 17.23
17 427 17.28
1747 17.5%
25704275 3
1736 1719
17 .38 17.37
V757 12,23
25 /06075 4
1743 17.41
17 .52 17.51
17.9% 16,01
25706275 5
17 .56 17.51
17 .64 17.84
18,09 18,16
257641725 &
17 .96 17.9%
17 .98 17.96
"1B .08 1R.16
L 25006275 7
“18 .00 17.98

16.38 16,42 16,34 16.40 16,38 16.33 16.40 16.37 16.3¢
16232 16463 16434 16440 16,36 16,40 16,40 16,28 16,44
16,65 16,64 16,646 16,67 16,73 16,71 16.73 10,72 16.71
14 11 3,761 3.589 250.2 312.4 039 12,99 642.7
16,45 16,50 16,46 16,48 16,47 16,47 16,43 15,47 16,47
1649 16454 16.47 16,53 16,50 16.56 16.54 16,44 16,70
16,84 1¢.81 16,64 16,88 18.93 16.92 16.9% 16.94 16.92
15 .11 3,760 3,586 250.4 314,6 .0847 19.48 658.5
16447 16,50 16,46 16,48 16,48 16,43 16,43 16.48 16.4P
16564 16,60 16.52 16,58 16.57 16.58 16.60 16.49 16.68
1649% 16.95 16.94 16.96 17.04 17.04 17.06 17,05 17,05
16 <11 3.759 3,586 245.8 315.2 .0b49 19.85 671.2
16.6P 16.53 16,46 16,51 16.53 16.46 16.46 16.49 16,49
10656 16462 16453 16,60 16,58 16.02 16.63 186,51 106.68
10.96 16,94 16.94 16.96 17,04 17.03 17.06 17.04 17.03
17 211 3,736 3.565 247.8 320.0 .0873 20.91 706.9
10,58 186.58 16,57 16.60 16,60 16.53 16.54 10.57 16.60
16470 16475 16,67 16,72 16.70 16.75 16.77 106.66 16,83
1717 17146 17,19 17.21 17.28 17.2% 17.31 17.28 17.26
18 .11 3,708 3,545 251.2 320.6 00661 19.11 644.7
TE€.50 16,54 16448 16452 16,52 16.46 16.47 10,49 16.50
10262 16466 10258 16.64 16,62 16.62 16.67 16.56 16.72
17.02 17.00 17.05 17.07 17,14 17.16 17,18 17.15 17.13
19 .11 3,748 3,593 252.4 323.1 0662 19.68 661.3
16452 16.56 16.51 16,54 16.54 16.48 16.49 16.54 16,55
16.66 16.72 16463 16,70 16.67 16.72 16.72 16.62 16.79
1777 17409 1711 17,13 17,22 17.22 17,24 17.22 17.19
20 211 3,748 3,576 259.5 324.2 .N652 19.85 667.2
1E.60 1664 16,60 16,63 15.64 16,58 16.58 16.63 16.46
16.80 16,88 16.82 16.86 15,87 16.69 16,93 16.83 17.01
17,27 17.22 17.246 17.23 17.30 17.29 17.32 17.28 17.23
€l o1& 4,766 4,601 27C.4 318.6 0723 15.64 524.5.
1714 17.19 17.12 17.19 17.17 17.10 17,12 17.15 17.15
17.17 1717 17,12 17.16 17,13 17.16 17.17 17.00 17.18
17.33 17.29 17.30 17.35 17.40 17.37 17.32 17.35 17.33
€2 W16 L.759 4,597 269.2 326.0 0736 16.70 561.1
17.25 17.28 17,24 17.28 17.26 17.19 17.22 17.2Y 17.24
17.27 17.27 17.20 17,27 17.23 17.28 17,28 17.14 17.32
17.52 17.69 17,49 17.55 17.62 17.57 17.60 17.56 17.5¢
23 W14 4,755 4,596 267.4 332.4 0736 17.85 59B.4
1731 17.38 17.28 17.35 17.32 17.25 17.28 17.30 17.31
17.36 17.38 17.40 17.38 17.35 17,38 17.40 17.24 17.42
17,71 17,69 17,68 17.73 17.80 17.76 17.81 17.79 17.78
24 W16 L.T3L 4,5R3 249.2 339.2 0735 19.12 641,2
17,61 17,66 17,39 17,46 17.42 17,368 17,38 17,40 17.41
1753 17.51 17449 17,56 17.52 17.58 17.60 17.47 17.67
17.9% 17,95 17.96 17.98 18,03 18.00 18.01 17.92 17.92
25 W14 4L.755 4,592 278.0 341.0 L0724 19.80 667.5
17.54 17,60 17.54 17,62 17.57 17.53 17.55 17.58 17.59
17.61 17.81 17,81 17,68 17.83 17.89 17.92 17.78 17.98
16,12 18.07 18.08 18.09 18.13 12,09 18.13 17.93 18.03
€6 W14 4,752 4.549 30B.6 341,00 .0525 19.85 666.5
17.96 18.01 17.93 17.98 17.96 17.87 17.90 17.89 17.91
17.94 17.94 17.91 17,97 17.91 17.93 17.97 17.82 17.99
16.12 1B.07 16.08 18.09 18.14 18,10 18.12 17.93 18.03
27 W14 4.760 4,597 318.8 341.0 .0523 19,84 667.6
17.98 18.02 17.93 17.99 17.97 17.88 17,89 17.90 17.92

16.36
16.45
1¢.80

16.43
16.59
17.02

16.41

1o0.66
17.14

16.48
16.66
17.15

160.57
16.80
17.35

16.48
16.68
17.22

16.52
16.80
17.28

16.63
16.%8
17.32

17.13
17.1¢
17 .43

17.22
17.3
17.66

17.29
17.41
17.88

17.38
17.65
18.01

17.58
17.93
18.14

17.89
17.94
16.14

17.90

16.39
16.43
16.82

16451
16 .59
17.04

16.51
16.66
17.15

16.51
16.67
17.16

16.61
16.80
17.37

16.53
16.70
17.24

16.57
16.78
17.28

16.70
16.98
17.33

17.20
17.14
17 .48

17.27
17.29
17.68

17.35
17.40
17.87

17.48
17.05
18.00

17 .66
17.92
18.10

17.93
17.94
12.20

17.93

16-38
16.48
16.87

16.49
16.62
17.07

16.51
16.69
17.20

16.54
16.69
17.19

16.61
16.86
17.38

16.52
16.?‘
17.25

16.58
16.84
17.28

16.70
17.05
17.32

17.17
17.19
17.46

17.27
17.32
17.68

17.36
17.46
17.87

17.44
17.71
16.01

17.68
17.96
18.11

17.97
17.96
18.13

17.98

16.35
16.54
16.83

16.46
16.66
17.06

16.48
1674
17.18

16.49
16.74
17.15

16.59
16.92
17.33

16.50
16.76
17.20

16.57
16.88
17.23

16.68
17.10
17.25

17.14
17.21
17.43

17.23
17.37
17.65

17.30
17.51
17.85

17.40
17.76
17.93

17.67
18.02
18.03

17.94
18.02
18.0¢%

17.94

16.33
16.49
14.91
16.40
16,43
16.66
17.16
16.42
16.45
16.76
17.27
16446
16.50
16.74
17.25
16.56
16.80 146.5%8
16.86 16.94
17.29 17.44
16.47
16.49
16.81
17.11
16.50
14.54
16.90
17.34
16,586
16.66
17.12
17.38
16.93
17.11
17.22
17.54
17.22
17.21
17.38
17.78
17.30
17.27
17.52
17.96
17.40
17.41
17.78
18.06
17.52
17.65
17.99
18.17
17.81
17.88
18.00
18.18
17.97
17.89

'b.}z
16.46

16.75

16.40
16.60
17.00

16.43
1¢.67
17.11

16.46
To.68
17.14

16.44
16.72
17.19

16.52
16.82
17.22

10.6‘
17.04
17.26

17.08
17.14
17.39

17.17
17.31
17.63

17.26
17.44
17.81

17.38
17.70
17.92

17.63
17.95
16.06

17.89
17.92
12.05

17.90

16.36
16.49
16.81
16.43
16445
16.68
17.07
16.42
16 .48
16.76
17.18
16.46
16.50
16.75
17.20
16.54
16.60
1£.95
17.34
16.45
16.53
16.79
17.21
16.50
16.60
16.88
17.26
16.57
16.70
17.10
17.28
17.22
17.15
17.19
17.45
17.23
17.23
17.38
17.68
17.30
17.31
17.52
17.88
17.41
17.43
17.78
17.94
17.52
17.69
17.98
18.04
17.83
17.93
17.98
18.09
17.97

17.93

16.38
16.54
16.92
16,42
16.49
16,68
17.19
16.43
16452
16.79
17.28
16. 46
16.53
16.78
17.30
16.54
16.63
17.00
17.46
16.47
16.56
16.84
17.33
16.51
16.62
16.94
17.37
16.57
16.75
17.17
17.38
17.30
17.18
17.23
17.55
17.23
17.24
17.38
17.79
17.29
17.33
17.56
18.00
17.42
17.46
17.83
18.07
17.53
16.00
16.03
15. 18
17.84
17.95
18.00
18.18
17.96
17.96

16.34
16.56
16.89
16.44
16 .44
16.73
17.14
16.43
16.50
16.80
17.24
16.48
16.50
16.80
17.25
16.55
16.61
17.01
17.38
16.48
16,52
16.88
17.26
16.5‘
16.60
16.95
17.30
16.58
16.74
17.17
17.30
17.14
17.13
17.25
17.49
17.22
17.23
17.42
17.74
17.30
17.30
17.58
17.92
17.40
17.45
17.86
17.98
17.52
17.711
18.05
18.09
17 .89
17.94
18.04
16.12
17.96
17.94

16.38
16.65
17.04
16.40
16.49
16.82
17.30
16.40
16.54
16.89
17.40
16447
16.54
16.92
17.43
16.53
16.66
17.11
17.55
1647
16.57
17.00
17.44
16.50
16.65
17.08
17.47
16.54
16.79
17.34
17.47
17.08
17.17
17.33
17.067
17.21
17.27
17.51
17.90
17.27
17.35
17.68
18.10
17.36
17.50
17.97
18.18
17.49
17.78
18.18
18.28
17.85
17.97
18.17
18.31
17.93
17.9¢6

16.28
16.51
17.04
1644k
16.48
16.70
17. 30
1644
16.54
16.78
17.40
16.47
16.53
16.80
17.43
16454
16.86
17.02
17.55
14.50
16.60
16.87
17.44
16.50
16.¢3
16.94
1747
16.59
16.78
17.15
17.47
17.12
17.16
17.20
17.67
17.24
17.25
17.38
17.90
17.3
17.35
17.55
18.10
17.42
17.50
17.82
18.16
17.53
17.80
18.00
12.28
17.83
17.56
18,00
1.3
17.53
17.55
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17 .98 17.9¢6
18.06 18.15
29404775 1
17 .38 17.36
17 .35 17.37
17 .49 17.55
291706775 2
17.26 17.26
17 .33 17.34
17 .56 17.62
129706275 %
117.63 17.60
17 .67 17.47
17..90 17.97
29104275 4
17 .76 17.73
|1r.us 17.83
|1B.lb 16426
29706475 S
17.79 17.78
17 .6 17.285
18 .26 18,33
29106275 &
17 £7 17.89
18.18 18.15
18 .30 18440
29/06275 7
18 .07 18.07
18,07 12,08
18 .18 18.29
02205778 1
17.55 17.51
17 .59 17.57
17.76 17.81
021057275 2
17 482 17.79
17 .83 17.82
17 .96 18.03
D2/05275 3
17 .68 17.84
17 .88 17.88
17.%8 18.08
02705775 &
17.%3 17.90
17.92 17.91
IlE.O& 18.10

17.92 18.02 17.90 17.96 17.89 17.95 17.97 17.82 17.9¢F
16,10 18.05 18.06 18.09 18,19 18,29 18.70 21.29 24.1°
28 .15 5.091 4.924 266.6 313.2 L0730 15.61 522.4
1738 17,64 17,38 17.42 17,36 17.27 17,28 17.31 17.33
17.36 17.40 17.30 17.36 17.33 17,34 17,34 17.18 17,38
17453 17,50 17.49 17.60 17.73 17.03 17.85 17.80 17.76
29 215 4L.B58 4,689 267.8 324.2 L0723 16.74 5450.°%
17.26 17,33 17.26 17.32 17,31 17.24 17,28 17.28 17.28
17.33 17.40 17.29 17.33 17.32 17,34 17.35 17.20 17.39
17.60 17.57 17.60 17.67 17.80 17.90 16.02 17.98 17.95
30 416 5.236 5.072 269.2 332.2 .0732 17.B3 597.9
17.63 17.67 17.61 17,66 17.65 17.60 17,62 17.62 17.63
17.63 17,71 17.62 17.68 17,67 17.69 17.69 17.55 17.72
17.96 17.90 17.96 18.02 1B.16 18.25 1B.4E 16,43 18,38
31 W16 5.271 5,109 271.0 342.2 .N755 19.11 43B.9
1776 17.78 17,746 17.78 17.77 17.69 17,74 17.80 -17.75
17,82 17.89 17.78 17,54 17,82 17.86 17.87 17.73 17.90
18.23 18421 18.24 18.33 18,45 18,48 18.66 15.40 18.55
32 216 5.325 5.1AB 268B.6 343.6 .N764 19.47 652.4
17,80 17,84 17.78 17.81 17.61 17,75 17.77 17.79 17.80
17.85 17,93 17.83 17.90 17.86 17.90 17.91 17.78 17.98
13,32 15.29 18.31 18.40 18.49 18.4K 16,68 18.62 16.57
33«15 5.367 5.207 z98.5 343.0 .0600 19,82 644.0
17.92 17.97 17.90 17.98 17.98 17.89 17.93 17.96 18.00
18.12 18.22 18.11 16,18 18,13 18.15 13.18 18,04 1£.20
18.35 18.30 18.34 18,38 18.44 18.33 18.51 16.32 18.39
34 .16 4.B00 4.645 320.8 341.8 .0517 19.84 659.6
18.08 18410 18.064 18.08 18.06 17.97 16.00 1£.00 18,00
18,00 16,13 16,01 18,07 18.03 18.03 16.07 17.94 18.08
18423 18,18 18.24 18.32 18.51 18.70 20.98 22.85 24.64
35 415 4,885 4.723 284.4 333.6 .DS31 14.23 472.4
17.55 17,58 17.52 17.60 17.57 17.49 17.53 17.54 17.55
17.57 17,63 17.53 17.58 17.53 17.58 17.57 17.40 17.60
17.76 17,77 17.76 17.80 17,68 18,00 156.28 15.24 18,20
36 415 &.B12 4.699 324.0 343.0 ,0328 14,80 4FE,S
17.82 17.85 17.78 17.87 17.82 17.74 17.77 17.76 17.129
17.87 17.90 17.78 17.84 17.80 17.82 17.93 17.68 17.53
18.00 17.97 1E.01 18.06 1R.04 18.u2 18.24 185.22 15.20
37 W15 L E14  4.6BB 370.0 342.5 0255 15.66 520.0
17.88 17.90 17.£3 17.90 17,88 17.80 17.84 17.61 17.84
17.84 17,95 17.82 17,88 17.84 17.84 17.87 17.73 17.87
18.07 16.00 18.06 18,12 18.10 18.09 16.30 18.28 18,27
38 15 L.TED 4,679 331.6 342.2 L0245 146.11 515.5
17.93 17.95 17.87 17.93 17.92 17.82 17.86 17.83 17.8¢
17.E69 18,09 17.66 17.93 17.89 17.90 17.52 17.77 17.93
18.08 16.02 18.06 18.14 15,13 1E.11 18.35 18,32 18.390

17.93
25.08

17.30
17.37
17.76

17.26
17.36
17.94

17.61
17.711
18.36

17.73
17.89
18.57

17.78
17.95
18.57

17.96
16.16
18.40

17.98
16.04
25.32

17.51
17.60
18.13

17.71
17.81
18.10

17.82
17.86
18.15

17.83
17.90
18.20

17.%4
25.42

17.38
17.35
17.08

17.32
17.36
17 .88

17.67
17.68
18.36

17.480
17.89
18.59

17.84
17.95
1B.04

18.05
18.20
16.44

18.02
18.03
25.00

17.58
17.58
18.15

17.61
17.78
18.13

17.85
17.83
18.18

17 .83
17.87
18.23

17.96
25.82

‘?‘Se
17.37
17.66

17.32
17.36
17.85

17.67
17.70
16.28

17.80
17.93
16.47

‘?.36
18.00
18.48

18.08
1‘.20
18.33

18.06
18.05
25.84

17.58
17.62
18.07

17.83
17.82
16.03

17.89
17.86
18.13

17.90
17.91
18.18

1€.10
26.13

17.33
17.42
17.77

17.29
17.42
18.03

17.64
17.77
18,49

17.77
17.97
18.70

17.62
18.07
18.73

18.05

18.23
18.49

18.00
18,09
26,20

17.58
17.66
18.02

17.80
17.84
16.05

17.87
17.89
18.14

17.88
17.93
18.20

17.90
2é.18

17.28
17.40
17.60

17.23
17.36
17.84

17.58
17.72
16.28

17.73
17.93
18.48

17.76
1E.01
18.49

18.01
18.16
18.30

17.96
18.01
26.12

17.50
17.58
17.85

17.73
17.78
17.89

17.80
17.83
17.98

17.89
17.84
18.05

17.93
26,49
16.60
17.27
17.42
17.67
17.40
17.25
17.42
17.89
17.60
17.60
17.77
18.30
17.73
17.76
18.00
18.46
17.78
17.79
16.08
18.48
17.76
18.04
18.18
18.29
18.04
17.98
18.06
26.70
17.36
17.52
17.66
18.00
17.81
17.80
17.86
18.01
17.93
17.82
17.89
18,08
17.98
'7'32
17.91
18.13

