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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

4) with 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/n? 251 - 3.093 2225 - .521

Mass velocity, ke/m> sec. 296 - 886 195 - 743

Heat flux, kW/m 13 = 200 4o - 190

Inlet sub-cooling, kJ/kg. 12 - 201 25 - 191

Exit quality 201 - .99 202 - .99

Bulk fluid temperature, 6 146 - 326 232 - 344

Inside wall temperature, a 176 - 575 252 - 503

Reynolds No. 18 ,000-86 ,900 15 ,500-47,600

Prandtl No. 2.9 - 3.7 £0! aE5s0,

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 téfore and after

heating, dissolved.gas measurement -and test section exit void fraction ai

determination.
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NOMENCLATURE

Test section flow area, mo

Cross sectional area of test section wall, n/4 (0? - D*), ne

Boiling number, 2/( 2G)

Constant pressure vapour specific heat, kJ/(kgK)

ar au liquid at at pt

Ideal gas specific heat , kJ/(kg.mole K)

Test section inner diameter, m

Equivalent hydraulic diameter of liquid film (Eq.3.16), m

Test ection outer diameter, m

Thermocouple emf, mV

Fanning friction factor

Two-phase friction factor

Convective heat transfer correction factor in Chen correlation

(Eq. 3.14).

Froude number based on liquid portion of flow, (G(1-x))*/o,2@p

Nucleate boiling correction factor in Guerrieri-Talty correlation

Acceleration due to gravity, 9.81 m/eecea

Mass velocity, m/A, ke/ (mn? sec.)

Convection component (macroscopic)of heat transfer coefficient

in Chen correlation (Eq. 3.14), few ley

Nucleate boiling component (microscopic) of heat transfer

coefficient in Chen correlation (Eq. 3.15), ij

Combustion gas - tube wall heat transfer coefficient, |x
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Thermal conductivity cal/(cm.s.K)

Vapour thermal conductivity, mW/(m=C)

Liquid 1" " "

Thermal conductivity of test section material, W/(m.C)

Low pressure thermal conductivity, cal/(cmss.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 liquid thermal conductivity, BD/ky,

Pressure, MN/m? or kN/m?

Critical pressure, Mim?

Reduced pressure, P/P,

Parachor

Prandtl number, uCp/k

Test section inner radius, m

Mi Wes sources, =)! nf

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, Pu/. or GD/p

Liquid-phase Reynolds number, (1-x) GD/uy,

Nucleate boiling suppression factor in Chen correlation (Eq. 3.15)

Temperature, %

Bulk fluid temperature, %

Critical temperature, K

Film temperature, (r, + 1/2, %



4p

ar

AT oat

AL cub

oe

Fluid temperature in sub-cooled region, %

Reduced temperature, T/t,

Saturation temperature, 86

Inner wall temperature, %

Outer wall temperature, %

Velocity , m/s.

Overall heat transfer coefficient, ku/(m2C)

Liquid specific volume, m/kg.

Difference in specific volumes of saturated liquid and vapour, m/e.

Test section voltage drop, volts

Critical volume, n?/kg

Vapour phase mass flow faction or quality

Iockhart-Martinelli parameter (Eq. 3.8)

Critical compressibility.

Parameter defined by Eq. A3.9

Thickness of laminar sub-layer (Eq. 3.11} m

Pressure drop or pressure difference, kKN/m@

Temperature difference, bs

°,

sat’ y
Wall superheat, Ty, -T

°
Degree of sub-cooling, T, - cTaat?
Two-phase flow parameter in Chawla correlation (Eq. 3.16).

Heat of vaporisation (Latent heat), kJ/kg.

Viscosity, centipoises.

Vapour viscosity, mN s./me

Liquid viscosity, "

low pressure viscosity, centipoises.

Viscosity at wall, mN B./ae

Parameter defined by Eq. A3.5

Critical density, kg/m?
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Density kg/m?

Electrical resistivity, p».ohm-cm.

Vapour phase density, kg/m?

liquid " 4 ar

Reduced density, °/0,

Surface tension, mN/m

Wall sheer stress, N/m>

Wall heat flux, kW/m@

Frictional component of pressure gradient, ‘N/m?
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INTRODUCTION

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 ina

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 vaporisedtp 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 the 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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Fig. 1 NE_CYCLE YSTEM

CONDENSER

Fig. 2 MODIFIED RANKINE CYCLE SYSTEM
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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 heights, 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-entropy 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.

The fluid selected should:-

(i) Possess high thermal stability with good materials
compatibility.

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

(iii) Have a molecular weight above 50 and a near isentropic (vertical)

slow 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

thermodynamic properties and perform cycle analyses of their use in

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

a particular power gan 2s The results of this latter study showed
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PROPERTY UNITS

Water cpg ce 27 | urB | cpz2 | vowa | ce av o-xyt | cp 25 | powe PPS reg | re 75
Chemical Formula N,0 he CeHece eRe CoH Ln - CMS Calag CEH CH, eet, ch CaF ig CaF Cag yg?

Molecular Weight 18 196.3 112.6 186 7901 165 B44 106.2 92.1 147 462 $12 416
Critical Pressure] bar 221.2 2h hs, 45.2 33.04 56.34 32.04 [54.59 5764 42.1 41,06 17.53 1€.59 16.07
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Liquid density Ke o> 1000(20)} 979(25) 111¢ (20) | 1618(20)] 975 1061(25)] 1058 (25) 880 1870(20) ]1305(20, | 1946(20) | 1972(20) }1760(25)

tute cao "7 | 605(20)] 121(93.5)] 1410202 |57-5(20)]164(57.8)] 140(25)] 137(93.5) | 119(80)]136(20) | 121120) | 56.9(20) | s6.9¢20) }97.5(25)

Hauid specific V5 xg) K-11 4.183(20)] 1.927¢100) 1.97(30))1.5(25) | 1.6(20)] 1.43(37.8)] 1.72(22.1)11.69(20)|1.15(20) | 1.05(39) | 1.09(40)]1.05(40)

Lara ?s"1x 106 |4.0(20) }4.5(57.8) +56(25)] 82(25) | 5.06(25)] .53(37.8) | 57040) | .675(20)]1.065(20)] 2.6(25) | 5.32025) |.82(25)

Surface Tens. atm’ 72.5(20) | 38.1(22) 22.6(20)} - 45(25)] 33.9(20.6)} 40/20) 2&.5(20)]47.2(20) 15(25) 15(25) | 15(a5)

CP9 - Nonoieoz i phenyl CP25 - Toluene

P27 - Kono: ene DOW E - O-dichiorobenzene

NFB - lexafiarovenzene PP 5 ~ Perflurodecalia

CP32 - Pyriaine PP 9 - Perfluoromet! decalin

DOW A - Biphenyl-Siptenyloxide FC 75 - Perfluoro-2-buty) tetrahydrofuran

Crsh - Thiophene O-e-TOL - O-ethyl coluene

O-XYL - Ortho xylene

i

gures in trackets denote the temperature in °C at waich the property applies.

TABLE 1 FARITAL LIST OF RANKINE CYCLE WORKING FLUIDS AND THEIR PROPERTIES

—
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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 CgHoCl 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, FeCl) 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°)-©) | 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. 4a

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 ioxide

(6)-(9),
are also given in Table 2 The saturation pressure-temperature

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

SYNONYMS: MONOCHLOROBENZENE ,

BIPHENYL-BIPHENYL OXIDE

SYNONYMS: DIPHENYL~DIPHENYL

PLUID CHLOROBENZOL, CHLOR- OXIDE, DOWTHERM A,
BENZOL, PHENYL THERMEX, DIPHYL,

CHLORIDE. GILOTHERM DO,

73.5% BIPHENYL oO CD
eg OXIDE

ee 26.5% BIPHENYL CO-O

CHEMICAL FORMULA Cgc

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 VOLUME, n°/kg 00274 00311

LIQUID SPECIFIC HEAT AT 20°C, kJ/(Kgk) 1.36 1.15

LIQUID THERMAL CONDICTIVITY, 2W/(nk) 141 (20°C) 140 (25°)

LIQUID VISCOSITY (DYNAMIC), kN's/n” 8 (20°C) 5 (25°C)
SURFACE TENSION AT 20°C, n/a 32.9 43.0

= ps VAPOURISATION AT BOILING Bost ne

HEAT OF FUSION, kJ/cg 85.8 98.2
FLASH POINT, °c 32.0 116.0

FIRE Porn, °c 52.0 128.0

AUTO IGNITION TEMPERATURE, °c 615.0

LOWER EXPLOSIVE LIMIT IN ATR, % v/v 1.4 1.0

UPPER"! noon om on om ea 3.5

THRESHOLD LIMIT VALUE, ppa v/v 75

DIELECTRIC CONSTANT 5.7 (20°C) 3.26 (23.9°C)

SPECIFIC RESISTIVITY AT 20°C, OHM-CM 2x10? 6.4.x 10"

REFRACTIVE INDEX 1.5215 (25°C)

TABLE 2: Summary of characteristic data for Monochlorobenzene and the
eutectic of Biphenyl and Biphenyl oxide.
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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

materials 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

4

eyaven Oth boiler costs accounting for up to half of this latter

eeare 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 pressure and 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 advaneed. 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



a

Vapour pressure - bar

Vapour pressure v 4

- bar

Reciprocal of absolute terperature x7?

Fig. 6 Vapwur presoure v reciprocal of absolute temperature for iarkine cycle working



169

20 =

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 condi tions a§pertaininig)in Rankine cycle systems and this factor

can be considered to be the most important of all the fluid selection

ee 4enter an 3), Quantitative information on the thermal stability

of biphenyl-biphenyl oxide obtained from long term endurance loop

(14) (15)testing is available in the literature 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:

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

(ii) ‘The boiler is compact due to the absence of a vapour drum, ‘liquid

separator and recirculating pump. a ee

(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.

(i) 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

vatio can be as low as 1:100 (16) 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 required 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.:-

Uae =

where:

U = overall heat transfer coefficient referred to tube i.d.

hy = heat transfer coefficient from the flue gas to the

tube material.

h = heat transfer coefficient from the tube wall to the

working medium.

a = 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 poundary 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 nucleate 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- fs

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. 3617), The major

disadvantage 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 occurs 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 Oar?)

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 [iam

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:-
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hD P_uD ¢

es = 1025 (=) (3) (Eq. 3-1)
L

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. :-

0.8 0. 14
re ee .o27 ©/ ore, Hcp, \ °°777 Hy " (Hq. 3-2)
A Or Ey By

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:-

( a | = exp ( =3.796 = .205 log Re = .505 oor .0285(10,20")
Prucp,

(Eq. 3.3)

which can be written in the form of Eq. 3.1 as:-

rate = (GES. Re" 9, Br tea (Eq. 3.4)
eT

where E = .0225 exp(--0225 (aog,r)*)

Sub-cooled boiling 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‘2?) 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:-

nies < /o,0 0.46 ‘ 0.67 rd 0-5) ps O57)

reese XP a Op, AT atta ky i. G Pr sub Py,

(Eq. 3.5)

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 hy 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:-

ee rs 1.08 0.7
h =90 g » _& (Eq. 3.6)
a, New) \CpraT Pr

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

parameter containing the degree of sub-cooling of the fluid (OT sy =

qt - Test) becomes infinite at zero sub-cooling.
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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‘? , 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. Ina similar

(31)
manner as in the work of Dengler & Addoms published at the same

time, the existence of two contributions, namely forced convection

effects and bubble nucleation effects, to the overall heat transfer

process in flow boiling [iieirecogni sed. 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:-

4h = 3.4 (3 iz 2 (Bq. 3.7)
hy Xt oo

where Xe is the parameter used by Lockhart & Martinelli a to-

correlate two-phase pressure drop measurements when both phases were

in turbulent flow viz:-

uy, 0.1 Py 0.5 4x 0.9

eae Pe * (Eq. 3.8)

The single-phase liquid coefficient hy 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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: 4BL = 2023 k, pe(1-x) \° S Cpy ey : (Eq. 3.9)
Te "E i,

At low values of VEL i.e. at low qualities the heat transfer

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

augmentation factor!’ Fup to account for the increased heat transfer

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

Fup = 0.187 2" /§)7 79? where r” was defined as the minimum radius of

a thermodynamically stable bubble corresponding to the wall superheat:-

2

: (B 10)Pipers Baten qe 3

Mpa aT ly

and 6 the thickness of the RHYWA) layer at the wall given by:-

7

0.5

es (3 ) (Bq. 3.11)
°Pr,

where t> is the wall shear stress, D/4. (-dp_/dz).

The nucleate boiling correction term Fy cannot be less than unity
iB

which corresponds to a value of r/6 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 & Grosenan\ >?)

Suggested the use of the 'Boiling Number',@/AG 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 é) +1.5 x 1074/4 aad (Bq. 3-12)
h, XG ae
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where h, is calculated using the Dittus-Boelter equation (Eq. 3.1).
L

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 Xeee As the heat flux ismised nucleate

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 Xe and can be

correlated by the Boiling Number.

So4.5 Tavinee Youns >) provided several correlations for evaporation

as a function of the local flow regime from experiments undertaken

with Refrigerants 12 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:-

b
1.16 -0.1

1+x 2ie (+2) (4) CoeseikyL

where C = 3.79 and 6.59 for the vertical and horizontal tubes

respectively with hy 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 0.4Bag = 0-023 “pp Sas ) (2) F, (Eq. 3.14)

D ey =

As a simplification it was assumed that the Prandtl numbers of the

liquid and vapour were equal and that Kap: the two-phase mixture thermal

canductivity was equal to the liquid value on the basis that the main

resistance to heat flow was the annular liquid film adhering to

the tube wall. os is a flow-dependent Reynolds number factor which

was assumed to be a function of the Lockhart-Martinelli parameter Kees

The actual dependence of BR on Xe was derived by Chen from the test

data of several 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‘) multiplied by

a nucleate boiling suppression factor 8, (sy >1), viz:-

79 45 p «49
Hege = 0200122 { Kt cor L are2t ays‘ (Eq. 3-15)

me ASE pts ernn eos 2
By Ne ega

where AT = Do aE (wall superheat) and 4p is the vapour pressure

difference corresponding to AT. The suppression factor 8, 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 Fy increases). At zero flow -

rates 8, becomes unity and the microscopic heat transfer component

reduces to that given by the pool boiling value of Forster & Zuber.

At the opposite extreme of high two-phase mixture velocities the value

of 8, decreases towards a minimum value of about 0.1. 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.:-

gc an Here + b

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 Chawia‘?? , A 'two-phase flow parameter'

e€ , the ratio of the mean liquid velocity to the mean vapour velocity

was introduced to define a Nusselt number (hed / ky) 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:-

De = Dd1- ( + ox At (Eq. 3.16)
Ree G

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 ae two ranges of the product of the liquid Reynolds & Froude

numbers viz. :-

for (Re, «Fr, ) < 109

N= nD, = 0,0066 (Re, .Fr,)°479 (/1-x) (81/04) (ap /rig) “eRe, “9B,342

s

(Bq. 3.17)

and (Re, .Fr,) > 109

8 Re. 2 °pp_ <2Nu = hD, = 0.015(Re,Fr,)*? (x/4-x) (P,/ 6) "7 (a /Ye S oRee

eS

(Eg. 3.18)
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DESIGN, CONSTRUCTION AND OPERATION OF THE LOOP USED IN THE EXPERIMENTAL

HEAT TRANSFER INVESTIGATION.

Introduction

Ket. 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-liquid inlet if burnout data are

to be obtained with the so-called ‘hard inlet! pondieion en There

are several methods available to control loop pressure utilising

hydraulic accumulators, pressurisers or pressurising reciprocating

pumps. Control of the flow is normally [f fected) 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.

4et.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 the test section as

indicated in Fig. 12. The inner wall temperature of the test section

qT, is arrived at by subtracting the wall temperature drop from the

measured outer surface temperature Tyo? 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, Ty 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:-

P= n/ Cr - 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.

4.2.17, 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 © +=

Maximum operating pressure 6.9 MN/m?

" fluid temperature 350°C

w test section temperature 600°¢

" flow rate 545 kg/hr.

" 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.

4361 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.

4.3.2 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.

2 MN/m? 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 PIFE 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 (Fig.13).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.

4.3.4 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/'/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 by low voltage, high current electrical power.

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

length 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 series 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 230°C the valve satisfactorily operated at maximum temperatures

and system pressures of 297°C and 3.0MN/m= and 332°C and ~ 47MN/m@ 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 woling water

circulating in the condenser cooling coil and because the boiling and

condensing heat transfer (BeRERTEHEST were large the unit was relatively

compact. Based on a heat transfer rate of 126 kW/m= of primary coil

area the heat removal capacity was approximately 15 kW. A sight pines

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/m=.

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.

4.4 Auxiliary Loop Systems.

4.4.1 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 fiaterrupted,?

Closed loops usually employ one of the following typesof 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 a 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 em? 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

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 im 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/m@ enabled it to

pump against a pressure of 6.89 MN/m> based on the air cylinder to

barrel area ratio of 19:1. In 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

eyeimeertin Ltd. who designed a eee unit for use in a steam car

engine rig the pump was cerevle of delivering about 3.6 ayaa (150 ;

double strokes/min at 12 [@B/stroke) against a pressure of 10.35 MN/m?.

4.4.3 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.

4.4.4 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 SSBPD) being 8.79 MN/m> + 5%

Since it was undesirable to lose all the contents of the system should

the disc have ruptured a relief valve was fitted ddwnstream of the

bursting disc assembly. This relief valve was set to lift at a

pressure of 8.3 MN/m>, somewhat above the maximum working pressure of

6.89 MN/m>. 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/m>.

The relief valve was connected on its downstream side to a dump/drain

tank which had a volume of 0.133 a. 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 alsoconnected 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 lemfettdd 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.

4.4.6 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 3-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.

(ii) Pressuriser vapour space thermocouple gland. i

(iii) 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

programme. The material selected for the test section was Nimonic [#5)

Ni75, Cr19, Fe5, Mn1, C.1, Si1.0, Ti0.4) on account

of its very low temperature coefficient of electrical eecistivity 80

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 coefficient 40 ) 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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45.2 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

Patera tetracaine 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.

453 The test section bore was checked for ovality at intervals along

; ; . : spec (eels eaten)
its length using an air gauging technique . 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 distance

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 + .01 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/m? and 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

a3),which is independent of the amount of deflection

at)

By a suitable

choice 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.

He565. 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 inthe 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 separate

motorised Berco voltage regulator (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.

4.6 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 MANUPACTORER TYPE RANGE ACCURACY

REFERENCE PRECISION HEISE MODEL C, 21.6cn|0-10.34 Mi/a” | <0,14 FSR
PRESSURE BOURDON TUBE DIAL NO. 62641 |(0-1500 psi)

GAUGE

REF.-FLUID BELLOWS ACTUATED|AEI AUTOMATION | BARTON MODEL |0-5.0€n, W.G. 0.5% FSR
PRESSURE AT —‘| INDICATOR 200 No.600389 |(0-48 kN/n“)
TEST SECTION

EXIT

REF.-FLUID VARIABLE HONEYWELL 1028 + 0n3. | + 34.5 e/a <1.5% NON~
PRESSURE AT ‘| RELUCTANCE OSCILLAYOR- LINEARITY
TEST SECTION | TRANSDUCER DEMODULATOR <1% FSR
EXT

REF.-PLUID VARIABLE RELUCT-|S.E. LABORATORTEY SE42/L/V/3B | + 69 wi/n? <1,5% NON
PRESSURE AT ANCE TRANSDUCER NO. 1914 LINEARTY
TEST SECTION |+ 0/D UNIT <1% FSR

INLET

FLUID PRESSURE |BOURDON TUBE © |HOPKINSONS 0-10.34 mai/a” | mptcarron
AT TEST SECTION GAUGE (0-1500 psi) ONLY

INLET

PRE-HEATER MIC ST.STEEL | PYROTENAX 1041 HT7/NC-NA as
INLET TEMPERAT-|SHEATHED CR-AL INSULATED HOT CALIBRATED

URE n/c JUNCTION

PRE-HEATER " " ” "
EXIT TEMP.

TEST SECTION

INLET TEMP

TEST SECTION . " " "
EXIT TEMP.

PUMP INLET " " " "
TEMP,

FLUID TEMP,

BEFORE FLOW- " " " "

METER

PRIMARY LOOP TURBINE FLOW- |ELECTRONIC FLO- | B/3/2 54.5-54.5 ke/hr.| +.5% LINEARITY

FLOWRATE METER METERS LTD. NO. 8193 x 1% FSR

FREQUENCY RACAL 9520 VARIOUS, USED ON| 0.1%
METER INSTRUMENTS NO. 2459 0-1000 He

AMPLIFIER KEMO LTD. GB2
NO. 14833

STABILISED PARNELL L 30/8T lo-30v DC
POWER SUPPLY | INSTRUMENTS WO. 2043

TEST SECTION | FOIL HOT AEE WINFRITH WIRE: TYPE IC AS CALIBRATED

SURFACE TEMP. | JUNCTION & CU- |& SAXONIA 30 SWC (.314 om

(INSULATED T/C's} CON T/C WIRE

TABLE 3 INSTRUMENTATION SCHEDULE
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PARAMETER SENSOR MANUFACTURER TYPE RANGE ACCURACY

TEST SECTION | CR-AL SAXONTA 32 SwG(.274nm) AS CALIBRATED
SURFACE TEMP. | INSUGLASS

(WELDED ON

1/C's)

TEST SECTION | DIGITAL VOLT- { SOLARTRON IM 1402 VARIOUS, USED | .05%
VOLTS METER NO. 200310 ON 0-207

TEST SECTION | POWER SHUNT 75 nV FOR 1000A | + 0.5%AMPS P

TEST SECTION | MOVING COIL CROMPTON 300 0-40 0 CLASS INDEX 1.5
VOLTS PANEL METER INSTRUMENTS BS 89 (1970)

(INDICATION
ONLY)

baad SECTION " " " 0-1200 & "

aoa) " " " o-t57 "

PRE-HEATER : 4ies " " 0-1000A "

PRESSURISER VARIABLE HONEYWELL 1028 + 0D31 + 34.5 e/a? <1.5% NON-
LEVEL RELUCTANCE OSS/DEMOD. UNIT LINEARITY

TRANSDUCER <1% FSR

PRESSURISER [MIC ST. STEEL | PYROTENAX 1041 HT7/NC-NA INDICATION ONLY
VAPOUR SPACE | SHEATHED CR-AL INSULATED HOT

TEMPERATURE r/c JUNCTION

PRESSURISER —_| INDICATING ETHER 991D WITH 0-1200 ¢ +%
HEATERS CONTROL | TEMPERATURE ANTICIPATORY 5% ON CONTROL

CONTROLLER CONTROL BAND
NO. 11654

PRESSURISER | BOURDON 0-46.14 Mu/a” INDICATION
LOCAL PRESSURE |TUBE GAUGE (0-600 psi) ONLY
INDICATION

SUB-COOLER ROTAMETER GEC-ELLIOT 2000, TUBE SIZE]0-10 1/nin + 26 FSR
C.W. FLOWRATE PROCESS 18K, FLOAT

INSTRUMENTS TYE Ss
NO. 937040

SUB-COOLER MIC ST.STEEL PYROTENAX 7041 BT7ATC-NA AS CALIBRATED
C.W. INLET SHEATHED INSULATED HOT
TEMPERATURE | THERMOCOUPLE suncTION

SUB-COOLER

C.W. EXIT " " " " "

TEMPERATURE

REFLUX COOLER |ROTAMETER GEC-ELLIOT 2000, TUBE 0-5 1/nin. + 26 FSR
PROCESS SIZE 14X, FLOAT

INSTRUMENTS TYPE Ss
NO.937039.
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CONT. 2.

PARAMETER SENSOR MANUFACTURER TYPE RANGE ACCURACY

REFLUX COOLER | MERCURY GALLENKAMP 0-100 ¢ + 1
C.W.INLET TEMP. | THERMOMETER

REFLUX COOLER ; " . .

C.W. EXIT TEMP. gato a

LUX COOLER | SIGHT GLASS QUADRANT GLASS INDICATION ONLY

SHELL LEVEL co.

REFLUX COOLER | BOURDON TUBE 0-2.07 10V/a7
SHELL PRESSURE | GAUGE (0-300 psi) "

REFLUX COOLER | BOURDON TUBE rf

SHELL vacuum | GAUGE ed O77e0 70ee

DISPLAY PANEL | DIGITAL MARCONT MULTIMETER TF | VARIOUS, USED f
nV INDICATION | VOLTMETER INSTRUMENTS 2670 NO. 6835 | ON 100 mV RANGE

STORAGE TANK MERCURY GALLENKAMP 0-300¢ "
TEMPERATURE THERMOMETER

STORAGE TANK
aa SIGHT GLASS CRANE LTD. "

STORAGE TANK | BOURDON TUBE 0-207 KN/a? "
PRESSURE GAUGE (0-30 psi)

STORAGE TANK e 0-760 TORR ;

VACUUM (0-30"Hg)

2
DUMP TANK BOURDON TUBE 0-275 kN/mPaes SU hae (40 cai) INDICATION ONLY

oO

COLD TRAP ms Oe ey INDICATION ONLY,
VACUUM 8

2
REF, PRESSURE " 0-27.6 MN/a'

STORAGE BOTTLE (04000 psi) INDICATION ONLY]

PRESSURE
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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 systems 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 PIFE 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 Miyn> (1590 psi) sub-divided into sectors of 13.8 N/m

(2.0 psi). A knife-edged pointer and mirror-backed scale enabled the

gauge to be read to within 3.4 kN/n? (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, a direct visual indication of the

system pressure. This differential~pressure indicator had a full~scale

range of 48 N/m? (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:

(i) A large 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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4.6.5 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 meter and the current as determined from

a precision power shunt which gave an output of 75 mV for 1,000 amps.

A voltage-dividing circuit was utilised to enable the test section

voltage drop to be recorded on the same range as the other parameters.

4.6.6 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 forall the measurement channels on which the system was

found to record with a sensitivity of 10 nV, 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

ue i exit i 1 78

Pre-heater inlet temperature 4 ee

" " exit " 41 80

Fluid temperature before

circulating pump 4 81

Fluid temperature before

flow meter 4 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 4 88

" " current 1 89

Pre-heater voltage drop 1 90

a uy current 4 91

Test section welded-on

thermocouples 6 92-97

Spare channels ie 98-99

Total 100

Channel number 00 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). 0

Test section volts (Crompton Instruments type 300 panel meter).

" " amps " " " " ” "

Pre-heater volts ay " A " A "

" " " amps " W W W " "

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.

" Zea " exit " " " "



= $1 =

Pressurieer level differential—pressure transducer outupt.

Test section volts.

" " amps.

Pre-heater volts.

" "
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 @] 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 theory’ C46 )

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 mV, 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 wall thermocouples.

Kee 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 thermocouple 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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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 (~ .04 n/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

(~1.5°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.

4.7.2 The smount of pick-up of a particular thermocouple was determined

by connecting it to a UV recorder having a very sensitive galvanometer

(.067 mV/em) and applying a known voltage across the test section for

a second or Bo #7018 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 175°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 and

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.

4.73, The electrically isolated thermocouples 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 detectione A.

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 eivete The identical constantan strips formed

by the chemical etching process were each 2.0 mm wide and 30.2 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 detatiea by Wileon’& Epps’) > 47) (118),» Gier & Boelter and Thomas

who describe thermocouple or thermopile construction by this process.

For this type of thermocouple there is an optimum plating thickness,

determined by Wilson & Epps‘) for silver to be between 20-30% 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 thes fanction "| 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”)

in confirmation of the findings of AEEW'''>), A close compliance

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

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

4.7.5 The method employed for fixing the foil hot junction to the tube
" F ti
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is illustrated by the series of photographs in Plates 1-8. Copper

and constantan wires (30 swg, 0.314 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 Bonitton! 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 thermocouples 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 thermocouples 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 once 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/m@ 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 Halide 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/m?. 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 tube 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 of la significant 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 sich 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/m* (2,500 psi).

A calibration was also undertaken of the remaining differential

pressure transducer which was used to indicate the level of fluid in

the pressuriser. The output of this variable~inductance transducer

was noted under low and high level ere eeeer conditions and this was

periodically checked during loop shutdowns.

4.8.3 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 Puennocamies )

in conjunction with a high accuracy potentiometer (Croydon Instruments,

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 ES oC up to their

calibration limit of 400°c. Except for below 100°C the output of the

foil type thermocouples corresponded to within + .3, 2500 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 laboratory [3

Instrument Co. No. 22489). The measured resistance between the power

clamps was .0275{2which compared favourably with the calculated value

of .02832 evaluated using a resistivity value of 113 i Q-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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ENE war lee rene? rom stanpakD| ae == rene’? PROM STANDARD] BaF me Fae rene row sranpakn] axe = re) — pRom STANDARD
ay c av c c mv c c nV c nV c c mV c c

4 65.7 2.64 65.2 -.5 3.1 371.1 18.84 = 371.1 0 15.17 371.1 0
5 80.1 5.26 79.8 -.3 3.2 380.9 H9.43 380.9 0 15.57 38004 -.5
6 Ohad 3.97 hd o 3.84 93.8 3 3.3 390.6 20.04% 390.8 +02 15.97 390.1 nD
2) 107.5 458 107.4 =o 4.39 106.8 =.7 Beh 400.3, 120.60. 400.1 -.2 16.39 399.8 3
8 120.5 5.19 120.3 =.2 4.94 120.2 -.3 3.5 409.9 21.22 NR
9 133.5 5.78 132.6 --5 5.45 133.0 --5 3.6 419.5 121.86

1.0 145.6 NR 5-96 = 145.8 +.2 3.2 429.1 22.45,
1.1 157.7 7.02 157.8 41 6.43 157.6 -.1 3.8 438.6 123.04

1.2 169.6 7-60 169.4 —-2 6.91 169.3 -.3 3.9 448.0 23.62

1.3 181.3 8.18 180.7 -.6 7-38 = 181.4 +e 4.0 457.4 24.24

4.4 192.9 8.79 192.6 =3 7.85 193.0 +21 44 466.7 24.79

as5 204.1 9-38 203.8 --3 8.31 204.3 4.2 4.2 476.0 25.38

1.6 215.4 9.98 215.2 -.2 8.76 215.8 ve 4.3 485.3 25.97

1.7 226.5 10.57 226.2 -3 9.20 227.0 +5 aah 494.5 26.55,

1.8 23764 1,17 237-2 -.1 9.65 237.5 +1 4.5 3.6 27.13

1.9 ake. 1.76 248.2 -.1 10.09 248.7 +h 46 512.8 27.72

2.0 258.9 12.33 258.5 -4 10.53 258.9 o 4.7 521.9 28.350
2.1 269.6 2-93 269.3 -3 10.95 269.5 -.1 4.8 531.0 28.88

2.2 280.1 5.55 280.0 = 11.38 © 279.6 -.5 4.9 5h0.1 29.46

2.3 2H.5 4.12 290.4 -1 11.82 290.4 -.1 5.0 549.1 40.00
24 300.8 4.72 300.9 41 12.24 300.8 ° 5.1 598.1 30.60
2.5 31141 5-51 511.2 +1 12.68 3114 +3 52 567.1 31.19

2.6 321.3 5-91 $21.6 +5 13.11 3521.3 ° 5-3 576.0 131.78
257, 33464 6550 «351.7 +03 13.51 331.2 -.2 54 584.9 32.34
2.8 Bh 7-09 541.7 +03 14.00 345.0 -4 5.5 593-7 52.93

2.9 35164 17.68 351.7 +23 Whe3h 351.2 -.2 5.6 602.5 33.51

3.0 561.3 8.26 561.4 +1 14.25 361.0 -.5 5.7 611.5 34.09

NR denotes "not recorded!