17.94
2671
1£.91
17.3¢4
17.40
17.63
17.53
17.30
17.42
17.86
17.60
17.63
17.78
18.28
17.74
17.6u
18.01
18.43
17.78
17.83
18.08
18.46
17.80
18.08
18.19
18.26
16.03
186.02
16.07
26,70
17.70
17.54
17.64
17.95
17.80
17.80
17.84
17.92
17.89
17.87
17.89
18.03
17.93
17.88
17.90
18.11

18.01
27.00
17.06
17.35
17.42
17.64
17.26
17.31
17.46
1?.86
17.62
17.64
17.80
16,27
17.74
17.83
18.04
18.42
17.77
17.86
18.11
16.46
17.80
18.12
18,23
18.28
168.04
18.03
12.09
26,98
17.80
17.57
17.68
17.88
17.82
17.81
17.88
17.94
17.%0
17.88
17.92
18,04
17.92
17.69
17.95
18.0¢6

18.00
27.15
17.17
17.32
17.4¢
17.60
17.24
17.28
17.46
17.82
17.62
17.03
17.83
1d.22
17.73
17.79
18.08
18.3¢6
17.77
17.81
18.14
18.38
17.83
18.09
18,29
18.19
18.07
14.03
18.11
27.13
17.68
17.55
17.78
17.88
17.80
17.80
17.69
17.94
17.87
17.86
17.94
18.02
17.91
17.87
17.97
17.63

18,13
27.46
17.19
17.3¢6
17.5¢6
17.60
17.20
17.32
17.58
17.85
17.64
17.66
17.94
18.248
17.70
17.64
18.18
18.42
17.74
17.8¢6
18.26
18.49
17.80
18.14

18.38
16.30

18.01
18.06
18,25
27.43
17.52
17.58
17.80
17.86
17.76
17.82
12.02
17.97
17.62
17.88
18.06
16.06
17.88
17.91
18.09
17.7¢

17.98
27446
17.27
17.24
17.29
17.40
17.22
17.31
17.45
17.85
17.¢3
17.64
17.E0
18.26
17.72
17.84
16.Cé
18.42
17.79
17.50
16414
18.49
17.82
18.14
18.22
18.30
18.C5
18.02
18.09
27,43
17.54
17.58
17.¢3
17.88
17.79
17. 80
17.27
17.97
17.86
17.88
17.9
16.C¢
17.92
17.91
17.93
17.76
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SITHES ISEL

TEST MASS HEAT SUB- EX]IT PRESS EXIT AXTAL DISTANCL FROM START OF HEATING - k.,
NO . VEL. FLUX (C€OCL PRESS DROP  GQUAL [,025 L1%2 279 +4%6 .5335 €60 o787 914 1.041 1,187 1.294 1,421 1,548 1,675 1.002_]
EC/S vd/ kJ/ L KN/ INNEP WALL TEMPERATURE - C
Mol pFeaa2 K6 Fes2 Maea2

1 2829.0 3.5 #bT 529 279 170.7 177.0 172.5 174,46 V75,8 17642 176.9 177.9 178.2 179.5 179.9 181.6 182.N 181.4 133.6

I B2B.3 23.3 PT.0 529 26.2 170,90 17%.2 172.7 174.0 175.4 174.0 176.8 177.7 177.% 179.3 179.7 161.0 181.% 181.4 153,64

! B45.0 51.0 10E.7 L5324 32,7 17346 1797 179,71 181.6 1L3.9 164.9 186.6 188.2 18941 191,71 192.2 195.1 196.6 1946.2 198.7
& E45.0 51,1 108.3 ,528 32.7 T17X.4 179.5 179.7 161.% Tedel 1E5.3 186.4 18R.0 18%9.3 191.1 191,8 195.1 196.4 196.4 1v8,9
50 820,3 S043 58.7 515 18.3 196.% 202.4 201.8 204.3 206.4 207.5 208.6 210,71 20u9.0 209.0 209.2 210.1 209.5 209.0 211.1
¢ R1E.7 6B.1 53.9 510 8.1 267.7 211.0 209.82 210.8 210.2 210,2 2711.0 211.0 210.4 211.0 211.3 212.1 211,5 210.6 212 .1
7 77842 10042 844 o540 37.4 <06 214.% 215.6 215.1 21644 21649 216,46 21646 21044 215.8 216.0 216.4 216.9 216.0 214.7 216.9
® 77442 100.0 Sbe5 4527 27.5 08 [21X,2 214.5 21441 215.6 215.6 215.4 215.6 215.4 214,9 215.3 215,3 215,86 215,3 214.3 215.8
€ 70540 13045 6E.7 560 44&.F «19 [218.9 220.6 22042 221.7 221.7 221.2 221.2 22046 219.7 219.9 219.9 220.4 219.5 218.4 219,7
17 612.5 132846 5741 4565 33.9 .29 |217.7 219.4 219.0 220.3 220.% 219.8 219,8 216.4 218.7 218.7 218.5 218,8 218,3 217.2 218.1
11 55308 17747 7246 o547 4146 W45 [220.2 221.1 220.9 222.2 22147 22147 22141 220.9 22042 22042 219.8 220.7 219.4 218.9 21v.8
T2 7809 509 28,7 2537 314 05 121647 21443 2163 2172 217.2 21645 217.0 216.7 216.3 21643 21647 217.0 21641 2164 217,86
1! 78425 5141 28.6 o531 38.0 205 216,28 215.9 215.7 217.0 216.7 216.5 21648 216.5 216.1 216.1 216.5 216.7 215.9 214 .4 217.2
14 7B4.5 51.0 27.1 .5%6 31.7 06 [218.2 216.1 214,71 2148.7 216.5 216.1 216.7 216.5 216.1 216.3 2165 2167 216.1 214.2 217.4
15 66c.0 B89.3 2640 4538 201 «21 1217.4 218.8 218.6 219.9 219.1 218.4 219.1 215.4 217.6 217.4 217.8 21£.0 217.3 215.6 219.1
1E (665N S5 30,3 5%& 351 <19 1217.° 21%2.3 21P.5 219.0 218.7 218.3 218.5 217.5 217.5 217.5 217.5 217.5 216.¢ 215.5 219.0
17 679.5 Po.6 2.2 577 35.9 .17 [217.2 21%.1 21%.1 218.9 21R.5 218.3 218.5 217.8 217.4 218.5 216.6 217.8 216.6 216.1 221.7
1?3 5258 T0.Y  Alsd 539 21.9 208.0 214.8 214.0 215.3 215.5 215.3 215.7 215.5 215.0 215.1 215.9 216.3 215.7 214.6 2:0.0
1¢ B29.9 71.1 60.0 539 21.¢ 208.9 215.5 214.6 215.5 215.9 215.3 215.5 215.5 214.9 215.3 215.9 216.6 215.7 214.8 2¢0.0
28 B2541 B7.7 42.4 <543 35.4 02 2173 216.6 2158 2175 217.7 2171 29745 212.3 217.0 247.3 217.7 2170.7 217.0 215.8 221.3
21 785.,3 EE8.0 €241 o543 35.2 .03 [217.7 21648 215.8 217.5 217.7 217.1 217.5 217.3 216.9 217.1 217.3 217.7 216.8 215.6 221.2
€3 707.3 127.5 62.4 o539 32.9 .17 [217.1 219.0 218.6 220.3 219.7 219.0 219.4 219,2 213.4 218.4 21842 215.8 217.9 216.9 2¢2.5
27 697.8 126.8 52.3 o540 35,7 .18 |217.2 21%,7 218.5 220.1 219.6 219.2 219.2 218.8 217.9 218.3 218.5 219.0 217.9 217.0 2c2.B
24 517.2 175.5 S5B.E 540 44,3 .54 1220.3 220.8 22R,6 222.1 221.% 221.0 220.6 219.7 219.% 216.5 219.1 215.9 219.1 218.0 219.3
27 537.9 174,06 £€4.5 536 42.9 .48 1220.0 220.9 221.8 221.8 221.5 220.9 220.3 220.0 219.2 219.0 219.2 220.0 219,0 21£.5 2.0.0
24 &LB7.7 212.6 £4.5 577 39.9 (72 [221.1 22,7 221.7 223.5 222.4 221.9 221.5 220.8 219.4 219,3 219.8 222.4 376.3 &4E.6 405.8
27 350642 211.,5 4040 4536 2546 .69 [222.3 221.6 22144 22%.0 222.5 221.9 221.4 229.6 219.9 22041 22042 2227 2BB.7 444 .0 4c0.7
27 B12.4 34,9 27.5 .550 33.8 .01 [212.L 216.1 216.1 217.8 218.5 216.3 216.9 215.9 215.4 215.2 215.7 215.2 218.5 211.4 214.2
2€ E12.4 3541 24,7 .54% 32.6 .02 21,9 217.0 217.4 21%.4 217.€ 216,3 217.0 215.7 215.2 215.4 215.5 215.2 218.5 211.6 214.8
3% PEXLT 5043 24,2 o549 3106 .07 [229.1 216.9 214,7 21%.0 217.8 217.2 217.6 217.2 216.5 216.5 216.5 216.5 221.5 212.8 215.4
31 73¢ 8 67.8 2647 2550 3448 12 |217.2 217.9 217.7 218,7 218.5 217.9 217.9 217.5 216.8 216.8 217.2 217,3 216.0 214.2 216.6
32 633.5 E7.2 20.> L5486 33,4 20 |21P.1 21°,7 21P.T 219.2 218.9 210.5 218.5 21%.1 217.0 217.4 217.4 2172 217 .4 214.2 2186
3T eF0.2 B7,8 23,7 L5477 34.9 .21 [21R.T 218,.5 219.3 2159.0 218.8 218.3 218,28 217.9 217.3 217.0 217.0 217.0 217.5 214.7 217.0
3¢ 564,40 106,% 23,9 L5645 37.% .32 219.2 219.0 218.7 22N0.0 219.¢ 21B.7 218.7 21%.1 217.7 217.5 217.5 217.7 218.5 215.9 218.3
35 562.0 107.0 20.5 .547 38.9 34 [219.4 21P.8 21£.7 220.,0 219.¢ 219.0 218.7 218.5 217.5 217.5 218.1 218.1 218.5 215.5 217.9
34 540.3 123.5 27.2 543 38.9 b1 |219.4 219,2 2109,0 220.3 220.1 219.0 219.0 21P.8 217.9 217.9 217.9 218.6 219.2 216.4 218.8
37 54043 123.5 2B.6 4563 39,4 41 [219.4 219.4 219,0 220.1 220.1 219.2 219.0 212.8 218.2 21%.1 218.2 216.6 219.0 216.6 218.6
35 L75.8 142,46 2640 .543 41,1 S8 [21€.5 219.7 219.5 220.7 220.3 219.5 219,5 219,0 21P.4 21P.4 218,6 219.5 220.3 217.1 219.5
36 476.6 142.6 2B.0 .542 41.2 .57 [219.% 210.8 219,6 220.7 220.1 219.6 219.4 212.8 218.7 218.5 218.3 219.4 219.6 216.6 219.6
4F 642,22 160,7 24,5 543 41.5 92 |220.2 210.8 219.7 221.2 220.6 219.8 219.7 216.3 21R.& 218.7 218.7 219.E 220,86 217.8 219.1
&1 463.2 163.2 2146 o543 43,6 74 220,17 22043 220,101 22142 220.3 22041 219.4 21942 21842 218,2 21844 219.6 22041 216.7 22047
62 AL52.7 163.3 29.1  .542 42.% 70 [21G.F 220.2 216.8 221.3 220.7 219.6 219.8 219.3 21P.9 218.5 218.7 219.6 219.4 215.7 262.4
LY 640.5 2249 824  JS543 33,2 18745 191.3 191,71 193,00 194.2 1944.6 195.9 196.9 197.2 198.4 199.1 200.6 202.6 201.2 20u1.8
LL 639,7 23,0 60.9 o543 34.3 189, 4 192.4 192,1 194.2 155.3 195,5 197.0 196.0 198.8 199.9 200.8 202.0 202.7 202.7 2u3.5
45 63645 23,4 21.0 542 308 02 [210.1 213.3 213.1 214.8 216.5 21647 215.4 214.2 213.7 213.9 213.7 213.9 215.0 211.2 215.7
6t €l.5 23.E 19.9 .542 28.3 .02 [210,8 214,6 215.0 215.9 215.7 214.6 215.0 214.2 213.8 214,0 213.6 213.8 217.0 210.8 215.0
&7 b4b.5S 51.3 64,0 563 3c.S 204.L 212,3 212.7 213.8 213.5 212.5 213.5 212.9 212.9 212.7 213.3 213.6 220.2 212.1 2¢0.9
45 647.7 S1.4 62,5 543 33,9 205.2 213.6 212.5 213.3 213.8 212.7 2134 212.1 212.9 212.9 213.6 213.¢ 215.7 212.3 2¢0.8
49 619.8 50.1 22.1 4536 29544 11 |215.2 215.8 215.0 216.3 216.1 215.8 215.9 215.8 214 .8 214.6 214.6 214.3 215.4 211.6 216.5
5C g24.6 BB.Y 61.2 .536 30.5 ,09 [21€6.6 215.6 21%.2 217.1 217.5 217.1 217.1 21£.9 216.6 214.4 21642 21644 217.7 214.5 221.8
51 624.6 B8.3 61.1 .535 32.4 09 [216.2 215.6 218.8 216,9 217.3 216.9 216.9 216.9 216.2 216.2 21640 216.0 217.3 21441 221.4
5¢ 512.4 90,4 16,2 .5%6 32.8 34 [217.8 217.8 217.0 215.1 218.3 217.L 217.0 217.0 216.3 215.5 215.9 215.5 216.8 213.8 219.3
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53 512.4 90.6 16.4 5306 32.9 ,33 217.¢ 217.9 217.0 218.3 218.1 217.4 216.8 21648 216.3 215.9 216.1 215.7 217.0 213.8 219.6
54 B829.9 23.9 101.9 .9%1 20.4 195.8 192.7 198.3 199.8 201.2 20142 202.7 203.3 203.8 204.6 204.6 208.1 208.2 206.3 206.5
55 B22.7 41,2 92.2 4990 34.4 210.9 215.2 21448 21649 219.1 219.7 221.0 222.5 223.4 224.9 225.3 227.5 228.6 228.6 228.1
5¢ Bli.d 6b.2 B85.7 .991 32.2 22748 234.6 23%.9 236.8 240.1 241,46 243.2 265.2 247.1 246,11 246.5 247.1 24B.5 245.8 251.2
57 B10.8 B9.8 P0.5 .990 32.6 260,4 247.5 246.8 247.9 248.8 247.9 24B.2 247.9 247.7 247.5 247,3 24B.8 250,2 247.3 255.3
55 82541 42.5 104.6 .983 21.7 20247 207.3 207.5 209.4 211.4 212,0 213.3 214,86 215.9 217.1 217.6 219.9 220.8 220.2 219.7
5§ B2647 €9.8 104.8 L,9P3 20.2 21641 223.6 223.0 226.6 229.7 230.8 232.5 235.1 236.9 23B.6 239.7 243.7 244 .R 243.9 24%,0
6C B11.6 B3.7 78.5 .997 21.8 264043 247.6 24742 24941 249.1 24802 249,01 24P,2 24B.2 248.3 249.6 249.8 251.4 24B.9 256.5
61 B07.6 105.8 71.0 .994 18.1 .03 25147 25N0.2 249.9 251.3 250.8 250.4 251.0 250.0 249.9 249.9 250.0 251.1 252.6 249.9 257.7
62 793.3 122.6 72.4 .990 18.6 .08 25148 251.5 250.9 25247 25242 25145 252.2 251.5 252.2 25044 250.6 251.5 252.9 250.2 258.2
6% T79.7 122.6 65.2 .990 20.0 .11 250.9 251.,6 250.9 25244 252.2 251.5 252.0 251.3 250.4 250.0 250,2 251.1 252.7 250.0 257.6
64 795.7 142.2 B82.2 .997 19.9 .09 |251.1 252.2 251.8 25341 252.6 251.8 252.4 251.7 251.1 250.9 251.3 252.2 253.5 250.9 259.1
65 T19.3 161.3 67.7 990 19.9 .26 25246 253.7 25%.0 254.0 253.5 252.4 253.0 252.2 251.7 251.7 251.5 252.4 253.9 251.1 259.1
6¢ 77548 156.9 E2.5 +990 25.9 .15 251.7 25246 25241 25340 252.8 25241 25244 25241 251.5 251.3 251.5 252.4 254.1 251.3 259.3
€7 798.8 40.8 T1.4 .990 1B.6 221.F 226.5 225.7 228.3 230.0 230.5 232.2 233.3 234.6 235.7 236.8 238.6 239.4 239.4 238.8
&8 79B.0 69.1 66.8 ,990 21.7 23649 24605 244.3 247.4 24B.5 247.7 248.3 247.9 247.9 247.9 248.1 245.8 250.7 248.3 255.2
6€ 795.7 Bb.b 6.6 .990 19.1 246.6 249,5 248.8 250.2 25040 249.5 249.8 249.5 249.1 248.9 249.1 249.7 251.5 248.9 255.8
70 779.0 106.2 64.2 4987 19.1 .07 250.4 250,8 25042 251.9 251.3 25048 251.3 250.6 250.2 250.0 250.4 250.8 252.9 250.4 257.7
T1 74847 123.3 61,3 .990 21.2 .15 250,85 251.8 251.1 252.9 252.2 251.8 251.4 251.1 250.5 250.3 250.3 251.1 253.2 250.3 258.1
72 T48.7 122.3 61.1  .990 19.5 .14 25004 251.7 25141 25249 25240 251.5 2515 25141 25047 25044 250.4 250.7 252.9 250.4 258.2
7Y 711.3 140.4 A0.9 ,990 22.0 .22 251.7 25%.0 251.9 253.5 252.6 25241 25241 251.4 251.0 250.5 250.6 251.4 25%.4 250.6 258.3
T4 690.6 16143 62.7 4990 22.7 %0 251.9 253.1 252.0 253.7 253.0 252,6 252.0 251.9 251.7 251.1 251.3 251.9 254.0 251.1 259.5
75 8642.9 173.7 58.0 .991 25.7 . 252.9 253.3 252.6 25442 253.5 252.9 253.1 252.9 252.4 25240 25240 252.7 254 .7 252.2 259.6
Té 740.8 4B.b 4E.0 .969 19.2 23B.6 244,71 244.5 247.2 246.9 245.6 245.8 246.5 246.1 246.3 24649 247.2 246.1 2466.5 253.0
T7 735.2 41.3 48.4 .969 18.5 236.0 240,6 24046 243.2 244 B 244,86 246.1 245.6 245.4 245.4 246.1 246.5 24B.1 245.7 251.8
78 731.2 50.0 40.3 .963 19.3 .01 263.9 247.2 246.4 247.5 247.5 2406.8 247.5 247.0 246.8 246.8 247.2 247.5 249.0 246.8 253.2
TS 725.6 €b6.1 41,9 ,.997 18.1 .06 252.3 250.0 249.8 250.9 250.9 250.0 250.3 249.8 249.8 249,.8 250.2 250.3 252.3 250.0 254.9
EC 699.4 Bo6.7 35.5 .990 16.6 .14 250.2 250.6 250.4 251.8 25145 250.7 250.9 250.2 249.8 249.8 249.B 250.4 252.4 249.8 256.7
81 701.8 Beé.& 37.5 990 17.3 .14 250.2 259.9 250.2 251.5 251.1 250.2 250,8 250.0 249.5 249.5 249.7 249.7 251.5 249.1 255.7
82 6£2.8 105.8 35.5 983 17.7 .24 250.% 251.0 250.6 251.7 251.5 250.8 250,.8 250.2 250.1 249,7 249.9 250.6 252.8 250.1 257.5
83 667.6 103.8 L0.5 .983 1B.3 .21 250.7 251.1 250.3 251.6 251.1 250.5 250.9 250.3 250.0 249.8 250.1 250.7 252.7 250.1 257.4
B4 631.8 123.7 37.3 .983 18.8 _32 251.8 25144 251.0 252.5 252.0 251.0 251.4 250.9 250.3 25043 250.5 250.9 253.2 2503 257.9
85 605.5 139.0 36.5 ,.984 23.4 .k 252.5 252.0 251.6 252.1 252.9 251.8 25242 257.4 251.3 250.9 251.4 251.6 254.0 251.1 259.0
B¢ 578.4 165.3 F6.0 983 20.3 .53 252.L 252.0 251.7 253.5 25340 25242 252.4 252.0 251.7 251.7 251.7 252.0 254.2 251,3 258.9
87 570.5 172.5 37.0 .980 22.8 .57 25245 252.3 251.9 253.3 253.2 25244 252.8 252.3 252.1 251.7 251.7 252.3 254.3 251.2 254.8
ER 570.5 174,7 36.7 .984 18.9 .58 25245 252.3 252.0 253.4 253.1 252.2 252.7 252.5 252.2 251.8 251.8 252.2 254.5 251.1 254.7
BY 682,70 ALi.hk K2.T J9BES V7.8 260.6 245.6 245.9 247.2 247.6 246.8 247,6 247.2 246.B 247,2 247.6 24B.1 249.6 246.8 253.0
9C 681.1 49.9 41,5 .983 15.1 .01 246.4 24B.1 247.9 248.6 248.3 247,9 248.8 24B.3 247.9 248.1 248.1 248.3 250,1 247.7 254.1
91 679.5 49.8 T5.7 .977 16.4 03 48,4 247.9 247.9 24E.8 248.6 24B.7 249.0 24B.3 247.9 248.1 248.1 248.4 250.1 247 .7 254.1
92 675.5 68.0 3I9.2 .999 17.1 .08 25047 250.5 250.5 25144 251.3 250.3 250.9 250.3 249.8 250.2 250.3 250.7 251.8 249.4 25645
91 66%9.2 &85,5 359 .993 18.4 .10 250, 250,3 25043 251.6 251,0 250.3 250.7 250.3 250.0 249.f 250.0 250.7 252.1 250.0 256.7
94 643.7 B85.7 I5.4 .993 14.7 .18 250.8 251.2 25140 251.9 2517 25046 251,2 250.6 2469.7 249.7 249.9 250.1 252.1 249.9 256.8
95 627.0 B85.8 28.5 1.000 19.0 .21 25147 251.9 251.3 252.4 251.9 251.2 251.7 251.2 250.8 250.4 250.& 251.0 253.0 250.4 257.5
9¢ 607.9 Bd.z 15.7 .991 16.9 .27 25144 251.2 251,0 25241 25148 251.0 25240 251.2 250.5 250.9 250.7 251.4 253.2 250.7 257 .4
97 607.9 103.3 2E.3 .993 14.0 29 251.€ 251.1 250,9 252.3 252,0 250.9 251.3 251.1 250.3 250,3 250.2 250.9 253.1 250.7 257.8
9E 581.6 122.6 28.5 .992 17.9 .39 25148 251.5 251.1 252.7 251.8 251.3 251.6 251.1 250.6 250.9 250.7 251.6 253.6 250.9 258.7
96 554.6 140,71 30.2 .992 17.1 48 252.3 251.9 251.9 253.2 252.8 251.9 252.3 251.6 251.2 251.2 251.4 251.7 254.1 251.6 259.9
10C 522.0 160.5 24.5 L985 17.5 .63 25243 25241 252.3 253.7 253.0 252.3 252.8 251.9 25147 251.9 251.5 252.3 254.4 251.7 223.4
101 522.7 160.4 27,3 ,9P5 19.L .62 251.9 252.1 251.9 253.7 253.4 252.3 253.0 251.9 251.7 251.5 251.4 251.9 254.3 251.5 253.7
102 50045 174.3 21,0 .986 17.2 74 25244 25244 25245 253.8 253.3 252.7 253.1 252.4 251.8 251.8 251.6 252.4 254.4 266.5 Ji3.6
107 499.7 174.7 20.8 .986 15.5 .74 25242 252.3 252.0 253,88 253.1 252.7 252.9 252.5 251.8 251.8 251.6 252.3 254.3 3156.3 300.2
104 493.3 175,101 19.1  .986 19.2 .7 25243 252.3 252.1 25440 253.4 252,5 252.5 252.0 251.2 251.4 251.2 252.0 256.7 391.0 309.4
105 493.3 175.8 17.9 .9B6 17.8 .77 25243 252.1 251.9 253.6 253.2 252.3 252.8 252.1 251.6 251.6 251.2 251.9 254.7 392.4 3Y0.3
108 795.7 1344 122,5 1.693 12,2 215.1 218.3 218.7 219.0 219.8 219.8 220.7 221.2 22146 222.0 222.2 222.9 223.7 223.3 2&3.7
107 794.9 37147 129.5 1.718 16.9 225.4 22R.9 228.6 230.4 231.9 232.2 233.7 23446 235.8 236.7 237.4 23B.9 241.4 240.3 239.8
10E 790.9 2341 116.9 1.752 16.4 22745 229,9 229,7 237.4 232.3 232,3 233.6 2341 234.5 235.6 236.0 237.3 238.7 237.3 237.4
105 782.9 41.4 103.1 1.752 17.7 244.¢6 24B.7 24B.8 250.8 252.7 25%.0-254.8 255.6 256.8 258.1 259.2 241.0 261.3 261.9 2¢61.0
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11C 778.2 49.5 26.8 1.6%0 16.4 253.6 25R.6 258.8 261.2 263.1 263.9 265.8 266.9 268.2 269.6 270.7 273.0 273.2 27441 273,.0
111 771.0 59.4 B2.1 1,745 15.1 261.4 265,8 267.2 270.0 272.4 273%.1 274.9 276.7 27P.3 280.4 28049 284.0 2B4.1 2B4.1 2c3.6
112 770.2 69.0 81.9 1.737 15.7 26P.5 275.7 275.9 279.1 281.6 282.6 28L.1 283.7 283.5 283.9 283.9 284.4 2B6.2 285.8 291.0
112 773.4 75.7 Beo5 1.735 15.4 270.9 278.2 27B.4 2B1.8 2b3.8 2£3.9 2B4.6 284.5 28641 2B4.3 284.5 2B5.0 267.1 2B6.1 292.1
114 767.0 B5.2 R7.7 1.747 17.2 275.% 28%.F 283.5 285,88 286.0 245.5 286.5 255.8 265.6 285.6 285.8 2E6.5 28B.7 287.9 294.7
115 763,8 105.5 B82.1 1.777 15.2 287.M 257.2 287.0 283.1 287.9 287.0 288.5 267.6 287.4 2B7.4 287.8 286.1 290.2 289.7 296.8
11£ T747.1 123.8 76.1 1.779 15.7 28E.N 28P,7 28R.7 2B9.8 259.4 288,7 289,2 28%.5 287.7 26844 287.7 2B9.1 290.3 290.7 298.1
117 751.9 121.8 7647 1,782 14.0 28B.1 2b2.6 28B.L 289.5 289.Y 288.6 269.3 288.6 287.7 288.3 288.1 288.8 291.1 290.6 297.6
119 6%0,2 126.9 5b5.2 1.779 15.7 .10 2BE.O 209.3 28R.8 2£89.8 289.5 288.6 289,3 259.1 288 .8 288.4 2BB,.8 2659.1 291.2 290.9 297.2
116 784.5 41.1 118.7 1.806 17.4 .09 23Ba1 241.4 241.5 243.7 245.4 245.6 247.6 248,.3 249.6 250.9 251.6 253.8 254.1 254.7 233.9
120 779.0 50,4 113,4 1,827 14,8 .33 ChP.B 25%.0 253.0 255.7 257.3 258.2 260.2 261.5 262.7 26444 264.7 267.6 267.8 26E.7 2¢7.2
121 776.6 59.0 101.6 1.840 19,4 25F .6 263.1 26%.2 265.8 268.3 269.0 271.0 272.6 276.2 276.1 277.2 280.2 280.2 28B1.5 279.7
1122 770.2 68.1 99.1 1.B4L7 18.¢ 265.5 271.1 271.6 274.5 277.3 278.6 280,2 282.3 283.9 28B7.5 287.5 2B8.4 28Y.6 2E9.1 269.9
12! 765.4 76,8 95.7 1.855 16.9 274,% 279.4 280.0 2R3,2 286,0 257.3 289.0 269.2 288.5 269.0 289.0 289.7 291.9 291.5 2v6.8
1124 770.2 BS.4 99,7 1,E61 19.1 27P.0 224.0 284.0 287.8 289.9 289.2 289.7 2E9.7 2B9.,4 289.7 290.1 290.4 292.5 292.4 2y8.2
125 775.0 94,3 93.6 1.861 17.1 2EL.C 2BB.8 2ER.8 290.4 290.6 289.8 290.7 290.4 290.0 290.4 290.7 291.1 293.7 293.6 249.7
126 776.6 104,8 B7.3 1,861 17.# 291.1 291.0 290.3 291.5 291.5 291,0 291.9 291.1 290.8 291.1 291.1 291.9 294.0 294.,0 300.1
127 783.7 111.6 96.1 1.860 18.5 291.0 291.2 290.7 .291.7 292.1 290.8 291.7 291.4 291.0 291.2 291.4 291.7 293,9 294.0 300.4
127 807.6 122.2 95.6 1.854 18,4 291.1 291.1 290.9 292.0 292.0 291,% 291.8 29144 291.3 291.1 291.3 291.8 294,11 294.3 Jut.0
126 633.1 131.2 106.6 1.647 16,2 290.0 299,9 290.3 291,86 291.¢6 291.0 291,7 291.0 290.7 290.9 291.0 291.6 293.5 294.0 3ul.1
130 B61.7 142.0 103.2 1.655 17.6 290.9 291.4 291.1 262.2 291.8 291.3 292.2 291.4 290.9 290.9 291.1 291.K 293.6 294.3 301.0
131 787.7 67.9 113.6 1.822 19.2 254.7 261.2 260,7 263.2 265.4 266.3 268.2 269.8 271.5 273.8 274.5 278.1 278.1 279.1 277.0
132  T81:3  BSa1 9641 1.820 17.1t C72.6 28P.9 2BN.9 2b84.9 2E6.5 265.3 286.4 256.0 28547 265.8 2B6.2 2B6.7 289.0 289.2 7295.0
137 TR&.S 105.0 8L 1.792 17.4 286.9 287.1 286.9 288.1 288.0 287.6 28B.1 287.8 287.2 287.6 288.0 2BB.5 290.F 291.0 247.%
134 800.4 112.2 1006.9 1.840 17.8 285.2 28F.7 288.5 289.8 289.8 2B9.1 289.9 289.4 289.2 289.2 2B9.8 290.1 292.4 292.9 249.5
135 B810.0 123.5 100.5 1,840 17.4 289.4 289.6 289.1 290.3 290.1 289.6 290.5 290.3 289.8 290.0 290.3 290.5 293.3 293.7 300.4
13¢ 817.9 132.5 98.4 1,834 18.0 289.6 290.1 289.4 291.0 290.6 290.1 291,0 290.8 290.1 290.1 290.6 290.8 293.5 294.0 300.5
137 830.7 139.9 103.3 1,832 17.4 2B9.4 290.1 289.6 291.0 290,7 290.1 290.8 2v0.7 29041 290.3 290.5 290.7 292.8 294.2 300.9
138 B4S.0 149,71 111.7 1,818 16,1 289.2 289.7 2£9.2 290.8 290.6 290.1 290.6 290.4 290.1 290.1 290.1 290.8 292.9 293.8 300.#
136 85845 159.4 116.0 1.821 20.1 289.¢ 297.1 289.3 291.0 290.9 290.1 290.7 290.3 289.6 269.8 290.1 290.7 293.2 294.0 Jul.3
147 B6645 167.2 121.5 1,816 18.2 289.3 290.0 289.4 291.2 291.0 290.3 290.9 290.5 290.2 290.0 290.3 250.7 292.8 293,9 Jul.3
161 873.6 173,0 122.8 1.812 17.1 289.4 290.4 289.5 291.5 290,& 290.4 290,.8 290.4 289.7 289.9 290.1 290.6 292.6 293.8 Jut.é
1642 BB6.& 187.6 130.4 1,807 20.9 2B9.8 290.5 289.3 291.4 291.0 290.7 290.8 290.3 290.0 290.0 289.8 290.1 292.4 293%.1 301.3
142 771.8 67.2 93.1 1.773 16.2 262.4 269.7 269.9 273.3 275.8 276.7 278.8 280.4 282.4 284.3 285.0 284.9 287.0 286.1 247,2
144 768.6 BS5,0 P5.2 1,786 12,2 277.7 285.3 284.9 28£.9 287.4 2£6.7 287.3 286.9 286.5 286.7 206.9 287.3 289.9 290.3 2%5.0
V&5 76E.6 103.8B B1,? 1.791 17.2 287.8 28B,2 287.7 288.9 288.9 288.2 289.1 25P.5 288.0 288,0 288.0 288.4 290,7 291.% 2%6.7
1642 775.0 111.9 93.3 1.793 16,7 287.% 288.4 2587.5 29P.9 289.1 28R.4 288.9 268.4 268,27 2B7.8 288.0 2B8.5 290.7 291.7 297 .4
142 70442 V2362 93ib Y0707 V7o 288.0 28R.7 287.9 289.3 259.4 2B8.6 289.1 268.7 28B.4 288.0 28B.4 288.2 291,2 292.3 297.9
145 785.3 131,5 98,7 1.778 16.7 2BE.L 257.9 288.2 289.4 2B9.4 269.1 289.1 2E%.7 288.2 268,2 28BB.5 2BE.5 291.2 29244 298.3
14 79041 140.06 108.0 1,781 17.5 28R.3 2B9.0 268.0 289.6 2B9.6 289.0 289.4 28P.7 28B.3 26B.3 2BB.1 283.7 290.8 292.4 257.9
15¢ 6B9.B 4B.7 84,1 1.820 17.4 263.5 269.3 269.5 272.1 274.1 275.0 276.6 277.9 279.5 28141 282.1 284.6 284.8 28BS .5 264.4
151 683.5 67.1 72.6 1.816 17.4 279.2 286.5 286.5 282.0 287.9 2£7.5 2EB.0 287.9 287.2 287.5 288.0 2BB.0 290,.9 291.1 245.8
152 £80,3 7047 65.6 1.811 18.7 .01 288.0 28R.3 28P.C 269.2 268.9 28R.3 288.9 28%.7 28B.1 268.1 288.5 288,9 291.% 291.7 2vb . b
157 084.3 £6.0 69,2 1.899 15,6 <02 CE9.Y 289.0 282.4 289.7 289.5 289.0 289,7 288.8 28B.t 2BR.4 2BB.8 259.0 291.3 292.3 297.3
156 €76.3 105.2 6%5.7 1,608 15.8 .10 289.9 290.1 289.5 290.2 290.6 289.4 290,2 289.5 289.2 289.2 289.5 2E9.2 292.2 293.8 24941
155 649,3 121.6 62.3 1.009 15,8 22 29042 290.6 289.9 290.9 290.6 259.9 289.5 289.7 269.5 289.2 289.5 289.9 292.5 293.8 2%9.9
154  638.1 137.9 61,2 1.80¢ 15.3 <31 290.2 29N.4 289.9 2%0.7 290.7 289.9 290.4 290.4 25R.4 289.3 290.0 290.6 292.9 293.6 2v9.2
157 61646 159.0 S7.6 1.812 14,0 ik 291.2 291.1 290,0 291.4 291.1 290.7 291.1 290.7 28B.6 289.6 289.8 290.7 291.1 291.8 393.8
155 624,86 15%.4 S7.3 1,809 13.4 43 270.9 290.9 29n.1 291.4 291,0 290.3 290.7 290,7 289.6 290.0 290.0 290.7 291.0 290.9 3v3.e
156 607.1 159.4 54,2 1.803 13,1 A7 291.0 290.9 290.0 291.0 291.0 290.3 290.7 290.5 269.8 290.0 290.0 290.5 290.7 291.9 398.9
16C 6A2.0 49,3 R9.0 1.812 12,2 26242 267.8 267.8 270.5 273.0 2713.5 275.5 276.8 278.2 260.0 280,9 283.5 283.7 284.1 202.8
161 654.0 67.9 67.2 1.792 14.2 CB2.0 287.3 2B4.8 288.0 287.7 267.1 282.0 287.7 256.9 286.9 287.5 287.3 289.1 290.0 253.7
Yoz 851.6 T2l 0.8 1.2F) 4352 -0b 289,0 288.3 287.4 2BR,7 258,7 287.8 288.5 26C.0 2B7.2 287.4 287.8 287.8 290,1 290.8 254.7
161 647.7 77.4 42.9 1.781 16.6 Ol 28F.3 28R.1 287.4 288.8 258.7 287.4 28841 257.8 2BT.2 287.2 2B7.2 287.6 290.1 290.8 294.5
164 €48.5 B4,3 64,9 1.781 15.6 .05 288.C 288.3 287.6 288.5 288.7 287.8 288.3 207.8 287.3 287.6 287.6 287.6 290.1 261.0 295.2
165 633.3 104.5 40,5 1.781 15.7 .17 286.9 289.2 288.5 289.6 267.0 248.3 268.7 288.3 257.6 287.8 287.8 288.3 290.8 292.0 296.6
164 595.2 122.0 &8.1 1.7P3 14.4 34 289.5 289.3 2B8.6 289.5 289.5 2B8.1 288.4 268.6 288.1 2B8.4 288.6 28B.6 291.4 293.0 298.3)
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P67 53935 1¥1.6 T9.5 1.782 12.%Y A8 2B9.¢ 25R.9 2EF.2 2B9.6 259.1 28B.7 289.1 28B8.7 26B.2 28%.2 288.4 288.5 29N0.7 288.4 301.4
16° 532.3 126.9 2E.5 1.7F2 13.4 52 289.7 209.0 287.5 289.7 2B9.5 2cB.8 289.4 2t“.B 2BB.7 268.5 288.5 2BR.8 290.4 28B.7 373.1
166 S31,5 136.¢6 39.6 1.7F2 12.3 .52 2B0.¢ 289.0 2BP.5 289.7 289.9 26FP.9 289.2 259.0 28°,.7 2B8.5 288.3 288.7 290,5 288.9 370.4
170 522.7 140.5 37.3 1.782 12.0 .56 289.2 289.0 2BE.3 259.7 289.6 259.0 289.4 259.0 258,5 288.3 28B8.2 28BB.3 289.4 4L01.1 3y2.1
177 6L2,9 50,2 94,8 1.827 17.2 26642 272,4 272.8 275.6 277.6 27B.7 287.6 262.1 2B3.5 285.6 2B6.5 2B7.6 289.1 28B.4 289.1
172 63649 67.6 69.6 1.825 17.7 234.1 28R,6 2BR.0 289.3 289.3 2b8.4 2B89.3 2b8.6 286.2 2B8.4 2BB.6 2EE.9 291.4 291.9 3G0.2
17Y 635.7 T7.2 677 1.817 16.6 .02 28P,% 289,0 28R.B 289.7 289.7 289.0 289,7 289.2 288.3 288,5 289.0 289.0 291.1 292.4 300.6
176 639.7 85,3 ¢€5.8 1,797 24.8 .05 239.4 289.7 2BS.4 290.4 289.9 259.0 289.5 2B9.2 287.8 20b6.0 289.2 289.4 291.5 292.9 301.7
17 6L1.3 85.4 7h.1 1.817 14.2 o2 28B8.3 289.2 28P.5 289.5 289.4 2b68.7 2B9.4 2tB.8 288.5 28E.3 288.7 289.0 291.1 292.5 301.3
17¢ 627.0 106.7 66.1 1.809 14.2 .16 289.1 289.7 28R.2 2585.9 290.0 289.8 290.2 289.8 269.1 289.3 2B9.5 269.7 292.1 294.2 304,31
177 618.2 122.6 63.6 1.814 18,3 .25 289.F 28P.B 289.5 290.7 290.5 289.5 290.4 28G.8 287.% 288.8 289.5 289.8 292.5 294.8 305.3
170 614.3 12646 6641 1.602 21.6 27 289.2 28B.2 289.4 290.5 290.1 209.4 289.9 269.6 289.2 289.4 2B9.2 28B7.5 292.2 294.7 3ué.0
17¢ 73X.6 49.0 201.4 3.067 16.6 24F . 254,3 254.1 256.8 258.6 259.2 261.2 262.6 263.7 265.3 266.0 26B.5 26F.9 26F.9 208.9
160 724.1 67.6 185.2 3.052 17.1 267.5 275.4 275.2 2TB.8 2B1.3 282.3 284.1 24t.6 2B8,2 29n.3 291.0 294.7 294.7 295.4 294,2
1EY 71641 B4.5 170.08 3,071 15.4 282.% 292.4 292.0 295.9 299.1 3U0.7 302.4 305.6 307.5 210.1 310.8 315.7 315.0 316.2 314.5
167 T13.7 10346 164.1 3,018 13.9 295.% 307.0 306.7 311.4 315.4 317.6 319.9 322.5 325.1 325.3 325.6 325.8 327.2 326.8 331.8
187 710.5 120.6 161.5 3.051 14.1 306.3 319.7 319.0 324.2 326.8 326.4 327.1 327.1 327.0 326.6 327.0 327.3 329.0 329.2 336.4
164 711.2 130.7 160.5 3.078 15.4 21340 325.,5 125.5 32B.4 327.9 327.9 328.4 32F.4 127.9 327.9 328.1 328.4 329.8 330.7 337.9
182 712.1 129.3 165,35 3.091 13.8 $16.5 327.4 327.2 328,9 328,.9 Y28.2 328.9 328.9 32R.¢ 328.8 32B.6 328.9 330.¢ 331.2 338.9
T1Be 712.1 148.9 163.7 3.095 14.9 320.9 320.9 328.3 329.5 328.9 328.9 329.2 329.2 328.9 328.9 328.5 329.0 330.9 331.4 3:9.8
187 712.1 157.0 1£1.9 3.07% 11.6 $25.6 328,9 32F.0 329.5 328.9 320.7 329.0 329.4 32R.7 328.5 328.5 329,0 330.6 331,6 340.2
1EF 70¢.5 164.9 160,33 3.054 13,4 327.% 320.0 327.8 329.0 }28.7 32B.2 328.5 328.9 328.2 32R.3 328,2 328.5 330.1 331.1 340.5
16€ 715,.% 170.7 156.9 3.039 10,° 327,46 328 .4 327.6 28,8 328.4 327.0 328.1 32P.4 327.4 327.9 327.9 327.9 330.2 330.7 340.5
160 714.5 167.7 154.6 3,017 15.8 327.0 327.9 327.2 32B.4 327.9 327.5 328.1 327.9 328.6 327.2 327.4 327.7 329.4 329.8 340.3
191 697,0 199.4 149,83 2.978 23.0 _q9 326.0 327.4 326.5 327.4 327.6 326.7 327.7 327.2 326.5 326.7 326.7 327.0 327.2 32B8.4 500.4
1072 678.7 199.0 14446 2.968 30.5 17 32640 326.9 32642 327.6 32741 32644 326.7 327.2 326.0 32645 325.7 327.2 327.2 336.0 574.5
167 €27.6 49.3 168.4 2.949 15,0 266.4 272.5 272.7 275.7 277.5 278.5 280.7 2B1.9 283.2 285.% 2B6.2 289.0 28B.8 284.2 2b8.7
184 82¢.2 66.9 150,2 2.905 15.6 284.9 292.8 293.4 297.1 299.7 301.1 303.4 305.3 307.2 309.7 310.9 31444 313.9 308.6 314.4
165 £15.0 F4&.7 150.0 2,952 14,7 29648 30€.6 307.0 311.7 315.0 317.1 319.5 321.9 323.5 32%.5 223.7 324.6 325.7 321.1 324.0
Ive 607.1 10247 147.7 2.979 15.2 309.3 321.3 321.5 325.1 325.3 325.1 325.5 325.5 325.1 325.5 325.7 325.8 327.5 325.3 3i5.8
197 5£92.8 12049 141.6 2.950 15.1 32244 32%,2 324.9 326.1 325.9 325.4 326.3 32%,9 325.¢ 132%.4 325.4 32641 327.6 326.8 3:5.7
198 592.0 137.7 140.2 2.938 14.2 32542 325.5 325.0 326.2 325.7 325.5 326.1 325.5 325.2 325.2 325.4 325.7 326.9 327.8 3i5.7
196 592.0 148.1 1¥9.0 2.552 14.0 o4 325.F %26.1 32%.4 326.7 326.5 325.6 326.5 326.0 325.4 325.6 325.8 326.0 328.2 328.4 3:26.0
207 SB2.4 157.4 134.1 2.96% 19.3 15 32644 326.4 326.3 326.8 327.1 32641 327.3 326.8 325.7 126.3 32644 326.8 328.3 328.5 3c6.8
20Y 554,171 158.6 126.1 2,966 10.4 2k 32,2 326.7 326.2 327.2 32644 326.2 326.7 326.2 325.9 326.0 326.0 326.5 327.9 327.8 516.1
20 561.7 4ée2 1524t 1,007 15.0 27844 285.0 285.2 288.2 290.3 291.4 293.7 295.1 296.7 298.8 299.8 303.0 302.3 297.4 2%9.6
20" 559.3 67.2 150.0 2.990 13.2 292.5 301.2 301.8 306.0 309.3 311.2 13,5 315.9 318.0 320.8 321.7 324.9 324.6 31E.9 321.5
204 557.8 £3.6 144.0 2.9P3 13,1 30541 314.6 31646 321.5 *25.1 324.7 325.6 325.3 324.7 325.3 325.3 325.8 327.7 324.7 325.8
2C° 557.0 103.3 140.9 2.571 13.1 218.0 325.5 325.1 126.0 326.2 325.3 326.3 325.8 325.3 325.3 325.6 326.0 327.9 326.8 3:.6.5
20¢ 557.0 119.7 179.4 2.965 12.8 525.6 326.0 325.3 326,3 326.3 325.4 326.3 326,0 325.4 325.4 325.6 326.0 327.5 328.0 3cé.7
2C? 557.8 12%.4 135.64 2.953 12.4 0?7 325.5 325.9 325.5 326.6 32641 325.4 326.2 325.7 325.0 325.2 325.4 325.7 327.& 32E.5 327.1
206 55646 138.4 133.1 2,972 12.4 .14 32644 32645 325.9 327.2 326.7 326.0 326.7 325.9 325.5 325.7 325.7 320.0 328.1 329.0 3¢7.2
20C S557.8 14645 131.4 2,976 11.4 .2h 326.7 326.9 32642 327.4 327.2 325.9 326.9 325.9 325.9 325.3 32640 326.7 328.3 329.5 326.4
21C 24842 15542 12744 2.969 9.7 32€.5 326.9 324.3 327.4 327.0 326.0 324.5 326.2 325.5 Y2547 326.2 326.5 32B.4 12B.6 4v1.5
211 474,2 LB.2 130.4 2.999 14,7 293.7 301.¢ 302.,4 306.5 30B.7 3U9.8 312.6 314.5 315.9 318.3 319.2 323.0 321.6 315.7 3.3,0
212 474.2 606.0 124.6 2.991 13.8 S0B.5 319.5 319.6 324.3 325.9% 325.0 326.2 325.7 325.2 325.5 326.0 326.2 328.1 325.5 3<T46
21 473.4 84,2 121.1 2.974 13.A 322.3 325.6 325.2 326.6 328.1 325.4 326.6 325.9 25,4 125.8 325.9 325.9 327.7 327.3 3.8.0
214 475,88 102.3 11¢.9 2.963 12.7 .05 325.8 126.0 325.7 326.5 326.7 325.5 326.4 325.8 32542 325.7 325.5 32642 327.9 32B.4 3:.9.1
21° L75.8 109.8 115.6 2.551 4.6 .12 325.9 325.7 325.4 326.7 326.4 325.5 326.0 325.7 324.8 325.4 325.4 326.0 327.8 328.5 3:9.1
21¢ &75.0 120.0 111.4 2.949 12.1 23 312641 326.0 -326.0 327.0 326.1 325.,3 326.1 32%.6 325.3 325.6 325.6 328.0 327.7 329.4 3u3.7
217 L75.0 119.9 109.7 2.947 12.4 2k 325.4 226,0 25.4 326.5 726.0 325.1 325.8 32%5.4 325.1 325.4 325.4 326.1 327.3 329.1 412.6
21: 38b6.& 29,5 43,1 2.9E1 11.1 322.% 32447 2444 325.6 32449 32444 325.8 324.9 24,6 326,86 324.9 325.3 326.6 32446 3é6.0
21°C 35B.4 4LEL1 £2.8 2.969 11.9 .09 325.1 325.1 124.9 325.9 325.6 324.5 325.9 324.9 324.9 325.1 325.1 325.2 327.0 325.4 3:6.4
220 369.,2 57.3 65.5 2,953 12.5 .16 325.5 325.4 324.7 325.9 325.5 324.7 325.7 324.8 325.2 325.2 324.8 325.5 327.1 326.2 326.9
221 349.,2 65.5 £0.4 2.908 10.F .27 326.3 2263 323.6 324.5 24,3 323.6 324.1 324.0 323.4 323.8 32441 324.3 326.2 325.9 3¢6.0
22¢ 36B.4 75.4 2.3 2.9F9 10.0 <37 326.5 326.5 22641 326.7 326.5 325.6 326.5 326.3 325.8 32841 326.1 326.8 328.6 328.7 3:8,2
222 3ET.6 B33 6)ib 12,980 8.7 6 [326.7 326.5 325.8 326.8 326.3 325.5 326.5 326.1 325.5 325.8 325.8 326.0 376.2 328.7 383.9