(1) As given by BS 1826 (1952)
" BS 1828 (1961), limited to 400 ¢

(2) "om

Goo" " BS 1827 (1952)

TABLE 4 Results of calibration exercise or wall and fluid temperature measurement thermocouples
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at several positions along the test section using 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.

4.8.5 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 a check on the likely

accuracy of the former type.

(iii) 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.

4.8.6 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 comparison 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:-

Representative results of these latter tests are shown in Fig. cea

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 relation‘°* "es

Aa] foie wiht 1oBig (Re#°°7) - 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 307°C 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 Peatecerre 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 liquid specific heatsandcomputed 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,

operating and shut-down procedures, the data-taking operation and a

5. __ EXPERIMENTAL PROCEDURE AND OBSERVATIONS

5.1

and check out exercises. In all a total of 254 experimental runs

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 its

boiling point and subsequently holding it under a sub-atmospheric pressure

for half an hour. For monochlorobenzene the resulting dissolved gas

content was 5 m1/100 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

over the fluid in

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 about 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/m@ 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 approached 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 around

30°C 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/m? 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.

(iii) Flow meter output frequency.

(iv) Test section volts as recorded by a Solatron LM3124 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/m>) 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 ‘lower’ 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 a 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 clogged 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 undertaken 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 differential 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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6. RESULTS

6.1 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

electrically 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 8 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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Variable

Range Investigated

with monochloro benzene

Range Investigated

with biphenyl-

biphenyl oxide

System pressure, MN/a>

Mass velocity, ke fue sec

Heat flux, kW/an

Inlet sub-cooling, kJ/kg

Exit quality

Bulk fluid temp., °c

Inside wall temp., ay

Reynolds No.

Prandtl No.

+51 - 3.093

296 - 886

13 - 200

12 - 201

201 = .99

146 - 326

176 - 575

28,000 - 86,900

2.9 - 3.7

0225 - 2521

195 - 743

40 - 190

25 - 191

202 - .99

232 - 344

252 - 503

15,500 - 47,600

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

phase experiments are given in Fig. 34 for the Dittus-Boelter

correlation and Fig. 35 ( 25).

points shown in Figs. 34

for the Sieder-Tate

(24 )

The experimental

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.

24 ). 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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5x 104 1x 10°
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Fig. 34 Comparison of single phase heat transfer results for

monochlorohenzene and biphenyl-biphenyl oxide with the

Dittus-Boelter correlation.
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Fig. 35 Comparison of single phase heat transfer results for

monochlorobenzene and biphenyl-biphenyl oxide with

the Sieder-Tate correlation.
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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

together with those predicted by the Moles and Shaw! ey, eG Papel ‘2° )

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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Fig. 39 Comparison between calculated and experimental values

of heat transfer coefficients for Moles and Shaw

correlation.
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Fig. 40 Comparison between calculated and experimental values
of heat transfer coefficients for Papell correlation.
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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 aT was less than
b

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. 1.

Comparison of Net Boiling Heat Transfer Correlations with Experimental

Results.

The data used for the comparison of the experimental values of the

boiling heat 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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HEAT TRANSFER COEFFICIENT PREDICTED BY GUERRIERI-TALTY CORRELATION - kW/a2c
EXPERIMENTAL HEAT TRANSFER COEFFICIENT - K/a7c

FIG. 44 COMPARISON OF NET BOILING EXPERIMENTAL HEAT TRANSFER COEFFICIENTS
WITH THOSE PREDICTED BY THE GUERRIERI-TALTY CORRELATION.
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FIG. 45 COMPARISON OF NET BOILING EXPERIMENTAL HEAT TRANSFER COEFFICIENTS

WITH THOSE PREDICTED BY THE SCHROCK-GROSSMAN CORRELATION.
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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 wariebles*2? ),

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 (a/h,) i.e.

)1b/g, = A(Re)®" (pr)®? (x, .)°3 (Bo)? (Eq. 6.1)

by a logarithmic transformation Eq. 6.1 becomes:-

log(h/h, ) = logA + bilogRe + b2logPr + b3logk, + b4logBo (Eq. 6.2)

or in the general form of the linear function with multiple variables:-

y = a + b1x1 + b2x2 + b3x3 + dD4x4 (Eq. 6.3)

where: y = dependent variable which varies partially due to variation

dnixle xe, KoKOR xt.

x1, x2, x3, x4 = independent variables.

a, b1, b2, b3, b4 = multiple regression parameters.

Eq. 6.3 is termed the linear multiple regression equation of y on x1,

x2, x3 and x4.

The sum of squares E of the deviation of the data points from the most

probable correlating line is:-

2Es yo - a - b1x1, - b2x2, - b3x3, - bx) (Eq. 6.4)

eal

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 + b12x1 + b2ex2 + «3x5 + DHEx4h «== Dy

alx1 + bi1dx1> + b2zx1x2 + b3Zx1x3 + b4Exi1x4 =Zxty

aBx2 + b1Ex2x1 + b2Ex2° + b3Zx2x3 + b4dx2x4 = Ex2y

alx3 + b1Zx3x1 + b22x3x2 + b3Ex3> + budx3x4 = Ex3y

alx4 + b1Zx4x1 + b2Ex4x2 + b3Ex4x3 + puEx4? = Exhy
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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 muLrre‘ * a

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 liquid-

vapour density ratio for the Prandtl number. For this final correlation

the dependent variable employed was solely the boiling heat transfer

coefficient. The regression coefficients calculated for a 95% confidence

level by the computer program for the correlation were a = 5783,

b = .7134, and c = -.3792 using the data in Table 25 (Appendix 8).

The final equation in the logarithmic form was:-

log h= .5783 + .7134 log.p-.3792log, (0,/0,)

and in the exponential form:-

B= 783 B22 (pepe ate (eae 6-5)

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

boiling length, kW/m Cc.

® = heat flux, kW/m?

P1/Pa = ratio of the liquid and vapour densities at the particular

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 6°79 (@ /p, )--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.

Critical heat flux or dry-out conditions sometimes occurred at the

conclusion of a day'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 tlis 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 (D9) as

obtained from the heat balance equation:-

Doo = (@D/4z) (Ah, + Axp,) (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 no.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 Xp) local to the

( 63)
burn-out point , the so called 'local conditions hypothesis'

(20 )
postulated by Barnett which has subsequently become the basis

forpractical correlations for water data such as those developed by
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( 63)G21) | The latter concluded from an examination ofMacbeth

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 transition point between

the regimes was found to vary with the system pressure and the test

section length to diameter ratio. In 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 couples. + 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. In this equation, which

waB evaluated using British units D and z were in inches, Foy in Btu/

(thr), \ and dh, in Btu/lb and G in 1b/(ft*hr).

(Ox 108) = A, + C,D (Gx 107°) (An,)/4 eae. BN"DO a Aer i a2 ee
V+ Cz

where: A, = 0.00106 p08 (¢ x Ape) aed?

c, = 0.00344 D'*?3 (Gx 4078)~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, = (a + Te /2 was less than

350°C, 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

(Eq. 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/m°c, 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 showe 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 . Temperature

profiles etc. from one of these tests, (No. 27) are shown in Fig. 54

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.



sysrem | HEAT Flux] _ MASS d/s INLET T/C NO. DISTANCE | QUALITY
oe an Drygur | VELOOETY | pyerq | SUBCOOLING | ar ONSET | TO DRYOUT | av DRYOUT

a kw/a ke/nS ae kJ/kg OF DRYOUT a.
os (yo) 5) ( An,) | (re. 24) (2) (er)

537 212.6 487.7 344 64.5 13 1,50 +56
+536 211.5 506.8 +42 60.0 13 1.50 54
542 165.3 452.7 37 29.1 2 1.78 69
+986 174.3 500.2 35 21.0 " 1.65 67
+986 174.7 499.7 35 20.8 8 1.63 66
+986 175.1 493.3 35 19.1 9 1.60 67
+986 175.8 493.3 +36 17.9 9 1,60 68
1.812 159.0 616. +26 57.6 6 1.68 39
1,809 159.4 624.6 +26 57.3 6 1.68 38
1,803 159.4 607.1 +26 54.2 6 1.68 42
1,782 136.9 532.2 +26 38.5 6 1.68 48
1.782 136.6 531.5 +26 39.6 4 1.73 Ad

1.782 140.5 522.7 227 37.3 9 1,60 48
2.978 199.4 697.0 +29 149.8 6 1.68 +04
2.968 199.0 678.7 +29 144.6 6 1.68 +10
2.966 158.6 564.1 +28 126.1 4 1.73 +20

2.969 155.2 548.2 +28 127.4 6 1.68 oy
2.947 199.9 475.0 42 109.7 2 1.78 23
2.980 83.3 367.6 223 61.6 3 1.75 344
2.976 83.3 367.6 +23 60.6 3 1.75 45
1.219 135.1 430.5 31 17.4 31 1.04 +38
1.193 135.4 393.1 34 11.6 36 0.92 339
1.173 136.8 370.0 «37, 1.9 7 1.65 -78
1,200 145.9 343.7 +42 18.3 13 1.50 “79
1.186 155.5 335.0 +46 20.8 15 1.45 +83
1.177 136.1 296.0 +46 18,1 9 1.60 +92

TABLE 6, SUMMARY OF DRY-OUT TESTS WITH MONOCHLOROBENZENE

massvetocrry | INLET DISTANCE | LATENT CALCULATED DRYOUT EXP, D.O. | DIFF. %
a (spe SUBCOOLING| TO DRYOUT ee FLUX. ah LOK
ca Btu/Ib INCHES Btw Beu/faghr ku/n? oes fe

+359 27.7 59 114.6 0814 257 212.6 -20.8
“374 25.8 59 114.8 0828 261 211.5 -23.4
+333 12.5 70 114.4 2061 192 165. ~16.2
+369 9.0 65 105.6 0627 198 174.3 -13.6
+368 9.0 64 105.6 -0633 200 174.7 714.5
+364 8.2 63 105.6 +0636 201 175.1 14.8
+364 7.7 63 105.6 +0633 200 175.8 13.8
+455 24.8 6 90.5 20712 225 159.0 41,5
+460 24.6 66 90.5 +0713 225 159.4 ~41.2
448 23.3 66 90.7 +0698 220 159.4 -38.0
2392 16.6 6 91.2 +0600 1869 136.9 38.0
+392 17.0 68 91.1 +0594 187 136.6 36.9
+238 16.0 63 91.2 +0430 136 140.5 3.2
+514 64.4 6 65.5 +0840 265 199.4 32.9
500 62.2 66 65.7 0812 256 199.0 -28.6
+416 54.2 68 65.8 +0668 2i1 158.6 ~33.0
+404 54.8 6 65.8 0673 212 155.2 36.6
+350 47.2 70 6.3 +0552 174 199.9 12.9
+271 26.5 69 65.5 0375, 18 83.3 -41.6
+27 26.1 69 65.6 +0375 1g 83.3 41.6
317 75 41 62.1 0747 236 135.1 -74.7
+290 5.0 36 101.5 +0750 237 135.4 -75.0
+273 5.2 65 101.8 0469 148 136.8 - 8.2
+253 7.9 59 101.6 +0492 155 145.9 - 6.2
+247 8.9 57 101.9 0498 157 155.5 ~ 1.0
+218 1.8 63 102.0 «0412 130 136.1 4.5

TABLE 7, COMPARATIVE DRY-OUT HEAT FLUX DATA AND PREDICTIONS

FROM TESTS WITH MONOCHLOROBENZENE
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TEST|LENGTH AVERAGE |sar. RANGE OF AVERAGE |CAL. HTC. |CAL. HTC.

No. JOF DRY |QUALITY |TEMP. (Ty -ToqPEXP. 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/mTM-C TEMP,PROP |TEMP., PROP

ee ee kw/m*C ikw/m@ C

102 2127 “71 243 127-141 1.32 -97 1.01

103 2127 272 243 137-147 As25 -97 1.01

104 2152 “ee 243 148-162 1.16 98 1.02

105 2152 374 243 149-163 Tel -99 1.02

aks 533 258 256 103-154 1.07 209 Gin)

245 102 83 254 111-117 1.19 -87 89

246 -203 -90 255 29-152 1.04 89 89

254 ne? -99 254 109-115 124 285 -87

TABLE 8: Comparison of monochlorobenzene measured and calculated heat

transfer coefficients following the onset of dry-out.

TEST [SYSTEM |HEAT~ [MASS @ RATIQ INLET T/C NO. | QUALITY

NO. |PRESSURE|FLUX VELOCITY | G SUB-COOL|AT ONSET | AT DRY-

MN/m2 kw/m? kg/m@s | kJ/kg |kd/kg. |OF DRY- | OUT
our

(FIG. 24)

27 -460 169.5 416.1 |. 44 56.2 14 «55

34 464 167.4 441.4 4 5167: 15 -55

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

TEST [LENGTH AVERAGE | SAT. RANGE OF AVERAGE caL. uTc./cAL. HTC.
NO. |OF DRY- |QUALITY | TEMP. (2~Tgat)|EXP-HTC. |OVER DRY ] OVER DRY

OUT ZONE |OVER DRY OVER DAY|OVER DRY |OUT ZONE |OUT ZONE

louT ZONE OUT ZONEJOUT ZONE |USING SATLUSING SAT|

A < c kw/m@C — |TEMP. PROP| TEMP. PROP
n2C__| kw/m@c

27 2152 -67 339.5 [142-163 1.10 1.123 | FLUID
PROP.

34 e152 -68 340.2 [142-162 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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7. _ DISCUSSION

7-1 Four modes of heat transfer were studied during the investigation,

viz:-

(i) 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.

7-2 The conventional dimensionless parameters for fully developed turbulent

flow in tubes were utilised to correlate the single phase heat transfer

data as summarised in Figs. 34 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 uniform 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 OA, bale 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 insufficient 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 reliable

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 anoutetena 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 heats 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 tolayer associated with the detached bubble

the surrounding sub-cooled liquid. This slow cooling would allow time

for the bubble to grow by further Seetore tion 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 water, 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 Te - Tet in fully developed sub-cooled boiling

decreases as the pressure increases in a similar way as in the case of

(58) |
sub-cooled flow boiling of water The biphenyl-biphenyl oxide

data shown in Fig. 41 indicates a somewhat different trend to the

monochlorobenzene results in that the inner wall temperature RRém@asee)

with distance in the sub-cooled boiling region. There was however some

doubt on this unusual observation since the wall temperature measurements

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 ‘28 )

in experiments employing water in vertical upflow where thermal

entrance effects were suggested as a possible explanation for this

observation. é

Of the two sub-cooled boiling correlations examined for comparison

purposes Fig. 40 shows that the one due to Papel‘ 28 ) 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‘ 27)

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 tha

heated surface. On the basis of the findings of other Hnyeatigabons

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 X¢; 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 take account of nucleate boiling effects to

varying extents. In the Guerrieri-Talty correlation a multiplication

factor (Fyp 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 freneter were

additive, the relative proportions being a function of the 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 (Exon!

the data of other investigators for both water and organic fluids‘ ?

and thus the constant of 7390 appearing in 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 ( Eq- 3-13) used to

derive the values for comparison purposes shown ia 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 + xY(1-%.The final correlation considered

for comparison purposes in the data reduction exercise was the one due

to Chawla ‘37 ) 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 Garrett’ “a. ) 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 e , 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, BT /EG » 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 thermal 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

(58 )considered, similar to that noted by other investigators for water

( 60)-(62 )
and refrigerant fluids 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 eo 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

és E 4 %flux is determined for a range of inlet erneco nines aa Bee 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

is) which were shown toMW fluid) carried out by Stevens et al

correspond to the low velocity regime. Considering that the correlation

constants of Eq. 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 A,) which suggests, as previously noted by

Macbeth (63)» that latent heat is the dominant fluid property controlling

bufn-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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(64)as observed by Hewitt et al - These latter researchers were the

first to observe the liquid film 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

, caused 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

' of the tube wall operating temperature. It is thus desirable to have

ja 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 ae 212, .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‘ °° )(66 Veron tests with water-

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

pressure from 19 to 14 MN/m? 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 P, +27 tests and with the large inlet sub-

coolings for those at Bae -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 a -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

(65 (66)
length. It was found from water-steam experiments with uniformly

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:-

r -t.= c.(g/e)e3 (Eqs 7.1)
Wemax 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 Dae -8 with water, the maximum temperature rise at dry-out can

be small and undetectable above the 'wet wall! compereture Dron Cee

the @/G ratio was sufficiently toi

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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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 Kersey °! )

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 solely 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)
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 temnpratoees 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 dary wall

region of the tube which was in all probability affected to some

extent by carbon formation.

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. :- oi? kN/m=I+

Mass velocity i + 2.5 to + 6.0%

Heat flux i + 10%

Inlet temperature :- + 1400

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 - 17 2G 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°;

presenting increasing difficulties in measurement. The possibility

exists that in these cases where the temperature difference was snall

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 uncertainty 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

errors. 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 Santheese

calculations are presented in Tables 26 and 27 of Appendix 8 which

give the contri buttone 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 snall 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

powerdlamp. 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 page 246). 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.
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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.

(da) 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 wall gion ina 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 thermal

decomposition the most important one is the metal surface temperature.

As an example 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 (600°F) to

371°C (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:-

(i) 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 eource*”0),

(ii) A.double pipe pyecen lt \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 ss an intermediate heat transfer medias (2)

(iv) The employment of lower heat fluxes in the high quality region

of the evaporator tube?)

(v) The suggestion for the adoption of supercritical operating

(10) as in the pioneering UK demonstration system (75)conditions

and in the more recent total energy system development in the

usa‘7®,

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:-

(i) 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 equation 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 coriditions.

(iv) An empirical equation incorporating the parameters which most lai

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

equation.

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 teBtal 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 couldtbe 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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RECOMMENDATIONS FOR FURTHER WORK.

pe problem of wall dry-out causing high wall temperatures with a heat

{flux controlled monotube boiler design is considered to be a critical

Hractor 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.

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.

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

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/a? (240 psi). The line to
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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

just 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 init.

View of central 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 MN/m> (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/m?.

View of 3 stage high pressure air compressor and reference gas

storage bottles located 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 a

circulating pump looking downstream tor the
turbine flow meter.
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Test section lower support



Plate 11. View inside test section and

pre-heater enclosure upwards towards the

test section exit.

Plate 12. View of the test section and pre-

heater enclosure at the upper working level.



Plate 14. DART system data logger and reflux

cooler/condenser at upper working level.
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condenser.

View of reflux cooler/ 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.
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View of high pressure air compressor

Plate 19.

Plate 20.

situated outside the loop enclosure.

working level.
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PLATE 21. VIEW OF TEST SECTION ASSEMBLY PRIOR TO INSTALLATION 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 themmOMplysi@aly properties of the particular fluid

and the test section dimensions the program as developed is Perey

applicable for analysing 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 ie 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 Iv

INPUT DATA
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CONVERT 1/C
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CAL.

JENTHALPY AND SAT.
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TEST WHETHER SAT.

ENTHALPY HAS BEEN

EXCEEDED

Fig.56 Data Reduction Computer Program Logic Diagram
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© oO ©
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= c
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0-400°c:

T = 25.886297 x EB - .61954869 x E + .022181644 E - -00355009 x Pu

400-600°C:

T = 11.782 + 10.8989 x EB + .210921 x ere 200295912 x Ee

The expression for the 0-400°C range was taken from Eenedict /" ) 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 ).

42.3

The inner wall temperature at a particular thermocouple 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:-

th e 2 Baiea a = Or Be *8e{ Fo) (rp - r°) (Eq. A2.1)

me ie

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 equations e.g.

Kreith & Summerfie1d’ @) 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:-

=5Tos tw F B/ kx 2775 x 10 (Eq. A2.2)

The thermal conductivity kof the test section material was taken to be

a linear function of temperature as shown by the data of Powell and rye! 39)

in Fig. 57 Strictly, the value of k, employed 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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FIG.57 Thermal conductivity variation with temperature of Nimonic 75 (9)
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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

the thermal conductivity was constant across the wall thickness at T oe
wo

was very small.

Aaek

The next stage in the program calculation was the determination of the

thermodynamic condition of the test fluid at the commencement of the heated

section. For this purpose andfor 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 Pacceset ca 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

that segment as sub-cooled liquid and calculate all single phase quantities

and dimensionless groups using Ty, = 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

qt, ee

considered to be a single region with all five of the referenced correlations

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

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*Periction 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 4 a constant rate the expression for the pressure drop in

vertical upflow reduces tare! ae

Sp = 2f, Lev x /V. Vv.— L "+3 (4) + Ovi gx — log, ( + LG :
ar Li Rr;

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

The above expression also assumes that the compressibility of the

gaseous phase is negligible and that the term (vy o/¥D and the two-phase

friction factor top remain constant over the length considered. The Fanning

22
expression f = .046Re ““ 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:

r (=x)

¥I>

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 a 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 thermodynamic 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 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

WallueSat each thermocouple position up the test section.
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COMPUTER PROGRAM FOR REDUCTION

OF EXPERIMENTAL DATA ON THE

FORCED CONVECTION EVAPORATION

OF ORGANIC FLUIDS IN VERTICAL

UPFLOW THROUGH AN ELECTRICALLY
HEATED TUBE.

+e

ate senate eesat

eeeeee DESCRIPTION teetes

feeeeeneneeneeasanee

THE PROGRAM ACCEPTS EMF READINGS FROM 71 EQUALLY SPACED
THERMOCOUPLES ALONG A UNIFORM SORE VERTICALLY ORIENTED TEST

SECTION WHICH iS RESISTANCE HEATED SY LOW VOLTASE, HIGH
CURRENT ELECTRICAL POWER.OTHE® INPUT DATA ACE THE MEASURED
FLUID PRESSURE AyD TEMPERATURE AT THE TEST SECTION INLET AND

EXIT,FLOWRATE AND POWER INPUT.

FROM THE MEASURED INLET CONDITIONS THE FLUID ENTHALPY IS

CALCULATED AT EACH THERMOCOUPLE INCREMENT UP THE TUBE WHICH IS
COMPARED WITH THE SATURATED FLUID ENTHALPY TO DETERMINE
eHEThEn SATURATION OR EULK BOILING CONDITIONS HAVE BEEN

REACHED.

THE EXPERIMENTAL HEAT TRANSFER COEFFICIENTS CALCULATED EY THE
PROGRAM ARE COMPARED WITH THOSE GIVEN SY CORRELATIONS CONTAINED

IN THE UNDERMENTIONED REFERENCES «

Sateen neeteeeneeneee

REFERENCES sence
Ate eeteeeereneeteees

tees

MOLES Feds AND SHAW JefeGe BOILING HEAT TRANSFER To SUBCOOLED

LISUIDS UNDER CONDITIONS OF FORCED CONVECTION

TRANS INST sCHEM,ENGRS «4 VS0,PP70-24 (1972) b

ENGINEERING 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

DITTUS FeWs AND BOELTER L.MeKe HEAT TRANSFER IN AUTOMOBILE RADIATURS
OF ThE TUBULAR TYPE.

UNIVCOF CALIFORNIA PUBLICATIONS IN ENGINEERING V2,P463 (OCT 1930)

STEDER EsNe AND TATE GE. HEAT TRANSFER AND PRESSURE DROP OF
LIGUIOS IN TUBES.

IND sENGeCHEMs V2ByPP1429=1635, (1936)

CHEN J.Co CORRELATION FOR SOILING HEAT TRANSFER TO SATURATED
FLULOS IN CONVECTIVE FLOW.

INU ENG SCHEM.,PROCESS DESIGN & DEVELUPMENT V3,5,PP322-329(1966)
ALSO ASME PAPER NO. @3-HT=-36 (1962)

CHAWLA Je. CORRELATION OF CONVECTIVE HEAT TRANSFER COEFFICIENT
FOR TWO PHASE LIGUID VAPOUR FLOW.
1970 HEAT TRANSFER CONF. PARIS PAPER NO. 8 5.7

LAVIN J.G. AND YOUNG Eods HEAT TRANSFER TO EVAPORATING
REFRIGERANTS IN TWO PHASE FLOW.
AsleCHoEs JNLe V11,6,PP1124-1132 (1965)

SCHROCK VE. AMD GROSSMAN LoM. FORCED CONVECTION BOILING
IN TUSES.

WUCLEAR SCIENCE AND ENGINEERING V12,PP47G=421 (1542)

GUERRIERT S.A. AND TALTY Rod. A STUDY OF HEAT TRANSFER TO
ORGANIC LIWUIOS IN SINGLE TURE NATURAL CONVECTION VERTICAL TUDE
BOILERS.

CHEM ENG sPROGsSYMeSERTES NOW1E,V SZ PPO9-77(1956)

PAPELL S.S. SUBCOOLED BUILING HEAT TRANSFER UNDER FORCED
CONVECTION IN A HEATED TUBE.
NASA TN 01533 (1962)
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22 c Awesesepees eee

83 ¢ ttteee NOMENCLATURE eeenee
eh ¢ ae neneeentatseserees

85 c AvSeCyo COEFFICIENTS IN FLUID THERMOPHYSICAL PROPERTY
a6 c POLYNOMIALS
87 c ACTPOW CORRECTED POWER INPUT ,I.E. CALCULATED POWER LESS
é c HEAT LOSS
89 c ALPHA EQUILIGRIUN VOID FRACTION CALCULATED USING EQUAL LIQUID
7 c AND VAPOUR PHASE VELOCITIES
oT ¢ APPS TEST SECTION CURRENT

92 ‘ ASG,ESG CONSTANTS AND EXPONENT IN SCHROCK AND GROSS*AN
93 c 8 CSG CORRELATION
94° (2 AVREN AVERAGE REYNOLDS NO.» IN SINGLE OR TWO-PHASE REGIONS
95 c ot NUSSELT NO. CALCULATED USING CHASLA CORRELATION
96 c 30 BOILING NO.
9? c ce CHAWLA TWO-PHASE FLOW PARAMETER
93 c cr FACTOR FOR EVALUATING CHAWLA TWO-PHASE FLOW PARAMETER

"99 c cu CONSTANT IN LAVIN AND YOUNG CORRELATION
100 c CNySN CONSTANT AND EXPONENT IN EGUATION FOR FIT CF CHENS
101 ¢ BUBBLE GROWTH SUPPRESSION FACTOR S
102 c cPura CONSTANT PRESSURE SPECIFIC HEAT OF LIQUID AT SATURATION
103 c TEMPERATURE
104 c CPLIQF CONSTANT PRESSURE SPECIFIC HEAT OF LIQUID AT FILE
105 c TEMPERATURE
106 ¢ CPLFQ CONSTANT PRESSURE SPECIFIC HEAT OF LIQUID AT SUP-COOLED
107 c TEMPERATURE
108 ¢ CPVAP CONSTANT PRESSURE SPECIFIC HEAT OF VAPOUR AT SATURATION
109 c TEMPERATURE
110 c CSA FLOW CROSS SECTIONAL AREA
411 ¢ DATE OATE OF TEST
112 © oc EQUIVALENT LIQUIO FILM HYDRAULIC DIAMETER IN CHAWLA
113 c CORRELATION

116 6 DEL LAMINAR FILM THICKNESS
ia ¢ DELPSA SINGLE PHASE ACCELERATION PRESSURE DROP COMPONENT
116 ¢ DELPSF SINGLE CHASE FRICTIONAL PRESSURE DROP COMPONENT
117 c DELPSG SINGLE PHASE GRAVITATICNAL PRESSU2E DROP COMPCNENT
1418 ¢ oprTots SUM GF SINGLE PHASE ACCELERATION, FRICTIONAL AND
119 c GRAVITATIONAL COMPONENTS
120 c DELPTA TWO PHASE ACCELERATION PRESSURE DROP COMPONENT
121 ¢ DELPTF TWO PHASE FRICTIONAL PRESSURE DROP COMPONENT
122 c DELPTG TWO PHASE GRAVITATIONAL PRESSURE DROP COMPONENT
123 c DELTAL AXTAL DISTANCE BETWFEY WALL TEMPEPATURE THERMCCCUPLES
126 c DELTaP PRESSURE DROP GETWEFN INLET AND EXIT TEST SECTION
125 c FLANGES
126 c vt TEST SECTION 80RE
127 ¢ OPBAK CALCUATED PRESSURE DROP 14 EAR,
128 c DPCHEN DIFFERENCE BETWEEN FICTITIOUS TUSE WALL PRESSURE AND
129 . SATURATION PRESSURE IN CHEN CORRELATION
130 ¢ DPTOTT SUM OF TwO PHASE ACCELERATION,FRICTIONAL AND
131 ie GRAVITATIONAL PSESSUAE CROP COMPONENTS
132 c OPTOT SUM OF SINGLE GR SINGLE AND TwO PHASE PRESSURE DROP
133 c COMPONENTS

134 ic oTF INNER WALL TEMPERATURE - SUSCOOLED FLUID TEMPERATURE
135 c DTSAT INNER ALL = SATURATION TEMPERATURE
136 ¢ fe TEST SECTION OUTER WALL THERMOCOUPLE ENF
137 c égt NUCLEATE GOILING CCORECTION FACTOR IN GUERRIERT AND
13 c TALTY CORRELATION