224 367.6 E3.3 60.6 2.976 10.3 46 [326.5 326.5 325.6 326.7 326.1 325.5 326.7 226.1 325.8 325.8 326.5 326.5 328.2 320.1 Y9ELEI
225 T775.0 47.8 57.9 1.183 16.9 243.4 264B,2 24B.0 250,9 250,88 252.7 254.9 256.0 256.5 258.9 259.8 281.6 263.2 257.4 258.7
226 Téleh 56T 5149 1,282 16.2 25542 26N.6 26N, 267.2 263.0 262.6 26%.5 26,2 263.0 26342 263.3 263.7 267.5 266.4 265.5
227 715.3 €4.3 35.3 1.170 loeé 08 [267.5 2€1.4 261.0 262.5 26147 26140 261.7 261.4 260,56 260.8 261.4 261.7 265.5 265.2 263,5
228 T43,9 6.1 1B.Y 1.189 16.5 06 [262.4 262.2 261.7 262.7 262.6 201.7 262.9 2062.4 262.0 26240 262.4 26341 266.7 266.9 205.6
225 718.5 76447 3645 1.193 15.3 40 |263.4 263.4 26341 263.8 262.9 262.2 262.9 262.2 262.0 261.8 26242 262.7 266.B 267.0 205.2
23C 52647 E3.0 48.6 1.1%90 13.1 48 [262.7 26%.6 263.0 264.1 263.0 262.3 262.7 261.8 260.7 260.5 260.2 260.3 260.2 260.3 260.5
1231 498.9 B9.3 4B8.0 1.195 14.6 W24 (26341 264.0 26343 263.8 262.8 261.7 262.4 261.5 261.0 260,8 260.2 260.4 260.4 260.6 20046
1232 455.1 101.,9 46,7 1,197 13.1 W35 [267.6 263.6 262.2 263.4 262.5 2¢1.8 262.4 261.8 261.3 261.1 260.7 260.6 260.9 261.5 260.9
[[23 425.7 106.7 46.9 1.190 12.1 43 [263.9 263.3 26242 26341 20246 261.9 26242 261.9 261.3 261.3 260.4 260.8 261.0 262.1 261.3%
234 3P3.5 119.1 466 1.1F8 12.8 .56 [264.5 26%.0 262.1 263.4 262.7 262.1 262.3 261.9 261.2 261.4 261.0 261.0 261.4 262.° 261.9
235 364.4 125.5 50.1 1.1%3 10.4 .65 [264.2 262.6 262.2 263.3 262.F 261.9 2062.4 261.7 261.5 261.3 261.3 261.3 261.7 263.9 2624
23¢ T6T7.8 47.5 58.9 1.224 18,1 2h4.7 249,6 249.6 252.4 253.5 254.7 256.5 257.6 25R.7 260.3 241.1 263.2 263.4 259 .4 260.5
237 76047 6541 4541 1.220 18,0 03 [261.7 264.6 264.0 265.1 26444 263.5 264.9 204.0 263.3 263.5 263.5 203.7 269.4 269.8 2064.9
23F 706.5 B3.0 27.8 1.213 13,0 .17 64,2 265.0 264.3 265.2 2641 263.8 264.5 264.1 263.4 263.8 26441 264.5 271.1 270.4 205.6
236 70042 B3.7 36,6 1.189 2.8 M [283,7 263.7 262.7 Z63.7 263.2 262.7 20344 203.0 202.5 262.8 263.2 263.9 270.6 269.8 205.2
2hr 568.9 101.2 26,5 1.1E8 14,2 .33 [264.4 263.3 262.8 263.8 263.1 262.4 263.1 262.4 262.0 262.6 263.3 263.7 271.4 270.7 205.6
241 53643 10140 TE.1 1.221 14,9 31 [263.1 262.9 262.2 263.7 263.1 26%.1 262.9 263.1 262.9 262.4 262.2 2062.4 262.6 261.5 262.2
242 468.6 118,64 20,8 1.204 13.4 .53 [263.P 262.9 262.5 263.2 262.5 262.7 263.6 262.9 262.0 261.6 261.6 261.8 262.2 261.4 201.6
243 43045 135.1 17.4 1.219 7.3 .70 [263.0 265.7 262.1 264.6 263.0 267.7 263.9 e74.7 271.1 296.% 359.1 409.3 383.1 363.1 3a1.1
264 393.1 135.4 1146 1.193 1¢.4 B0 1261.9 261.4 260,8 261.9 261.4 261.0 261.9 265.7 426.4 L58.6 46T7.9 477.6 466.% LOE,7 407,2
245 370.0 13648 11.9 1.173 10.2 .85 [261.3 260.8 260.4 261.1 261.7 260.6 260.8 26143 261.% 261.7 261.7 262.2 264.4 278.2 3068.8
24€E 34Z.7 145.9 18.3 1.200 10.1 .96 [263.1 262.3 261.8 263.1 262.7 262.0 261.6 262.0 262.3 202.2 261.8 263.6 367.0 387.4 4C0.Y
j247 335.0 155.5 20.8 1.186 11.5 1.0 26241 261,7 261.2 262.3 262.% 26144 26142 206142 261.8 261.2 261.2 263.7 394.5 402 .1 L12.8
248 T63.B 47.2 68.2 1.214 17.* 239,71 243.8 244.0 246.7 247,F 24R,4 249,08 251.3 252.8 254.2 255.3 257.3 257.5 254.4 253.5
245 73640 67.0 46,3 1.211 18,6 .03 [261.1 264.0 263.4 2646.9 264.0 26%.4 264.3 203.4 263.2 263.4 263.8 264.0 266.3 266.1 206,1
250 455.9 67.4 12,4 1.199 11.0 .31 [200.7 260.1 260.5 260.5 260.5 259.8 280.5 260.7 260.5 260.9 260.1 260.1 262.1 258.Y 258,.%
251 42841 B1l.8  15.3 1.195 11,0 40 [261.8 200.6 260.8 261.3 260.9 260.6 260.9 200.9 260.6 261.1 260.6 260.8 261.1 258.48 258.8
i252 37342 100.5 1644 1.190 11.2 .59 [261.° 261.0 261.3 261.5 261.2 260.6 260.8 261.3 261.0 261.7 261.0 261.3 261.9 259.4 259.0
i[25% 331.8 118.9 1649 1.18c 9.9 B0 [262.0 261.4 261.4 262.0 261.6 261.1 261.6 201.4 26141 261.4 261.2 261.6 262.9 260.9 259.6
EES& 296.0 13041 18.1 1.177 10.1 1.0 262,11 263.0 261.4 262.1 261.4 261.2 261.5 261.4 261.2 261.9 261.5 261.7 263,2 253.8 366,6
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SETH3ES ISEL FOTX0 TAUTHITE~TANERAIE H04 ¥IVA TVINEWIMIAXE (IATHIA ¥3 FIEVL

'|TEST MASS HEAT SUE~ EXIT PRESS EXIT AXTAL DISTANCE FROM STAKRT OF HFATING - P,
NO, VEL. FLUX COOL PRESS DROP  GQUAL 4025 4152 .27 4476 o533 L6600 7P7 .14 1,041 1.167 1.294 1,421 1.548 1.675 1002
KG/S ku/ KJ/ L4V} Kh/ INNLR WALL TEMPEPRATURE =- C
Mew? Mea2 KG Maa2 pan2

1 72448 4ued 1465.0 243 13.9% 25143 255.2 255.,2 25€.3 25746 258,10 259.2 26043 201.0 20147 262.8 263.7 263.7 262.5 2ub.2
2 T13,7 67.C 149.6 247 17.F 27342 27%,5 2B0.6 282.2 2B83.6 265.C 266.6 28P.1 2BB.E 29N,7 292, 291.7 294.1 293.4 2v7.8
I OTPB.9 B4.1 V16,6 250 17.K 2B9.8 29€.1 29F.9 300.9 T03.3 306%.2 307.0 305.7 204.9 203.8 T05.2 305.2 306.8 305.% 3uB.7
4 T24.1 102,2 1%4.2 4253 1E.D TN2,1 25%9.5 T0N.6 302.0 300.7 300.7 302.R 302.7 704.% 305.6 3C8.4 305.3 309.9 308.8 513.5
5 66541 121.2 132.7 .26v 17,7 301.5 302,8 303,3 303.8 204.5 30447 305.4 30beék 2u7.1 308.0 311.3 312.4 313.1 313.9 317.4
¢ P43.1 B3.4 140.5 422B 17.F 221.6 28R,0 291.4 292.8 295.1 296,73 298.6 3u0.2 301.4 303.4 305.3 307.4 305.6 306.3 Ju7.4
7 737.6 101.8 13b.Y .22¢ 17.9 273.9 300.8 299.6 296.6 295.7 295.7 295.3 295.7 296.9 297.5 299.9 302.0 303.1 3n3.p 3uB.S
7320 119.7 12640 5225 V7.7 290.1 295,3 292,646 297.8 298.6 298.6 298.8 299.8 T00.5 301.8 304.2 305.8 306.3 307.7 312.4
S 7306 13741 129.0 .225 17.7 295.5 297.8 299.4 300.1 301.5 201.0 301.9 302.9 303.6 %05.0 307.8 309.4 310.5 311.5 315.9
10 652.2 14644 177,44 ,225 17.7 296.5 298,0 29%.0 299.0 300.6 301.5 302.7 302.4 304,71 306.0 307.4 310.8 2912.0 313.4 317.9
11 650.% 161,9 18241 362 17.°9 30€.4 314,28 19,1 320.5 ?20.5 220.5 321.2 327.2 321.5 321.9 323.% 324.1 323.8 325.2 3:9.5
12 €47.7 117.9 180.6 361 17.5 316.2 V22,9 322.4 322.6 T22.2 321.7 32240 322.6 322.8 32,6 325.4 324.0 326.4 327.4 331,9
13 65848 12¢.6 174,5 359 17.5 72245 32343 323.2 32247 323.3 32342 323.9 3ck.2 324.7 325.8 328.0 328.9 329.6 330.2 335.2
14 607.€ 155.8 1727.9 359 17.2 32304 T24.1 326,71 32446 32444 324,01 324,9 326,01 326.7 320,2 30,5 331,7 332,.4 331.7 3:8.9
15 67349 164.0 17746 4359 17.4 Y2344 32247 324.1 32444 3244 32440 325.5 32641 327.5 329.2 31,3 332.7 334.2 335.3 340.2
1¢ 6755 170.5 127.5 359 17.° 322.F X24.0 323,93 324.3 T24.3 34,5 325.5 325.6 127.4 T28.8 31,4 332.4 333,.6 335.5 340.5
17 654,06 189.7 182.2 .350 17.1 3247 22444 724.9 224.9 225.2 325.6 127.1 328,0 32B.% 331.4 333.8 335.9 336,8 1137,.3 341.7
15 530,90 15743 173.5 354 16,7 02 [324.% 25,0 24,7 324.9 25.0 325.4 Y27.1 327.1 328.5 ¥30.1 1331 2349 335.9 3386.9 341,22
16 52647 10044 172.5 4359 15.5 .06 32447 224.7 324.8 325.3 225.9 326.4 127.4 328.5 329.5 331.2 234.0 335,5 336.5 337.1 341.3
20 S1E.F 18945 15645 ,358 17,2 1 |125.€ 26,1 226.3 326.8 27.¢ 328.7 329.7 331.3 332.2 334.9 337.¢ 3371 337.1 317.4 341,2
21 57543 103.0 169.6 .460L 16.5 334.F 337,0 338.0 338.5 338.4 338,2 338.9 358.7 338.4 339.2 341.1 342.0 341.6 342.6 347.4
22 585,06 118.4 172.1 4460 16,2 139,11 23°.4 239.4 339.3 239.3 339,3 339.9 340.1 340.3 341,8 343.4 344.7 344,9 346.1 350.7
22 58546 12547 17641 J480 15,9 339.7 339.9 33944 339.7 339.7 339.7 340.7 341.1 T61.4 343,5 346.0 347.1 347.9 34B.4 353,.3
28, SRLJP 158.5 1P1a3 o456 15.% 60,6 40,9 340,48 3406 34046 341.4 342.R Ru3.6 346.2 347.0 Ye9.6 350.4 49,4 349.4 353,5
2% 57041 1€9.1 18148 o459 1643 09 34241 347,2 342.4 T47.1 344.6 345.3 347.0 348.4 348.9 749.9 351.8 351.86 350,8 351,3 355.0
27 17,7 1693 T9.5 455 203 B2 [367.° BA?,Y XLa.0 TLE L 249,23 349.2 349.2 349.0 749.2 49,9 TS1,.4 351.6 350.7 351.1 3.5.%
€7 Llcal 169.5 £5.2  J460 16,7 72 [349.7 349.0 349.0 34%,5 149.2 345.2 348.9 347.4 349.2 149.2 351.2 351.8 450,31 482.2 Su2.6
eF SPNLE 102.4 18E.7 o492 16.7 329,71 340,¢ 342,.5 T41.3 341.6 41,5 342.2 41,8 342.0 42,2 V4.4 346,2 349.0 346.2 346,2
25 57543 11c.6 175.5 449 16,9 342.2 339,71 339,86 34041 340.3 34041 341.0 341.1 3471.5 342.5 344.9 346.8 351.5 349.6 349.8
S BEEeh VES.4 TR L50F Jb.% 36L.9 245,46 34S.0 345.2 345.5 345.4 345.4 346.4 346.2 47.9 350.0 352.0 358.1 35&.4 356.1
20 6007 1558 1LY S5VE 152 366,20 346.0 X46,4 347.4 346.9 34742 347.7 343.4 348.9 351.0 353.5 356.4 360.1 358.6 357.9
32 €ISeE 16243 19144 G517 15.7 3LE,% 347,0 24E.F 347.0 47.5 347.F 348.0 24E.8 349.7 151,9 164,9 357,3 340,2 358.R 338.f
3T A77.4 16046 12342 4521 16,0 .34 [346.2 347.2 3484 349.6 51,1 351.8 352.3 352.8 53,7 353.5 2355.4 35647 356.9 355.4 335.4
2L 41104 167,46 5107 464 15,5 .73 |351.0 359.2 59,0 150,3 155,31 3%a,8 I5C,3 350.8 350.8 351.5 35%.4 355.7 4S57.7 4E1.4 S5u2.2
35 42«5 B35 140142 ot?2 16,2 343.0 246.0 345.7 346.0 346.7 348.2 366.5 246.7 34647 347.7 349.4 350.4 357.2 351.3 351.5
3¢ Te1.0 90.2 46.b o470 11,7 68 [250,3 35,0 49,8 349.5 750.2 350.2 350.2 350.5 349.E 350.8 3152.9 354.6 354.9 351.7 353.0
37 272.9 102.2 29.7 469 12.8 1.0 351.9 350.7 35N0,2 49,8 350.5 *50.7 350.3 350.3 350.2 351,2 252.7 355,01 357.6 352.7 LTS |
Ir 105, % Y0E L (286 GkEs 14, 1.0 152.L 351.4 350.6 34©.9 350.7 350.6 350.9 351.1 350.& 351.1 353.4 355.1 357,.8 353.6 348.7
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TEST HEAT NOMINAL |LIQUID EXP.HEAT | CAL.HEAT | % ERROR*
NO. FLUX, AVERAGE |VAPOUR TRANSFER | TRANSFER
kW/m=C T,T.. [|DENSITY COEFF. COEFF.
Wo > iIrarTO kW/a@C | ki/meC

8 100.0 9.2 49.68 10.83 10.83 0
g 136.5 9.6 46.18 14.34 13.90 -3.1
10 138.6 9.7 47,49 14,35 13.91 =34
11 197.7 10.8 47.01 16.54 16.67 .8
12 50.9 8.8 48.56 5.80 6.75 16.3
13 511 9.0 48.92 5.70 6.75 18.4
14 51.0 8.7 L8.64 5.91 6.75 14,2
15 89.3 10.2 48.55 8.79 10.08 14.7
16 87.5 9.3 4L8.07 .47 9.97 5.2
17 86.6 9.3 48.11 9.36 9.89 5.6
22 127.5 10.4 L8.25 12.26 13.03 6.3
23 126.8 10.2 L8.06 12. 44 12.99 L4
24 175.5 10.9 47,41 16.18 16.47 1.8
25 174.,0 112 47,87 15.54 16.31 4.9
30 50.3 75 47.39 6.73 6.75 o3
31 67.8 7.8 47,15 8.84 8.37 -5.3
32 87.2 8.5 L7.32 10.37 10.00 -3.6
33 87.8 8.2 47.21 10.70 10.06 -6.0
3l 106.8 8.9 47,11 12.13 11.58 4.5
35 107.0 8.8 46.89 12.30 11.62 ~5.5
36 123.5 9.5 L7.26 13.09 12.83 -2.0
37 123.5 9.5 47,25 13.07 12.83 1.8
38 1434 . 9.8 47.08 14.76 14,30 -3.1
39 142,6 9.8 47,13 14,71 14,23 -3.3
4o 160.7 10.0 47.03 16.15 15.51 -4.0
L1 163.2 9.8 L6.93 16.79 15.70 -6.5
L2 165.3 10.1 47.06 16.56 15.83 .
L6 23.8 6.2 4L8.35 3.84 3.93 25
49 50.1 7.0 4L8.48 7.15 6.68 -6.6
50 88.3 9.5 L8.76 9.34 9.98 6.8
51 88.3 9.0 48,72 9.88 9.98 1.0
52 0.4 8.4 L8.05 10.83 10.21 =5.7
53 90.8 8.5 L8.11 10.80 10.23 5.3
63 112.6 7.9 26.44 15.78 15.91 .8
64 142,2 9.6 26.27 14,91 17.73 18.9
65 161.3 8.3 26.40 19.58 19.36 =11
66 156.9 8.2 26.39 18.22 18.99 L2
7 123.3 7.6 20.42 16.58 15.98 -3.6
72 122.3 7.5 26.43 16.61 15.89 -4,3
73 140. 4 7.5 26.40 19.00 17255 -7.7
74 161.3 8.1 26.36 20.11 19.37 =%.7

*% Error = ((Calculated-Experimental)/Experimental) x 100

Table 25: Data used in multiple linear regression analysis together with
a comparison of experimental and calculated net boiling heat transfer
coefficients and values of wall superheat.
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TEST HEAT NOMINAL |LIQUID- |EXP.HEAT | CAL.HEAT | ¥ ERROR*
NO. FLUX2 AVERAGE |VAPOUR TRANSFER | TRANSFER
kiW/m~C T -Te,+ |DENSITY |COEFF. COEFE.
e RATIO kW/m"C ki/m°C
75 173.7 8.8 26.26 19.94 20.46 2.6
79 68.1 77 26.28 9.32 10.48 2.4
80 86.7 6.8 26.45 12.97 12.43 ~4.2
81 6.4 6.3 26.44 14.02 12.39 =11.6
82 105.8 7.2 26.60 14,86 14.29 -3.8
83 103.8 y - 26.60 14,59 14,10 ~3.3
84 123.7 et 26.57 16.17 15.98 o 5
85 139.0 8.3 26.47 16.89 17.39 2.9
86 165.3 9.0 26.54 18.43 19,66 6.6
87 172.5 9.2 26.58 18.82 20.26 7.6
88 174.,7 9.3 26.53 18.98 20.46 7.8
92 68.0 6.5 26.61 10.53 10.48 -5
93 68.5 67 26.35 10.39 10.52 toc
oL 85.7 6.4 26.35 13.61 12.34 -9.3
95 85.8 6.8 26.10 1277 12.39 -2.9
96 88.2 7.5 26.35 11.85 12.60 6.3
97 103.3 T 26.35 14.49 14.10 =27
98 122.6 77 26.32 16.17 15.94% =g oH
99 140.1 8.2 26.31 17.20 17.53 1.9
100 160.5 9.1 26.51 17.83 19.26 8.0
101 160.4 8.9 26.47 18.22 19.27 5.8
102 174.3 9.2 26.L6 19.17 20.45 6.7
103 174.7 © 9.0 26.49 19.45 20.47 5.2
104 17541 8.7 26.42 20.28 20.52 1.2
105 175.8 8.8 26.46 20.12 20.57 2.2
116 123.8 7.9 12.88 15.87 21.05 32.6
118 138.9 6.3 12.85 22.37 22.87 2.2
154 105.2 6.8 12.58 16.11 18.91 17.4
155 121.6 6.2 12.56 19.91 20.98 e
156 137.9 6.0 12.58 23.60 22.94 2.8
1 159.0 6.3 12.52 25.79 25.43 -1.4
158 159. 4 6.6 12.55 | 24.50 25.46 3.9
159 159.4 6.8 12.62 23.48 25.40 8.2
165 104.5 5.9 12.85 18.23 18.67 2.4
166 122.0 5.9 12.82 21.02 20.86 -8
167 121.6 6.0 12.83 21.97 22.02 2
168 136.9 6.2 12.82 22.12 22.65 2.4
169 136.6 6.3 12.83 21.94 22.61 3.0
170 140.5 6.2 12.83 22.80 23.10 1.3
176 106.7 6.4 1257 17.27 19.10 10.6
177 122.8 5.2 12.50 25.59 2917 =17.3