139 c ENTHAL HEAT INPUT CALCULATED FFO* MEASURED IN¥LET AND EXIT
140 G FLUID TEMPERATURES
141 ¢ F FANNING FRICTION FACTOR
142 ¢ FC CHEN F FACTOR, SATIO OF TwO PHASE REYNOLDS NOw TO THE
163 ¢ LIQUID PEYNOLDS NO. S4SED CN THE LIQUID FRACTION OF THE
144 c FLOW
1465 c Ga MASS VELOCITY
146 c HA HEATED AREA OF TEST SECTION EASED ON INSIDE DIAMETER
147 ¢ HSOTL EXPERIMENTAL BOILING HEAT TRANSFER COEFFICIENT
162 c Heh HEAT TRANSFER COEFFICIENT CALCULATED USING CHAWLA
149 c CORPELATION
150 c Hone SINGLE PHASE FORCE ConvECTIGN HEAT TRANSFER COEFFECIENT
151 c BASED ON THE DITTUS~SCELTER CORRELATION EMPLOYING AN ALL
152 © LIGUID REYNOLDS NO.
153 ¢ MCHIC CHEN PICROCONVECTIVE NEAT TRANSFE® COEFFICIENT
154 ¢ HCMAC CHEN MACROCONVECTIVE HEAT TRANSFER COEFFICIENT
155 ¢ HCTOT SUM OF CHEN MICROCONVECTIVE AND M&CROCONVECTIVE HEAT
156 c TRANSFER COEFFICIENTS

157 c noe SINGLE PHASE DITTUS AND BOELTER HEAT TRANSFER
158 c COEFFICIENT

159 ¢ nESOU SINGLE PHASE HEAT TRaNSFER COEFFICIENT CALCULATED
100 € USING THE ENGINEERING SCIENCES DATA UNIT CORRELATION
161 c HEVAP ENTHALPY OF EVAPORATION
162 c HF FLUID ENTHALPY AT INCREMENTS ALONG TUBE
163 c HFLUX HEAT FLUX

164 c HeT HEAT TRANSFER COEFFICIENT CALCULATED USING THE GUERRIERI165 ¢ AND TALTY CORRELATION
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166 ¢ NFSAT SATURATED LIQUID ENTHALPY

167 ¢ HLY HEAT TRANSFER COEFFICIENT CALCULATED USING THE LAVIN
168 c AND YOUNG CORRELATION

169 c Has SUBCOOLED BOILING HEAT TRANSFER COEFFICIENT CALCULATED

170 ¢ USING THE MOLES ANO SHAW CORRELATION “

171 & HNELY SINGLE PHASE HEAT TRANSFER COEFFICIENT EASED ON THE
172 c SIEDE® AND TATE ZIUATIGN USI%G AN ALL LIGUID REYNOLDS
v7s c HUMBER

176 ¢ SUECGOLED BOILING HEAT TRANSFER COEFFICIENT CALCULATED
175 € USING PAPELL CORRELATION

176 c HSG HEAT TRANSFER COEFFICIENT CALCULATED USING THE SCHROCK
177 c AND GROSSMAN CURRELATION

178 ¢ HST SINGLE PHASE SIEDER AND TATE HEAT TRANSFER COEFFICIENT
179 ¢ Hsue EXPERIMENTAL SINGLE PHASE OR SUBCOOLED BOILING HEAT

1180 ie TRANSFER CofFFICLENT
161 c HVAP SATURATED VAPOUR ENTHALPY
1182 © IDATA COUNTER FOR INCREMENTING THE SROCESSING OF DATA SETS
(183 c v LENGTH OF HEATED PORTION OF TEST SECTION

166 c N POSITION NUMBER

(185 c (N=1-START OF HEATED SECTION,N=2-POSITION OF FIRST
\146 c THERMOCOUPLE,"=73 -ENO OF HEATED SECTION)
187 c NDATA NO. OF DATA SETS
{138 ¢ Pp FLUID PRESSURE AT POSITIONS ALONG TEST SECTION ASSUMING
j189 c A LINEAR PRESSURE DROP FROM THE INLET TO EXIT FLANGE
1190 ¢ TAPPINGS

[191 c PE FLUID PRESSURE AT EXIT TEST SECTION FLANGE TAPPING
192 ¢c pr FLUID PRESSURE AT INLET TEST SECTION FLANGE TAPPING
1193 c PO PRESSURE AT COMMENCEMENT OF HEATED SECTION

1196 c POw MEASURED POWER TO TEST SECTION (VOLTS * AMPS)

195 c POwLOS HEAT LOSS FROM TEST SECTION TO SURROUNDINGS
196 ¢ PR REDUCED PRESSURE

197 c PRNEF PRANDTL NO. GASED ON FILM TEMPERATURE PROPERTIES
198 c PRNO PRANOTL NO» BASED ON SUBCOOLED TE*PERATURE PROPERTIES
199 c PSAT SATURATION PRESSURE
200 c PWALL SATURATION PRESSURE CORRESPONDING TO INNER WALL
201 ¢ TEMPERATURE IN CHEN CORRELATION
202 ¢ RECHEN MODIFIED REYNOLDS NO. IN CHEN CORRELATION
203 c REFR PRODUCT OF ALL LIQUID REYNOLDS aND FROUDE NOS.

204 ¢ RENO LIQUID REYNOLOS NO, GASED OM SUBCOOLED TEMPERATURE
205 c PROPERTIES
SES. RENUM LIQUID REYNOLDS NO. BASED ON SATURATED TEMPERATURE
207 ¢ PROPERTIES

208 c RHO FLUID DENSITY AT THE TEST SECTION INLET TEMPERATURE
209 c RHOLIG FLUID DENSITY AT SATURATION TEMPERATURE
210 c RHOLFQ FLUID DENSITY AT SUBCOOLED TEMPERATURE
211 c RHOVAP VAPOUR DENSITY AT SATURATION TEMPERATURE
212 c RHOVFQ VAPOURS DENSITY AT SUSCOOLED TEMPERATURE
213 ¢ RISG MEASURED POWER TO TEST SECTION (1 *#¢ R)
216 ¢ RSTAR RADIUS OF MINIMUM SIZE THERMODYNAMICALLY STABLE EUESLE
215 ¢ | SPVLIG SATURATED LIGUID SPECIFIC VOLUME
216 c SPVVAP SATURATED VAPOUR SPECIFIC VOLUME
217 c STNO SERIES TEST NO,
218 c sus DIFFERENCE BETWEEN SATURATED AND SUBCOOLED FLUID
219 c ENTHALPY

220 ¢ suece SATURATION - SUBCOOLED FLUID TEMPERATURE
221 ¢ SURTEN SURFACE TENSION AT SATURATION TEMPERATURE
222 ¢ TCLIGF LIQUID THERMAL CONDUCTIVITY BASED ON FILM TEMPERATURE
223 iS Te FLUID TEMPERATURE AT TEST SECTION EXIT
226 ¢ TESTNO TEST NO OF DAY
225 c 1F BULK FLUID TEMPERATURE

226 c TFILM FILM TEMPERATURE
227 c TFSAT

izes c THCLIG THERMAL CONDUCTIVITY OF LIQUID AT SATURATION ERATURE
229 a THCL FO THERMAL CONDUCTIVITY OF LIQUIC AT SUBCOQLED TEMPERATURE
230 c THCVAP THERMEL CONDUCTIVITY OF VAPOU? AT SATURATION TEMPERATURE
231 c TI FLUID TEMPERATUPE AT TEST SECTION INLET
232 c TTM THERMAL CONDUCTIVITY OF TEST SECTION MATERIAL
233 ¢ TY REDUCED INNER WALL TEMPERATURE
236 ¢ TR REQUCED TEMPERATURE
235 fe Twr TEST SECTION [NNER WALL TEMPERATURE
236 ¢ TWO TEST SECTION OUTER WALL TEMPERATURE
237 c VEL FLUID INLET VELOCITY
23e c VISLIa LIGUID VISCOSITY AT SATURATION TEMPERATURE
1239 c VISLFO LIQUID VISCOSITY AT SUSCCOLED TEMPERATURE
240 c VySVAP VAPOUR VISCOSITY AT SATURATION TEMPERATURE
241 ¢ VISWAL LIQUID VjSCOSITY AT INNER WAL, TEMPERATURE
262 c VOLTS TEST SECTION VOLTAGE pROoP
243 c VSLIGE LIGUID VISCOSITY AT FILTM TEMPERATURE
2hg c x WAPOUR QUALITY
245 c xTT MARTINELLI pApAMETER
246 c Y STATION NO. AFTER LIQUID REACHES SATURATION ENTHALPY267 c z RECIPROCAL OF MARTINELLI PARAMETER
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26g c IK,2h CONSTANT AND EXPONENT IN EGUATION FOR FIT OF CHENS
249 c REYNOLDS NO. F FACTOR
250 ¢
251 c

252 c
253 c
256 c

255 c se aceneserecsenesess
256 c seeee PROGRAM LISTING eee
257 c teeneeeetesenecess
258 ¢

259 c
260 c

261 INTEGER TESTNO,STNO,Y

262 REAL L

263 c

204 DIMENSION (13) 95013) 60013) 90013) 56072) ,PC73), TH CTE) Tal ( 72) yTKCT
265 33) 9 TFC73) 4TRC73) gPRE73) ,TFSATC73) pHFC73) SUB(73) yXC73) gCPLIAC73) 9D
206 &TSAT(73) pHSOIL (73) yXTTCF3) pVISLIQC73) pVISVAPC73) SPVLIG(73) y SPV VAP
207 5673) 4273) FCC7E) y RENUMC73) pRECHEN(73) 4 S673)
268 OIMENSION PWALL (73) ,OPCHENC73) »HCMIC (73) gHC¥AC (73) sHCTOT(73) ¢THCLI
269 3972), SURTEN C73) »HEVAP(73) »RHOVAPC73) »HCNB(73) »RSTAR(73)yDEL(73),E
270 SGT73) pHGT(73) 460073) pHSG(73) 4 TLYC73) pyISWAL(73) »HNBLY (73) gHLY C73)
271 7 ySUBCL(73) ,OTF(73) pHSUSC(73) pTFILM(73) ,CPLIQF (73) pVSLIGF(73)
272 DIMENSION TCLIGF(73) yPRNF(73) RENOC73) gPRNO(73) »HESOUC?3) pHTMS(73),
273 SHPAP (73) ,HDBC73) ,HST(73) »RHOLIQ(73) ,HFSAT(72) »HVAP(73) yCPVAP(73),T
274 SACVAP(73) gPSAT(73) pALPHAC73) pVISLFQ(73) ,CPLFQ(73) gTHCLFQ(73) »RHO(?
275 33) sVELC73) pAVREN(73),F (73) »RHOLFQC73)
276 DIMENSION RHOVFQ(73),FRC73) gREFR (73) yCF C73) ¥CEC73) DCC 72) p3C473) gH
277 10H(73)
278 DIMENSION DATE(2)
279 ¢
1280 ¢
281 ¢

(282 ¢

se 5 POLYNOMIAL COEFFICIENTS FOR MONOCHLOROSENZENE See Note 1, Page 199

205 DATA A/8268 86 4-3213.073 9- 2586038 9497706652393 063 y— 3h LOSS y= 0011 346

286 164160708190 366064906 06264494 3086519 47075 9-179 07 24/

297 DATA B/=26923.9412737 06 4965101 9-17639 08 p~E1S 8071153061952 004195, —

288 21.4366694163977 1-2748 082 4-205 0545 410845564813 006/

269 DATA _C/33757 46 4-16976 02 4-31223 039226356089 11211 oS p- 194 0735 9 263593

290 V9 0 921226 9- 1676702 43164 0494329 0539 =2 4b B96 y= 1200 003/

291 DATA D/=165835347646052 54985 0869-9710 01 y- 6724 022 8301821 y= 0201078,

292 224841305 6736661 4-1263 0934-166 6217411663514 6720037/

293 c
296 c

295 c

256 ¢ READ INPUT DATA
297 c

298 c

299 IDATA=0

300 READ( 5,902) NDATA

301 902 FORMATCI2)

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

303 BU FORMATCZ2AGy IX, 12,1 gL 3p 1K yh e2d

204 READ( 5,40) PLyPE,TIy TE, FLOW, VILTS, AMPS

305 40 FORMATC)
306 READ( S542) CECI), 1=2,73)

307 Se FORMATC)

308 c

309 c END OF INPUT DATA

310 c

311 =

312 c
313 c

316 c

315 c
316 ¢ DEFINE TEST SECTION DIMENSIONS AND THERMOCOUPLE SPACING,

317 ¢ CALCULATE FLOW CROSS SECTIONAL AND HEATED SURFACE AREAS,
318 ¢ MASS VELOCITY AND MEASURED POWER INPUT

319 c

320 L=1.8258

321 DI=,01265
222 DELTAL=0.0254

323 CSA=678S4e01 882
326 HAS3 161600184

325 GA=FLOW/CSA
326 POW=VOLTS*AMPS*.001
327 c

328 c CORRECTION OF MEASURED POWER ,NPUT FOR HEAT LOSS TO SURROUNDINGS
329 c
330 ACTPOW=(.955*POw)=.272



Opes

Sate POwLOS=POW-ACTPOW
332 HFLUX=ACTPOW/HA

333 c

334 ¢ CHECK UN POWER INPUT USING W=I**2 R ASSUMING & MEAN ELECTRICAL
335 c RESISTIVITY OF 113 MIC-OHM CM (TEST SECTION RESISTANCE=.0286 OHTM
336 RISQ=AMPS##2*.0234%.001

337 c
338 ¢
339 c
340 c CONVERSION OF THERMOCCUPLE EMF S$ TO TEMPERATURES AND EVALUATION OF
341, co WALL TEMPERATURE DROP AND INNER WALL TEMPERATURES ALONG TUBE
342 ~ Mn Gn a>: > ae 7"
3463 vO 41 “22,73
344 IFCE(ND=20 06927537538

265 c EMF-TEMP RELATIONSHIP FOR CU-CON THERMOCOUPLES SETWEEN 0 AND 400

346 ¢ vec ¢

34? 37_TWOCN) =25 6580297 8E(N)~.519SLE69#E(N) #42 4.0221916448E(N) #83—.000355

348 JOOF#ECN) #24

349 60 To 39

350 c EMF-TEMP RELATIONSHIP FOR CU-CON THERMOCOUPLES SETWEEN 400 AND 400

351 ¢ DEG C,(3RD ORDER FIT TO EXPERIMENTAL DATA)

352 Bo TWOCN)=1114782410 S96 98E(N) 44210921 4E (NI ##2~,0029SI1ZHE(NI #83

353 c THERMAL CONDUCTIVITY OF NIMONIC 75 IN w/MDES C

356 39 TK(ND=12656%.0157*TWO(N)
355 c TUBE INNER WALL TEMP. CALCULATED ASSUMING A MEAN VALUE OF THERMAL

356 ¢ CONDUCTIVITY AT T = TWO _ANO UNIFORM ELECTRICAL RESISTIVITY
357 TWIC(N)=TWOON) =CHELUX® 6775/TK(MND))

358 41 CONTINUE

359 c

360 c atateenesaneeneeneee

3e1 c
362 € CALCULATE PRESSURE DROP BETWEEN INLET AND EXIT PRESSURE

363 c TAPPINGS AND PRESSURE AT COMMENCEMENT OF HEATED SECTION

364 c

365 DELTAP=PI-PE

366 PO=PI-~DELTAP#.1905/2423139

3¢7 c

3e3 ¢

339 c DETERMINE LIGUIp ENTHALPY AT INLET ASSUMING THAT IT IS EQuAL TO
370 ¢ THE SATURATION ENTHALPY AT THE SAME TEMPERATURE.OTHER THERMO-

371 c PHYSICAL PROPERTIES AT INLET CALCULATED FOR PRESSURE DROP EVALUATION
372 ¢ AND CALCULATION OF SINGLE PHASE ENTHALPY INPUT
373 ¢

326 ¢

375 N21
376 P(N) =PO

377 TROND STI
378 TROND=(TI+273029/63206
379 HFCM)=AC3) 4B (3) *#TRCN) #CC3) TREND 24D (3IATRON) HOS

320 CPLIQCN) =A(6) 48 (0) # TRON) *CCO)#TRIN) #24016) #TRIN) 883

381 VISLIQ(N)=ACE) 4908) #TROND*C(S) TROND ##Z4D (8) HTRON) O83

392 RHOCND=ACT) FECT #TRONDFCCTI#TROND S824 C1) #TRON O83

383 VELCN) =GA/RHOC(N)
364 P(N) #PO=DELTAP#60256/2425139

3e5 PROND=PCND/6562

346 ¢
367 ¢ CALCULATE SATURATION TEMPERATURE FROM A 6TH ORDER POLYNOMIAL WHICH
ay . IS A FUNCTION OF THE REDUCED PRESSURE See Note 1, Page 199

390 TFSATON)=120619541086 61 *PR(N)-G026.67*PR(N) #82 91012209 PRIN) #A3-16
791 1040 04*PR(N) #46411065.14PR(N)895=3372472 PRN) BES

392 TROND =CTESAT(ND #27302)/63206
393 c

39% c CALCULATE SATURATION ENTHALPY ANO INLET SUBCOOLING
395 ¢

396 HFSATON) 5AC3) 4803) TROND 4C(3) *#TRON) #024003) 8 TRIN) #83

397 SUB (ND =HFSAT ON) -HFOND

398 c

399 ¢ INCREMENT STEPS ALONG TUGE AND TEST WHETHER THE END OF THE
400 c HEATED SECTION HAS BEEN REACHED

601 €

402 10, NENOT

403 TFON@7365)1015101 5102

404 ¢

405 c CALCULATE LIQUIp OR TWO PHASE ENTHALPY AT EACH INCREMENT ALONG
ae c THE TUSE ASSUMING UNIFORM HEAT INPUT

c

408 101 HECND=HFON-1)44.*HELUX*DELTAL/(GA*DI)
409 P(N) =P(N~1) -DELTAP#.0254/2.23139
410 c LINEAR PRESSURE DROP ASSUMED 2ETWEEN INLET AND EXIT PRESSURE
411 c TAPPINGS

412 PRCND=PCN) (6502

413 TFSATON) =1200195 41088 o1#PR(N)-4026467#PR(N)#42410122.9*PRIN) # 83-16
416 1646 .4*PR(N) #86411065.1#PA(N) 8#5-3372,72*PR(N) ORS



=e

“OS TR(ND=(TFSAT (ND #27302) 63206

418 HFSATCND =AC3) #8 (3) *TROND CCSD STRIND #824002) ATRON) O8F
417 c

413 c TEST WHETHER FLUID HAS REACHED SATURATION ENTHALPY
419 c

420 LFCHECN) “HFSATOM) 210651065103
421 c

422 ¢ SATURATED BOILING CORRELATION
4es c — a
424 re

42s ¢

424 ¢ EVALUATE SATURATED FLUID THER®I°HYSICAL PROPERTIES WHICH ARE 3RD
427 ¢ ORDER POLYNOMIALS OF REDUCED TEPPZRATURE

423 c NOTE SHVAP,THCVAP AND CPVAP ARE NOT EMPLOYED IN THE PRESENT
429 ¢ PROGRAM CALCULATIONS

430 ¢

431 105 RHOLIQ(N) =Q(1) 4961) *#TROMD SCOT) HT REND ##24061) TREN) 83
432 RHOVAP (ND =AC2) +52) TREND *C(Z) #TRON) #9240 (2) OTROND #83
433 c RHOLIQ AND RHOVAP UNITS ARE KG/SeeS
426 HESATCN SAC) FE (3) TREND #C CT) TECH) #82 0DC 3) TREY) #83
435 HEVAPCN) =A CG) FE (4) *TRON) #CCG)*TRIN) ##29D(4) TRON) O83
436 HVAP(N)=A(5) #8(S)*TROND#C(S)*®TRON) #9240 (5) #TRON) #83
437 c HFSAT,HEVAP AND HVAP UNITS ARE KJ/KG
438 CPLIQ(N)=A(6)45(6)# TROND FC(S) #TRON) ##Z4OCE) TRIN) #83
439 CPYAP(N)=A(7) 4607) *TROND*C(7)#TRON) #8 24D(7) #TRIN) #83
440 c CPLIG@ AND CPVAP UNITS ARE KJ/Ko DEGK
oar WVISLIQ(N)=ACQI*BCSI*TROND CCS) ATREN) #2 40(5) a TRON) #83
442 VISVAP(N)=A(9) 4809) #TRON)#C(9) TRIN) #8240 (9) *TROND #83
443 ¢ VISLIQ@ AND VISVAP UNITS ARE MILLI NEWeSEC/M##2
466 THCLIQ(N) =AC10) 48 (10) # TROND #CC10) #TRON) #824010) @TRIN) 283
445 THCVAP CN) =AC119 45.041) TROND FC CTT) #TRON) #2240 (11) #TRON) 83
446 ¢ THCLIQ AND THCVAP UNITS ARE MILLI~sATT/4 DEGOK
447 SURTEN(N)=AC12)4BC1Z) #TRONDFCC1Z) #TRON) #8240012) TRON) 883
463 C SURTEN UNITS ARE MILLI NEW./M
449 PSAT(ND=A(13) 48 (13) TROND #CCTED TROND #8240013) #TRON) #83
450 c PSAT UNITS ARE BAR
451 SPVL1Q(ND=14/RHOLIQ(N)
452 SPVYAP(N)=14/RHOVAP(ND

453 c
45% ¢ CALCULATE WALL SUPERHEAT, EXPERIMENTAL SATURATED BOILING HEAT
455 c TRANSFER COEFFICIENT AND MARTINELLI PARAMETER
456 C 7 es

457 WICN)-TFSAT ON)
458 FLUX/DTSAT(ND
459 X(N) =CHFOH)=HESAT OND) /HEVAP (ND
460 TF (X(N) =160967468 408
461 6 X(N) =0.999
soz 67 ATTCND=CVISLIG(N) 

/VISVAPCN)) #841 (SPVLIG(ND /SPVVAP(N) 86 S58( (16 /x6
bo IN) -1ed#eeg

4es c

465 ¢ CALCULATE VOID FRACTION ASSUMING NO SLIP
4e6 ¢ oo+-------

467 c

468 ALPHACN) =16/ (1 e=CRHOVAP CN) /RHOLIG(N) *OX(NI=16/K0NII))
46? c

470 eC SATURATED BCILING CORRELA
471 ¢ aaanne----- Staeteieieteeeteiaee
472 c

473 c CHEN CORRELATION FOR SATURATED BOILING
nee ‘ hires St irae See Note 2, Page 199
476 c DETERMINATION OF COEFFICIENT AND EXPONENT FOR CALCULATING F ASaie ¢ A FUNCTION OF THE RECIPROCAL OF THE MARTINELLI PACAMETER
4 ¢

479 ZONDEL/XTTOND

480 TFCZ(N)=0 62970470571

a1 70 LKe266

4E2 2N= 638 .
453 60 To 80

406 71 IFCZON) 063972472573

eS 72 2K=2.27
486 IN=.346

4a7 GO TO se

488 73 LFCZ(N) 069264764575
489 Te 2K=2.67

490 LN= 0412
491 GO TO 80

492 7S 1FC2(NI=2,0)76,76,77
493 7o 2K=2.8C
496 IN=.055

495 GO TO 00
496 72 IFC2(N)-10,0975,78,79

497 73 2K=2.67
498 IN=.719
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500

501

502

563

504

S65
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507

Sos
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“$13

S16
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520

521

£22

523

S26

525

526

527

528

529

530

531

522

533

S36

535
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537

538

539
540

S41

542

543

544

545

$46

547
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549

550

$51

552

553

554

555

556

557

558

559

5¢0

564

5e2
563

S04

565

566
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569
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60 To 30

79 2K=2 480

IN= 6699

BU FCCND=ZK*Z(N) #a2N

RENUM(N)=GA*0I*1000./VISLIG(N)

RECHEN(N) =RENUH CN) ECON) 846-4425)

DETERMINATION OF COEFFICIENT AND EXPONENT FOR CALCULATIAG § AS

A FUNCTION OF THE MODIFIED REYNOLDS NO.

LFCRECHEN(CN) =36000.)61,81,82

81 CN=10.663

SN=~ 2204

60 TO o7 bad.

ee iF HENCN)=50000.)63,85,
85 CNS6G622

SN== 2402

wO TO 37

8G LFCRECHEN(N) ~80000.)E5,85,36

85 CN=151.9

SN== 65032

GO TO 07

20 LFCRECHEN(N) =100000.943,647,46

43 CNF46560.0

SN~ 0817

60 TO $7

4a TFCRECHEN(N) =200000.)45 445,66

45 CN=1820.0

SN=-.737

60 TU 37

GO LFCRECHENCN)=400000+)47 547965

47 CN352416.0

SN#=1.17

87 SCN) SCN®RENUMCN) ##SN

GO TO 08

bo SON) 2061

83 TROND=CTWICND $27362)/63246

LFCTROND = 693550E9 49,90

BY PWALLONI=AC13)4B°13)* TROND FCOTSIMTRIND A240 C13) #TRIND OF

DPCHENCN)=(PWALL(ND=P(N)) #100000.

MCMICOND = 6CO12Z* CC THCLIQCN) #001) ##679* (CPLIA(N) #1000.) ##.GS5*RHOLT

GOON) aa GID /CCSURTENCN) #609 1) #* 6 S#CVISLIQCN) #U.U0T) #6294 (HEYAPCND

21000.) ##0.26*8HOVAP(N) 26) #OTSATON) © # 62G#DPCHEN(N) 0758S (N)* 00
31

60 TO ¥1 :

QUT OF RANGE OF FLUID PROPERTY CORRELATION (350 ¢)

Gu MCMICCN) =0.0

OV HOMACOI S602 T#(GAC(T KOM) MOIS CVISLIQ(N) #60012) #eS#(VISLIGIN) #10
GOO, *CPLIGCN)/THCLIG(N) 9 e.G*THCLIQ(N) #FC(ND #1.0E=06/01

HCTOT CW) =HOMICCN) #HCMAC OND

13h

* seaeeee

GUERREIRI AND TALTY CORRELATION

sTIG3STFSATON) #2, #SURTEN (ND #.0019/(P(N) #1,0E05 #HEV
ZAP CN) *#OTSAT(ND #1126)

DELON) =10e*VISLIQ(N)#.COT/RHOLIQIN) #04,

601/L))

EGTON) =6187* (RSTAR(N) /DEL(N))#*(=.5555)

LFCEGT(N) =1.0)50,50,51

SQ HGTCN)=HCNB(N) #3,487(N) 20,65
e0O TO 52

S41 HGTCND=3.602(N)**0.65 *EGT(N) #HCNE(N)

RHOLIQ(N)/(DELTAP#1,0E05#

seeeee

SCHROCK AND GROSSMAN CORRELATION

52 aSG=7390.