*% Error = ((Calculated - Experimental)/Experimental) x 100
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TEST HEAT NCMINAL |LIQUID- EXP.HEAT | CAL.HEAT | % ERROR*
NO. FLUX, AVERAGE |VAPOUR TRANSFER | TRANSFER
kW/m“C T, Tsat |DENSITY COEFF. COEFF.
: RATIO ¥W/meC | kW/m<C
178 128.0 5.6 12.61 23.35 21.73 -6.9
201 158.6 5.1 5.84 31.39 33.90 3.0
210 155.2 L,9 5.83 32.15 33.40 3.9
216 120.0 4,5 5.89 26.99 27.69 2.6
217 119.9 4.5 5.90 27.39 27.66 1.0
220 57.3 4.0 5.88 14.82 16.41 10.7
221 65.5 3.7 6.03 18.25 17.82 2.3
222 75.4 3.6 5.76 21.92 20.05 -8.5
223 83.3 3.4 5.79 25.19 21.48 14,9
224 83.3 3.8 5.80 22.72 21.47 5.5
227 64.3 7.9 21.98 8.24 10.77 07
228 66.1 8.7 21.59 7.74 11.06 42,9
229 24,7 7.5 21.49 10. 14 12.09 19.2
230 83.0 5.0 21.45 16.79 13.04 -22.3
231 89.3 5.3 21.44 17.18 13,74 -20.0
232 101.9 5.8 21.40 17.94% 15.11 -15.8
233 108.7 6.4 21.55 17.30 15.78 -8.8
234 119.1 6.9 21.62 17.55 16.82 ity 3
235 128.5 7 21.70 “18.26 17.73 -2.9
238 83.0 7.9 21.08 10.66 13.13 23.0
239 83.7 8.3 21.52 10.37 13.10 26.3
2Lo 101.2 8.1 21.61 12.65 14,98 18.4
241 101.0 © 5.9 20.89 17.34 15.15 o,
242 118. 4 6.5 21.22 18.55 16.87 9.1
245 136.8 7 21.92 19.37 18.47 -4.6
246 145.9 b7 21.34 21.95 19.54 " e
250 67.4 4.8 21.37 14.27 11.26 =21.0
251 81.8 5e3 21.44 15.50 12.91 -16.7
252 100.5 6.0 21.55 16.81 14.92 -11.2
253 118.9 6.5 21.63 18.49 16.80 -9.1
254 136.1 7+ 21.83 19.18 18.43 -3
BIPHENYL-BIPHENYL OXIDE TESTS

20 169.5 14.0 60.29 12.09 14,64 21.0
26 169.3 10.4 46.18 16.61 16.20 2.5
2? 169.5 907 45058 18.0"‘* 16-2? _9-8
33 168.4 7.4 40.320 23.80 17.00 -28.6
3L 167.4 1%:1 45.55 15.78 16.19 2.6
36 90.2 9.7 L4 98 9.59 10.45 9.0
37 102.2 9.9 Li 99 10.59 11.42 7.8
38 108.6 10.7 45,57 10.40 11.88 14,2

*% Error = ((Calculated-Experimental)/Experimental) x 100




TEST SINGLE PHASE COMPONENTS TWO-PHASE CCMPONENTS Tc'l:‘!;ﬂ- EXP. TEST SINGLE PHASE CUMPONENTS TWO-PHASE COMPONENTS Tct:t\.la
#9. FRICT. ACCEL. GRAV. TOPAL  FRICT. ACCEL. GIAV. TOTAL ap' Ap NO. FRICT. ACCEL. GRAV. TOPAL  FRICT, ACCEL. GRAV. TOUTAL Ap
1 1.24 .01 18.89 20.14 20.1h 27.9 43 .79 .00 18.32 19.11 19.11
2 1.24 .01 18.91 20.15 20,15 26.2 k4 .79 .00 18,29 19.08 19.08
% 1.28 .01 19.41 2C.43 20.43 32.2 45 66 .00 14,75 15.41 .29 38 3.30  3.97  19.37
b 1.28 .02 19.15 20.hh 2044 32.2 W6 .62 .00 13.86 14.48 «37 A7 3.72 4,56 19.04
5 1.23% .01 18.26 19.50 19.50 18.3 47 .81 .01 18.14 18.96 18.96
6 1.23 .02 18.11 19. 19.36 8.1 48 .81 .01 18.11 18.93 18.93
" .93 .02 14.86 15.80 .72 1.88 2.28 4 .88 20.68 37.4 49 .36 .00 8.55 8.9 1.62 2.26 3.75 7.63 16.54
z .85 .02 15.72 .59 1.05 2.50 2.h45 6.00 20.59 272.5 S0 .56 .01 13.26 13.83 .87 1.98 2.39 5.24 19.07
9 .57 .02 10.98 11.58 2.23 4L.85 2.23 9.39 20.97 4.8 51 55 .01 13.04  13.60 .91 2.01 2.45 5,37 18.97
10 35 .01 8.46 8.82 3.h3 595 2.12 1147 20.30 33.9 52 .12 .00 3.87 3.9 3.97 4.85 2.68 11.49 15.48
1 .26 .01 7.8  B.12 4,20 o) A8 1521 21.32 h.6 53 .13 .00 L.32 L5 3.79 4,75 2.65 11.18 15.63
12 .83 .01 12.59 13.42 .96 1.65 3.47  6.08  19.50- 31.4 54 .26 .01 18.02 19,29 19.29
14 .79 .01 12,14 12,94 1.08 183 3,52 6.42 19.36 38.0 55 1.25 .01 17.7%  18.99 18.99
e 27 .01 11.91  12.69 1.12 1.88 3.58 6.59 19.27 31.7 5 1.22 .02 17.49 18.73 18.73
15 32 .01 6.79 7.12 3.43 h,90 3.01 11.34 18.46 20.1 57 1.22 .02 17.28 18.53 18.53
16 .57 .01 7.68 B.06 3.03 k.59 2.95 10.57 18.65 35.1 58 1.25 .01 17.98 19.24 19.24
17 N .01 8.14 8.55 2.85 4.8 2.97 10.18 18.73 35.9 59 1.26 02 17.84% 19.12 19.12
18 1:25 .02 1811 19.37 19.57 21.8 &0 1.22 .02 17.29 18.53% 18.53
19 1.26 .02 18.08 19.36 19.36 21.% 61 1.13 .02 15.81 16.96 .28 .52 2.16  2.95 19.91
20 1.17 .02 16.89 18.08 27 .55  2.09 2.90 20.98 35.4 62 .96 .02 13.89 14.87 .65 1.47 2.60 4,72 19.59
21 1.03 .02 16.2  17.24 58 95 2.16 3.h9 20.73 35.2 63 .83 .02 12.33 13.18 1.02 2.09 2.89 6.01 19.18
22 .58 .02 10.99 11.59 2.30 472 2.28 9.30 20.88 32.9 64 .95 .03 13.73 1.7 .76 1.81 2.50 5.07 19.77
23 .55 .01 10.76  11.33 2.35 h.7 2.30 9.37 20.20 35.7 &5 .55 .02 9.55 10.12 2.18 .13 2.70 9.01 19.13
2h .19 .01 6.21 6.4 4.9 7.78  1.67 1h4.36 20.76 44.3 66 .80 .02 12.28 13.06 1.24 2.76 2.61 6.6 19.67
25 23 .01 7.%%  7.38 k.55 7-59 1.68 13.81 21.19 42.9 67 1.19 .01 17.%1  18.61 18.61
26 .16 .01 5.78 5.94 5.56 9.37 1.37 16.32 22.27 3.9 68 1.19 .02 17.21 18.42 18.42
27 .16 .01 5.55 5.72 5.93 .71 1.6 17.09 2..82 25.4 69 1.19 .02 17.08 18.28 18.28
28 1.14 .01 16.56 17.71 .23 26 2,37 2.85 0.56 33.8 70 .93 .02 13.85 14.78 .60 1.24 2.75 W4y 19.35
29 1.0k .01 14.98 16.02 43 63 5.1 4.17 20.2° 336 21 .70 .02 11.23 11.95 1.29 2.52 2.98 6.79 18.75
30 7C 01 10.76  11.46 1.39 2:15 388 7.0 18.86 31.6 72 .70 .02 11.2h  11.96 1.28 2.46 3.02  6.75 18.71
41 .52 .01 8.99 4.52 2.21 3.50  3.47 9.08 18.60 4.8 73 .5h .02 9.52 10.08 1.93 3.h9 2.93 8.36 1844
32 <35 .01 6.99 7.35 3.37 4.88 3.08 11.33 18.69 335.6 7h A6 .01 8.46 B8.93 2.52 b 43 276 902 18.65
345 32 01 6.32 6.64 272 5.18 3.11 12.02 18.66 34.9 75 .54 .01 7095  2.50 %.10 5.19 2.59 10.88 18,49
3h .20 .00 h.99 5.19 k.51 6.06 2.61 13.18 18.%7 37.3 76 1.04 .01 17.00 18.05 18.05
35 .18 .00 h.53  h.7 4,79 6.29 2.61 13,7 18.41 28,9 77 1.03 .01 17.05 18.09 18.09
46 16 .00 h.??7  4.93 h.76 6.51 2.22 13.h9 18.43 38.9 78 .99 .01 16.45 17.46 13 .07 1.89 2.09 19.55
57 A7 00 5.00 5.17 ho6h  6.h2 2.2 15.27 1843 9.4 99 78 .01 13.02 13.81 .55 91 328 4.k 18.55
38 .10 .00 3.88 3.9 5.16 7.0 1.87 .06 18.05 41.1 &0 o5 .01 9.63 10.18 1.32 2.06 3,70 .09 17.26
39 A1 .00 b1 h,22 5.02 6.92 1.87 15.81 18.03 h1.2 81 <53 .01 9.0 9.94 1.40 2.17 3.717 7.28 17.22
Lo .08 .00 343  3.52 5:35 757 1.65 14.57 18.08 1.5 82 57 .01 7.29 7.67 2.19 3.2% 25 8.92 16.59
41 .07 .00 3.21  3.28 5.52 7.82 1.63 14,98 18.26 43.6 83 A2 .01 8.16 8.58 1.87 2.86 3.48 B.22 16.80
b2 .09 .00 3.67 3.76 5.4 7.78  1.64  14.86 18.62 42, a4 20 .01 6.45 6.76 2.65 3.89 519  9.74 16.50

Note: All pressure drop components have the units of kN/m2

TABLE 26  COMPARISON OF MEASURED PRESSUKE DKOP WUTH THAT PKEDICTED BY THE HOMOGENEOUS THEORY FOR TIHE MONOCHLOKOBENZFMNE ‘PEST SERIES
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TEST SINGLE PHASE COMPONENTS TWO-PHASE COMPONENTS Té".‘{‘,"‘ EXP. TEST SINGLE PHASE CQMPONENTS TWO-PHASE COMPONENTS Tctzll'ib EXP.
NO. FRICT. ACCEL. GRAV. TOTAL  FRICT. ACCEL. GRAV. TOTAL Ay SP N0, FRICT. ACCEL. GRAV. TOMAL  FRICT. ACCEL. GRAV. TOIAL Ap OF

85 .24 .01 5.60 5.85 3.12 k.53 2.96 10.61 .46 23.4 127 1.18 03 16.03 17.24 17.24 18,5
86 .19 .01 75 495 3,76 5.52 2.62 11.90 16.85 20.3 128 1.2h O 15.98 17.26 17.26 18.4
87 .18 .01 k.75 4.95 3.84 .70 2.51 12.09 17.0h 22.8 129 1.31 .04 16.18 17.52 17.52 16.8
88 .13 .01 4,55 4.73% 3.95 5.82 2.53 12.28 17.00 18.9 130 1.40 04 16,05 17.49 17.49 17.6
89 .90 .01 16.91 17.861 17.81 12.8 131 117 02 16.69 17.87 17.87 19.2
90 L2y .01 15.79 16.64 .16 o8y L L N 2.62 19.27 18.1 132 1.16 02  16.27 17.46 17.46 17.3
91 74 .01 12.85 14.60 «35 A8 3.23 k.05 18.65 16.4 133 1.18 O3  15.96 17.17 17.37 7.4
92 .€1 .01 11.52 12.13 <7h .96 3062 5,52 1765 172.7 334 1.22 03 16.17 17.42 17.42 17.8
93 .54 .01 10.45 11.00 .95 1.39 3.84 6.16 17.16 "18.4 135 1.25 O  16.09 17.28 17.38  17.4
9h 4o .01 8.34 8.75 1.52 2.23 3.7 7.50 16.2% 16.7 126 1.27 .04  16.00 17.32 17.32 18.0
95 o322 .01 6.83 7.15 .89 2.55 3.89 8.32 15.47 19.0 157 1.5 04 16.07 17.42 ‘ 17.42 17,4
96 .21 .00 b7 4,92 2.52 3,08 4.00 9.60 1%.51 16.9 138 1.35 0%  16.21 17.60 17.60 16.1
97 425 .01 5.78  6.04 2.43 229 3.55 9.27 15.31 4.0 139 1.39 05 16.24 17.67 17.67 20.1
98 .20 .01 h.ok  5.15 2.95 5.0 3.19 10.15 15.30 17.9 140 1.4 05 16.32 17.77 17.77 18.2
99 A7 .00 k.55 4.70 3.25 .51 288 10.63 15,33 17:1 11 1.43 .05 16.32 17.80 17.80 17.1
100 .12 .00 3.47  3.59 3.81 2D 2557 1168 15.27 17.5 142 1.47 05 16.40 17.92 17.92 20.9
101 12 .00 3.68 3.8 3.72 5621 2.57 11.50 15.31 19.h 143 1.13 02  16.40 17.55 17.55 48.2
102 .C9 .00 3.0 3.14 3.98 S5.72 2.37 12.70 15.20 17.2 14h 1.13 02 1.1 172.27 17.27 18.2
103 .09 .00 3.0h 3.4 3,98 5.75 2.37 12.) 15.20 15.5 145 1.14 03 15.90 17.07 17.07 17.2
104 .09 .00 2.83 2.9 3.99 5.73 2.35 12.08 14.99 19.2 146 1.15 .03 16,07 17.26 17.26 16.7
105 .09 00 2.82 2.9 h.01 5.80 2.3%  12.14 15.05 17.8 147 1.15 .0 16.00 17.19 17.19 228
106 1.12 .00 17.51 18.%0 18.50 12.2 148 1.18 O 16.07 17.29 17.29 16.7
107 1.18 .00 17.31 18.48 18.48 16.9 149 1.19 O 16.15 17.38 17.58 17.5
108 1.17 .00 17.09 18.26 18.26 16.4 150 <93 .01 16.25 17.19 ' 17.19  17.4
109 1.5 .01 16.76 17.92 17.92 317.7 151 <92 .02 15.89 16.83 16.83 17.4
110 115 .01 16.54% 17.69 17.69 16.4 152 91 02 15.49 16.42 .10 .02 .59 1.7 18.13 18.1
111 qisz .01 16.50 17.55 17.55 15.1 153 .87 02 .73 15,63 <12 .16 2.12  2.h4 18.07 15.6
112 1.13 .02 16.2h 17.39 17.39 15.7 194 «71 02 12.76 1%.10 A5 .71 3.07 4,22 17.32 15.8
113 1.1 .02 16.28 17.44 17.44 15.4 155 <5 .02 9.3% 9.88 94 1.44 3.69 6.07 15.95 15.8
114 1.13 .02 16.19 17.34 17.34 17.2 156 A3 .02 8.17 B.62 1.25 1.92 3,66 6.83 15.45 15.3
115 1.13 .05 15.91 17.07 17.07 15.2 157 .33 .02 6.77 7.12 1.67 2.55 3:.53 774 14.86 4.0
116 L7 .03 12.65 13.55 .51 .86 2.96 4.33 17.87 15.7 158 -3k .02 6.78 72,13 1.69 2.58 3.55 7.83 .96  13.4
117 .90 .03 13.50 13.99 A5 75 2.85 h.02 18.01 1.0 159 «31 .01 6.37 6.69 1.75 2.65 353 7:93 .62 13.1
118 e .02 7.78 8.20 1.35 2.06 3,65 7.06 15.26 15.7 160 .86 .01  16.33 172.20 17.20 18.2
119 1.16 .01 16.95 18.11 18.11 17.4 161 .85 .02 15.79 16.66 16.66 16.2
120 1048 . 03 | 16.78 17.93 17.93 14.8 162 +75 .02 13.91 14.68 .22 27  2.56 3.05] 17.73 1.3
121 1.1 .01 16.50 17.66 17.66 19.4 163 .76 .02 .21 14,90 .20 .23 2.47  2.90 17.80 16.6
122 1.13 .02 16.39 17.54 17.5% 18.6 164 73 .02 13.55 .29 .26 «35 2.73 3.4 17.63 15.6
123 1.12 .02 16.31 17.45 17.45 16.9 165 <53 .02 10.35 10.90 .69 1.06 3.59 5.%4 16.25 15.3%
12k 1.13 .02 16.27 17.42 17.42 19.1 166 .32 .01 6.95 7.29 1.5% 1.86 3,93 7.13 LS B 1
125 1.15 .03 16.10 17.27 17.27 17.1 167 <21 .01 935 5.57 1.60 2.19 3.76 7.9 13.12 12.3
126 1.16 .03 15.90 17.09 17.09 17.8 168 -19 .01 k.96 5.16 1.69 2.32 7 R 12.88 13.4