8SG=.00015

CSG=.60

BOCN)=HFLUX/(GA*HEVAP(N))

HSG(N)=ASG*(BO(N) SESE*Z(N) ##CSG) #0234 (GASOI/(VISLIQ(N) #2001) 22468
2eCVISLIQCN)*1000.*CPLIG(ND/THCLIG(N) )** o333*THCLIQ(N)*#1.0E-06/01

ataeeees

CHAWLA CORRELATION FOR SATURATED SOILING
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563
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396

600
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616

€15

$16

617

Ole

519

020

621

626

625

623

629

631

632

633

634

635

636

637

638

639

640

641

042

643
644

645

646

647

668

649

650

651

652

$5
654

655

6sé

957

656

059

061

662

663

b64
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nenane

enannno
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=" 195

FRCND=(GA®C1.-X(N))) ##2/(RHOLIQ(N) #8299.81801)

REFRCNISFRON) ©GA®1000.861.-K(N) mOI/VISLIQ(ND

CRON ECCT 4K COND I/KON)) OREFROND O80 =, 1666) *(RMOLIQ(N) /RHOVAP(N) DO #6

249) @(VISLIGCNI/VISVAPC(N)) #8 6-045)

TFCCFCN)= 2001955455456

53 CECN)=10.0#CF CN)

60 TO 29 See Note 3, Page 200
So CECN)=0.310#CF(N) 00.5

2x DCCNI=DI (1a C1 et CC 1e KON) /CXCN) #CECN) @CRHOLIQ(N) /RHOVAP(N)))) Oe

2¢-0.5))

LF CREFRON)=1092)57457 958

S7 BC(N)=ULO0CC*REFRON) a2 G75 0( X(N) /(1e=X(N))) *(RHOLIQ(N) /RHOVAP(N)) ©

220. 3*CVISLIQ(N) /VISVAPCN)) ##0435*(GA®T1000.9(14-K(N)) #01 /VISLIQ(N)I®

240,35*(VISLTQCK) #4000 e#CPLIQ(ND/THCLIQ(N)) #90642
GO TO 59

So BCCND=.01S*REFRIN) oe, 30 CX(WI/(1.-X0N))) @CRHOLT ON) /RHOVAPOCND 9 #9063

3*(VISLIQC(NI/VISVAP(N) )##0.88(GA8I0000#(16-K(N))#OI/VISLIG(N) 2499.3

OS#CVISLIQ(N) #1000 +8 CPLIQCNI/THCLIG(N)D) #40.62

59 HCHCN)=BC(N) #THCLIG(N)#1.0E=06/000N)

Raneeenemesereneeens

LAVIN AND YOUNG CORRELATION

CLY=3.79

TLY CN) SCTWION) #27342) /63204

TFCTLY ON) 09855292492 593

92 VISWALC(N)=ACE) 42 C3) #TLYCND FC CS) #TLY(N) #24008) #TLY (ND Oe?
HNBLYCND= C23 (GA#(16-XCN))*OI/CVISLIQCN) #06001) ) ##eS*(VISLIQ(N) #4

2000 -*CPLIG(N)/THCLIQ(N) )#*.333 eC VISLIQ(ND/VISWAL(N) ee, 14*THCLIQ(N

3)#1,0€-06/u1

MLV (ted SHiSLY CN) @CLY SCT OFKCNI/C1.0-K0N) 2 #81 ,10/B0(N) 000,17

G0 TO 64

OUT GF RANGE OF FLuICG PROPERTY COPRELATION (350 C)

93 HLY(N)=0.0 !

teeeeereeeeenesenene

TWO PHASE REGION PRESSURE DROP CALCULATION

_ PRESSURE DROP CALCULATION USING HOMOGENEOUS MODEL

AVERAGE REYNOLDS NG» OVER SATURATED BOILING REGION CALCULATED

USING A MEAN TWO PHASE VISCOSITy

61 AVRENCN)=GA®10C0.*DI/ (X(N) AVIS VAPCND # CC 1e=X0N)) *VISLIQCN)))

FCN) =, 0G6*AVREN(N) ##(-002)

6c DELPTF=.15E103#F(N) *GASR2*SPYLIQ(N) *((N=V=1) 2, 0254462627) #61090 (SP

2vVAp O(N) =SPyLIQ(N) )/SPVLIGON)) #x(N) #065)

63 DELPTA=GA«#2*(SpVVAP(N) —SPYLIQ(N))#X(N) #4001

64 DELPTG=(9.51#((N=¥~1) #60256 442427) #ALOG (16+ (SPVWAP(N) =SPVLIZ(N) /S

2PVLIQCN) #XCN) D/C CSPVVAPOCN) =SPYLIQON) X(N) 22001

6> OPTOTT=DELPTF+OELPTA*DELPTG

60 OPTOT=OPTOTS*pPTOTT

DPGAR=DPTOT#.01

Ge 60 TO 100

tteeneeeeeneeeeerene

SINGLE PHASE OK SUBCOOLED BOILING CALCULATIONS

104 YENe1

CALCULATE EXPERIMENTAL SINGLE PHASE OR SUSCOOLED BOILING

HEAT TRANSFER COEFFICIENT

TFCNDSTF(N=1) $4 o*HFLUX#DELTAL/ (GASCPLIQ(N-1) #01)

SUECLOND=TFSATCN) -TFOND

DTFCN)=TWICN)-TFOCN)

SUBC(N) =HFSAT(N) <n FOND

100 HSUB(ND=HFLUK/DTFO(N)

CALCULATION OF SUBCOOLED FLUID PROPERTIES

TFILMOND=CTSICNDOTFECND SZ 00

TROND=(TFILMCN)#273.2)/62 2.6
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738

739

740

741

762

\743

i766
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746
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nnenneenecnn

CPLIGF(ND=ACE) +805

21

2¢

2>

24

25

VSLIGF (ND=ACE)45 (3) *TRON) $005) TRON) #824003) #TROND 83

TCLIGF(N)=A(10) 45010) *TRON)+C(10) *TRON) S#2$D(10) # TROND ®
PRNFC(N)=VSLIGF(N) #1000.*CPLIGF(MD/TCLIGF(N)

TROND =(TECND #273.20/67

RHOVFO(ND=A(2)48(2) # TRON) +C(2) #TREN) #8240 Cc) #T RON)

RHOLFG(ND=AC1)9E(1) TRCN) SC(T) #TRON) #24001) #TRON) #03

WISLFGCND=ACED FE CB) *TRIND #C (6) TRON) #82 4003) HT RON) 03
CPLFACN)=A(6) 45 (6) #TK(NI4C (5) #TR(N) ##240(6) #TR(N) #03
THCLFQ(N)=AC10) +8(10)*TROND *CC10) #TREN) #240 (10) #TRIN) #83

RENO(N)=GA*DI #1000 e/VISLFIQCN)

PRNOCND=VISLEG(N) #1C0Ce@COLFGCND/TACLFE GCN)

SINGLE PHASE AND SUBCCOLED BOILING CORRELATIONS

HESDUCN) =EXP(-3 2796-4205 *ALOG(RENO(N) )= 2505S *AL0G (PRNO(NI)~.025580A

2L0G(PRNOCN)) ##2)) *RENO(N) *PRNOCN) *THCLFQ(N)*140E-06/01

seeee teeeeee

MOLES AND SHAW CORRELATION

TRONDECTESATOND 273620/63266

RHOLIG(NDEACTIFECTIOTRIND OCCT) OTRIN OZ FOC 1) #TRON oes

RHOVAP(ND=ACZ) #6 (2) #TRONDFCCZ2)#TROIN) #8240 (2) #TRON 3
CPLIQCNIEACS) FE CEDMTRINI C(O PTRIN) 8 240(6)9TRON)

HEVAPCND=ACL) FECA) MTRINIFCCLIPTRIND OH24D (GI ETR(N I ORS

HMS ON) =HESDUCN) #78.S®PRNE CN) 8806668 (HEVAPCND/(CPLIG(N) #SUBCLEN) ))#

20eS*CHFLUX*#RHOLIQ(N) /CHEVAPCN) *RHOVAPCN) #GA)) # #04678 (RHOVAPCN) /RH

GOLIG(N)) ##0.7

Reneeeeenearaneenres

PAPELL CORRELATION

HPAP (N)=HESDUCN) #90 .0#( (CH FLUX*RHOLIQ(N) /CHEVAP(W) *RHOVAP(N) #GA) D0(

GHEVAPCN) /(CPLIG(N) *SUBCL(N))) ##142*(RHOVAP(N)/RHOLIQ(N) Deel D8) #8,
77

aeneeee

OITTUS AND SOELTER

HDS (ND =.O23*#RENO(N) ##0.8*PRNO(ND ##0.G#THCLFQ(N) #1 ,0E=00/01

wena eneaeneereeenes

STEDER AND TaTE

HSTON)=e027#RENO(N) #20 .8*PRNO(N) #90 .333*(VSLIQFCNI/VISLFQ(N)) #8041

246*THCLFQ(N) #1,0E-06/01

seeenes

SINGLE PHASE REGION PRESSURE DROP CALCULATION

PRESSURE DROP CALCULATION EMPLUYS HOMCGENEOUS MODEL

AVERAGE RENO» CALCULATED USING MEAN OF INITIAL AND FINAL LIQUID

VISCOSITY vALUcS

AVRENCND=GASCI #10006 / CC CVISLFQ(N) #VISLIQC122/2.))

FIND =.,0G6#AVREN(N) ##(-062)

DELPSF=158.103*F(N) #GA##29( (1. /RHOLFG(N)) 4 (1 o/RHO(1)9) #C(N=19 #602

254%.1905)00.5%.001 <a

DELPSA=((16/RHOLFQ(N)#(16/QHO(1))2/20-C1e/RHO(1))) a6A8 820,001

DELPSG=9,81#((N-1) #.0254%.1905)*(RHOLFQ(N) #RHO(1))#0.5%.001
DPTOTS=DELPSF*DELPSA*DELPSG



= 497 -

ee aeeeeepeeteenes747 S

768 c

749 c =

750 ¢ ENTHALPY INPUT CALCULATED USING THE MEAN FLUID SPECIFIC

754 ¢ MEAT VALUES AND MEASURED INLET AND EXIT TEMPERATURES
752 c (NOT VALID W#HEN SATURATED SOILING OCCURS)

753 c
cae ENTHAL=FLOW*(TE-TI) #CCPLIQ(1) *CLFQC(N))/220
7s c

756 c se eeneaeasaseneeeses

757 c

758 GO To 100

759 € «

760 c PRINT CUT OF COMPUTED RESULTS

761 Co ween nn wa eena-----------------

202 c

10 N=2

@RITEC6, 112 DATE, TESTNO STN SRP
11 FORMATCIHT,9HTEST DATE,10Xs2AGy2Xy17HTEST NOW OF DAY =y1Xy12y3K 917

THSERIES TEST NO. ~,1X,13,EX,18HREDUCED PRESSURE =,1XyFGo2)

WRITE 6,31)

31 FORMATC/1X,7Z2HINLET PRESS EXIT PRESS INLET TEMP = EXIT TEMP

1 FLOW = TEST SECTION)

¢

WRITEC 6,32)

32 FORMAT(SX,O8HBAR BAR bes ¢ Des ¢ KG/s
6 VOLTS ames)

c

WRITEC 6,33)PI,PE,TIy TE, FLOW, VOLTS, AMPS

BS FORMATC2X, FT oS yX FT eS y Ixy FOel OKs FOel y OXF S oh IK gh bole 2Xphbol)

c

WRITEC 6434)

34 FORMATC/1X, "PRESS .OROP INLET Sua. MASS VEL. INLET VELe

2 HEAT FLUX")

c

WRITEC 6,35)

35 _FORMAT(SX, "BAR KI/KG KG/Mee2 S wis Kw/
2nee2*)

¢

SRITEC 6y30)0ELTAP,SUB(1) yGA,VEL(1) pHFLUX

SO FORMATC2N 4 FOS 47K pF O01, IX y Fooly 7K oF oor MX yFS01)
‘

WPITEC 6,26) POmyRISGyENTHAL »POWLOS »ACTPO

Zo FORMAT (/4X_ "POWER ,9X,"POWER' 9X, "POWER, 9X, "POWER", 6%» "CORRECTED!
2a7 GX, CVAD EX, CT HRZR) GTR CMO CPAT) LOSS", PX, "POWERS, / 45K
BatKW GTZ Ky T2Ky KW TK Karey KW g/g Sp FOer yeh yp FOe2y Shy Foe

42s9XpFSe2,OXy Foo?)
¢

@RITEC 6512)

__1e_FORMAT(/2X,"CALCULATED SINGLE PHASE PRESSURE DROP CALCULATED TwO

2 PHASE PRESSURE DROP TOTAL TOTAL")

c

WRITEC 6,13)

1S FORMATCI%,*FRICTION ACCEL GRAV TOTAL FRICTION ACCE

1 GRAV TOTAL PRESS DROP PRESS DROP")

c

wRITEC 6,14)

da FORMAT(1K, "<< UNITS FOR PRESSURE DROP COMPONENTS

2 ARE KN/MAe2 > BAR*)

c

SRITEC 6,15) DELPSF sDELPSA,DELOSG »DPTOTS ,DELPTF,DELPTAy DELPT&yOPTOT

2T,DPTOT,OPSAR

VS FORMAT CZs FE 023K F602 ySK Fez y 2h yh 7 2p LX yFOar pbk yFOary SK yh ber y2hy

SF7 62 0G oF a2 yp 3X yh be?)

TFCNW¥9121,122,122

c

« PRINTOUT OF SUBCOOLED REGION RESULTS TABLE

<

121 WRITEC 6,123)

122 FORMAT(/52x,16NSUB=COOLED FLUID)

c

@RITEC 651724)

124 FORMAT(1X,*POS FLUID OUTER IN FLUID SAT N TSAT TwI sus

1H # ” c) 4 4 "yde5X,*PRESS TEMP TE
2ap Temp TEMP - TF = TF CuOL. SUB A-S PAP ESDU d-b

3s-T *s/,0X,"BAR DEG C DEG C DEG C DEG C DEE C DEG C

SKIIKG < UyiTS FOR H ARE Kw/meez GC > ')

c

779 WRITEC © e272 NePON) gy TWOCN) »TWION) » TECN) y TESATON) »SUBCLON) pDTFON) 9S.
3UZ(N) > HSUECN) »HYS ON) »HPAPCN) ,HESOUCN) »HOB(N) pHSTON)

2? _FORMATCZ2K p12 pFOeSeFOu Ty Outs FOaly Footy IXyFSole IX s Fel gly FOod pF O02

Vy Foe2eFba2s Fouts FSe2yFbe2)



“B30

855

856

\61

\g62
(263

864

(S05

807

268

869

870

371

872

e735

$74

375

676

377

1878
879

B80

$61

852

863

884

885

BES

387

88

889

890

891

892

(393

896

895

296

B97

B99

900

905

966

908

909

910

911

= 198 —

c

Nowe

IF(N~73-52128 600,600

123 LFON-Y)779,122,122
c

¢ PRINTOUT OF SATURATED REGION RESULTS TAPLE
¢

12Z wRITEC 6,129)

129 FORMAT(/S2X,1SHSATURATED FLUID)
c

#RITEC 6,130)

T3U FORPAT(1X,°POS FLUID OUTER INNER SAT N TWI GuAL 1/ VorD
1H 4 4 # # 4 4 H'y/55X, "PRESS Te
2mp TEx? TEMP -TSAT ITY RUE FRAC nc SOLLSH CIC mac ToT
3 6-T $-6 u-y CHAW',/,SX,"BAR DES C DEG C DEG C DES C
4 < UNITS FOR H ARE KW/Mee2 C

5 >")

© o23INyPON) yTWOCM) p THI C4) pTFSATOND OTSATOND 9X ON) p2ON) GAL PHA
JED oMBCLLCND gMCHICCND SHCMAC (ND ,HCTOT (ND HET ON) 9uSGCN) oHL TCM) gHCHCN

20 FORMATC2KsI2 Foz pF Sole FOolyFOal gf ool yf Se 3 pF SeSpFSe3y Floto Flats Fle
V2sF7 ey FT e2yF7 ey Fl eZ y F742)

5913346004000
c

c PRINTOUT OF ADDITIONAL SUBCOOLED REGION RESULTS TABLE

c

60y sRITEC 6,256)

25a FORMAT(/,S52X,*SUB-COOLED eLUIO")

@RITEC 65257)

257 FORMATC(1X,*POS TFILM CLIQf VLTuUF TLIQF PReNF CPLFQ VSLFQ TCLFQ PRe

INO RENWNO ROLFO RHVAP CPLIQ HEVAP H LIG Pericaks

2°DEG C KJ/ SN S/ ys KJ/ PN S/ MW/*,17K,9KES KGS
BRIS RSJ KAA yy 11Xy KE C Meet KOK, "KG C Meee Kt417

4Xy'Mee3s Mand KG C KG KG")

NE

260 wRITEC Sy25EINyTFILMON) »CPLIGFON) p¥SLIGFOCN) »TCLIQF(N) »PRNF(N) 9 CPLF

TON) pVISLFGCH) + THCLFGCN) pPRNOCN) pRENOCN), PHOLFaCN) »RHOVAPCND 4 CPLIG

20M) pHEVAP CH) »HECK)

ESo FORMATCAXgI2 yp FOo1 pF Eady FS ade IX yp Footy fled, Foes FS uty IXy FOul pF bed FS

TeOpFOel yp FOeT yFE ody FOu1, FO.)

NENGT

IF(N=7345925947004700

E59 LFCN-¥)26092615261

¢ PRINT GUT OF ADDITIONAL SATURATED REGION PESULTS TABLE

261 wRITEC 6,262)

262 FORMATC/S2x,°SATURATED FLUID")

PRINT OUT PARAMETERS WHICH 00 NO VARY OVER THE SATURATED

BOILING REGIUNnane
wRITE(6,53)80(73)

Sd FORMATC//,2X,*ECILING NOo = "yF8e5y,//)

WRITEC 64263)

263 FORMAT(1X,*POS ROLIQ RHVAP HEVAP CPLIO VSLI2 VISVAP THCLIQ SUTEN

TREYNUM RECHEN PwALL HCNB = RSTAR oEL FReNO CF scty/
2,6x,'KG/ = KG/ KS KIS OMN S/ MN S/) RW/OMN/M*, 18K, “BAP

3Kus ne Mety/ySXy'MeeS Meel KG KG C Mee? weer

4KY,31X, MAe2C")

265 WRITEC 6y266)NpRHOLIG(N) »RHOVAPCN) »HEVAPCN) ,CPLIQ(N) pVISLIGON) y VIS

2VAPCN) »THCLIG(H) ySURTENCK) » RENUM(N) »RECHEN CN) 9 PHALL(N) SHCNS(N) y RST

SAR(N) DELON) gFROND yCF(N) ¢BC (ND
264 FORMATC2K,12, Feely fee TaFoeleFbeS FS ed y2XeF baby Fie 2oFEo2 FEO, FEO,

TEC eI e Foe yEVeSyEDaSsFOa defo obyFOul)

NENeT

IF(N-7345)2654700,700

700 IDATA=IDATA+1

603 IFCNDATA-IDATA) 60246029401

601 GO TO gO

602 Stop

ENO
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Note 1

The following changes were required for processing biphenyl-biphenyl

oxide data:

(i) 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 ae and 8, factors of Fig. 9 were fitted to an equation
of the type y = ax”,

(a) F, = k(4/%e4)"
c

ie k n

1 - 02 2.4 38

2 = 3 2027 346

tee s6) 2.47 412

-6 - 2.0 2.80 2655

2.0 = 10.0 2.67 °719

10.0 - 100.0 2.80 -699



- 200 -

where Re = Re. x F~'*@9

Re,x Fiera c n

1.5 x 10° = 3.0 x 10° 10.643 -.264

3.0 x 10" - 5.0 x 10¢ 4.22 -.402

Ons 10" - 8.0 x 10¢ 131.9 --5032

8.0 x 10 ~ 1.0 x 10° 4560. -.817

= 2.0 x 107 1820. -.737

- 4.0 x 107 358416. -1.17

= Saeed

Note 3

The two-phase factor ¢ used for the Chawla correlation shown in

Fig. 10 was taken to be the value at e/D = 1 x 107+ applicable to

commercial drawn tubing. For values of the abscissa of Fig. 10 greater

than .001 € was 10 x the abscissa value. For values less than .001 e« was

+316 x (abscissa value)°°?.
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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 DAY - 9 SERIES TEST NO~ - 158 REOUCED PRESSU:

INLET PRESS EXIT PRESS INLET TEMP EXIT TEMP FLOW TEST SECTION

BAR BAR DEG DEG C KG/S VOLTS = AMPS
16.228 18.09% 254666 284.2 20785 19,06 655.5

PRESS .0KOP INLET SUB. MASS VEL. INLET VEL. HEAT FLUX
BAR KI/KG KGs/men2 S nis Kwsmee2
2136 57.3 624.6 +767 15964

POWER POWER POWER POWER CORRECTED

(vena) C1**2R) (Cm cP.T) Loss POWER
Kw KW Kw Ka KW

12.48 12.20 4.52 290 17.58

CALCULATED SINGLE PHASE PRESSURE DROP CALCULATED TWO PHASE PRESSURE DROP TOTAL ToT

FRICTION ACCEL GRAV TOTAL FRICTION ACCEL GRAV TOTAL PRESS pROP PKE

< UNITS FOR PRESSURE DROP COMPONENTS ARE KN/M#e2 >

+34 20¢ 6.78 TAS 1.69 2.56 3655 7.83 14.96 .

SUB-COOLED FLUID

POS FLUID OUTER INNER FLUID SAT N TSAT TwL sus 4 4 H 4 4 H

PRESS TEMP TEMP TEMP TEMP - TF -~ TF (COOL. SUA “M-S PAP ESOU D-B S-T

BAR DEG C DEG C DEG C DEG C DEG C DLG C KS/KG << UNITS FOR H ARE KW/Mae2 C >

2:18.21 297.9 290.9 255.9 284.1 28.2 35.0 SS+3 4056 3.89 3624 1.53 1.54 1.65

3 Vo021 29667 289.6 256.9 264.1 27.2 32.7 53.2 4.87 3.97 3.35 14654 1254 1.65

4 18.21 298.1 291.0 25769 264.1 26.2 33.41 SIe1 4.81 4.05 3.46 1654 1455 1466
5 18.21 297.2 290.1 258.9 264.1 25.2 31.2 49.1 5.10 4e14 3.659 1656 1455 1.66

6 18621 297.0 290.0 259.9 284.1 24.2 30.1 47.0 5030 4e25 3472 1654 1.55 1267

7? 16621 29769 290.9 260.9 284.1 23.2 29.9 45.0 5.32 4.33 3.86 1455 1-650 1467

$ 16.20 247.5 290.5 261.9 244.1 2262 28.6 42.9 5.58 4.43 4.02 1.55 1.50 1.66

9 18.20 297.5 290.5 262.9 284.1 21.1 2766 4066 5076 4.54 4.19 1.55 1.56 1.68

10 16.20 297.9 290.9 203.9 20.1 26.9 38.5 5.92 4067 4638 1656 1657 1.69

1118.20 248.1 291.0 265.0 W921 2661 3607 6.11 4.80 4.58 1.56 1.57 1.69
12 18.20 297.2 290.1 266.0 18.1 24.2 3406 6659 4.946 4.81 1.56 1.57 1.70

13.18.20 298.1 291.0 267.0 17.1 26.1 3266 6662 5209 5.06 1.657 1458 1.70

14 10420 298.1 291.0 268.0 16.1 23. 30.5 6091 5626 5233 1657 1656 1.71

15 10219 297.7 290.7 269.0 15.1 21. 28.5 7.35 5044 5.65 1.58 1.59 4.71

16 16.19 2¥6.1 291,0 270.0 14.0 21-0 2664 7658 5265 6.00 1.56 1.59 1,72

17 18419 248.4 29144 271.0 13.0 20.4 7.82 5287 641 1658 14659 1472
18 18.19 297.9 290.9 272.0 2 12.0 18.8 8.46 6.13 6.87 1459 1460 1.73

19 16.19 297.4 290.3 273.0 11.0 17.3 9.21 6042 7062 1.659 1.60 1.75
20 14619 298.3 291.2 274.0 10.0 17.2 9227 6675 8.06 1459 1460 1.74
21 18.18 298.4 291.4 275.0 9.0 1664 9.75 7.13 684 1660 1461 1.74
22 16.18 298.1 291.0 276.0 8.0 15.0 14.0 10.63 7.59 9,80 1.60 1.61 1.75
23 16.18 296.8 289,8 277.0 6.9 12.7 12.0 12.50 8615 11.02 1.60 1.62 1.76
24 164618 2¥7.4 290.3 276.1 5.9 12.3 909 12.99 8.83 12661 1461 1462 1476
25 18.18 247.7 290.7 27941 4.9 1146 708 13,72 9.72 14.80 41661 14662 1.77

26 18.18 297.7 240.7 260.1 329 1066 5-6 15.03 10.93 18.01 1.62 1,63 1.77

27 1o61d 29764 290.3 25141 269 9.2 So? 17026 12076 23425 1662 14663 1476

28 10617 961 29140 262.1 169 e.9 1,6 17.82 15.86 33.52 1662 1464 1476

SATUKATED FLUID
POS FLUID OUTER INNER SAT N TW QUAL wv voro u 4 H K 4 4

PRESS TEMP TEMP TEMP -TSAT ITY ATT) FRAC «BOIL MIC wAC ToT 6-1 S-6
BAK DEG C DEG C OLG C DEG C < UNITS FOR H ARE Kw/Mee2 ©

29 16617 24765 29065 264.0 6.5 .00¢ 2017 2024 24.35 402 71 5.33 3.51 13.62

RE ay

AL

SS pROP

BAR

150

1

ty

oO
nN

1

4 4

t-y CHAW

>

11664 201



2012 2054 6129 21.96 3.44 1.29 4.73 7261 13.98 11.49

2022 2094 6273) 24.30 3.03 1.58 4.61 9.15 14.09 11.52
2031 133 6283) 23.66 3.12 1.79 4.90 10.77 14.18 11.56
2041 172 2341 20641 3.63 1.95 5.58 12.99 14.26 11,62

30 1b.17 295.3 291.2 263.9

3118.17 297.5 290.5 253.9

32 18.17 24767 290.7 283.9

33 18.17 298.8 291.7 283.9

34 16.16 297.0 290.0 233.9 2057 2210 2.391 26.36 2-79 2.08 487? 12.23 144346 11.64
35 18.16 297.7 290.7 263.9 2061 2248 2434 23.58 3.26 2.19 545 13.92 1he41 11,69
36 18.16 249667 209.6 203.9 2071 0287 471) 272.9% 2676 2.28 5202 13640 14.48 11472
37 18.16 297.7 290.7 263.9 086 2325 2504 23.53 3.27 2.39 5.66 15.467 14.54 11.78
38 18416 297.4 290.3 253.9 2090 2364 6533 26.81 3.10 2648 5-58 15466 14.60 11.62
39 18.15 246.1 289.1 253.9 +100 2404 2.559 30.70 2-49 2.57 5.05 14446 14.66 11.85
40 15.16 297.0 290.0 263.9 2110 2444 2562 26.20 2093 2.65 So57 16.35 16672 11.91
4115.15 297.0 290.0 283.9

42.18.15 246.7 259.6 283.9

43 18.15 297.5 290.5 263.9

44 18615 277 5 290.5 283.9

2120 +484 2604 26.17 2.93 2.72 5265 16.84 14.78 11.96

2129 2525 2623 27.76 2-76 2.79 5654 16.75 14.d4 12.00

2139 2560 2641 26.03 3.20 2.85 0.05 18.61 14649 12.06
nee » 0 4657 26.01 3220 2.92 © 12 (19,05 14.95 2.1

SUOeneeucovoon NmeOoo VGN he Ve Oma44 10.15 297.5 290.5 233.9 2149 2608 6657 24.01 3.20 2.92 6.72 19.05 14.95 12.11
45 18.15 296.7 269.6 253.9 2159 2051 2672 27.67 3.13 3.02 6.15 17.98 15.00 12.15
46 18.15 297.5 290.5 283.8 2169 2694 6685 23.96 3-603 3.12 6.75 19.86 15.06 12.21

0178 738 6698 26.01 3.34 3.22 6-56 19.32 15.611 12.26
0188 «783.710 23.92 3.0% 3.32 6.95 20.59 15.17 12.32

+198 +629 2721 23.89 3.06 3.41 7205 20.938 15.22 12.37

208 2875 2732 24.52 3.54 3.50 7.04 20.93 15.28 12.43
2216 2922 2742 28.35 3.05 3.59 6-64 19.58 15633 12.47

227 971 6751) 25.86 3.35 3.67 7.02 20.86 15.39 12.53
237 1.020 .760 20.55 4.25 3.75 6.00 24.00 1544646 12.61
2247 1.070 .768 23.17 3.76 3.83 759 22.70 15449 12.66
2257 1.121 2776 25.80 3.36 3.91 To27 21.61 15455 12.71
267 1.174 763 22.55 3.86 3.99 7e85 23.52 15.60 12.78
+276 1.227 2790 23.11 3.76 4.06 7.83 2 2 15466 12.84

+286 14282 6797 20.946 4.17 4.13 6.30 26.96 154672 12.91

2296 1.336 803 19.56 4647 4.20 8.67 26.13 15677 12.98
+300 1.395 .809 15.51 5268 4.27 9.96 29.95 15.63 13.07

+516 12454 2E15 19.192 4658 43% 6.92 26.86 15.89 13.12

2325 1.514 2821 21.89 3.98 4641 8.39 25.08 15.95 13.17
2335 1.576 6226 26.36 3.29 447 7.76 22.77 16.00 13.23
345 1.039 831 30.82 2.60 4.53 7.37 20.99 10.06 13.29
2355 1.704 .836 30.79 2.69 4.59 7.39 21411 16.12 13.36
+565 16770 6841 23.52 3.69 4.65 B35 26.64 16.19 13.45
237% 14039 2846 22.33 3.90 4.71 6.61 25.48 16.25 13.53

47 18.14 297.0 290.0 283.8

48 18.14 297.5 290.5 283.8

49 18.14 297.5 290.5 253.8

50 18.14 297.4 290.3 263.8

51.16.14 296.5 269.4 283.8

52 18.14 277.0 290.0 263.5

53 16.14 298.6 291.6 283.8

54 16.13 297.7 290.7 283.8
55 16.13 297.0 290.0 243.8

56 18.13 297.9 290.9 283.8

57 10013 29747 290.7 263.8

58 16613 298.4 291.6 283.8

59 16.13 299.0 291.9 203.8

60 18.13 301.1 294.0 203.3

61 16.12 299.1 292.1 283.8

62 16.12 296.1 291.0 283.7

63 16.12 296.6 269.8 283.7

64 18.12 296.0 288.9 283.7

©5 16612 246.0 268.9 263.7

66 16.12 297.5 290.5 263.7

67 18.11 297.9 290.9 203.7 We Nvovuenemoanonoonoucoacouce NUR NAN BU O OPN OBNOUN VE63 15611 308.4 301.4 283.7 1 2 5E4 1.909 2850 9.00 10.06 4e77) 146.83 42.40 16431 13.76

315.1 263.7 3 2396 1.981 2854 5.08 16.69 482 23.517 58.44 16437 13.99
335722 263.7 53.5 2404 2.055 859 2-98 34.463 4.87 39.30 78.88 16.446 14.32
363.4 263.7 99.7 2413 2.132 2863 1.60 +00 4.93 4.93 111.86 16.50 200
393.4 283.7 109.7 2423 22210 .867 1.45 209 4.99 4-99 118.29 16.57 200
39304 263.7 109.7 2433 2-291 2870 1.45 00 5.06 3206 118.59 16.64 200

SUB-COOLED FLUID

POS TFILM CLIGF VLIGF TLIGF PR«NF CPLFQ VSLFQ TCLFQ PReNO REN.NG ROLFO RHVAP CPLIO HEVAP H LIQ
DEG C KJs MN SJ MWs KJ/ Mu Sms KG KGS KS KOT KS

Ko C Mee2 on Kk KOC mes2 HK Meey Mes3 KG CC OKG kG
2 273.4 1.973 114 76.7 2.920 1.898 2125 72.7 34066 61779. $12.2 60.7 2.034 210.1 411.8
3273.3 1.972 2114 76.7 2.921 1.902 .127 79.5 3.037 62204. 810.5 60.7 2.034 210.1 413.9
4 274.5 1.979 2113 7665 2.914 1.906 2126 7944 34029 62633. 808.8 60.7 2.034 210.1 415.9
5 274.5 1.979 2113 76.5 1.909 2125 79.2 3.021 63065. 807.0 60.7 2.934 210.1 418.0
6 274.9 1.961 2102 70.6 1.913 2124 79.0 3.013 63500. 805.3 60.7 2.034 210.1 420.0
7 275.9 1.986 2112 7602 2.906 1.917 2126 78.8 3.005 63936. 803.5 60.7 2.034 210.1 4c201
B 276.2 1.968 2111 76.2 2.905 1.921 2123 78.7 2.997 64379. 80148 60.6 2.034 210.1 426.1
9 276.7 1.991 2111 76.1 2.902 1.925 2122 78.5 2.969 64823. 800.0 60.6 2.034 210.1 426.2

ce =



10

iW

12

13

14

15

16

18

19

20

ral

23

24

25

27

28

277.4

278.0

278.1

279.0

279.5

279.8

280.5

261.2

201.4

281.7

26266

253.2

203.5

283.4

266.2

264.9

265.4

265.7

266.6

1.996

1.998

1.998

2.003

2.006

2.008

2.012

2.016

2.017

2.019

2.025

2.028

2.030

2.030

2.034

2.039

22042

22046

2.050

EOILING NO. =

Pos

29

30

M

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

43

49

Su

51

52

3

54

55

56

ROLIQ

KG/

meed

756.2

75B.2

758.2

758.2
758.2

758.3

758.3

758.3

758.3

758.3

738.3

758.3

758.3

758.4

758.4

758.4

758.4

758.4

758.4

758.4

758.5

758.5

758.5

758.5

758.5

738.5

758.5

758.6

RHVAP

Kos

head

00.5

00.5

00.5

00.5

60.5

00.5

00.5

00.5

00.5

0065

60.5

60.4

60.4

60.4

60.4

0064

00.4

00.4

0064

00.4

60.4

60.4

60.4

00.4

0064

60.4

60.4

00.3

2110

2110

2110

2109

2109

109

2108

+108

2107

+107

2107

2106

+106

2106

+105

2105

+105

2104

2104

200721

HEVAP

Kis

KG

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

210.46

210.4

210.6

210.4

210.4

210.4

210.4

210.4

CPLIQ

Kis

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

2.869

2.268

2.865

2.862

2.861

2-860

2.876

2.874

2.873

2.873

2.871

2.868

2.867

2.806

2.863

vstia

MN S/

Mae2

+100

+106

+106

+106

+106

+106

+106

+106

+106

+106

+106

+106

+100

+106

+106

2106

210¢

2106

2106

+106

+106

+100

+106

+106

2106

+106

=106

2106

1.929

1.934

1.938

1.942
1.967

1.952

1.956

1.961

1.966

1.971

1.976

1.981

1.967

1.992

1.998

2.004

2.009

2.015

2.021

VISVAP

uN S/

nan

20151

0151

20151

0151

20151

0157

0157

0151

20151

20151

20151

20151

20157

0157

20151

0151

20951

20951

20151

20151

20151

20151

20151

20151

20151

00151

20151

20151

2121

2120

2119

2119

0118

2117

ello

e115

2115

2116

0113

e112

e111

e111

+110

2109

2108

2105

2107

THCLIQ

ns

mk

74.79

74.79

74.79

74.80

74.80

74.80

74.60

74.80

74.80

74.80

74.80

Thotd

74.61

74.81

74.61

74.81

74.81

74.81

74.81

74.81

74.82

74.82

74.82

74.82

74.62

7Heb2

74.82

74.82

78.3 2.982

78.2 2.976

78.0 2.967

77.8 2.960
77.6 2.953

7725 2.967

77.3 2.940

77.1 2.9346

76.9 2.928

76.8 2.922

76.6 2.916

76.4 2.911

76.2 2.906

76.0 2.900

75.9 2.896

75.7 2.891

75.5 2.867

75.3 2.862

75.1 2.878

SATURATED FLUID

SUTEN REYNUM

MN/K

483 74791.
4.53 74788.

4.83 74785.

4.83 74782.

4.d3 74778.

4e53 74775.

483 74772.

4.83 74769.

463 74766.

4.830 74763,

4.83 74760.

4.63 74756.

4.63 74753.

4-83 74750.

4eE3) 74767,

SES 7h7K4,

4.64 74741,

4.64 74738.

4846 Th73K,

464 747310

4.04 74726,

4.04 74725.

4.84 74722.

4.64 747196

&.b4 74716,

4264 7471e.

4.84 74709.

4.64 74706.

o52716

65722.

66175.

66632.

67092.

67556.

6802c.

68491.

63964.

69439,

69916.

70399.

70884,

71371.

71862.

72355.

72852.

733516

73853.

798.2 60.6 2.034

796.3 60.6 2.034

T9425 60.6 2.034

792.6 60.6 2.034
790.7 60.6 2.034

788.8 60.6 2.033

766.9 60.6 2.033

785.0 60.6 2.033

783.0 60.6 2.033

781.0 60.6 2.033

779.0 60.6 2.033

777.0 60.6 2.033

775.0 60.6 2.033

772.9 60.6 2.033

770.8 60.5 2.033

768.7 60.5 2.033

766.6 60.5 2.033

764.5 60.5 2.033

762.3 60.5 2.033

RECHEN PMALL

BAR

214913. 19.83
99999. 20.02

76877. 19.83

65226. 19.68

57817. 20.16

S2715. 19.69

49025. 19.88

46064. 19.00

43048. 19.68

40609,

38517.

36696. 19.69

35086. 19.69

33652. 19.60

32360. 19.83

31012. 19.83

<9337. 19.60

27627. 19.83

26459. 19209

E5211. 19.63

24066. 19.03
23015. 19.78

22062. 19.55

21140. 19.69

20299. 20.11

19515. 19.88

1E780. 19.69

18090. 19.92

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

Ke

«230-07

207-07

2229-07

0223-07

2193-07

+249-07

+223-07

204-07

2222-07

+234-07

+290-07

+248-07

2247-07

«262-07

#227-07

+227-07

262-07

227-07

+246-07

+226-07

+226-07

2232-07

«268-07

2245-07

194-07

+219-07

2244-07

428.2

430.3

432.3

436.4

636.6

438.5

440.5

44206

44bed

446.7

448.7

450.8

452.8

454.9

456.9

459.9

461.0

4O3.1

465.1

DEL

Lt

0797-05
2797-05

+797-05

0797-05

«797-05

2797-05

2797-05

797-05

0797-05

797-05

«797-05

0797-05

2797-05

797-05

2797-05

2797-05

«797-05

797-05

2797-05

2798-05

0796-05

2790-05

2796-05

2798-05

«796-05

796-05

0798-05

2214-07 4796-05

FR.NO

S44?

52340

50235

5.130

5.026

42924

4.823

hel22

4.623

4.525

4.428

4.331

4e236

4.142

4.050

3.958

3.967

3.777

3.669

3.601

3.516

3.429

3.345

3.261

3.179

3.096

3.018

2.938

cr

2.2646

+3801

22065

01413

1071

+0861

20718

0615

20537

20476

20427

+0367

+0352

20325

+0300

20279

+6200

20263

20229

20215

+0206

20193

20103

20176

20166

+0156

-0151

20166

BC

1.2

6.8

12.5

1841

23.7

29.2

34.7

40.2

45.7

$161

56.5

61.9

67.2

72.6

77.8

63.1

88.3

93.5

98.6

103.7

108.8

117.8

116.8

123.8

128.7

133.6

138.5

163.3

- 402 -



00-3 210.5 2.032 .106 20151 74.82 4.84 74703. 17440. 19.88 31427 2219-07 2798-05 2.860
60.3 210.5 2.032 .106 20151 74.83 4.84 74700. 15827. 20.07 1.25 4198-07 0798-05 2.78360.3 210.5 2.032 .106 20151) 74.83 4.84 74697. 16248. 20.21 2185-07 «798-05 2.708
00-3 210.5 2.032 .106 20151) 74.83 4.84 74693. 15699. 20.79 147-07 798-05 2.63300.3 210.5 2.032 .106 20151 74.83 4.84 74690. 15177. 20.26 *181-07 «798-05 2.55960.3 210.5 2.032 .106 20151 74.63 4.64 74687. 14682. 19.97 220 .207-07 279E-05 2.406
00.3 210.5 2.032 .106 20151 74.83 4.85 74684. 14209. 19.64 8.19 2250-07 1798-05 2.416
60.3 210.5 2.032 .10¢ 20151 74.83 4.85 74681. 13759. 19.41 1617 4292-07 1793-05 2.3646
00.3 210.5 2.032 .106 20151) 74.63 4.85 74678. 13328. 19.461 31616 4242-07 oP P9-US 2.2746
60.3 210.5 2.031 .10€ 20151 74.63 6.65 74675. 12916. 19.83 1.14 1223-07 1798-05 2.206
00.3 210.5 2.031 .10¢ 20151 74.64 4665 74671, 125216 19.92 1413 2212-07 1796-05 2613860.3 210.5 2.031 .100 20157 74.84 4.85 74668. 12143. 22.91 1.11 1853-08 ©798-05 2.072
00.3 210.5 2.031 2100 20151) 76.84 4.85 74665. 11779. 27.23 1.10 1662-08 «798-05 2.006
6C.3 210.5 2.031 .10¢ 20151 76.84 GeoS 74662. 11450. 35.47 3.09 1283-08 279B-US 1.962 +0086 206.160.3 210.6 2.031 .106 20151 74.64 4635 74659. 11080. 13.09 1.07 1152-05 2796-05 1.879 +0003 210.300.2 210.6 2.031 .106 20151 74.66 4.65 74650. 19724. 12.546 1.06 1138-06 +798-CS 1.817 +0081 214.373°758.8 00.2 210.6 2.031 .100 20151 74.66 6.55 76653. 10382. 12.56 8.04 1138-00 2798-05 14755 20078 218.4

= S0¢ =
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APPENDIX 3 - THERMODYNAMIC & TRANSPORT PROPERTIES

OF THE TEST FLUIDS

gat

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, liquid 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. :-

(i) 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 uotammed oon

using the procedure and constants for monochlorobenzene developed

by Bureide ol



LL GTdva

“O90EE B OL, USEeMqeq SuezueqoroTYOOUOM jo seTjzedoad Teotskydomreyy, :
(TEMP. SAT. LIQUID |VAPOUR | LIQUID*) LATENT ]VAPOUR [LIQUID |VAPOUR [LIQUID ]VAPOUR [LIQUID [VAPOUR | SURFACE

PRESS. |DENSITY |DENSTTY | ENTHA- | HEAT ENTHA- |SPECIFIGSPECIFIC] VISCOS.| VISCOS. |THERMAL |THERMAL | TENSION
LPY LPY HEAT HEAT COND. _|COND.

Cc MN, me key ‘m? kg/m? kJ/kg. | kJ/kg. |kd/ke. kJ/keK | kJ/kgK |mNsg, a mNs, m= mW/mK | mW/mK mN/m
170.0 29695) | 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 Qe oal 205 560.0] 1.676 | 1.242 2215 0114 | 95.9 12.6 15.03
180.0 «SITS Ges ott 10.4 281.0 | 284.4 565-4] 1.690 | 1.253 =209 20116 | 94.8 17.9 14.58
185.0 23516 | 916.6 11.4 289.5 | 281.3 570.8] 1.702 | 1.264 «202 20117 | 93.3 4823 14.00
190.0 +3885 | 909.9 12.6 298.2 | 278.1 576.3] 1.714 | 1.274 -196 20118 | 92.5 18.6 15.55
195.0 +4283 | 903.3 13.8 306.9 | 274.9 | 581.8] 1.728 | 1.285 +190 20120 | 91.4 18.9 13.06
200.0 4710 | 896.1 BY 1937.6 27tsb 587.3| 1.741 | 1.296 - 186 20121 | 90.1 19.2 12.51
205.0 -5167 | 889.7 16.6 323.7 | 269.0 592.7| 1.754 | 1.306 et 20123 | 89.3 19.6 12.08
210.0 -5661 | 882.6 18.1 331.6 | 266.6 598.2| 1.768 | 1.317 ATS 20124 | 88.4 19.9 11.60
215.0 -6190 | 874.9 19.8 339.8 | 263.9 603.7] 1.780 | 1.327 -168 20126 | 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 PIeo 356.4 | 258.2 614.6] 1.809 | 1.348 2158 0129 | 85.2 20.9 10.08
230.0 -8011 | 852.5 25.6 365.0 | 255.0 620.0] 1.821 | 1.358 -155 20131 | 84.3 21.2 9.64
235.0 ~8702 | 844.6 27.8 Oo. G WeeoteB. 625.5| 1.836 | 1.368 2150 SON5I || 6525 21.6 9.17
240.0 -9438 | 836.8 30.2 382.6 | 248.3 630.9}; 1.850 | 1.378 2 Ty 20134 | 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 20136 | 81.6 22.2 8.29
250.0 11.1053 | 820.3 35.6 400.7 | 240.8 641.5] 1.900 | 1.397 2132 -0138 | 80.7 2255 7.80
255-0 11.1935 | 811.7 38.6 410.0 | 236.8 646.8] 1.916 | 1.407 2128 20140 | 79.6 22.8 7-55
260.0 |1.2870 | 802.6 41.8 419.4 | 232.6 652.0] 1.932 | 1.416 2123 20142 | 78.9 25.1 6.94
265.0 |1.3860 | 793.0 45.3 429.1 | 228.1 657.2| 1.950 | 1.426 2119 0144 | 77.8 23.4 6.46
270.0 11.4906 | 783.7 49.0 438.9 | 223.5 662.4] 1.968 | 1.435 oS) +0146 | 76.9 2567 6.13
275.0 |1.6011 | 774.0 55.0 448.9 | 218.5 667.4) 1.990 | 1.445 ele 20148 | 76.1 24.0 5.61
280.0 11.7176 | 763.9 | 257.4 459.1 | 213.3 672.4] 2.014 | 1.454 -108 CONTIG! Pose 24.3 5.16
285.0 11.8404 | 753.6 62.1 469.5 | 207.8 67723| 2.039 | 1.463 2105 20152 | 74.3 24.6 4.24
290.0 |1.9696 | 742.4 67.2 480.0 | 202.0 682.0] 2.064 | 1.472 2102 20156 | 73.4 24.9 4 ooh
295.0 |2.1054 | 731.0 72.7 490.8 | 195.9 686.7] 2.094 | 1.481 098 20158 | 72.5 25.4 3.93
300.0 |2.2482 | 718.9 78.8 501.8 | 189.4 691.2] 2.130 | 1.490 2095 -0162 | 71.8 25.4 Se57.
305.0 |2.3979 | 706.7 85.4 Sp ataledoze > 695.6] 2.174 | 1.498 -092 -0165 | 70.8 25.6 BAD
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 20176 | 67.8 26.1 2.06
325-0 |3.0716 | 648.1 | 119.9 561.0 | 149.6 710.6} 2.440 | 1.532 082 -0180 | 66.7 26.5 Ve
330.0 | 3.2596 | 630.5 | 131.6 573-9 | 139.6 713.5| 2.520 | 1.540 -080 -0186 | 65.5 26.7 450

* Liquid enthalpy = 0 at 0°C.

= 20¢ >



TEMP. SAT. LIQUID |VAPOUR | LIQUID*/ LATENT | VAPOUR | LIQUID | VAPOUR |LIQUID |VAPOUR |LIQUID | VAPOUR | SURIACE|

PRESS. |DENSITY|DENSITY | ENTHA- | HEAT ENTHA- | SPECIFIC SPECIFIG VISCOS.]| VISCOS. |THERMAL } THERMAL] TENSION

LPY LPY HEAT HEAT COND. COND.

kJ/kg. |kd/kg. | kd/kg. |kJ/kgK |kJ/keK Re mNa/me mW/mK mW/mK | mN/m~=
Wwc MN/m“ ke /in?

408.7 | 309.8 | 718.5 | 2.181 | 1.643 -310 -0097 | 113.8 | 20.2 19.23
419.6 20787 72225 2.193 | 1.656 ~300 -0098 | 113.1 20.6 18.77

430.3 305.6 | 735.9 2.210 | 1.669 +290 20099 | 112.4 20.9 18.40
4h4.7 | 303.5 | 745.2 | 2.223 | 1.682 281 20100 | 111.7 | 21.3 17.95
453.1 301.5 | 754.6 2.235 | 1.695 2270 20101 | 111.0 EUS 17049
463.8 | 299.4 | 763.2 | 2.252 | 1.708 +260 -0102 | 110.3 | 22.0 17.06
474.7 | 297.3 | 777-2 2.264 | 1.720 -250 20103 | 109.6 | 22.4 16.63
486.4 294.7 | 780.8 2.281 [10755 2245 0104 | 108.9 2257) 16.29
497.3 292.6 | 789.9 2.294 | 1.745 «240 -0105 | 108.2 25-1 15.87
509.2 290.0 | 799.2 2.306 | 1.758 -230 20106 | 107.5 23.5 15.46
520.8 288.0 | 808.8 2-525 | 1.770 -220 -0107 | 106.9 2568 15.04
532.6 285.6 | 818.2 2.336 | 1.782 2215 20108 | 106.2 24.2 14.64

543.8 283.1 | 826.9 2.348 | 1.794 -210 0109 | 105.5 24.6 14.25
555-7 280.5 | 836.2 2.365 | 1.806 +205 20110 | 104.8 25.0 13.85
567.5 277-9 | 845.4 2.378 | 1.818 -200 20111 | 104.1 2565 13.48

D109.) |e a7a=a| 85.5 |s2es98 1k15829 -195 50192; | 103.4 | <25.7 13.08
592.0 | 273.1 | 865.1 2.407 | 1.841 -190 20113 | 102.7 | 26.1 12.65
604.1 270.5 | 874.6 2.419 | 1.852 -185 0114 | 102.0 26.4 12.29
615.9 268.0 | 883.9 2.436 | 1.864 -180 20115 | 101.3 26.8 11.90
628.0 265.4 | 893.4 2.449 | 1.875 2175 -0116 | 100.6 P72 11.46
640.6 262.6 | 903.2 2.465 | 1.886 -170 -0117 | 100.0 272d Anam
65207. 259-6 | 912.3 2.478 | 1.897 2165 -0118 99.3 27.9 10.76
665.2 256.6 | 921.8 2.491 | 1.908 -160 +0119 98.6 28.3 10.35
677-5 | 254.2.) 951.5. | 2.507 | 1.919 155 20120 | 97.9 | 28.7 9.96
689.9 | 251.2 | 941.1 2.520 | 1.929 +150 20121 97.2 | 29.0 9.61

230.0 | .05372 | 877.0
235.0 | .0608 | 872.0
240.0 | .0686 868.0

245.0 | .0767 | 863.0

250.0 | .0865 | 857.9

255.0 | .0999 853.0
260.0 | .1089 | 848.0

265.0 |.1197 | 844.0

270.0 | .1324 | 839.0

275.0 | .1471 834.0

280.0 | .1629 828.9

285.0 | .1795 824.0

290.0 | .1972 819.0

295.0 | .2168 814.0

300.0 | .2383 809.1

305.0 | .2618 803.9

310.0 | .2854 798.0

315.0 | .3109 | 793.1

320.0 | .3384 787.9
325.0 | .3678 782.0

320.0 | 3972 777.0

335.0 | .4306 77261
340.0 | 4650 766.0

345.0 | .5032 760.1

350.0 | 5443 754.9 FIOUWNM-ONUNAFOWMWOFODNOUNOMHDUVEWNAOOWODONADAHNU SSE EUWNDD2s aes es
* Liquid enthalpy = 0 at 12°c.q py

TABLE 12: Thermophysical properties of Biphenyl-biphenyl oxide between 230 and 350°C.
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FLUID COEFFICIENTS FOR MONOCHLOROBENZENE COEFFICIENTS FOR BIPHENYL-BIPHENYL OXIDE.

PROPERTY pas
A B ce D A B c D

Pressure bar |-179.724 813.066 -1260.03 672.037 -86.1235 | 424.423 ~706.063 397.152

Liquid Density kg/m? [8248.86 -26923.9 | 33757.6 -14583.3 1680.18 -2361.29 2685.56 -1459.1

Vapour Density kg/m? -3213.73 12737.6 -16976.2 7646.52 -734.278 | 3262.0 -4891.31 2485.48

Liquid Enthalpy | kJ/kg |-2584.38 9481.1 -11223.3 4985.88 -87.632 -370.222 2086.07 -544.869

Latent Heat kJ/kg }4977.66 -17639.8 | 22434.8 -9710.1 642.221 -1050.79 1368.05 -824.125

Vapour Enthalpy | kd/kg |2393.28 -8158.71 111211.6 ~4724.22 554.665 -1421.32 3454.53 -1369.18

Liq. Sp. Heat kJ/kgH -38.8633 153.419 -194..735 83.1821 © 727834 2.37543 -2371275 «218399

Vap. Sp. Heat kd/kgH -.0113466 | 2.04195 - 243593 -.201078 =.200124 = |3.57577 =1.10501 -.0762112

Liquid Viscosity |mNs/m@ }1.07081 -1.36449 | -.121226 48413 -118691 4.32818 9.91645 5.70539

Vapour Viscosity |mNs/m@ |-. 36404 1.3977 -1.74702 - 736661 -000131574] .013093 ~00385324 | -.00219343

Liq. Ther. Cond. | mW/mK |904.624 2748.82 | 3164.49 ~1263.93 220.6 -257.905 204,22 -91.3999

Vap. Ther. Cond. | mW/mK |49.8086 205.545 | 329.53 -146.217 144374 ~69.315 168.666 -75 0746

Surface Tension | mN/m |19.7075 108.556 244.894 116.351 98.6139 203.46 166.87 -63.4757

Fluid property in stated units = A + B.T + cs

where T = reduced temperature, fT,

+D.7?
r

Table 14 Coefficients for 3rd order polynomial representation of thermophysical properties of
monochlorobenzene and Biphenyl-biphenyl oxide.

= 60¢ =
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(82 )(iii) Data of the Monsanto Corporation which had been produced

using the Hirschfelder-Buehler-McGee-Sutton equation of state.

: Gach SF Was imethoda an Fe

saturation pressure, liquid and vapour sp. volume and latent heat is given

A comparison of the predictions ff

in Table 14 together with the available experimental values of these

properties as obtained by Kone yy 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 & Sobel 84 a 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

basea on the generalised Lydersen et al tables ) 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:-

Cp = £(Cp°, p/p,, 2 T,) (Eq. A3.1)

where Cp° = heat capacity of ideal gas at that temperature.

P/P, = reduced vapour pressure.

Z, = critical compressibility.

Tb, = Tb/T , = 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 Cp°. The latter was expressed as a series

(85 )
expansion in absolute temperature > Vize:

Cpe = A+ BT + CT +0. (Eq. A3.2)

the values of the constants in the above expression in which Cp° has the

units of kd/(kg. mole °”), where:
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TEMP. PROPERTY |PITZER H-B-M-S MARTIN-HOU | EXPERIMENT-
eG UNITS |CORRESPOND-|EQ. OF EQ. OF AL DATA

ING STATES | STATE STATE OF YOUNG

METHOD

160 -2050 -2047 2050 +2045
185 23531 23539 3516 03514
210 Pressure 25726 25735 -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 2.555 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 m3/kg. 102 1.205 1.193 1.184 161854
260 1.266 1.256 1.246 1.247

285 1.347 1.336 1-327 N.A.
310 1.456 1.445 1.4b2 N.A.

160 -1471 -1490 -1450 214-74
185 Vasous -0880 -0889 20863 -0890
210 aa 0547 0560 0551 0553
235 nee -0358 -0367 +0359 -0361*
260 ae 0239 0248 0239 0240
285 20162 -0171 20161 NA.
310 -0109 -0117 -0108 N.A.

160 300.2 306.6 296.3 298.3
180 284.8 292.1 281.3 285.3
210 Be eteY © | 267.9 276.5 266.6 268.7
235 | 250.0 258.7 251. 252.6*

260 oa 230.4 239.4 232.6 230.9
285 e: 206.6 217.1 207.8 NeA.
310 175.9 189.8 17564 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 107"

( 81)which had been previously determined by Burnside ‘from a least squares

(86).fit to the spectroscopic data for monochlorobenzene of Whiffen

The liquid viscosity experimental data given by immer. oy) for

temperatures up to 240°C were extrapolated to 330°C 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:-

By, = O/(1 + of + pT) (Eq. A3.3)

where @ = -.00534, 6 = .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 (=n? ), for values of

reduced density below 0.3:-

Gen?) = (11.0 0584 ~ 41.0) (1075) (Bq A3.4)

where: pt = viscosity, centipoises

1

f= ha (Bq. 43.5)
we pe?

Pn = reduced density. = °/e.,

2° 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:-

Puer = G0} Con). n- (Bq. 43.6)

where: Ty reduced temperature, vt, and § is as defined in Eq. A3.5

in which T, = critical temperature °K, P, = critical pressure, atmospheres
c

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°C.

Resort was therefore necessary to a thermal conductivity estimation method
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to calculate this property over the 1470-330°C temperature range of interest.

After an evaluation exercise had been undertaken of the several estimation

techniques Aye ) 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 tT Py

ee M& Pe ssat Since over the temperature range 170-330°C the reduced density,

e, 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)727 = (13.1) (1078) (e"87% ~ 4.069) (Eq. 43.7)

For 2.0 < Pr <2.8

(kk 127 = (2.976) (1078) (e1*795% 4 2.016) (Eq. 3.8)

where: k = thermal conductivity, cal/cm.sec.°K.

ae ge o/6 fa (Eq. A3.9)
ee

Z, = Critical compressibility factor = so

c

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, a below 1.0:

wy = (2455) (107) a (Eq. A3.10)
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 Eqs. A3.7 or A3.8:-

(k-k°) 2 = (14.0) (1078) (277935 % _ 4) (Eq. A3.11)

(85 ueThe surface tension was calculated using the Sugden correlation
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225 * RP 2 P
o =p) = ( 1, GO (Eq. A3.11)

where o is the surface tension (dynes/om.),?,, ®, are the liquid and

vapour (gn moles/cm) and P is a constant for a particular

fluid known as the Parachor. This latter quantity has been shown to be an

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 ) was employed for the monochlorobenzene calculations.Quale

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 different trade names was

available from the following sources:-

(i) The Dow Chemical Co. (Dowtherm A)

(ii) Imperial Chemical Industries Ltd. (Thermex).

(iii) Bayern 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

(91 )(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 the stimation of Cp? by Eq. A3.2 were

calculated using the group contribution method of Rihani & Doras See oa ),

The values of A, B, C and D determined for biphenyl-biphenyl oxide were:

63.878, .92825, -.59176 x 107° and -13885 x 10° respectively.
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TEMP. FLUID DOW ICI-LTp. BAYER A.G.
°c. PROPERTY | CHEMICAL

UNITS | CO.

160 6.62 6.57 7.63
210 Saturation 31.9 31.9 Dasa
260 pressure 108.1 108.9 112.8
310 kN/me 285.4 285.4 298.7*
360 629.6 628.8 651.3

160 945.3 — 945.0
210 + fie 899.4 95.0 900.5*
260 Ree 850.1 847.0 855.0
310 hfe Hf 796.5 79761 803.2"
360 736.5 742.2 759.1
160 306 30 34
210 Vapour 1255 1.25 1.46*

260 Density 4.18 4.37 4.40
310 kg/m? 10.5 10.2 Ase
360 22.6 22.5 24.2

160 335-2 334.9 325.3
210 Enthalpy pigee 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 1 244.9 234.0

240 2.149 2.210 2.132
260 Liquid 2.198 2.264 25175
280 Specific 2.262 2.323 2.216
300 Heat 2.302 2.378 2.261
320 kd/(kg. K) 2.348 2.436 2.312
340 2.401 2.491 2.371
24o 380 -290 -298

260 Liquid 2357 +250 2265
280 Viscosity 342 2220 3255
300 mNs/m> 330 200 +205
320 320 -180 2185
340 exe -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 Bendbon 6) which indicate that this property is a linear function

of temperature in the range 90-370°C.

Experimental values for the thermal conductivity of liquid biphenyl-

biphenyl oxide up to 250°C were available from the work of Ziebland & Barton 9)

which were linearly extrapolated to 350°C using the expression| @y2@hE 1

ky, (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 230-350°C. 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 oxide which were

calculated from the molecular structure by the method of Sugden.
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APPENDIX 4 - ERROR ANALYSIS

A4LT

The data from any experiment can only be interpreted 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.

A4.2 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 Pe ida 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/m> (+ 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

(BR +17.2 N/m? (+ 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%.

A4.3 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.

Gii) 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 a -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
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Cr-Al thermocouple immersed directly in the flow. This latter thermocouple

had been calibrated to as o4°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 + =75°C say + 1.0°C. For monochlorobenzene a change in

fluid temperature of 1°C results in a change of liquid density of approximately

0.22 kg/m. The maximum uncertainty in the density calculation was

Ee -025% at the highest flow metering temperature of 190°C employed in the

tests when PL = 910 kg/m. In the case of biphenyl-biphenyl oxide the

corresponding figure Was + (0%) based on a density variation of .925 ke/a?

per °c and a maximum temperature at the flow meter of 207°C Ce, = 898 kg/

nm).

The specific volume values for monochlorobenzene determined

(83) (B7e) ateexperimentally 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 isa 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

170-210°C 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

+ 5.1% 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 function

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

clampsand 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. Cp,» 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:-

(i) The inlet temperature measurement.

(ii) Inlet pressure measurement.

Gii) The polynomial representing saturation temperature as a function of

reduced pressure.

As previously mereored both the test section inlet and exit thermo-

couples were calibrated up to 400° using a Platinum 13% Rhodium-Platinum

thermocouple as the reference standard. The guaranteed accuracy of such a

thermocouple is stated as being within + 14°C at the gold point (1064.43°C) .

However for the range over which it was used (20-600°C) an improved accuracy

Ore 0.5°C can confidently be expected. mM) 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 .04%. The addition

of this instrument uncertainty gives an overall uncertainty in measurement

of the absolute temperature of the calibration furnace at 400°C of + 64°C.

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 (+ 3°C 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

cul 45°C giving overall error limits of approximately a Vet's

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:-

(i) 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 ae ec 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 259.8°C

respectively. Thus it is assumed that the polynomial for saturation

temperature as a function of reduced pressure was accurate to within a 0.5°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/m> an uncertainty in

pressure measurement of + Ved N/m? affected the calculated saturation

temperature by + 1.1°C. The corresponding figure for the maximum system

pressure tests of dout 3.0 MN/a? was + 0.5°c. Thus the total uncertainty

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 greatest 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+ Bac which corresponded to
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a maximum uncertainty in the sub-cooling calculation of approximately

# 5.0 kJ/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/m@ where

the pressure measurement uncertainty previously discussed created a

saturation temperature uncertainty of + 3.75°C. This corresponded to a

sub-cooling uncertainty of about + 8.6 kJ/kg. For the highest system pressure

tests of about .52 MN/m? the uncertainty in the calculation of the saturation

temperature was + 2.1°C which corresponded to a maximum sub-cooling

uncertainty of + 5.2 kJ/kg. for the tests conducted at these pressures.

ents.A4.6 Heat Transfer Coeffici

‘

The heat transfer coefficient h when net boiling was present was

calculated from:-

he O/T)

The uncertainty in heat flux @ and the local saturation temperature

Tsat have been previously discussed. The overall uncertainty in oy was a

combination of the following:-

(i) The calibration error of the wall thermocouples.

(ii) Data logger errors.

Gii) Curve fitting errors in converting the thermocouple emf output to

temperature.

(iv) Errors in the calculation of the wall temperature drop due to

uncertainties in the value of the test section material thermal

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 # 1.0°C at 400°C and

a 1.2°C at 600°C. The additional uncertainties introduced by the curve

0,677 eafitting process were + -2°C in the temperature range 0-400

+ -4°c from 400-600°C. Thus it is considered that the overall uncertainty

in the test section outer wall temperature measurement was ite 1.2°C at

ko0°o 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

(+ -01 mm) was -06°C which reduced as the heat flux was lowered. The

(39 }literature source for the thermal conductivity data for Nimonic 75 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 maximum juncertainty|

of + 0.2°C: Adding the maximum uncertainty in the calculation of the wall

temperature drop (say + “3-0) to the uncertainties involved in the outer

wall temperature measurements gives the overall uncertainty in inner wall

temperature determination as + 1.5°¢ and 1.9°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 4c, Considering the maximum
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uncertainty limits previously discussed for qT and Toot (1.6°¢ and 1.2°C)

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 KW/m> being between 7.5 and

52.2 kW/m@°c i.e. about - 50% or + 270% of the nominal value of 1.2 kW/m@°C.

At thelowest 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 kW/m@°c.
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APPENDIX 5 - THERMAL DECOMPOSITION OF MONOCHLOROBENZENE

A5.1

e it had been concludedIn 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 this 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 atime. 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.