Tuble 26 Continued.
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TaET SINGLE PHASE COMPONENTS TWO-FHASE COMPONENTS TCC:P:L EXP. TEST SINGLE PHASE COMPONENTS TWO-PHASE COMPONENTS 131:1, e
KC. FRICT. ACCEL. GRAV. TOMAL  FRICT. ACCEL. GRAV. TOTAL Ap A4p Mo FRICT. ACCEL. GKAV. TOPAL  FRICT. ACCEL. GRAV. TOTAL ap oF
169 .20 .01 536 5.56 1.65 2.28 3.67 7.61 12.97 12.3 212 49 01 14.97 15.48 15.48 13.8
170 .18 .01 k.76  h.94 1.73 2.39 3.62 275 12,70 12.0 213 <50 02 14,65 15.17 15.17 13.8
171 .82 .01 16.21 17.04 17.04 17.2 214 48 03 13,49 14,00 .10 .09 1.82 2.00 16.00 12.7
172 81 .02 15.77 16.59 16.59 17.7 215 A5 .03  12.59 13.07 «15 .20 2.26 2.61 15.68 4.4
175 77 .02 14.90 15.69 213 211 . 199 2.23 17.92 16.6 216 39 03 1.1 11.53 .26 .39 2.80 344 14.97 12.1
174 .72 02 13.76 k.49 .23 o2 2.64 3.8 17.67 24.8 217 -39 02  10.92 11.53 27 do 2,87  3.55 14,88 12,4
175 .78 .02 .97 15.77 13 2 4,08 2.23 18.00 14.2 218 .33 .01 13.69 14.03 14.03 1.1
176 « 54 .02 10.76 11.32 .61 95 3.5 5.06 16.%9 1.2 219 .28 01 1147 11.76 11 .09 2.79 2.98 .74 11,9
177 45 .02 9.16  9.63 <93 1.45 3.60 5.99 15.62. 18.3 220 .25 01 10.20 10.56 .16 .17 3.31  3.64 .20 12.5
178 45 .02 9.18  9.64 .96 1.54 3.50 5.99 15.63 21.6 221 .21 .01 8.58 8.79 .26 .29 3.87 4.2 15.21 10.8
179 1.03 .01 16.73 17.76 17.76 16.6 222 .18 .01 7.66  7.85 .32 37 5.9?7 b4.66 12.52 10.0
160 1.01 .01 16.36 17.38 17.38 17.1 223 17 .01 6.97 7.5 .38 46 h.00 4,84 11.99 8.7
181 1.00 .02 16.01 " 17.03 17.0% 15.4 224 .17 .01 6.96 7.14 .39 b6 3.97 4.82 11.96 10.3
182 1.00 .03 15.76 16.79 16.79 13.9 225 1.13 01 16.82 17.96 17.96 16.9
183 1.00 0% 45168 657 16.57 1.1 226 1.10 .01 16.56 17.67 17.67 16,2
184 1.01 .0h 15.39 1644 16.44 15.4 227 .68 01 11.29 11.97 .72 1.00 3.96 5.68 17.65 16.4
185 1.01 .04 15.41 16.46 16.46 13.8 223 .81 01 12.53 13.35 .56 .82 3.54 4,92 18.26 16.5
186 1.02 .04 15.29 16.35 16.35 14.9 229 .62 01  10.23 10.86 .56 1.37 Lh.06 6.39 17.25 17.3
187 1.02 .05 15.20 16.27 16.27 11.6 230 .32 .01 9.26 9.59 .85 1.29 557 85.71 1550 13.3%
188 1.01 .05 15:11 16.17 16.17 15.6 23 .26 .01 8.h2 B8.69 1.00 1.50 3.42 5.92 14,60 14.6
189 1.04 .06 15.2  16.11 16.11 10.8 232 .18 .01 6.76  6.94% 1.29 1.85 3.22 6.36 13.320 135.1
190 1.05 .07 14.81  15.93 15.93 15.8 233 L .00 6.1  6.29 1.39 1.97 3.02° 6.37 12.66 12.1
191 .90 .06 13.3% 1427 .26 4o 2.03 2.69 16.96 23.0 2% .10 .00 551" 544 1.49 2.11 2.72 6.3 M.73 124
192 .81 .06 12.52 13.39 35 599 2.3 3.25 16.64 30.5 235 -09 .00 5.11 5.2 1.51 2.20 2.51 6.23 11.43 10.4
193 .78 .01 16.2h  17.03 17.05 15.0 236 1.11 01 16.76 17.89 17.89 18.1
194 .79 .01 15.82 16.62 16.62 15.6 237 .98 01 1,60 15.59 .29 <35 2.72' 3.%6 18.95 18.0
195 .77 .02 15.60 16.38 16.38 1h.3 238 RE .01 29 03 1.68 2.16 L.y 8.3 16.04 13.0
196 .76 .03 15.33  16.11 16.11 15.2 239 .53 .01 9.20 9.74 1.24 1.80 L.00 7.0% 16.77 22.8
197 -7k .03 15.00 15.77 15.77 15.1 2hWo .21 .01 5.25 5.h6 2.08 2.69 3,78  B.95 14.01 14,2
198 75 .04 .79 15.57 15.57 1.2 2\ .23 .01 6.5 6.74 1.57 2.16 3.61  7.%4 14.08 14,9
199 =1 .0k 13.97 14,72 .13 11 172 1.95 16.67 1.0 2h2 .10 .01 3.58 3.69 2.29 2.93 3,21 B.43 12.12 134
200 .63 L0l 12.58 13.25 .2k 38 2.26 2.89 1616 19.3% 243 .07 .00 2.76 2.83 2.h2 3.19 2.88 8.49 1.32 7.3
201 <5h L0l 11.h2 12.00 .35 .57 2.65 3.56 15.56 10.4 244 .05 .00 2.3h  2.39 2,30+ 3.1 2.67 B8.08 10.47 16,
202 .65 .01 15.86 16.52 16.52 15.0 245 .0k .00 2.35 2.0 2.15 3.00 2,52 67 10.07 10,2
203 .65 .01 15.64 16.%0 16.20 13.2 2h6 L0l .00 2.56 2.60 1.82 2.86 2.33% 7.00 9.61 10.1
204 .65 .02 15.46 16.03 16.05 135.1 247 .0l .00 2:57 2.8 1.73 2.85 2.25 6.8% 9.h3 11.5
205 .66 .03 15.C9 15.77 15.77 13.1 248 1.10 01 15.94% 18.%0 18.%0 17.8
206 67 .03 14.86 15.55 15.55 12.8 249 .89 01  14.21 15.12 .52 Ay 2.89 3,65 18.77 16,
207 .67 -0l 14.65 15.36 15.36 12.4 2% .10 .00 3.57 3.67 1.51 1.63 by .56 11.23 1.0
208 .63 .0l 15.49 1h.16 - .16 1.89 2.20 16.36 12.4% 251 .08 .00 3.37 3.6 1.65 1.87 3.84  7.26 10.%1 1.1
209 .59 .0h 12.72° 13.35 ey 32 2.19 2.7 16.07 1.4 252 .06 .00 2.97 3.02 T2 2.09 31 6.91 9.94 11.2
210 52 L0l 11.43 11.98 .33 S5h 2.65 3.51 15.50 9.7 253 L0l .00 2.56 2.60 1.69 2.25 2.61 6.5 9.95 9.5
21 A8 .01 15.31  15.81 15.81  1h.7 254 .03 .00 2.3 2.%9 1.41 2.25 2.27 5.92 8.31 10.1
Table 26 Concluded
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TOTAL

TEST SINGLE PHASE COMPONENTS TWO-PHASE COMPONENTS CAL EXP,
No. FRICT.  ACCEL. GRAV.  TOTAL FRICT. ACCEL.  GRAV,  TOTAL Ar ap
i 1.12 .00 17.20  18.33 18.33 18.9
2 1.09 .01 16.97 18.06 18.06 17.8
3 1.07 .01 16.79 17.87 17.87 17.8
4 1.12 01 16.70  17.82 17.82 18.0
5 1,01 .01 16.57 17.60 17.60 17.8
6 1.19 .01 16.93 1a.11 18.11 17.8
7 1.15 .01 16.87 18,03 18.03 18.0
8 1.14 .01 16.79 17.94 17,94 17.8
9 1,13 .02 16,67 17.82 17.82 17.7
10 1.03 .02 16.68 17.73 17.73 17.7
11 .92 .01 16.66  17.59 17.59 17.8
12 .91 .01 16.59 17.52 17.52 17.5
13 .94 .02 16.48 17,44 17.44 17.5
14 .97 .02 16.45  17.44 17.44 17.2
15 .98 .02 16.43 17.43 17.43 17.4
16 99 .02 16.49 17.50 17.50 17.3
17 1.04 .02 16.40  17.46 17.46 7.1
18 .61 .01 15.69  16.31 .13 .40 1.37 1.91 18.22 16,3
19 .58 .01 15.04 15,64 .29 1.23 1.14 2.66 18.30 15:5
20 .50 .01 13.15 13,66 .90 2.96 1.16 5.01 18.67 17.2
21 .74 .01 16.19  16.94 16.94 16.5
22 .76 .01 16,16  16.93 16.93 16.2
23 .76 .01 16.12 16.90 16.90 15.9
24 .76 .02 16,00 *+ 16,78 16.78 15.1
25 .65 .02 13.86 14.53 .48 1,72 1.35 3.56 18.08 16.3
26 .16 .00 5.96 6.12 3.82 6,51 1.28  11.60 17.72 20.3
27 .12 .00 4.55 4.68 4,60 7.37 1,31  13.28 17,96 16.3
28 .75 .01 16,28  17.04 17.04 16.7
29 .74 .01 16.18  16.93 16.93 16.9
30 .76 .01 16,09 16.86 16.86 16.4
31 .80 .02 15.99 16,80 16.80 16.2
32 .82 .02 16.02  16.86 16.86 15.7
33 .33 .01 9.68  10.02 1.78 4,00 1.42 7.20 17.22 16.0
34 od3 .00 4,35 4,47 4.57 7.25 1,32 13.15 17.62 15.5
35 .42 .01 15:86 16.29 16.29 16.2
36 .05 .00 4,34 4,39 1.80 2.44 1,50 5.74 10,14 11.3
37 .02 .00 2.79 2,81 1.44 2.39 1.19 5.02 7.82 12.6
38 .02 .00 2.40 2.42 1.39 2.23 1.21 4.83 7.25 14.1

- 2
NOTE: ALL PRESSURE DROP VALVES HAVE THE UNITS OF kN/=

Table 27 COMPARISON OF MEASURED PRESSURE DROP WITH THAT PREDICTED BY
''HE HOMOGENEOUS THEORY FOR THE BIPHENYL-BIPHENYL OXIDE TEST SERIES
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FULL TEST FULLTUBE CORRECT. CAL. TEST
TEST TEST ~ AVERAGE BPTY  omp  gpemron  TEMP.  FULL  EXP. VOID SECTION
TEST NO. COUNT ~ COUNT OF TEST TUBE  oopen g7 CORRECT. TUSE  FRACTION EXIT
NO.1 NO.2 COUNTS ICOUNT I 2 e ° .
2 2 (coLp) TEMP. FACTCR COUNT I4 QUALITY
1 1c4522 104532 121001 10418 168.8 1.0278 107080
2 101"%1 103870 10(‘085 " " " " "
3 103605 1037“9 103_677 " " " " "
N 103?2? 103615 103671 " " " " "
5 103786 104079 103632 " » 193.6 1.0326 107580
6 105098 106122 105610 " " 201.7 1.030 107726
7 111691 111524 111607 " " 209.3 1.035% 107872 .296 .C6
8 112935 112790 112863 " " 208.2 1.0351 107840 .395 .08
9 114044 113810 113827 " " 213.2 1.0760 107934 473 .19
10 114758 116483 114620 " " 210.2 1.0356 107892 527 «25
1 114984 114712 114843 n " 210.5 " " «545 45
12 110360 111245 110802 115993 1028461 209.6 " 107537 273 0%
13 111266 111670 111518 " " 209.3 1.0354 107516 . 333 0%
1% 111442 112422 111932 " " 209.6 1.0356 107537 365 L6
15 114067 11389% 113981 " fn 209.3 1.035% 107516 .532 .21
16 113888 112654 113771 " " 211.1  1.0357 107548 514 .19
17 112796 114199 113997 " " 210.2 1.0356 107537 .532 oz
18 102956 102650 103303 116950 102561 202.6 1.0342 106068
19 102047 103127 102087 " " 203.6 " "
20 106328 107726 107032 " " 208.4 1.0354 106191 082 .02
21 107668 107555 107611 " " 209.6 1.0336 106212 1% .03
22 112501 112%23 112512 " " 210.8 " n .598 7
23 1126545 112888 112770 " " 210.2 " " 622 .18
24 113275 113135 113205 4 " 211.1  1.0357 106222 662 .54
25 113068 113484 113276 " " " " " 668 48
26 113461 113398 113429 " " " " " 682 .72
27 112895 112895 " " 212.0 1.0355 106202 634 .69
28 108742 108899 108820 118950 102132 208.8 1.035% 105747 .243 .01
29 109459 110017 109738 " " " " " 315 .02
0 111912 111672 111792 " " n " " 472 .07
31 112665 11209% 112379 " " " " " .517 12
32 112148 111816 111982 " " 209.0 t " L87 .20
33 113082 113565 113323 X Ly 208.4 " n -588 .21
34 112781 112566 112673 " " 208.8 n " 539 .32
z 112678 112672 112675 " n 208.4 " n 529 35
36 113135 112926 113029 " (1] " " " _566 .Ln
37 112084 112292 112688 " " 208.8 " " 540 41
28 113788 112322 112555 y i 209.3 1.0355 105757 .605 .58
39 113436 113635 113535 " " 209.6 1.0356 105767 603 57
4o 113629 113867 113748 " " l i " 612 <72
b4 113834 113402 113618 " " 209.2 1.0355 105757 .610 <74
L2 116282 113792 114037 " " 210.2 1.0356 105767 B4 .70
43 103002 102433 102717 117764 101310 186.4 1.0311 104460
L4 102551 103135 102843 " " 187.%4  1.0314 104491
45 107751 107918 107834 " " 207.8 1.0351 104866 241 .02
46 108049 109631 105290 " " 208.2 1.0354% 104896 +355 .02
47 102532 102734 102633 " " 198.8 1.0335 104703
48 102342 102361 102351 " " 210.7 1.0357 104926
Lg 112444 112362 112403 " " 208.2 1.0354 1048%6 <597 .11
50 111270 111699 111484 " " 207.6 1.0351 10L4BEE «527 .09
51 111692 111347 111519 " L 7<%  1.0349  1048LS 531 .09
52 113596 113569 113582 " " 208.6 1.0354 104896 .688 L34
ot 113161 113219 113190 ] n 208.4 " " 658 .33
54 101753  10213% 101943 115564 100435 194.9 1.0328 103729
55 102167 102419 102293 " " 208.4 1.0354% 103990
101079 101722 101400 " " 222.8 1.03® 104251
57 101584 101810 101697 " " 233.6 1.0400 1044s2
58 95875 96158 96016 109340 94525 200.5 1.0337 97710
59 94792 95495 95143 ) Ly 211.4  1.0357 g78ga
60 96019 96136  S6077 108798 94752 232.6 1.0399 98533
61 a9k67 29611 99539 " " 24,0  1.0421 98741 .083 .03
62 101348 101796 101572 " n 245.0 1.0423 98760 250 .08
63 102506 102506 " " 243.7 1.0421 o874 .386 .11
64 101526 102084 101805 " " k4.8  1.0423 58760 J31h .09
65 103520 103828 103674 " " 243.,7 1.0421 98741 .502 .26
&6 102990 102908 102949 ko) o 2k1.9  1.0416 98633 A433 +15
&7 95988 95330 95659 109884 o4736  218.4 1.0370 98241
68 95598 95917 95757 # " 232.4  1.0399 98515
€9 97129 97578 57358 n " 2k0.0  1.0412 98639
70 101392 100648 101020 " " 243.7  1.0421 o872k .215 07
71 103376 103954 103655 " I 265.2  1.0423 98743 sk .18
72 103118 102028 102073 " " 245.0 " n 401 =
73 103767 104167 103967 " " 263,11 1.0421 98724 483 .22
74 104478  10LELB 104563 " " 245.6  1.0423 58743 .536 .30
75 104445 104378 104411 i " 244.8 " " .522 41
TABLE 25  SUMMARY OF INTEGRAL COUNT MEASUREMENTS OBTAINED WITH THE GAMMA-RAY ATTENUATICN APPARATUS FOR