A5.2

In gas chromatography?" ) 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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PLATE 22 - Gas Chromatography Equipment
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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.

AD.

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 of Chemistry, Combustion Research ection: 98 )

the column used was 4 m in length, made from .125" o.d. stainless steel

tubing packed with 11.5% Silicone oil 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.

A5.4

Several chromatograms were obtained at different injection block

temperature settings and carrier gas flowrates before the final operating

conditions were selected.’ These were a constant oven temperature of 100°C,

injector temperature setting 3 and Ny carrier gas flow rate of 10 ml/min.

Gas pressure control unit settings were:- NS 19 lbs/in.°, ES 21 lbs/in®

and Air 16.5 lbs/in@. 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 MS50 (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 Clear liquid Clear liquid
Colour (Hazen Units) 5, -
Density at 20°C 1.105-1.107
Specific Gravity at 15.5/15.5°C Tae, 16111-1.113
Water H,0% 0.017 0.03 max.
Acidity He1% not detected not detected
Free chlorine cl not detected not detected

Benzene ppm 112

Paradichlorobenzene ppm 50

Orthodichlorobenzene ppm 20
Residue on evaporation ppm 3.5 10 max.

Distillation at 760 mm Hg

Range 2-97% O.2°6 0.3° max.
(contains the (shall contain
temperature the
171 S7EC)'. temperature

a7 0)

(3)TABLE 17: Typical analysis and specification of monochlorobenzene .
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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

Are igeve: 3 penaaorockinmavencene 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.

A526

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 fluid 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, pe -67 with a saturation temperature of 325°C. 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

300°C for 3 hrs. and that about 30% of the fluid inventory was at these

conditions at any given time.

A527

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:-

Sree = CgHe + CoH) CL
oe

It is highly likely however that the decomposition reaction was much

more complicated than that given above as indicated by the work of Cullis &

Betday” Oo sendicaliiet & Mant oa ioly Whilst the work of these authors

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)
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 dattens i on Whilst no systematic study

concerning the effect of dissolved gases was undertaken during the

investigation it was considered to be desirable tolmow 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 intended 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.

AG.3

The method of solubility measurement adopted to determine the Henry's

law constant for air in monochlorobenzene was based upon that described by

104Derry et aa ) using an existing apparatus as illustrated in Plate 23 and



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 quantity of monochlorobenzene was

drawn into amiisolated 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 quilibrium 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‘ 101),

Bo sake p

Where: S = volume % of dissolved air (= volume (ml) of air measured

at STP dissolved in 100 ml of monochlorobenzene).

Pp = 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 qT,

and atmospheric pressure B is:
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Si = k, (ea)

Where: kK, = solubility coefficient at temperature qT.

BP, = vapour pressure of monochlorobenzene at temperature T-

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 = S, - 85+

S = ky (BP -p5)

solubility coefficient at temperature >.

~ " total pressure in vapour space.

= vapour pressure of monochlorobenzene in vapour space

which is at a temperature T.

If Vg = volume occupied by vapour space in burette and Vy = volume

occupied by monochlorobenzene in burette at temperature Tt; then:

8, = Vg (P - p,) E 273 4 100

760 (273 + T>) vy,

k, (B-p,) - ky (P-p,)

Thus: V, x 273 x 100 = , (Bp) - ky (P -P>)

Vy x (273 + T;) x 760 (P-p,)

In the experiment Tt, was the ambient laboratory temperature of about

20°C and P> (9mm Hg) was neglected in comparison with P,, therefore:

+123 Vg k, (B- p,)

Vy 2

-ky

If Henry's Law holds the graph of .123 Vg against B-p, should be a

Vr P

straight line, the value of k, 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+l1P )

73.6

Where: k = mercury height in burette.

n= a fH " manometer.
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1 =height of monochlorobenzene column in the burette.

p
specific gravity of monochlorobenzene.

B " atmospheric pressure during experiment.

The volumes Vg and Vy, 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 measurement §of the solubility

coefficient at 20°C, 60°C, 80°C ana 100°C. From these the values of

123 Vg and B-p, have been plotted as ordinate and absicca respectively

Vy P

in Fig. 64.

16.5

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 em? 28 onp)/
oC vol %/mm_ He cm> MCB

20 (p, = 751 mm ag) 2016 21202

60 ("= 694.5 ") 20172 21194

80 ( "= 615.2 ") -0187 -1150

AGOWC = HE7s2 tt) +0232 - 1084

A6.6

Solubility data obtained by Horiuti ° 109) for Nitrogen and Oxygen in

monochlorobenzene up to 80°C is contained in the compilation of Stephen

and Stephen 1° ) and is reproduced in Table 19. The values given in Table 19

have been corrected to an STP basis (o°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 mlubilities

. ‘ é 
A 

101determined in this work together with comparison data for water’ »



aie

Temperature ye Burette | Manometer]| Total pressure B-p, Vg 2123 Vg
and experimental | Hg level| Hg level | in vapour oy ae

constants h - mm m - mm Space P ml L
mm Hg

20°¢ 1040.6 603.0 318.4 BeSV rece | sO151
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 4.512] 7.8 | .0465
1 = 114.4 mm 983.9 355.0 126.9 5.94 | 12.3] .0733
Seg. 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 3.5871 5.8 | .0349
py = 65.5 mm Hg | 1043.9 394.5 112.9 6.253 | 13.7 | .0824
2) 2113.5. om 955.9 262.0 68.5 10.3 | 29.7] .1786
s.g. MCB = 1.1

Vy = 20.6 ml

80°C 1012.7 525-5 25127 2.389] 3.2 | .0194
B = 750 mm He 1000.4 456.0 196.3 3.061] 5.4 | .0328
p, = 144.8 mm He}| 981.4 386.0 145.5 4.134] 8.8 | .0532
1 = 112.8 mm 947.8 305.5 98.5 6.106 | 14.8 | .09
s.g. MCB = 1.1 908.7 | 243.0 75.0 8.02 | 21.9 | .132
Ve es 2053 mL

Ly

100°c 1011.0 578.0 328.0 1.4421 1.8 | .0109
B = 770 mm Hg 1000.6 478.5 238.7 1.981] 3.6 | .0217
py = 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
S.g- MCB = 1.1 934.1 269.5 96.2 4.914 | 15.6 | .0938
Vy = 20.40 m1

Table 18. Results obtained in exercise to determine the solubility of air
in monochlorobenzene at various temperatures.
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Temperature |N,-M nochlorgbenzene [Bij sgnockiorozencene
m” gas/cm MCB@ “cm? gas/em” MCB

° -0881

10

20 20994

25 1020

30

4o

40.1 1116

50

60

60.5 21259

70

80

80.3 +1399

21748

21804

©1863

-1890

21915

21974

22031

22094

22163

22214

TABLE 19: SOLUBILITY OF NITROGEN AND OXYGEN IN MONOCHLOROBENZENE

Mogochlorobenz ne Solubility
cm

Water Solubilit

gas(sTpycm” MCB lem” gas ex's.
Temp. s ne fF pat a of Sy
e bbe This work | Winkler (1891)

(cal- : e e
. culated) a ESAS

20 0915 1069 1202 0181

60 20943 21064 21194 20103

80 0876 20983 -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)
ai 104)

to be of the highest reliability. Since the method of Derry et

employed here was similarly considered by Batino and Clever ee

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 ponetans 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°C = 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, ; /100 Tlyog
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APPENDIX 7 - VOID FRACTION MEASUREMENT AT TEST SECTION EXIT

A2.1

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

in two-phase flow it has been Brsel ) that an expression for the local

heat transfer coefficient along an evaporator tube shauld include the void

fraction, particularly when non-equilibrium flow conditions are involved

such as in the case of sub-cooled and low quality boiling.

A222

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 experimental 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.

AZ.3

The, gamma-ray attentuation method of void fraction measurement is a

10well established technique in two-phase flow work’ De Gamma rays are

attenuated as they pass through matter in such a way that the decrease in

g@mma-ray intensity with distance is proportional to intensity i.e.:-

aT/dz = wuz (Eq. A7.1)



- 249 -

where:

I is the gamma-ray beam intensity

z = the space co-ordinate in the beam direction.

the attentuation or linear mass absorption coefficient which is aei "

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 Eq.A7.1, may be integrated to give:

payee et (Eq. A7.2)

°

Where I, 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 fluidLE Pp

gamma-ray I, pipe wall e

SOURCE ee eS er ee ed

Ww L. W

detector

- Ww - - w
I= Te ¥en ec ae BS

Pe linear mass absorption coefficient for pipe wall.

Be = " " " " " two-phase fluid.

If the flowing fluid can be considered as homogeneous its properties can be

obtained from the relation:

Bp = ahg + a - a) ay

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:-

WSs Lents ene for full pipe case

(-n,L) :a ie e Yam for empty pipe case

anaes eo Myr gE

i
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Thus for any intermediate mixture of vapour and fluid defined by the void

fraction a which results in an intensity I at the detector:

I = Guyp-udab

4

Combining the latter two expressions we have:

apes, T/T

(Eq. A-7-3)
log, L/I,

The measurement of void fraction therefore involves only the determination

of the respective intensities and it is not necessary to have a knowledge of

the attenuation coefficients (u's) for the various materials involved. In

fact only the measurement of 'I' is necessary as q, and I, are constants
2

requiring measurement only at the beginning and end of each day.if the 'half

life', i.e. the time for the activity of the source to decrease by a half,

is sufficiently long.

AZ4

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 Me¥. 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 Bren pth 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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hazard to personnel in the loop area.

AZ.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 gamma-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 soalled 'one shot' technique which are

attributable to any non-uniform distribution of voidage in the cece ,

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

NE5287 pre-amplifier.

A2.6

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 question. The evaluation of the

void fraction using Eq.A7.5 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:-

re = en k(*L - 120)

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 (or P59) «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.

‘AYST.

The test section exit void fractions calculated using Eq.A7.3 from the

values of I, I, and I, 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:-

(i) The homogeneous model with the liquid-vapour phase velocity ratio (or slip

(ii) The Martinelli-Nel son‘! correlation for steam-water systems at the

same value of Pol 26.4, around 5.59 MN/m> with water).

A728

As mentioned in A7.2 it was considered that little confidence could be
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Fig. 68 Experimental and calculated exit void fraction versus exit

quality for monochlorobenzene test series conducted at a
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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:-

(i) The mass velocity effect shown in Fig. 68 was opposite to that expected

(119 (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 ences 21)( 60).

(iii)No voidage was present in low exit sub-cooling tests when considerable

voidage could be expected from non-equilibrium effects.

>3 LO

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-rays.

(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 attenuation 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 of SERRA 170 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.

82.10

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.

Table 21- Listing of experimental data for monochlorobenzene (pages 264

mio)

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 72

recordings from the insulated test section thermocouples from the

inlet to the exit end,i.e. from position No. 71 to a fictitious 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.

48.2

Table 23 - Listing of derivedeperimental 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 mw 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).

A835

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.

Bob

Table 26 - Comparison of measured pressure drop with that predicted by

the homogeneous theory for the monochlorobenzene test series. (Pages 294-6).

Table 27- Comparison of measured pressure drop with that predicted by

the homogeneous theory for the biphenyl-biphenyl oxide test eries. (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 ehtatied 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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10.30

10.34

10.34

10-30

10.34

10.58

10.48

10.49

10.57

10.45

10.51

10.80

10.65

10.67

10.78

10.64

10.68

10.96

10.75

22.74

10.9%

10.23

10.17

10.13

10.23

19.18

10.13

10.47

10.37

10.30

10.43

10.35

10.28

10.42

10.33

10.32

10.20

10.18

10.19
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10.37
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10.30
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10.34
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16.58

10.50

10.47

10.58

10.51

10.46

10.81

10.68

10.64

10.76

10.66

10.646

10.946

10677

23.55

10.94

10.19

10.18

10.119

10.78

10.18

10.10

10.42

10,38

10.28

10.39

10.34

10.27

10.38

10.36

10.28

10,18

10.18

10.16

10.20
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10.34

10.37
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10.34

10.36
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10.55
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10.44

10.54

10.52

10.46

10.78

10.70

10.62

10.76

10.68

10.62

10.91

10.79

23.84

10.91

10.18

10.16

10.07

10.17

10.17

10.06

10.40

10.36

10.23

10.37

10.33

10.22

10.34

10.34

10.25

10.16

10,14

10.13

10.17

10.15

10.14

10.29

10.30

10.24

10.30

10.28

10.23

10.50

10.47

10.40

10.50

10647

10.40

10.73

16.64

10.58

10.71

10.62

10.60

10.86

10.72

24.18

10.86

10.18

10.18

10.22

10.27

10.17

10.18

10.22

10.33

10.40

10.36

10.39

10.33

10.37

10.34

10.37

10.31

10.37

10.31

10.21

9.78

10.15

10.19

10.32

9.83

10.16

10.19

10.33

10.32

10.30

10.34

10.42

10.70

10.87

10.18

10.16

10.47

10.12

10.19

10.17

10.46

10.23

10.40

10.33

10.64

10.22

10.39

10.33

10.60

10.19

10.37

10.38

10.37

9.81

10.17

10.16

10.58

9.87

10.18

10.17

10.60

10.32

10.32

10.32

10.71

10.13

10.31

10.31

10.70

10.33

10.53

10.48

10.89

10.32

10.52

10.47

10.87

10.60

10.74

10.66

10.59

10.58

10.73

10.63

10.59

10.69

10.88

10.74

25.14

10.68

10.88

10.19

10.16

10.60

10.14

10.18

10.17

10.58

10,36

10.40

10.33

10.76

10.34

10.39

10.33

10.73

10.33

10.38

10.32

10.60

9.98

10.18

10617

10.69

10.03

10.18

10.97

10.70

10.29

10.33

10.32

10.86

10.25

10.33

10.31

10.85

10.46

10.54

10.47

11,09

10.44

10.53

10.48

11.09

10.70

10.76

10.66

11.03

19.70

10.76

10.65

11.03

10.86

10.92

10.73

25.65

10.85

10.90

10.18

10.18

10.42

10.16

10.16

10.18

10.41

10.39

10.38

10.32

10.58

10.34

10.37

10.34

10.56

10,33

10.37

10.32

10.74

10.04

10.17

10.18

10.54

10.10

10.17

10.18

10.55

10.26

10.31

10.34

10.66

10.26

10.31

10.32

10.66

10.45

10.51

10.49

10.83

10.46

10.52

10.48

10.82

10.71

10.74

10.66

10.70

10.70

10.73

10.66

10.68

10.86

10.88

10.77

25.18

10.65

10.88

10.21

10.17

10.22

16.16

10.18

10.16

10.23

10.37

10042

10.36

10.42

10.34

10.40

10.32

10.41

10.33

10.38

10.33

10.55

10,02

10.20

10.17

10.42

10.06

10.22

10.19

10.42

10.24

10.346

10.32

10.53

10.25

10.3546

10.30

10.53

10.45

10.54

10.48

10.70

10.45

10.54

10.48

10.71

10.70

10.77

10.65

10.65

10.68

10.76

10.65

10.68

10.82

10.92

10.75

25.25

10.84

10.90

10.18

10.16

10.22

10.16

10,18

10.16

10.23

10.40

10440
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10.90 10.86

10.79 10.84

2es7e 1

10.10 10.10

10.18 10.15

10.19 10.14

2ENW76 2

10.18 10.18

10.18 10.14

10.09 10.13

2es1s7e 3

10.23 10.21

10.30 10.23

V0.1€ 10.23

2ENNI7G Ob

10.31 10.28

10.34 10.30

10.26 10.33

26/11/74 5

10.40 10.36

10.44 10.37

10.32 10.38

2E/11/74 6

10.40 10.38

10.42 10,78

10.30 10.37

28/11/76 7

10.49 10.467

10.49 10.42

10.38 10.46

2E/11/76 8

10.47 10.47

10.51 10.46

10.41 10.47

20/11/76 9

19.53 10.53

10.54 10.50

10.44 19.52

20/11/74 10

10.54 10.53

10.57 10.50

10.46 10.53

26/11/74 11

10.09 10.60

10.68 10.57

10.53 10.60

26/11/74 12

10.69 10.69

10.62 10.57

10.51 10.61

26/11/74 13

10.07 10.66

10.c7 10.61

10.58 10.66

2E/11/74 16

10.68 10.68

110.79 10.62

10685 10.87 10.62 10.€6 10.79 10.%1 10.82 10.76 16.81

10669 10.84 10.90 10.92 10.93 10.48 11.27 11.81 146.56
2B 612) 56834 544696 194.9 208.3 21021 9.35 324.8

VU612 10.16 10.12 10.16 10619 10.1% 10.22 1U.21 10.146
10.1 10.17 10.613 10.14 19.11 10.11 10.9% 16.9% 10.10
10.19 10.09 10.02 10.07 10.09 10.18 10.35 10.19 10.25
29 612 S816 5.498 196.4 208.0 61021 9.38 325.2

10-20 10.23 10.19 10623 10.25 10.23 10.25 10.26 10.20
10.17 10.16 16.12 16.16 10.10 10.10 10.08 16.04 10.10
10.610 10.08 10.09 10.07 10.10 10.1 10.35 10.19 10.25
30 612 5.811 5.495 196.7 208.6 29985 10.93 384.9

10421 16626 10.19 10.23 19.246 10.22 10.246 10.26 10.2?
10423 10.26 10.20 10.24 10.18 10.22 10.20 10.1% 10.22
10419 10618 10619 10618 10.21 10.31 10.42 10.30 10.65
3112) 568245 5.497 195.5 206.6 29926 12.54 441.3

14630 10434 10.29 10.30 10.30 10.30 10.32 10.34 10.32
10.3% 10.32 10.28 10.30 10.2¢ 10.28 10.26 10.22 10.27
10427 10426 10.28 10.27 10.29 10.42 10.52 10.38 10.29
32 412 5.800 5.464 19562 209.0 29859 14.12 476.0

10440 10642 10037 10.41 10.40 10.39 10640 1U42 10041
1063F 10.40 16.34 10.37 10.32 10.3¢ 10.35 10.22 10.33
VO63% 10.632 10.33 10.31 10.33 10.464 10656 10.43 10.22

33 612) 56815 5.466 197.0 208.4 MESS 16.14 498.3
10439 16.61 10.37 10.38 10.39 10.40 10640 10.41 10.40
1040 10.49 10634 10.36 10.33 10.35 10.34 10.2€ 10.34

10.32 10.31 10.33 10.30 10.33 10.646 10.56 10.64 10
34 612 Se82P 5.4455 197.0 208.8 0747 15.54 566.3

10446 10649 10.46 10.48 10.48 10.47 10.48 10.51 10.48
10466 10666 10.42 10046 10.3% 10.41 10.41 10.36 10.40
10441 10660 10.63 10.39 10.43 10.56 10.68 10.54 10.43
ZS 012 SePSP $4669 199.3 29866 6746 15.57 546.5

10447 16.48 10.44 10.48 10.48 10.47 10.48 10.51 1
10646 10.66 10.43 10.44 19.36 10.43 10.41 10.36 1
10642 16.41 10.43 °10641 10.44 10.5€ 10.68 10.55 10.42
36 612 5.616 5.427 194.9 298.4 60679 16.69 584.7

10.53 10.55 10.50 10.53 10.53 10.53 10.56 10.57 10.56
1065 10653 10.47 10.52 10.44 10.49 10.46 10043 10.47
10642 10.47 10649 10648 10.51 10.65 10.80 10.65 10.51

37 412 50822 54428 194.0 208.6 20679 16.68 585.2

10654 10656 10.50 10.53 19.55 10.52 10653 10.56 10.56
10650 10652 10.48 10.51 10.45 10.49 10.42 10.42 10.48
10449 10.67 10.69 10.48 10.50 10.06 10.75 10.63 10.50
Xe 412 56839 54428 195.8 209.3 19598 17.91 629.2

10.609 10.63 10.58 10.60 10.60 10.60 10.61 10.64 10.62
19657 16.59 10.54 10.58 10.50 10.55 10.54 10.48 10.54
V065€ 10.55 10.58 10.56 10.60 10.7& 10.90 10.76 10.02
39 612 5.836 52626 194.6 209.6 10599 17.87 62701

19.59 10.62 10.58 10.61 10.69 10.09 10.62 10.64 10.62
10.57 10.59 10.53 10657 10.52 10.54 10.56 10.48 10.54
10056 10655 10.57 10.57 10.58 10.74 10.86 16.71 10.52
40 412 5.842 5.427 196.7 209.6 10557 19.9% 664.9

10406 10.68 10.63 10.66 10.67 10.66 10.68 10.71 10.69
10.63 16.66 10.59 10.63 10.5€ 10.01 10.60 10.55 10.69
10.61 10.660 10.66 10.64 10.67 10.64 10.97 10.82 10.68
41 412 5.862 5.626 198.6 209.3 20557 12.95 673.7

10668 10.70 10.66 10.68 10.67 10.68 10.70 10.72 10.71
10.62 10.05 10.60 10.63 10.58 10.61 10.58 10.54 10.69
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10457 10666 10.60 10.60 10.65 10.62 16.65 10.40 10.95 16.80 10.66 10.53
28/11/74 15

10.69 10.68

10.09 19.63

10.59 10.68

03/12/74 1

2.76 6.77

G2 £499

9.19 9.22

O32/74 2

&.82 8.83

9.08 9.05

9.23 9.29

O3/12/74 3

9695 9494

10.08 10.05

9.96 9.99

O3M2/76

10.02 10.01

10.05 10.02

9.96 10.91

O3sZs/74 5S

992 9494

10.03 10.00

10.01 10.07

O3N2/7% 6
9.97 9.98

10.06 10.02

10.07 10.97

O3M2/7% 7

10.18 10,14

10.18 10,15

10.08 10.191

O3MN2/746 &

10.24 10.23

0.28 10.32

10626 10.36

O3/12474 9

10 23 10.23

10.35 19.31

10.25 10.32

O3/12/74 10

10.37 10.3€

10.635 10.32

10.25 10.22

O3/2/74 19

10.27 10.36

10.3% 10.32

10.26 10.30

O4M2774 1

9.17 9.17

9.3 9-33

962 9.52

O4/12/74 2

10.05 10.08

10.40 16.35

10.03 10.66

42 612) 54645 56422 194.0 210.2 19569 19.19 673.7

10.6? 10.70 10.65 10.68 19.68 10.6P 10.69 10.72 10.70
10665 10.66 10.61 10.65 10.58 10.62 10.61 10.55 10.62

2 10.61 10.65 10.64 10.67 10.69 10.83 10.72 10.63
212° 5.759 5.4627 173.6 186.4 20805 7.77 273.7

+78 8.51 8.77 8.80 8.83 8.83 6.86 £287 5.63
02 9.04 9.02 9.05 8.99 9.07 9.05 9.01 9.09

22 9e22 9625 9.28 9.30 9.628 9.30 9.33 9.37

2120 5.770 5.427 174.6 187.4 20504 7.78 274.0

84 E.07 8.82 8.88 F.E8 8.E8 8.92 8.93 8.89
OF 9.11 9.08 9.11 9.07 9.13 9.11 9.07 9.95

9o3M 9.29 9.36 9.36 9638 9.37 9.39 9240 9
45 612 54731 546423 197.8 20720 20000 7.80 277.7
9294 9.99 9.93 4.99 10.01 9.99 10.03 10.02 10.00

10.05 10.08 9.98 10.02 9.94 9.99 4.96 4.92 9.98
9296 9696 9496 9.97 19.00 10.U3 10.14 10.17 10.03
46 612 54700 5.417 198.2 208.2 .0800 7.88 278.1

10.03 10.07 10.03 10.08 10.10 10.0% 10.11 10.08 10.04
10.03 10.06 9.98 10.02 9.96 9.99 9.98 4.93 9.98
9.95 G9.97 9697 9.697 19.09 10.03 10.16 10.14 10.14

47 612 50772 52427 172.8 198.6 0815 11.02 386.4
9297 10,00 9.98 10.02 10.06 10.01 10.02 10.06 9.9¢
10602 16.02 9.98 10.00 9.92 9.99 9.96 9.92 9.98
10.0% 10,04 10.04 10.03 10.08 10.20 10.35 10.24 10.38
SE 612 S6767 Se42E 17326 201.7 20814 11.02 389.1
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13.49

14,19

14.24

14.68

13.74

14.32
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13.98

13.52

14641

13.96
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12.53

12.76

12655

12674

13.16

13.46

13.67
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14.646 16.43

14.651 14.69

14 46 16.53

30/01/75 10

1648 16,47
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14.48 14.56
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14.57 16.53

14.49 14.58
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16.53 16.52

14.60 16,57
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16.32 14.30
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14.643 14.42
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14.47 146.56

06/02/75 7

14 47 14.45
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14.53 16.49
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V4 eh2 1667 Wh sh2 16066 146046 16.45 1h ebb 16.6K 14645

V4 eGR 14649 W462 14668 164462 146466 14446 14.38 14.67

14 64P 4646 14668 16668 16653 14.61 14.75 14.79 14.69

V2R 63% 18.728 18.546 235.8 285.0 1015 16.72 577.9

W466 16657 16666 16668 166468 14648 14650 14652 14068

V46ST 14653 146645 14650 146465 14.49 16.66 14.462 14.68

14659 146469 14648 16651 14455 16667 16677 16073 14664

129 679 1846639 18.471 229.0 282.4 21047 17230 597.7
14646 164650 16665 1h eh9 14650 146.468 16451 14652 14.48

Wh eS3S 14654 Wh Gk 14054 1h 6h? 166469 146483 16062 16049

14652 16651 14651 14652 16656 14464 14676 16.72 14.62
130 639 184726 186550 231.4 285.0 21083 17.97 621.3
W453 146656 14652 14656 14.55 14.56 14.57 14.52 14.55
V4 e528 14458 14651 14656 14649 14654 14652 14647 14653
146655 16653 146656 14656 14.59 14467 14.89 14.75 16.66
131 639 184615 18.223 223.8 250.6 20990 12.57 440.8
12464 12.68 12.63 12.63 12.76 12.73 12.72 12.77 12.70

13.05 13.09 13.05 13.09 13.06 13.14 13.13 13.06. 13.20
13.48 13.48 13.546 13.60 13.604 13.65 13.69 13.71 13.60
132 639 18.374 16.201 233.8 267.0 29982 14.06 465.9

13.80 13.85 13.80 13.80 13.96 13.94 16.01 16.03 13.95
14611 14613 14606 14611 14.06 14.09 14.08 14.00 14.08
V4612 T4611 14610 14613 14613 14.28 14.40 16637 14.26

133 639 18.090 17.916 239.0 278.4 10986 15.56 537.3
V4620 14624 16619 14619 14626 14622 14626 16626 14.21
Th e26 16028 14621 146626 146620 1h 626 14022 14616 14023
14627 14027 1h 4627 146628 14633 146643 14657 16.52 14041
134 639 18.579 18.401 232.0 276.0 11006 16.95 554.5
14631 14.34 16630 14630 16.34 14.33 14635 14.37 14.33
14638 14640 14631 14638 14031 14636 14638 14628 16.35
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14.36 16.36
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14662 14.66 14.58 14.63 14.56 14.59 14.52 14.52 14.56

14658 14658 14661 14658 14.66 14.670 14682 14281 14.71
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135.14 13.20 13.16 13.22 13.29 13.28 13.32 13.33 13.28

13.66 13.71 13.06 13.68 13.68 13.73 13.74 13.67 13.80

13.98 13.96 13.98 13.98 14.03 14.08 14.18 14.18 14.10

1446 639 18.046 17.864 238.4 272.6 69966 14.07 485.9

14006 14.08 14.03 14611 1461B 14612 14.13 14016 14.08
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145 639 18.087 17.915 249.6 2P142 29966 15.46 526.7

V4 626 14629 16023 14628 14628 14626 14.28 16.30 14.28
16631 16.32 14626 14629 14622 14628 14.27 14.20 14.22
VA62B 14627 14.30 16627 16.31 14.641 14.53 14651 14640
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Vhe32 14636 14626 14630 16.24 14.29 16.28 146.23 16.27
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14633 14635 14029 14.636 16536 16636 14635 14037 14535
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13647 13.653 13.47 13.50 13649 13656 13.55 13068 15.60
15682 13-63 13.66 13.92 13.97 13.95 13.99 14.02 13.93
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16 32 16646 16659 16.51 16466 16652 16.60 16.5F 10260 16.63 16.546
16.06 16667 16263 16.64 16.59 16463 16.58 16403 16.59 10653 16460
16.61 16.66 16469 16461 16.62 16.63 16.6% 16.74 16.25 16,80 16.71
V7W02/75 7 165 267 3140468 30.910 248.4 303.6 20895 17.86 612.8
16 656 16461 16663 16663 1665P 164666 16666 16.64 16.67 16.68 16.63
16.72 16468 16.68 10.70 16.63 16.69 16.65 16.65 16667 16.60 16.68
16 666 16471 16.67 16,67 16.68 164668 16.74 16.78 16.91 16.88 16.78
17/02/75 8 186 467 31.081 30.932 249.4 308.6 20595 18.48 63263
16 669 16670 16668 16472 16667 16670 16471 16671 16671 16.74 16.69
116076 16072 16472 16473 16267 16.73 16.68 16472 16470 16.63 16.70
16 668 16,75 16671 16.71 16472 16.71 16678 164653 16.95 16.91 16.82
17/02/75 9 VE? 267 30.908 30.792 249.8 312.0 20895 18.95 649.1
16671 16470 16.71 16472 164667 16.70 16.72 16.72 16272 10.76 16.70
16677 16675 16673 16675 16.68 16673 16.69 16675 16073 10.65 16.73
16670 16677 16671 16072 16672 16673 16677 16066 16.93 16.90 16,62
17102775 10 168 667 306679 306563 26948 315.2 20688 19.43 663.9
16472 16.71 16471 16474 16468 16.73 16473 16472 16072 16475 16,72
16 676 16673 16672 16675 16608 164675 17.00 16676 16671 16664 16074
16.70 16476 16480 16679 16471 Voe72 16477 16.82 16.9% 16.90 16.81
17102475 11 189 467 30.501 30.393 251.0 317.u 29899 19.73 675.9
16471 10.69 16668 16472 16467 16.70 16.70 16.70 16.72 16.75 16.70
1646746 16672 10671 16673 16467 16674 16467 16673 16669 10663 10.70

116.70 16673 164670 16.69 16671 10679 16.77 16.89 16.92 16.288 16.63
, 17702775 12.190 667 304328 30.170 251.6 321.0 .0898 20.70 706.7
16 672 16670 16670 16674 16679 16673 16473 16.72 16476 16677 16,73
16675 16473 16075 16674 16668 16474 16.69 16474 16471 16465 16.72
16471 16676 16672 16472 16473 16673 16478 16.82 16.9% 16.90 16.83
V7 2/75 13.191 667 30.014 29.784 253.0 325.2 20576 21.30 728.
16 676 16671 16673 16677 16669 16676 16.76 16670 16.70 16.76 16.73
16677 16673 16676 16674 16667 16676 16669 16673 16671 10064 16.66
16.70 16673 16471 16668 16673 16.72 16.76 16.73 16.82 16.77 16.73

S17 102775 14 192 667 29.989 29.684 255.7 325.5 10853 21.30 727.1
16471 16670 16671 16676 16667 16671 16.69 16.70 16672 16.75 16.72
16672 16671 10679 16472 16466 16670 16466 16473 16.69 16262 16.68
16664 16471 16670 16670 16470 16.73 16476 16472 16.81 16677 16.73
20/02475 1.193 267 294641 29.491 26163 263. 20789 10.96 376.4
13.622 13,23 13425 13.30 13.25 12.33 13.37 13.35 13.40 13.62 13.36
13.667 13.61 13.70 13.74 13,68 13.72 13.70 13.77 13.78 13.70 13.31
14401 14601 16605 14.06 14457 16017 14.20 16.18 14.22 16.25 16.16

.20402/75 2.194 467 29.208 29.052 269.8 280.3 10787 12.61 433.1
14 39 14661 16065 16669 16.666 16.56 16.61 16660 14265 16267 16660
115.03 15.00 15.03 15.08 15.03 15.07 15.06 15.16 15.15 15.06 15.20
115.46 15447 15.52 15.52 15.69 15.66 15.72 15.71 15.77 15.76 15.63
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16.26 16428 16627 16.26 160428 16628 16.30 16.28 16.65 10245 16.36
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164657 16651 16665 164652 16243 16.4 16.46 16.38 16249
1666R 166468 16648 16669 16453 16.00 16.71 16666 16.56
199 47 29.672 244532 25766 323.4 207466 18.45 629.9
16051 16656 16459 16652 16654 16.5% 16.55 10657 16.55
10656 16656 16649 16.56 16.48 16.53 1 o71 3 16.50
16652 16652 16453 16653 16457 16.601 16472 16678 16.66
200 167 29.885 29.692 261.0 324.2 .0732 19.00 646.8
16458 16663 16657 16662 16.61 16.58 16.59 10.60 16.56
16453 16662 16657 16462 15456 16.60 16.58 16.49 16.55
16669 16458 16.60 16660 16.63 16.05 16.78 16676 16.69
201 467 29.767 29.063 244.8 326.0 .0709 19.99 650.5
16458 16.64 16,57 16460 16462 10.58 16.62 16.63 10.60
16469 16.61 16653 16659 16653 16.57 16.56 16.49 16.57
10458 16657 16458 16459 16462 16.67 16.78 16675 16.67
202 67 30.218 30.068 251.6 276.8 .0706 19.86 372.3
V3694 13699 13695 14601 16606 14.06 14.09 146612 14.07
VG 643 16648 14662 166466 14646 14651 16652 1 4 16.58
14486 16684 146.89 14.96 14499 14.98 15.02 15.03 14.92
203 467 30.035 29.903 253.0 288.6 10703 12.67 43208
14.94 16.98 14.696 15.03 15412 15.10 15.16 15.18 15.13
15.61 15.08 15.62 15.66 15.67 15.75 15.76 15.68 15.84
V6616 16615 16622 16627 16631 16.31 16640 16.39 16.25
206 167 29.959 29.8268 256.0 299.1 0701 14.05 479.2
15.86 15688 15.83 15.695 16.03 16.04 16.09 16.11 16.04
16.35 16.37 1 8 16.34 16.30 16.33 16.32 16.23 16.33
16635 16034 16636 16.36 16.40 16.47 16.57 164656 16067
20S 467 29.839 29.798 257.2 308.4 10700 15.54 529.2
VOe3S 16641 16.37 16662 16662 16.38 16241 16662 16038
VELL T6666 16.37 16643 16636 16.61 16,39 16.30 16.39
16-041 10661 16640 166462 16.644 16.51 16.61 16.59 16.53
206 657 29.4774 29.646 257.6 31545 10700 16.79 567.2
VOe44 T6068 16662 16467 16647 16265 16.47 160428 16.43
TO64E 16,58 10062 16.646 16.42 16646 16.46 16.36 16.45
VO%46 1E6465 166466 16646 164650 16656 16.64 16.66 16.55
207 267 29.655 29.531 259.5 322.8 .0701 17.33 528.9
T6047 FEST 10046 16650 16.49 16.48 16.46 16652 16047
VE65TM 15652 10046 16648 16.43 16.47 16.46 10.78 10065
VOe6E 10666 164666 16467 16451 16.54 16.66 16.04 16.57
20P 667 29.663 29.719 26146 324.0 9702 17.91 608.0
VoeS? VO657 16450 16456 16455 16452 16.56 16688 16.56
16 16656 16.68 16653 16047 16650 16.60 16.40 16.469
16651 164650 16449 16651 16455 16.09 16.71 10.70 10.63
209 47 296877 29.759 262.4 325.6 M701 17.42 626.3
1045€ 36060 10654 164660 16.58 16.56 16656 10601 16.57
10,58 16.658 16652 16655 1664 16.52 10.50 16.43 10.52
VE65S 16655 16656 16,57 16460 16.64 10.76 10.76 16.66
210 467 29.787 29,690 264.2 325.2 10689 19.02 639.6
16659 10.63 16657 16660 16260 16.58 16.59 16.63 16.56
VO.5F 16.62 16.52 16657 16.53 16.56 16.54 16.468 16.56
16657 16456 16656 10.658 16.59 16.06 16478 16.77 16469
211 47 304141 29.994 263.9 291.2 10596 19.89 371.2
16.90 14.97 16.93 15.01 15.07 15.06 15.11 15.16 15.06
15651 15656 15649 154656 15.54 15.62 15.62 15.52 15.68
15.97 15.98 160.01 16611 16.15 16.11 16.17 10.18 16.03
212 67 30.050 29.912 266.6 303.2 29596 12.60 623.1
15494 16.00 15.96 16.06 16.14 16.15 16.23 10.23 16.15
Vee34 16.36 16.26 16.33 16.27 16.31 16.28 16.18 16.30
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LISTING OF EXPERIMENTAL CATA OBTAINED USING PIPHENYL-BIPHENYL OXIDE

EACH DATA SET OCCUPIES © LINES IN THE FOLLOWING TABLE APPROXIMATELY HALF OF THE FIEST LIME GIVES IN THE FOLLO*ING ORDER

DATE OF TEST, TEST KO. OF DAY,SERTES TEST NO.,REDUCED PRESSURF,TEST SECTION INLET PRESSURE(PAR), TEST SECTION EXIT PRESSURE (BAR)

TEST SFCTION INLET TEMP.CDEG C),TEST SFCTION EXIT TEMP. (DEG C), FLOWRATE (KG/SEC) TEST SECTION VOLTS,TEST SECTION AMPS. THERE THEN

FOLLOWS A SPACE AFTER WHICH 72 TEST SECTION QUTER WALL THERMOCOUPLE KEADINGS(MV) FROM INLET TO EXIT COMPRISE THE REMAINDER OF

DATA SET.THE LAST OF THESE THERMOCOUPLE READINGS IS A FICTITIOUS ONE WHICH IS REQUIRED E&Y THE DATA REDUCTION COMPUTEP PROGRAM
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17.93

18.46

17.76

18.01

18.49

16.01

18.16

18.30

17.96

18.01

26612

17.50

17.58

17.85

17.73

17.78

17.89

17.83

17.98

17.89

17.86

18.05

17.93

26.69

16.60

17.27

17.42

17.67

17,40

17.25

17442

17.89

17.60

17.60

17.77

18.30

17.73

17.76

18.00

17.89

18,08

17.98

17.82

17.979

18.13

17.90

18.11

18.01

27.00

17.06

17.35

17042

17.64

17.26

17.31

17.46

17.86

17.62

17.64

17.80

18,27

17.746

17.83

18.04

18.42

17.77

17.86

18.11

16.46

17.80

18.12

18.23
18.28

18.04

18.03

18.09

26.98

0 17.80

17.57

17.68

17.88

17.62

17.61

17.86

17.946

17.90

17.88

17.92

18.046

17.92

17.89

17.95

18.06

18.00

27015

17.17

17.32

17.46

17.60

17.26

17.28

17.46

17.82

17.62

17.03

17.83

16.22

17.73

17.79

18.08

18.36

17.77

17.81

18.16

18.38

17.83

18.09

18.23
18.19

18.07

18.03

18.11

27693

17.68

17.55

17.78

17.88

17.80

17.80

17.89

17.94

17.87

17.86

17.96

18.02

17.91

17.87

17,97

17.63

18.13

27.46

17.19

17.36

17.56

17.60

17220

17.32

17.58

17.65

17.64

17.66

17.94

18.26

17.70

17.64

18.18

18.42

17.74

17.86

18.26

18.49

17.80

18.14

18.38

16.30

18.01

16.06

18.25

27.43

17.52

17.58

17.80

17.86

17.76

17,82

18,02

17.97

17.62

17.88

18.06

18.06

17.88

17.91

18.09

17.76



SHIUES ISEL ENEZNEGOUOTHOONOW HO VLG ‘IVLNETHSdxa agaTuza €2 mievy

TEST MASS PRESS EXIT AXTAL DISTANCE FROM START OF HEATING - he

VELe DROP GUAL 2279 6606 6555 0660 6787 HTK 16061 16167 16294 1,421 1.5468 1.675 1.002

KC/S KNs IWNEP WALL TEKPERATURE - C
Mes2 Mead

27.9 17248 176.6 175.8 176.2 176.9 177.9 17863 179.9 181.6 182.9 181.4 103.6

26.2 172.7 174.0 17564 174.0 176.8 177.7 177.6 179.7 161.0 181.F 161.6 15366

324? 179.1 181.6 163.9 164.9 186.6 168.2 192.2 19541 196.6 196.2 198.7

32.2 179.7 181 Webel 1ES.3 186.4 168.0 19148 195.1 196.4 196.4 198.9

18.3 201.8 206.3 266.4 20745 208.6 21961 209.2 210.1 209.6 209.0 211.1

6.1 209.8 210.8 210.2 210.2 211.0 211.0 211.3 212.1 211.5 210.6 21261

37.4 06 21561 216646 21669 21666 21666 21064 216.4 216.9 216.0 214.7 216.9
2765 208 21461 21566 215.6 21566 21566 21566 215.3 215.8 215.3 214.3 215.8
44eF 19 22062 221.7 221.67 221.2 221.2 220.6 219.9 220.6 219.5 21866 219.7

33.9 29 219.0 220.3 220.£ 219.8 219.8 215.4 218.5 218.8 218.3 217.2 218.1

4166 hd 22969 222.2 221.7 2c1463 221461 229.9 219.8 220.7 219.4 2186.9 219.8
31.4 205 216.3 217.2 217.2 216.5 217.0 216.7 21667 217.0 21661 214.6 21766
38.0 -05 21547 217.0 21647 216.5 216.8 216.5 21665 21667 215.9 2146.6 217.2

31.7 06 21661 21668 21665 216.1 216.7 216.5 21665 216.7 216461 21462 217646
2061 221 21866 21969 21961 21 ob 21961 21866 21768 21€.0 217.3 215.6 219.1

é 35.1 +19 217.65 219.0 216.7 218.3 218.5 217.5 21765 21765 21666 215.5 219.0

35.9 217 218.1 21869 21865 215.3 21845 21768 216.6 217.8 216.6 216.1 221.7

21.6% 214.0 215.3 215.5 215.3 215.7 215.5 215.9 21663 215.7 2146.6 220.0
21.6 21466 21565 215.9 215.3 215.5 215.5 21569 21666 21567 214.8 240.0

35.4 +02 218.8 217.65 217.67 217.1 29765 21763 217.7 217.7 217.0 215.8 221.3

352.03 215.8 21765 217.67 217.1 21765 21763 21763 21767 216.8 215.6 221.2

32.9 17 218.6 220.3 219.7 219.0 219.4 219.2 21862 21568 21769 216.9 2c2.5

35.7 .18 24865 220.1 219.6 21962 219.2 218.8 218.5 219.0 217.9 21740 2c2.8
46.3 54 220.6 222.1 221.4% 221.0 220.6 219.7 219.1 219.9 219.1 218.0 219.3
42.9 4B 221.8 221.8 221.5 220.9 220.3 226.0 219.2 220.0 219.0 218.5 2.0.0

39.2 92 22167 223.5 222.4 221.9 221.5 220.6 219.8 222.4 376.3 448.6 405.8

25646 69 22166 223.0 22265 221.9 221.6 229.6 220.2 222.7 286.7 444.0 40.7

33.8 01 216.1 217.8 218.5 216.3 216.9 215.9 215.7 215.2 218.5 211.46 216.2

32.6 = .02 217.6 218.46 21726 216.3 217.0 215.7 215.5 215.2 218.5 211.66 214.8
31.6 © .07 21467 212.0 217.8 217.2 21764 217.2 216.5 216.5 216.5 221.5 212.8 215.6

34.8 12 21767 21867 21865 21709 21769 21765 21668 217.2 217.3 216.0 214.2 216.6

33.4 20 218.3 219.2 218.9 218.5 21865 219.1 217.0 217.4 21762 217646 21662 21668
34.9 221 213.3 219.0 21865 218.3 21862 217.9 217.3 217.0 217.0 217.5 217.0

37.3 432 21867 229.0 219.6 218.7 218.7 214.1 217.7 217.5 217.7 218.5 218.3

38.9 | 43h 21867 220.0 219.6 219.0 218.7 218.5 21765 218.1 218.1 21865 215.5 21769
38.9 ha 219.9 220.3 220.1 219.0 219.0 218.8 217.9 217.9 218.6 219.2 216.6 218.8

39.46 44d 219.0 220.1 220.1 219.2 219.0 2 8 218.2 218.2 215.6 219.0 21666 218.6
41.1 58 219.5 220.7 22063 219.65 219.5 219.0 218.4 218.6 219.5 220.3 217.1 219.5
41.2 .57 219.6 220.67 220.1 21966 21964 214.8 218.7 216.3 219.4 219.6 216.6 219.6
4168 272 21967 22162 22008 219.8 21947 21563 21866 218.7 219.8 229.6 217.8 219.3
4326 7h 229.1 22162 220.3 220.1 219.6 219.2 218.2 21864 219.4 220.1 216.7 220.7
42-3 .70 216.8 221.3 229.7 21966 219.3 219.3 212.9 218.7 219.66 219.4 215.7 262.6

33.2 19461 193.0 196462 196.6 195.9 196.9 197.2 19961 200.6 20266 201.2 2U168
34.3 192.1 194.2 195.3 195.5 197.0 196.0 198.8 200.8 202.0 202.7 202.7 2u3.5
3u.8 §=.02 21361 21668 21665 21667 21566 21462 213.67 213.7 213.9 215.0 211.2 215.7
26.3 02 215.9 215.9 21466 215.0 214.2 213.8 213.6 213.8 217.0 210.8 215.0
34.5 212.7 213.8 21265 213465 212.9 212.9 213.3 213.6 220.2 212.1 220.9
33.9 212.5 213.3 212.7 213.4 212.1 212.9 213.66 21366 215.7 212.3 220.6
2566 411 215.0 216.3 215.8 215.9 215.8 214.8 21466 214.3 215.46 211.66 216.5
30.5 09 218.2 217.1 21761 21761 216.9 216.6 216.2 21666 21767 21465 22168
32.4 09 218.8 216.9 216.9 21669 216.9 216.2 216.0 216.0 217.3 214.1 221.6

S12. 32.8 3h 217.0 218.1 218.3 217.4 217.0 217.0 216.3 215.9 21565 21668 213.8 219.3

- og2 -



9066 1606 6536 3269 633 [217.6 717.9 217.0 218.3 216.1 217.4 216.8 21668 216-3 215-9 21661 2150? 21700 213.8 21906
23.9 101.9 2991 195K 192.7 198.3 199.8 20142 20142 20247 20343 2U3.R 206.6 204.6 206.1 208.2 206.3 206.5
41,8 92.2 .990 21049 21562 216.8 21669 21961 219.7 221.0 22245 22344 22469 22563 22765 228.6 228.6 22801
6b62 85.7 4991 2270B 23466 23869 23668 26001 24106 263.2 26542 Zh7 61 24661 26665 26701 24865 24568 25102
89.8 20.5 .990 240.4 24765 24668 24769 24866 24769 24B62 26709 247 oT 2470S 267 o3 2hEB 25062 26703 25503
4205 106.6 4983 20247 207.3 20765 209-4 21144 21240 29363 21666 21549 21761 21766 21969 220.8 220.2 219.7
69.6 104.6 983 21661 22366 223.0 22666 22947 230.8 23265 23501 236.9 23866 23967 2463.7 24468 26369 24300
83.7 78.5 .997 24043 24706 246742 24941 2h9e1 24Be2 26901 24PL2 24Be2 248.3 249.6 246968 25104 26669 256.5
105.8 71.0 4994 203 ]25147 259.2 269.9 251.3 250.8 250.6 251.0 250.0 24969 250.0 25161 25266 2469.9 257.7
122.6 72.4 990 208 125168 254.5 250.9 252.7 252.2 25145 252.2 25165 250-4 250.6 251.5 252.9 250.2 258.2
122.6 65.2 .990 211 125069 251.6 250.9 25206 25242 251465 252.0 25163 250.0 250.2 251.1 252.7 250.0 25746
W202 B2.2 2997 209 [25161 252.2 251.8 25341 25266 251.8 25206 25167 250.9 25163 25262 253.5 250.9 25961
161.63 6767 4990 1969 .26 [252.6 253.7 253.0 254.0 253.5 252.4 253.0 25262 25147 25145 252.4 253.9 25161 25901
15009 F205 6990 2569 615 [25447 25266 25241 253.0 25208 25201 25204 25201 25143 25165 25204 25461 25163 259.3
4068 71.6 4990 18.6 22066 22665 22547 228.3 230.0 230.5 232.2 23343 234.6 23507 236.8 238.6 239.46 239.6 238.8
69.1 66.8 ,990 21.7 23609 2hbeS hed 2h7 ah 24B6S Z2K7e7 24863 24769 24769 24709 24801 246508 25007 24803 25562
66.6 66.6 .990 19.1 24606 24965 248.8 25062 25060 24905 24968 24965 24901 268.9 24961 24967 25165 248.9 255.8

? W662 64.2 4987 19.1 .07 25064 250.8 250.2 25149 25163 25068 25143 25046 250.2 250.0 250.4 250.8 252-9 250.6 257.7
71 74867 12363 61.3 2990 2162 415 25945 251.8 25141 252.9 252.2 251.8 25164 251461 25045 25063 250.3 25141 253.2 250.3 258.1
72 766.7 122.3 6161 6990 1965 sth 25004 25147 25404 25269 25260 25105 25105 25461 25007 25004 250.4 25067 25269 25004 25802
7Y 71463 160646 460.9 4990 22.9 .22 251467 253.0 251.9 25365 25246 25201 25201 251.66 251.0 250.5 25006 25106 25306 250.6 25863
74 69066 16163 6267 1990 €207 .30 251.9 253.1 252.0 253.7 253.0 252.6 25260 25169 25107 25161 25103 25409 254.0 251019 25965
7S 642.9 173.7 58.0 1991 z 25209 25363 25266 25642 253.5 252.9 253.1 252469 252.4 25260 25260 25267 25407 25202 25926
TE 74068 4865 46.0 .969 19.2 23B 66 24461 244.65 24762 26669 246566 24508 24665 26601 24603 24609 24702 26601 26665 253.0
77 735.2 4103 48.6 2.969 18.5 23609 240.6 24066 243.2 266.8 24406 246661 24566 24506 24504 26601 26665 26801 246507 25168
7& 73162 50.0 40.63 £963 1923 .01 24309 24762 24604 2hT 65 2h72 5 24608 246705 2467.0 24668 266.8 24742 24745 24920 24668 25302
7S 725.6 68.1 41.9 .997 18.1 .06 252-3 250.0 249.8 250.9 250.9 250.0 250.3 249.8 269.8 250.2 250.3 252.3 250.0 256.9
BC 69964 86.7? 3965 2990 1666 1h 250.2 250.6 250.4 251.8 25165 25007 250.9 250.2 24908 249.8 250.46 25244 249.8 256.7
81 701.8 86,4 37.5 1990 1763 1h 250.2 259.9 259.2 251.5 25141 25042 250.8 250.0 269.5 269.5 249.7 246967 25165 24901 25507
82 662.8 105.8 35.5 .983 17.7 12h 250.8 251.0 250.6 25145 250.8 250.8 250.2 250.1 249.7 249.9 250.6 252.8 25061 25765
82 667.6 103.8 40.5 .983 18.3 .21 250.7 251.1 250.3 25741 250.5 250.9 250.3 250.0 249.8 250.1 250.7 252.7 25001 25724
E4 631.8 123.7 37.3 983 18.8 132 25128 25124 251.0 252460 2514.0 25144 250.9 250.3 25063 25065 250.9 253.2 250.3 257.9
6S 605-5 139.0 36.5 .984 23.4 .40 252.5 252.0 251.6 25249 25168 25202 25104 25143 250.9 25104 251.66 254.0 25161 259.0
BE S57Ke4 16543 36.0 983 20.3 .53 252.4 252.0 251.7 25300 25242 25226 252.0 25147 25107 25147 252.0 254.2 25163 258.9
8? 570.5 172.5 37.0 1980 22.8 .57 25206 252.3 251.9 25362 25204 252.8 25203 252.1 259.7 251.7 252.3 25463 25102 25668
FR 57065 174.7 3607 19846 18.9 158 25265 252.3 252.0 253.6 25341 25242 252.7 252.5 25262 25168 251468 25202 25465 25901 2507
ES 682.7 41.6 42.7 4985 17.8 24006 245.6 24569 24762 26766 246608 26766 26742 26608 247.2 26706 26801 246906 2466.8 253.0
9C 681.1 49.9 41.45 4983 15.1 .01 24604 24861 24769 248.6 248.3 24749 24848 24843 26729 24801 248.1 24863 25041 25461
GV 67965 4968 35.7 1977 1664 103 24B 6b 246709 26769 24E6B 24866 24Be3 24900 2603 26709 26841 248.1 242.4 25001 254.1
92 67565 68.0 39.2 1999 17.1 .08 25067 25065 25065 25164 25143 250.3 250.9 250.3 249.8 250.2 250.3 25067 25168 24906 256.5
97 669.2 68.5 +993 18.4 .10 25067 25043 25063 251.6 251.0 250.3 250.7 250.3 250.0 249.2 250.0 250.7 252.1 250.0 256.7
94 643.7? 85.7 +993 16.7 218 250.8 25442 251460 25169 25147 25066 25462 250.6 26967 26967 249.9 25001 25201 249.9 256.8
95 627.0 85.8 1.000 19.0 .21 25167 25169 25143 252.6 259469 25102 25467 25162 250.8 250.6 250.6 251.0 253.0 25066 257.59€ 607.9 6602 1867 4991 16.9 127 25166 25142 25160 25261 25448 25140 25240 25442 25065 25069 25067 25104 25362 250.7 257.497 607.9 103.3 2&.3 1993 14.9 129 2516 25161 250.69 252.3 252.0 250.9 25143 25141 250.3 250463 25002 25069 253.1 250.7 257.8
GE 58166 122.6 28.5 6992 17.9 139 25168 25165 251461 25207 25168 25163 25406 251461 25006 250.9 25007 25166 253.6 250.9 258.7
9G 55466 140.1 30.2 1.992 17.1 48 259.9 25969 253.2 252.8 25169 252.3 25106 25162 25402 25106 25167 256.1 25106 259.9TOC 522.0 160.5 24.5 4985 17.5 63 25203 25261 25263 253.7 253.0 25263 25268 25109 25167 25169 25405 25203 25606 25907 22364101 522.7 160.4 27.3 .995 19.4 .62 25149 25261 25169 253.7 25366 25263 253.0 25169 25167 251465 25106 25909 254.3 251.5 253.7102 500.5 174.3 21.0 1986 17.2 17h 25204 25206 25205 253eB8 253.3 25267 253.1 252.4 251.8 251.8 25106 25206 25406 26665 373.6107 699.7 174.7 20.8 .986 15.5 7h 25202 252.3 252.0 253.8 253.1 25207 25269 25265 25168 25168 25106 25263 25463 356.3 300.21046 493.3 175.1 19.1 .986 19.2 .76 25203 252.3 25201 254.0 253.6 252,45 252.5 252.0 251.2 25146 25102 25200 25607 391.0 309.410 493.3 175.8 17.9 .986 17.8 .977 25203 252.1 251.9 253.6 253.2 25263 252.8 25261 25906 259.6 25402 25169 254.7 392.4 340.3106 79567 13.64 12245 16693 1222 21541 2418.3 218.9 -219.0 249.8 219.6 220.7 22402 22146 222.0 22202 222-9 223.7 223.3 223.7