THE DETERMINATION OF THE TEST SECTICN EXIT VOID FRACTICN



FULL TEST FULL TUBE CORRECT. CAL. TEST
TIST  TEST  AVERAGE EMPTY TUSE  SECTION TEMP.  FULL EXP.VOID SECTICH
TEST NO.  COUNT  COUNT °§b.f.§‘; TUEE  COUNT  EXIT CORRECT. TUBE FRACTIGN EXT°
N9, 1 WD.2 C COUNT I, (coLD) TEMP.  FACTOR COUNT 14 QUALITY
76 88735 88794 88764  gokso 86368 276.0 1.0404 86857
77 86289 86264 86326 36926 8395 2340 1.0400 87350
78 83367 88s53 88keo " n 240k 1.0412 &7450 112 .01
79 91295 50856 91075 " " 24,2 1.0423 87543 ,288 .C6
fo 92163 93159 93161 o " 2kk .6 " ol 611 .14
31 95177 9326]" 93220 1] " " " L] .517 .1[‘
A 94007 98y U " " 2k b n " «725 .24
gz ghEl 920", ahs232 " " 245.7  1.0471 87526 754 .21
4 G4c81 94757 94669 - ” 2446 1.0423 87543  .769 .32
&5 54506 Gk577 94741 " " 245.4 " " 776 40
36 9“?20 95260 91,990 " " " " " '302 .53_
&7 94635 95043 94839 " " 246.0 1.0424 87551 ,7896 &Y
g8 Gho0k  gkhsh gL679 " " 245.6 1.0403 47543 770 .54
89 86113 86087 86100 97052 83590 239.0 1.041 87025
90 88258 88g62 88610 " " 241.9  1.0416 87067 161 .01
91 89070 89724 89:97 97052 83500 242.5 1.0416 87067 242 .03
¥} 91813 91700 91756 " " 245.0 1.0423 87128 480 08
93 92253 92385 92319 L 1 245.2 » " «537 .10
94 93149 93922 93535 g 2 2k5.0 v = .658 .18
95 93785 93954 93370 B ) 2L5.4 " ! 691 21
56 h202 oLkE1 94331 " " 245.0 " " .726 27
97 93566 94318 93gk2 " " 24k,2  1.0622 87117 658 .29
o8 o482 54376 9kh2g " " 4.6  1.0423 87126 L7546 .39
99 94037 94588 9k212 " " k4.4 1.0422 87117 «735 48
100 9kggs k729 9L8e3 " " 244.6  1.042% 87126 .789 .63
101 LECE 94877 94691 " " 2y b 1.0422 87117 .772 .62
102 oLkE7 Fhb1b Shkko " " 263.7  1.0621 87109 .748 74
103 94871 - 9L&71 " " 2b4.6  1.0423 87126 .789 74
104 9Lké30 - 946320 " " 245.0 " " .766 .76
105 91,411 = 9},411 " " 2“‘_6 " " _?ui, .?7
106 83316 32095 83205 93342 80281 217.2 1.0268 83225
107 82538 83210 83099 " " 224.6 1.0233 83355
108 82205 81658 81931 92748 79788 227.6 1.03%0 82899
109 81804 81786 81795 " ok 242.8 1.0419 83131
110 81544 82114 82029 " " 251.2  1,0433 8z2k2
111 81859 81988 81923 " n 257.6 1.0LLs 83346
112 817¢8 82452 82128 " " 264.8  1.04&0 83458
113 82094 81578 81826 " " 266.0 1.0Lk62 83474
114 81865 82225 Bagus " " 269.8  1.0469 83530
115 83524 83756 83640 " " 280.0 1.0488 82881
116 86088 86287 86187 » " 283.4  1.0405 83737 .282 .10
117 85930 86171 86050 " " 284.2  1.0497 83753 265 .09
118 89012 - 89012 " " 28k.6 1.04¢8 83761 .597 .33
119 79846 8ckos 80125 S0k23 77669 236.6 1.0L406 80822
120 79897 79721 76809 " " 2b5.8  1.0423 20954
121 79831 79832 79831 i " 254.2 1,040 81086
122 79703 79722 79712 " " 261.8  1.0454 81195
123 B0308 79781 " " 267.4  1.0464 81272
124 20391 80217 8o " " 270.7 1.0471 81327
125 80185 80185 £0185 " " 274.2 1.0470 81389
126 80518 81007 80762 " L 281.2 1.04%p 81475
127 81097 80799 20948 " " 28L.4  1.0498 81537
128 81152 81565 813c8 " " 285.0 s "
129 80874 80567 80720 " " 282.4 1.0493 814og
130 82329 82388 82358 " " 285.0 1.0408 81527
131 77358 77555 77456 87391 75202 250.6 1.0433 ~BL4s8
132 77727 78053 77890 1 o 267.0 1.0464 78681
133 78299 78480 78289 " n 278.4% 1.0486 78857
124 78018 77364 77941 " " 276.0 1.0481 78816
135 78885 78481 78683 " i 279.2 1.0488 78871
136 79506 79146 79326 87391 75202 282.7 1.049% 78916
13? 79627 79237 791,,,32 " " " (1] "
138 79578 79432 79505 o - 281.5 1.0492 78901
139 79225 79395 79312 " " 282.4 1.0493 78909
140 79790 79743 79769 W A 282.7 1.04ch 78316
141 79075 79799 79437 " " 282.5 1.0493 78909
142 79978 79923 79950 5 ) 283.4% 1.0495 78924
163 76720 76935 76827 86411 74680 259.5 1.0450 78040
14k 77453 77563 77508 s " 272.6  1.0474 78219
145 78915 78960 78937 " " 281.2  1.0490 78339
146 78045 77881 77963 " " 278.8 1.0487 78317
147 78589 78521 78755 L " 282.4  1.0693 78361
148 79256 78884 75070 " " 282.1 " 8
149 78814 79115 78564 " " 282.4 L "
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FULL TEST FULLTUBE CORRECT. CAL.TEST]
ST Z=t AVEMGE BT  oppy  sEorrae TEMP. FULL  EXP VOID SECTION
TEST NO. COUNT COUNT CF TEST TUBE s FRACTICN EXIT
NO. 1 NO. 2 CCUNTSI COUNTI, COONI =T  CORRECT. TURE &
: =2 2 (COILD) TEMP. FACTOR COUNT I. QUALITY

150 76263 76419 76354 85143 73271 261.6 1.0454% 76597

151 76135 76007 76071 " " 276.0 1.0431 76795

152 77526 77342 77434 " L 281.5 1.0492 76875 071 01

153 78573 77957 78265 " " 283.6 1.0495 76858 173 .02

154 799c8 80225 2oces " " 285.6 1.0499 78827 .34 .10

155 81629 81285 81Lks7 n " 285.0 1.0498 76919 .SéL .22

156 82231 81828 82070 " " 285.9 1.0500 76934 .633 31

157 82259 82628 B2L43 " " 286.8 1.0508 76993 880 Sk

158 82825 82685 82755 " i 284.2 1.0428 76919 .720 Wiz

159 82565 82101 82333 " " 287.7 1.0 76593 .666 47

160 75503 75261 75382 guais 72977 259.8 1.0450 76260

161 76270 75765 76017 L " 278.4 1.0486 76523

162 77984 78L61 78222 " " 283.4 1.0495 76589 .221 Ob

163 77997 78235 78116 " " " " " .207 .04

164 77544 78032 77988 " " 283.6 " " 150 .05

165 80385 79991 80188 " " 284.2 1.0498 76611 .80 a7

166 81707 81805 81756 " " . o ” 684 o34

167 82123 82016 82069 " " 285.0 " " .725 .48

168 82264 82445 82355 " " " " " 761 .52

169 8z2ko2 82407 B2Lkok " " 2B4.6 " " .767 .52

170 82284 82019 82151 " " 285.3 " " .735 .56

171 75656 75499 75597 8LEL1 72824 264.2 1.0480 76173

172 75911 75571 75741 " " 279.6 1.0490 76352

173 76373 77074 76723 - * 283.8 1.0497 76443 035 .02

174 78069 77798 7793 " 1 284.2  1.0498 76450 .184 05

175 76901 76672 76786 " " 283.8  1.0497 76443 043 .02

176 79651 79640 79645 " " 284.8 1.0498 76450 393 .16

177 80126 79933 800320 " " 286.8 1.0508 76523 43k «25

178 81009  &o911 80960 " " 286.5 1.0501 76472 549 o2

179 73372 73466 73L19 82966 71452 246.6  1.0423 74516

180 73345 73358 .73351 " " 264,2  1.060 74780

181 73964 73133 732548 82566 71452 277.6 1.0483  7uLg45

182 73505 73276 73390 » " 289.2 1.0506 75109

183 74331 74045 74213 " " 297.0 1.0522 75223

184 73636 73759 73658 n n 302.0 1.0520 75281

185 74482 73900 74191 " n 203.8 1.053% 75309

186 73763 72938 73850 " " 208.6 1.054% 75381

187 73913 74156 74034 " " 312.0 1.0551 75431

188 73934 73913 73923 A 1t 315.2 1.0556 75467

189 73508 74868 74388 " " 317.0 1.0561 75502

190 75612 75095 75353 " A 321.0 1.0568 75552

191 76127 76467 76297 " " 325.2 1.0574 75595 .0%9 <11

192 76299 77236 76767 " " 325.8 1.0576 735610 . 164 .17

193 73101 72755 72928 81473 70010 263.0 1.0457 73209

194 73044 72769 72906 " " 280.3 1.0450 7344

195 73146 7326k 73205 " " 290.0 1.0508 73566

196 73658 73562 73610 . " 300.4 1.0527 732699

197 73944 73169 73556 o i 310.8 1.0549 74853

198 74555  PLELD 74617 " n 317.2  1.0561 73937

199 74715 75157 74936 o o 323.4 1.05735 74021 .128 Ok

200 7612k 76105 76114 " " 326.2 " " 291 .15

201 76292 76855 76573 " ke 326.0 1.0576 74042 .351 L2l

202 72174 72038 72106 8oksz 69177 276.8 1.0580 73189

203 71890 72424 72157 " " 288.6 1.0507 72684

204 71788 71942 71865 " " 299.1 1.052% 728¢c2

205 71795 71849 71822 L " 308.4 1.0544 72940

206 72356 72151 72253 " " 315.8 1.0549 72574

207 73196 73384 73290 " " 322.8 1.0572 73133

208 73903 73622 73762 " " 324.0 1.0573 73140 083 .07

209 74476 74496 7 " " 325.6 1.0574 73147 .191 4

210 74911 74560 74735 i . 325.2 i i .226 =L3

21 71659 71664 71661 79667 68821 291.2 1.0510 723%0

212 71765 71757 71761 " n 303.2 1.0534 72496

213 72023 72297 72160 " " 313.2  1.0504 72289

214 73426 73727 73576 a b 323.4 1.0573 72764 122 .05

215 74235 74195 74215 " L 266 1.0574 7277 217 2

216 75013 74583 74798 " " 325.6 1.0576 72785 .302 27

217 ?‘4’68“ 7].;866 71,,775 " " " " " .299 1R

218 72625 72330 72477 79241 68484 320.6 1.0568 72373

219 73571 73215 73393 L e 32b.0 1.0573 72408 . 150 09

220 74472 74200 743226 " " 324.8 1.0574 72415 .298 .16

221 75500 75808 75654 " " 32k.2  1.0573 72408 436 .27

222 75944 75411 75677 H " 325.6 1.0574 72415 489 .37

223 76377 76184 76280 . e 325.8 1.0576 72428 576 L6

224 76332 76159 76245 " " 325.4 1.0574 72415 .572 s




) [

FULL TEST FULL TUlE CORRECT. CAL. TR
TEST TEST  AVERAGE EMPTY  op  comren  mmwp. FULL  FXP.VOID SECTLN
TESTNO. COUNT COUNT OF TEST TURE COUNT  EXTT  CORRET. TUBE  FRACIION  EXIT
NO. 1 NO. 2 COUNTSI COUNT IE (COLD) TEMP. FACTOR COUNT I, WUALTTY
225 69280 886509 69094 78047 66894 241.6  1.0616 69676
226 69487 69308 €9397 . " 252.% 1.0435 69803
227 73298 73571 73434 A " 254.8 1.0440 69837 W52 .08
228 71419 72370 718q4 " " 255.4 1.0442 69850 <2 .06
229 74156 73733 72964 Lig " 255.7 o B -516 .10
230 74026 74603 7Lz19 " " 256.%  1.04LL 63864 .558 o1
231 74699 k52 74575 " n 256.8 1.0445 69870 .58e -
232 74873 75092 71982 " " 256.0 1.0k42 69850 639 o3
233 75069 75302 75185 . n 256.4 1,044k BO8EL .£63 JuZ
234 75788 75665 75726 " " 256.8 1.0445 69870 727 5
235 75900 76526 76213 " " 256.4  1.0444  6986L .785 .65
2% 68304 67890 68097 76749 66023 243.7 1.0418 68783
237 70828 71418 71123 " " 256.4%  1.0444 68954 089 .03
238 74410 74142 74276 " " 256.8 1.0445 68961 b b i
239 73950 73935 73942 n oy " " " 52 L1
240 74678 74553 74606 " ) 255.1 1.044z 68941 736 3
241 74392 74769 74580 i o 257.4 1.044k5 E8os4 732 o3
242 75434 75074 75234 " " 256.6  1.044L  g8%61 316 «53
243 75163 74925 75044 " " 259.8 1.0450 689394 .789 .70
24k 75438 75621 75529 " " 256.0 1.0442 689L1 851 .80
245 75611 75614 75612 " " 254.8 1.0440 6E928 .861 .85
246 75965 74958 75461 " " 256.4 " " 842 .56
247 75658 75176 75417 " . 255.7 1.0442 68941 337 1.00
248 67921 67613 67767 76262 65707 236.3 1.0408 68287
243 69885 70512 70198 " " 256.0 1.0442 68611 .216 .03
250 74006 74368 74187 " " 256.6  1.0444 68624 .739 31
251 74170 74575 74372 L " " " " .762 L0
252 74329 74k23 74376 W s 256.4 i " 763 .59
253 74483 74433 74458 » " 256.2 1.0442 68511 773 .50
254 74689 74393 74541 L 1" 255.4 R # <784 1.0
TESTS WITH BIPHKENYL-
BIPHENYL CXIDE
1 55353 5L8%0 5121 62480 54483 2k6.6 1.0335 56308
2 sk326 54715 54521 " " 264.8 1.0265 6471
3 sh772 55029 SLks06 ) bt 277.8 1.0388 56596
L 55256 S54GL8 55102 " " 286.2 1.0402 =6n73
5 57855 56762 57308 o £ 295.4 1.0418 sé74
é 52998 53161 5080 61406 53395  268.9 1.0372 55381
7 S53kh2 53724 53583 * o 277.6 1.0288 55466
8 Shlbk7  SLB66  SMES6 L " 284.6 1.0399 55525
9 56255 55938 56096 " " 291.6 1.0412 55555
10 5632k 56342 56333 n " 293.8 1.0416 55616
1 52606 53237 52921 60920 019 288.6 1.0407 55177
12 52271 52503 52387 " " 295.6 1.0418 55235
13 52599 52828 52713 " " 306.1 1.0437 57649
14 53810 53251 53530 60920 53019  312.4 1.0448 55204
15 54026 54013 54620 " " 314.6  1.0452  SS41S
16 54158 52804 52981 " " 215.2  1.0453 S5420
17 55164 55264 55214 " " 320.0 1 .0460 554=8
18 55684 - 55484 " g 320.6 o 005 .02
19 55690 56040 55865 " " P51 1 oioé& 55489 .C72 .06
20 56616 56942 6779 o i 32b.2  1.0468 553500 .24s .1
21 53104 53155 53120 £0684 52861 318.6 1.0459 55287
22 53370 53507 53439 i i 326.6 1.0473 55361
23 S5LE46 54600 S54623 " " 332.4 1.048L 55419
2L 56676 55726 56201 i i 339.2 1.0494 s55472
25 56688 56970 56829 " " 341.0 1.0496 55482 .268 .09
26 5? 233 5?465 5?31.9 " ] " " " .}69 .62
27 5?641 57708 5757 5 " " " " " R 33 72
28 52621 51649 52035 59795 51821 313.2  1.0449  Shi47
29- 52066 52284, 52175 " " 32b.2  1.0468 54246
20 52505 52528 52521 " " 732.2 1.0484 54329
by 53956 53824 53910 i L k2.2 0498  s4u02
32 4021 Shahk2 54131 " " 33,6 1.0500 54412
33 56494 56508 56501 L n 343.0 1.0499 54LLo6 .00 .34
34 96131 56545 56368 " " 341.8  1.0497 54396 .376 73
35 51579 52191 51885 58583 50861  333.6 1.0485 53327
36 56566 56673 56620 " 14 343.0 .0k99 53298 632 .62
37 56955 56277 56616 " " 342.8 " n 631 1.00
38 56094 56376 56235 ik 1 342.2 1.0498 53303 560 1.0
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