107 794.9 31467 129.5 1.718 16.9 22504 228.9 22866 23006 231.9 23262 23367 23406 23568 23607 2374 238.9 24108
10E 790.9 2561 116.9 1.752 16.4 2276S 229,49 22947 23104 23243 232o3 233.6 23401 234.5 23546 23600 23763 23867 23763 2570610S 782.9 41.44 10361 1.752 17.7 244.6 248.7 268.8 250.8 252.7 253.0-256.8 255.6 256.8 258.1 259.2 261.0 261.3 261.9 261.0
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1 778.2 49.5 26.8 1.620 16.6 253-6 258.6 258.8 261.2 263.1 263.9 265.8 266.9 268.2 269.6 270.7 273.0 273.2 274.1 273.01 77160 59.4 88.1 16765 1501 26144 206.8 267.2 270.0 272.6 27341 274.9 27607 278.3 280.4 280.9 284.0 284.1 284.1 203.61 77062 69.6 8169 1.737 15.7 26P 4S 275.7 275.9 279.1 261.6 282.6 2846.1 283.7 283.5 283.9 283.9 284.4 286.2 285.8 291.0VV? 773.6 P50? Bee 16738 1506 27069 278.2 278.4 261.8 263.8 263.9 286.6 204.5 28441 284.3 284.5 285.0 267.1 286.1 29201116 767.0 85.2 87.7 1.7457 17.2 27545 283.3 263.5 285.8 286.0 265.5 286.5 255.8 285.6 285.6 285.8 286.5 288.7 287.9 294.7115 763.8 105.5 82.1 1.777 15.2 287.0 267.2 287.0 288.1 287.9 287.0 288.5 267.6 287.6 287.4 287.8 286.1 290.2 289.7 296.8VV6 767.1 123.8 76.1 1.779 15.7 286.9 288.7 268.7 289.8 259.6 288.7 289.2 268.5 28747 268.4 287.7 269.1 290.3 290.7 248.1117 75169 12168 76.7 1.782 14.0 288.1 268.6 288.4 289.5 269.3 288.6 269.3 288.6 287.7 288.3 288.1 288.8 291.1 290.6 297.6112 630.2 176.9 56.2 1.779 15.7 210 [zeke 209.3 288.8 229.8 289.5 288.6 289.3 249.1 288.8 288.6 286.8 269.1 291.2 290.9 297.2115 PALS 4161 11667 1.806 17.6 .09 23B 61 24466 26165 24367 246506 265266 26706 26863 24966 250.9 251.6 253.8 25441 25467 233.9120 779.0 50.6 113.4 1.627 14.8 .33 24248 253.0 253.0 255.7 257.3 258.2 260.2 201.5 26247 264.6 26467 267.6 267.8 268.7 26762121 776.6 59.0 101.6 1.840 19.4 258.6 263.1 263.2 265.8 268.3 209.0 27160 27266 274.2 276.1 27762 280.2 280.2 281.5 279.7122, 770.2 68.1 9961 1.8467 18.6 26545 27161 27766 27465 27723 278.6 280.2 282.3 263.9 28765 28765 288.4 289.6 259.1 269.9V2I 765.4 76.8 95.7? 1.855 16.9 27445 279.6 280.0 283.2 2456.0 267.3 289.0 269.2 288.5 269.0 289.0 289.7 291.9 291.5 246.8124 770.2 €5.4 99.7 1.661 19.1 27P.0 224.0 284.0 287.8 289.9 289.2 289.7 269.7 289.4 269.7 290.1 290.6 292.5 29204 2¥8.2
125 775.0 94.3 93.6 1.661 1761 ZEG.C 268.8 28868 290.4 290.6 289.8 290.7 290.6 29040 290.4 290.7 291.1 293.7 293.6 249.712€ 776.6 104.8 87.3 1.861 17.8 29161 29160 290.3 291.5 291.5 291.0 291.9 291.1 290.8 291.1 29169 294.0 296.0 300.1127 783.7 11166 9661 1.860 18.5 291460 29162 290.7 29167 292.1 290.8 291.7 291.6 291 +0 291.2 291.7 293.9 294.0 300.412% 807.6 122.2 95.6 1.854 18.6 29161 29141 290.9 292.0 292.0 291.3 291.8 29104 29163 29161 291.8 296.1 294.3 3u1.0126 633.1 13162 106.6 1.8467 16.8 29060 29949 290.3 29146 291.6 2919.0 29107 29140 290.7 290.9 291.66 293.65 294.0 3ulel
V3C 661.7 142.0 103.2 1.655 17.6 29069 29164 29141 242.2 291.8 29163 292.2 29106 290.9 290.9 291.66 293.6 294.3 361.0131 72707 67.9 113.6 1.622 19.2 254.7 261.2 260.7 263.2 265.4 26663 268.2 269.8 271.5 273.8 278.1 278.1 279.1 277.0
V3Z 781.3 5.1 96.1 1.820 17.7 27266 289.69 280.9 264.9 266.5 265.3 266.4 266.0 285.7 265.8 286.7 289.0 289.2 295.0137 786.5 105.1 84.6 16792 1766 28649 287.1 286.9 288.1 288.0 287.6 288.1 287.8 287.2 287.6 288.5 290.8 291.0 297.3134 800.4 112.42 106.9 1.840 17.8 285.2 28F.7 288.5 289.8 289.8 289.1 289.9 289.6 289.2 289.2 29061 292.46 292.9 249.513S 810.0 123.5 100.5 1.860 17.6 289-4 289.6 289.1 290.63 290.1 289.6 290.5 290.3 289.8 290.0 290.5 293.3 293.7 300.6TSE 81769 132.5 98.4 1.634 18.0 289.46 290.1 289.4 291.0 290.6 290.1 291.0 290.8 290.1 290.1 290.8 293.5 294.0 300.5137 B30.7 139.9 193.3 1.832 17.46 289.4 290.1 289.6 291.0 290.7 290.1 290.8 240.7 290.1 290.3 290.7 292.8 294.2 340.9TSS B45.0 169.1 111.7 1,618 16.1 289.2 269.7 289.2 290.8 290.6 240.1 290.6 290.4 290.1 290.1 290.1 290.8 292.9 293.8 300.8
135 658.65 159.4 116.0 14821 20.1 289.6 29%61 289.3 291.0 290.9 260.1 290.7 290.3 289.6 269.8 290.1 290.7 293.2 294.0 3ul.3165 26065 167.2 121.5 1.616 18.2 28923 290.0 289.4 291.2 291.0 290.3 290.9 29065 290.2 290.0 290.3 290.7 292.8 293.9 3ul.d1461 673.6 173.0 122.6 1.812 1761 28924 290.4 289.5 291.5 290.8 290.4 290.8 290.4 269.7 289.9 29061 290.6 29246 293.8 3Bures142 BB6.4 18766 130.4 1.807 29.9 289.8 290.5 289.3 291.4 291.0 290.7 290.8 290.3 290.0 290.0 289.8 290.1 292.4 293.1 301.3
WG? 771.8 6762 93.1 14773 18.2 26304 269.7 269.9 273.3 275.8 276.7 278.8 28004 28266 284.3 285.0 284.9 287.0 286.1 267.2146 768.6 85,0 5.2 1.786 18.2 277.7 285.3 284.9 286.9 287.6 266.7 287.3 286.9 286.5 286.7 286.9 287.3 289.9 290.3 245.0145 76666 103.8 81.7 1.791 17.2 287.8 288.2 287.7 288.9 288.9 288.2 28901 252.5 268.0 268.0 284.9 288.4 290.7 291.5 29667
164 775.0 19169 93.3 1.793 16.7 287.8 288.4 267.5 298.9 289.1 288.6 288.9 262.4 268.2 227.8 288.0 288.5 290.7 291.7 297.4
147 776.2 12362 93.6 1.787 17.1 288.9 269.7 287.9 269.3 259.46 288.6 28961 268.7 288.4 2863.0 288.4 288.2 291.2 292.3 297.9Whe 785.3 131.5 98.7 1.778 16.7 2BE 66 258.9 288.2 289.6 289.6 289.1 28901 262.7 288.2 288.2 288.5 288.5 291.2 29266 248.3146 790.1 14066 196.0 1.781 17.5 288.3 285.0 268.0 289.6 289.6 289.0 289.4 288.7 288.3 268.3 288.1 288.7 290.8 292.4 257.9
15¢ 685.6 46.7 84.1 1.820 1726 26365 269.3 269465 272.1 276.1 275.0 276.6 277.9 279.5 261.1 282.1 264.6 286.8 285.5 264.6
151 68365 67.1 7266 1.816 1706 27962 28645 286.5 268.0 287.9 287.5 288.0 267469 287.2 28745 288.0 288.0 290.9 29141 245.8
152 680.3 70.7 65.6 1.611 16.7 +01 288.0 288.3 268 .C 269.2 268.9 288.3 288.9 282.7 288.1 268.41 288.5 288.9 291.3 291.7 2¥6.6157 084.3 26.0 69.2 1.899 15.6 .o2 ZED. 289.0 282.6 289.7 269.5 269.0 289.7 258.8 288.6 288.4 288.6 289.0 291.3 29263 297.3
156 €76.3 105.2 69.7 1.608 15.8 10 289.9 290.1 289.5 290.2 290.6 289.6 290.2 289.5 289.2 289.2 289.5 289.2 292.2 293.8 299.1
15S 649.3 121466 62.3 1.009 15.8 222 29042 290.6 289.9 290.9 290.6 269.9 289.5 28947 269.5 289.2 289.5 289.9 292.5 293.8 299.9154 636.1 137.9 61.2 1.896 15.3 31 290.2 299.6 289.9 290.7 290.7 289.9 29024 299.46 26F.4 289.3 290.0 290.6 292.9 293.6 249.2157 616.6 159.0 57.6 1.812 14.0 hh 29162 291461 290.0 29146 291.1 290.7 29401 290.7 288.6 289.6 289.8 290.7 29161 291.8 393.8
15% 626.6 155.6 57.3 1.809 13.4 hd 29069 290.69 29.1 291.4 291.0 290.3 290.7 290.7 289.6 290.0 290.0 290.7 291.0 290.9 393.6
156 607.1 15904 54.2 1.603 13.1 47 29140 290.9 290.0 291460 291.0 290.3 290.7 29065 269.8 290.0 290.0 290.5 290.7 291.9 398.9
16C 642.0 69.3 89.4 1.812 12.2 262.2 267.8 267.8 270.5 273.0 273.5 275.5 276.8 278.2 260.0 280.9 283.5 283.7 284.1 202.8
101 054.0 67469 67.2 1.792 16.2 eB 260 287.3 286.8 288.0 287.7 267.1 282.0 287.7 286.9 286.9 287.5 287.3 269.1 290.0 253.7
VOZ 651.6 77.2 40.8 1.791 13.2 04 289.0 288.3 287.4 288.7 268.7 287.8 288.5 262.0 287.2 287.4 287.6 287.8 290.1 290.8 294.7
162 647.7 7724 62.9 1.781 16.6 04 28F.3 288.4 287.6 268.8 288.7 287.6 288.1 267.8 287.2 287.2 287.2 287.6 290.1 290.8 294.5
164 €66.5 84.3 64.9 1.781 15.6 05 288.0 288.3 287.6 288.5 288.7 287.8 288.3 267.8 287.3 287.6 287.6 287.6 290.1 251.0 295.2
165 633.3 1046.5 60.5 1.781 15.% at? [286.9 289.2 288.5 289.6 269.0 248.3 268.7 266.3 287.6 287.8 287.8 288.3 290.8 292.0 296.6
16€ 59562 122.0 48.1 1,783 16.4 ah 289.5 289.3 288.6 289.5 289.5 288.1 288.4 268.6 288.1 288.4 288.6 288.6 291.4 293.0 298.3|
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167 $39.5 171.6 29.5 1.782 t202 48 289.6 268.9 2EF.2 289.6 259.1 288.7 289.1 208.7 268.2 268.2 288.4 288.5 290.7 288.4 301.4165 53203 130.9 FES 107F2 13.6 152 289.7 269.0 28 289.7 28965 26868 289.4 264.8 268.7 268.5 288.5 2BR.8 290.4 288.7 373.110S $31.5 13666 39.6 1.772 1263 152 289.6 289.0 288.5 269.7 289.9 26°.9 289.2 259.0 28%.9 288.5 288.3 288.7 290.5 288.9 370.4V7 52267 16065 3763 14782 12.0 . 22922 289.0 268.3 269.7 289.6 259.0 289.4 269.0 208.5 288.3 288.2 288.3 289.4 401461 342.1171 662.9 S$G.3 %6.8 1.827 17.2 26662 272.6 272.8 275.6 27706 2787 26906 26201 28365 28506 286.5 287.6 289.1 288.4 289.1V7Z 63409 6766 6966 16525 1727 2 © 288.0 269.3 289.3 2b8.4 289.3 268.6 286.2 288.6 288-66 266.9 291.6 291.9 360.2172 635.7 77.2 6767 16817 16.6 02 289.0 288.8 289.7 28947 289.0 289.7 289.2 288.3 2868.5 289.0 289.0 291.1 292.4 300.6176 639.7 85.3 65.8 1.797 24.8 05 289.7 289.6 290.6 289.9 26940 289.5 289.2 287.8 206.0 289.2 289.4 29145 292.9 301.7V7E 66463 85046 74.1 16817 14.2 LO? 289.2 2865 289.5 269.4 268.7 289.4 268.8 288.5 288.3 288.7 289.0 29161 292.5 301.3V7E 627.0 106.7 6661 1.809 1402 116 289.7 288.2 285.9 2490.0 289.8 290.2 269.8 269.1 28923 289.5 28907 292.1 294.2 306.3177 618.2 122.6 63.6 1.814 18.3 225 287.8 289.5 290.7 290.5 289.5 299.6 289.8 287.2 288.8 289.5 289.8 292.5 294.8 305.3VTE 61463 12666 6661 14602 21.6 27 288.2 28944 290.5 290.1 259.46 28929 28946 28942 289.4 28902 28765 292.2 294.7 346.0)VTS 73EL6 49.0 201646 3.067 16.6 25463 25461 256.8 258.6 259.2 26142 262.6 26347 26563 26660 268.5 268.9 268.9 208.9VEC 726.1 6766 17.1 27504 27542 27068 26143 28203 284.1 266.6 288.2 29963 29100 29607 29467 29564 29662)VEY 716.17 84.5 15.4 29244 292.0 295.9 299.1 300.7 302.4 305.6 30765 210.1 310.8 315.7 315.9 316.2 314.5VEZ 713.7 103.6 13.9 30720 30667 311446 315.4 31766 319.9 322.5 32561 32503 32566 325.8 327.2 326.8 351.8eee 120.6 161.5 3.051 14.1 319.7 319.0 324.2 326.8 326.4 32761 327.1 327.0 326.6 327.0 327.3 329.0 329.2 356.6164 3130.7 160.5 3.078 15.4 325.5 325.5 328.4 32709 32864 328.4 327.9 327.9 328.1 328.6 329.8 330.7 337.918: 139.3 165.5 3.091 13.8 327.4 327.2 328.9 328.2 328.9 328.9 328.6 328.8 328.6 328.9 330.6 33462 338.916¢ 14669 163.7 3.095 14.9 328.9 328.3 32 328.9 329-2 329.2 328.9 328.9 328.5 329.0 330.9 331.4 359.8187 157.0 161.9 3.079 11.6 328.9 328.0 329.5 328.9 328.7 329.0 329.4 328.7 328.5 328.5 329.0 330.6 331.6 340.2)1e% 164.9 160.3 3.054 13.6 329.0 327.8 329.0 328.7 326.2 328.5 328.9 328.2 328.3 328-2 328.5 330.1 331.1 340.5Vé¢ $ 170.7 156.9 3.039 10.8 32°46 32766 328.8 328.6 32769 328.1 32P.6 327.6 327.9 32769 327.9 330.2 330.7 340.5VSL 7166S 1E767 154066 3.017 1548 32709 32702 328.6 32769 32745 32861 327.9 328.6 32702 32706 32767 32944 329.8 340.3)191 697.0 199466 16948 2.976 23.0 144 32704 326.5 327.6 327.6 326.7 327.7 32742 32665 326.7 326.7 327.0 327.2 328.4 5u0.419% 676.7 19960 14466 2.968 30.5 217 32609 32602 32766 32741 32604 326.7 32702 32660 32665 32507 327.2 327.62 336.0 574.5IS €27.6 49.3 16866 2.949 15.0 272.5 272.7 275.7 277.5 278.5 280.7 281.9 283.2 285.3 286.2 289.0 288.8 284.2 208.7196 626.2 6669 15002 2.905 15.6 292.8 293eh 29761 299.7 30101 303.4 30563 30702 30967 310.9 31404 313.9 308.6 314.4WGS 615.0 64.7 150.0 2.952 14.7 30666 307.0 311.7 315.0 317.1 319.5 321.9 323.5 323.7 324.6 325.7 321.1 326.0Wye 607.1 10267 14767 2.979 15.2 32163 32165 325.1 325.3 32561 325.5 32565 32501 325-7 325.8 327.5 325.3 325.8197 $92.8 12069 161.6 2.960 15.1 325.2 326.9 326.1 325.9 325.6 326.3 325.9 325.6 32564 326.1 327.6 32668 345.7198 $92.0 13767 16062 2.938 14.2 32545 325.0 326.2 32547 32565 32601 325.5 32562 32502 32506 325.7 326.9 327.8 325.719S $92.0 168.1 139.0 2.952 16.0 32661 325.4 326.7 326.5 325.6 326.5 326.0 325.4 325.6 325.8 326.0 328.2 328.4 326.0206 Sb2.4 15766 13461 2.969 19.3 32604 32643 326.8 327.1 326.1 32763 326.8 325.7 326.3 326.6 326.8 328.3 328.5 326.820% 544.1 188.6 12661 2.966 10.4 326.7 326.2 327.2 326.4 32642 326.7 326.2 325.9 326.0 326.0 326.5 327.9 327.8 516.1202 56167 4ee2 1536t 2.007 15.0 265.0 28542 288.42 290.3 29144 293.7 295461 29607 29868 29968 303.0 302.3 297.6 249.620° 559.3 67.2 150.0 2.990 13.2 301.2 301.8 306.0 309.3 311.2 313.5 315.9 318.0 320.8 32167 324.9 324.6 318.9 321.5206 557.8 8366 144.0 2.973 13.1 31666 31666 321.5 32501 32467 325-6 325.3 32467 325.3 325.3 325.8 327.7 324.7 325.68205 $57.0 10363 140.9 2.971 13.1 32565 325.1 326.0 326.2 325.3 326.3 325.8 325.3 325.3 325.6 326.0 327.9 326.8 326.5204 55760 11967 179.6 24965 1208 326.0 325.3 326.3 32663 32546 326.63 326.0 325.6 32566 32506 326.0 327.5 328.0 3¢6.72C? S578 129.6 12.4 .07 32549 32565 326.6 326.1 32544 326.2 325.7 325.0 325.2 325.4 325.7 327.4 328.520£ 558.6 138.4 12.4 214 32665 32569 327.2 32667 326.0 326.7 325.9 325.5 325.7 32567 326.0 328.1 329.0 3c7.2206 SS7.6 146.5 131.6 2.970 1164 .2h 32669 326.2 327.6 327.2 325.9 326.9 325.9 325.9 32563 326.0 326.7 328.3 32965 32606210 5468.2 15562 12766 2.969 9.7 32669 324.3 327.6 327.0 326.0 326.5 326.2 325.5 22507 32642 326.5 32864 32866 491.5211 676.2 GE.2 130.6 2.999 14.7 301.6 302.6 306.5 308.7 309.8 312.6 316.5 315.9 318.3 319.2 323.0 321.6 315.7 33.0212 474.2 6060 124.6 2.991 13.8 31965 319.6 324.3 325.9 325.0 326.2 325.7 325.2 325.5 326.0 326.2 328.1 32565 34746212 673046 Be2 12161 2.976 13.8 32546 32542 326.6 326.1 32564 326.6 325.9 225.4 325.8 325.9 325.9 327.7 327.3 328.0244 475.8 102.3 116.9 2.963 12.7 105 32660 325.7 326.5 32667 325.5 326.6 32568 325.2 32567 325.5 326.2 327.9 328.6 32901218 675.8 109.8 115.6 2.951 be6 142 325.7 325.6 326.7 326.4 325.5 326.0 325.7 324.8 32504 325.4 326.0 327.8 328.5 32961206 475.0 120.0 11166 2.949 1241 223 32640-32620 327.0 326.1 325.3 326. s 32543 325.6 325.6 326.0 327.7 329.6 503.7,217 675.0 119.9 109.7 2.947 12.6 Lah 226.0 325.4 326.5 226.0 325.1 325.8 325.4 325.1 325.6 32564 326.1 327.3 329.1 412.620: 36668 39.5 63.1 2.961 11.1 S260? F26e6 32566 32669 32604 325.6 326.9 226.6 32606 324.9 325.3 32666 324.6 326.0216 356.6 46.1 62.8 2.969 11.9 +09 32521 326.9 325.9 325.6 326.5 325.9 324.9 326.9 325.1 325.1 325.2 327.0 325.6 326.422C 369.2 57.3 65.5 2.953 12.5 216 325-6 324667 325.9 325.5 324.7 32567 326.8 325.2 32502 324.8 32565 32741 326.2 32609221 349.2 65.5 6606 2.908 10.8 +27 72643 32366 324.5 326.3 32366 324.1 324.0 323.6 32348 32401 324.3 326.2 325.9 326.0222 366.4 75.4 62.3 2.989 10.0 =3? 32605 22661 326.7 326.5 325.6 326.5 32663 325.8 32661 326.1 326.8 328.6 328.7 328.2227 367.6 83.3 61.6 2.980 8.7 46 326.5 325-8 326.8 326.3 325.5 326.5 326.1 325.5 325.8 3525.8 326.0 326.2 328.7 383.9
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224 367.6 F3.3 60.6 2.976 10.3 6 326.5 325.6 326.7 326.1 325.5 326.7 325.8 325.8 326.5 326.5 328.2 329.7 398.8)225 775.0 47.8 57.9 1.183 10.9 248.2 268.0 259.9 251.8 252.7 254.9 256.9 25869 259.6 261.6 263.2 257.4 258.7
22€ 76104 S6e7? 5169 14262 10.2 269.6 26%.8 267.2 263.0 262.6 20 263.0 263.2 263.3 263.7 267.5 266.4 265.5
227 715e3 64e3 35-3 12170 10O64 108 26144 261460 262.5 26147 260120 261.7 26046 260.8 26144 26147 26565 265.2 263.5226 743.9 66.1 36.9 1.189 1665 06 20262 261.7 262.7 202.6 20167 262.9 262.0 262.0 262.4 263.1 266.7 266.9 205.6
225 71865 74e7? 36.65 1.193 1563 140 263.4 263461 263.8 262.9 26262 262.9 202.0 261.8 262.2 262.7 266.8 267.0 205.223C 526.7 83.0 4646 1.190 13.1 148 26326 26340 264.1 263.0 262.3 262.7 260.7 260.5 260.2 260.3 260.2 260.3 200.5|231 698.9 89.3 48.0 1.195 14.6 22h 126341 264.0 26343 263.8 262.8 26127 26226 26140 260.8 260.2 260.4 260.4 260.6 200.6232 45561 101.9 466.7 1,197 13.1 235 [26746 26366 26262 263.6 262.5 261-8 262.6 26143 261.1 260.7 260.6 260.9 261.5 200.9
237 42567 106.7 46.9 1.190 12.1 oh3 [26369 26343 26262 26341 20266 26169 26262 26149 26143 26163 260.4 26068 261.0 26201 201.3
234 3893.5 119.1 46.6 1.186 12.6 256 [26455 263.0 262.1 263.6 262.7 262.1 262.3 26149 26102 26166 261.0 261.0 261.6 262.8 201.9
235 36404 12665 5061 1.183 10.6 65 [264662 26266 26262 263.3 262. 26149 26204 26167 26165 26103 26103 26463 261.7 263.9 26204236 767.8 47.5 58.9 16226 18.61 24467 249.6 269.6 252.6 253.5 25407 25605 25766 258e7 260.3 26141 263.2 263.6 259.4 260.5
237 76007 6541 4501 14220 164% 103 ]26147 2646.6 264.0 26561 20404 26305 26609 266.0 26363 26345 263.5 263.7 269.4 269.8 204.9
23° 796.5 83.0 27.8 1.213 13.7 17 1266.2 265.0 26542 264.1 263.8 266.5 264.1 26344 263.8 26401 26465 27161 27006 20526
23% 700.2 83.7 3666 1.989 22.8 +14 [263.7 263.7 ZO3Se7 26342 26207 263.6 203.0 262.5 262.8 263.2 263.9 270.6 269.8 26502
246 568.9 101.2 26.5 1.186 14.2 -33 [266.4 263.3 203.8 263.1 262.4 263.1 262.6 262.0 262.6 263.3 263.7 27166 27067 265.6
241 53663 10160 78.1 146221 14.9 231 1263.1 262.9 263.7 263.1 26361 262.9 26341 26269 26206 26202 202.6 262.6 261.5 262.2
242 468.6 118.4 20.8 1.204 13.6 -53 |263." 262.9 263.2 262.9 262.7 263.6 202.9 262.0 261.6 26166 26168 26262 26164 20106
243 43065 13561 1706 16219 723 «70 [263.0 265.7 26466 26340 26767 26369 274.7 27161 29663 359.1 409.3 38341 363.1 Sotel
244 39301 135646 1166 16193 16.4 .80 ]261.9 261.4 26169 26166 26160 261469 26567 42606 45866 46769 47706 408.7 407.2
245 37060 13668 1169 14173 1062 225 [261.3 269.8 260.4 261.1 26107 260.6 260.8 260143 26169 26107 26147 26262 264.4 27862 368.8
246 S4367 14569 18.63 16290 10.1 296 [263.1 262.3 261.8 263.1 26247 26200 26166 262.0 26203 2602.2 261.8 263.6 367.0 387.4 400.3
247 335.0 155.5 20.8 14186 1165 1.0 26201 261.7 26142 262.3 262 2OV66 26162 26462 26166 26462 26162 26367 39665 40201 61208
240 763.8 47.2 6862 16214 17.8 2391 24348 264.0 246.7 247.8 2HRoh 269.8 25143 25266 254602 25503 25703 25705 25h eh 253.5
245 736.0 67.0 46,3 16211 1666 03 [26141 266.0 263.46 266.9 266.0 263.4 266.3 20306 26302 26364 26348 264.0 266.3 266.1 206,41
250 455.9 67.46 1244 16199 11.0 131 |200.7 260.1 260.5 260.5 260.5 259.8 260.5 260.7 26045 260.9 260.1 260.1 262.1 258.3 258.32519 42861 Bie 1563 1.195 19.1 HO 1261.8 200.6 260.8 261.3 260.9 260.6 260.9 200.9 260.6 261.1 260.6 260.8 261.1 258.6 258.8jje52 37302 100.5 1666 16190 11.42 159 1261.9 261.0 261.3 261.5 261.2 260.6 260.8 201.3 261.0 26167 261460 261.3 261.9 259.6 259.0

W252 331.8 11869 1669 16186 9.9 80 [262.0 261.46 261.4 26200 26166 26141 26106 26144 26161 26144 26142 261.6 262.9 260.9 259.61254 296.0 130.1 18.1 1.177 19.1 1.0 26251 263.0 261.4 262.1 261.6 26162 261.5 26146 26162 261.9 261.5 261.7 263.2 353.8 366 6)
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SUIEGS ISEL HCINO TANSGHATS-TANEHATE UO VIVG TVINGHINGKE GEATHSC 92 TIEvL
TEST MASS HEAT SUE- EXIT PRESS EXIT AXTAL DISTANCE FROM START OF HEATING - Pe
NO. VELs FLUX COOL PRESS DROP GUAL}.025 6152 427¥ 0496 6533 6660 6797 G16 16063 16167 16296 104627 165465 12675 1.002

: KG/S Kes KI, NS KR INNER WALL TEMPEPATURE ~ C
| Mee2 mee2 KG Meee wane

: 4Ue6 165.0 2243 1369 25763 255.2 25766 258.9 259.2 269.3 20160 20467 26208 26567 26347 26265 2ube2
67.0 149.6 2247 1747 27303 279.5 28346 265.0 266.6 28°21 2526E 299.7 292.3 292.7 29661 29306 2478
84.1 176.6 4250 1728 289.8 296.1 FUSS SGS62 30760 300.7 204.9 20368 205.2 30502 306.8 305.5 348.7
103.2 792.1 299.5 300.7 300.7 302.8 3u2.7 7046.9 305.6 308.4 309.3 309.9 308.8 313.5
121.2 301.5 302.8 30465 30467 30564 3U606 Fu7e1 308.0 31463 31206 313.7 313.69 3176
P3646 221.6 289.0 29561 296.3 298.6 3U0.2 30144 303.4 305.3 30764 305.6 306.3 3U704

1 101.8 293.9 300.8 29567 29507 29563 29507 29663 29765 299.9 302.0 303.1 393.8 3UB.S
119.7 290.1 295.3 29866 24866 298.8 249.8 700.5 301.8 304.2 305.6 306.3 307.7 312.4| 13741 295.5 297.8 30165 30140 301.9 342.9 303.6 405.0 307.68 30944 310.5 31965 31549
140.4 294.5 298.0 300.6 301.5 302.7 30 30441 306.0 309.4 31008 34269 313.6 31729‘ 161.69 30€.4 316,82 72065 32065 32162 32165 32909 32303 324061 323.8 325.2 34965
11749 31@,3 322.9 322.2 321.7 322.0 32268 323.6 325.4 326.0 326.4 327.6 331.9
We 722.5 323.3 323.3 323.2 323.9 324.7 325.8 328.9 328.9 329.6 330.2 355.2WS5 323.6 726.1 326.4 324.1 326.9 326.7 32P.2 339.5 331.7 332.6 333.7 318.9
164.0 4 323.7 32604 324.8 325.5 32765 329.2 231.3 332.7 334.2 335.3 340.2
170.5 oF 326.0 323.3 3246.3 324.5 325.5 32764 T2868 3164 33204 333.6 335.5 340.5
189.7 07 32606 126.9 22502 32566 327.1 328.0 328.8 331.4 335.9 336.8 37.3 34167
157.3 202 {3246.5 12,0 326.7 2 9 325.0 32806 F27.9 327.1 328.5 330.1 234.9 335.9 336.9 341.2
10064 206 [32447 22467 3246.8 32563 325.9 32606 32744 32825 329.5 33102 236.0 335.5 33665 33701 54403
169.5 oh [32506 72601 226.3 326.8 F27.¢ 32067 32967 33103 334.9 33706 33761 33761 33766 34102
103.0 334.F 337.0 338.0 338.5 334.4 338.2 338.9 358.7 339.2 341.1 342.0 34146 342.6 347.6
118.4 339.1 330.4 239.6 9.3 339.3 339.3 339.9 34061 34168 343.6 344.7 346.9 346.1 350.7
175.7 33907 33969 33906 359.7 339.7 340.7 36161 343.5 346.9 34741 34769 34864 393.3
15665 TL0.6 740.9 340.6 340.6 34166 S42.R 34566 347.0 3469.6 350.6 3249.4 349.6 333.5
WED. 209 [342.1 347.2 342.6 7 34406 345.3 347.0 34864 74909 35148 351.8 35068 351.3 355.0
169.3 262 [347.° 367.3 F40.0 2 349.2 349.2 349.2 349.0 369.9 751.5 351.6 350.7 35161 325.5
1096S +72 [349.7 369.0 349.0 BHIe2 B4Fe2 34869 34904 34962 349.2 35162 351.68 45063 482.2 52.6
102.4 329.1 349.6 362.5 F 34166 34165 34262 161.68 Th202 FhG.h 34662 34960 36662 346.2
W1e.6 342.2 339.1 339.6 34903 34061 341.60 34161 34165 34265 34409 346608 35105 34906 349.8
T7564 34469 Th5.6 345.0 B45e5 34506 34564 34606 34662 24769 350.0 352.0 358.1 356.4 35661
IS5S6E 346.2 346.0 346.4 34609 34702 36767 343806 34869 35160 353.5 356.4 360.1 354.6 35729

\ 162.3 B4ELS 34760 BLE LR 34760 24765 34743 3469.0 FEB 369.7 254.9 256.9 25743 360.2 358.8 398.
Wel .s Bh [34602 34762 S48 eh 34906 T5101 35108 35243 35268 253.67 35345 355.4 35607 356.9 35 33564
16764 273) 135169 351.2 351.0 350. 359.8 450.3 359.8 350.8 351.65 353.6 355.7 657.7 4E166 Su2e2
E365 343.9 746.0 345.7 34602 34665 24607 34667 34707 346904 35064 35762 35163 351.5
90.2 -68 |350.3 359.0 349.8 55062 350.2 350.5 349.8 350.8 352.9 3546.6 356.9 351.7 353.0
10262 1.0 35169 350.7 359.2 349.8 35065 35067 350.3 350.3 250.2 35142 35207 35561 35706 35207 359461

3f 196.F 18.6 1.0 75206 35164 35M.6 345.9 350.7 350.6 350.9 35161 350-6 351.1 353.6 355.1 357.8 353.6 348.7
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TEST HEAT NOMINAL |LIQUID EXP.HEAT | CAL.HEAT | % ERROR*
No. FLUX, AVERAGE |VAPOUR TRANSFER | TRANSFER

kW/m" | 7 -T | DENSITY COEFF. COEFF.
“G a° || RATIO kW/m@c | kewW/m2c

8 100.0 9.2 49.68 10.83 10.83 °
9 136.5 9.6 46.18 14.34 13.90 -3.1

10 138.6 B27 47.49 14.35 13.91 -3.1
1 AZT? 10.8 47.01 16.54 16.67 8
12 50.9 8.8 48.56 5.80 6.75 16.3
13 5101 9.0 48.92 5.70 6.75 18.4
44 51.0 o7 48.64 5.91 6.75 14.2
15 89.3 10.2 48.55 8.79 10.08 14.7
16 87.5. 9.3 48.07 9.47 9.97 5.2
17 86.6 9.3 48.11 9.36 9.89 5.6
22 127.5 10.4 48.25 12.26 13.03 6.3
23 126.8 10.2 48.06 12.44 12.99 44

24 175.5 10.9 47.44 16.18 16.47 1.8
25 174.0 11.2 47.87 15.54 16.31 4.9
30 50.3 7-5 47.39 6.73 6.75 3
31 67.8 2.8 47.15 8.84 8.37 -5.3
32 87.2 8.5 47.32 10.37 10.00 -3.6
33 87.8 8.2 47.21 10.70 10.06 -6.0
34 106.8 8.9 49.11 12.13 11.58 -4.5
35 107.0 8.8 46.89 12.30 11.62 -5.5
36 123.5 9.5 47.26 13.09 12.83 -2.0
37 925.5 9.5 47.25 13.07 12.83 -1.8
38 143.4 » 9.8 47.08 14.76 14.30 -3.1
39 142.6 9.8 47.13 14.71 14.23 -3.3
40 160.7 10.0 47.03 16.15 15.51 -4.0
44 163.2 9.8 46.93 16.79 15.70 6.5
4a 165.3 10.1 47.06 16.56 15.83 -4.4
46 23.8 6.2 48.35 3.84 3.93 2.5
4g 50.1 7.0 48.48 CAD 6.68 -6.6
50 88.3 9.5 48.76 9.34 9.98 6.8
51 88.3 9.0 48.72 9.88 9.98 1.0
52 90.4 8.4 48.05 10.83 10.21 -5.7
55) 90.8 ao) 48.11 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 -1.1
66 156.9 8.7 26.39 18.22 18.99 42
71 123.3 7.6 20.42 16.58 15.98 ~3.6
72 122.3 7.5 26.43 16.61 15.89 4.3
93 940.4 VES) 26.40 19.00 17.53 -7-7
74 161.3 8.1 26.36 20.11 19.37 -3.7

*% 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. ee AVERAGE |VAPOUR TRANSFER | TRANSFER

kW/nTC | T -T, DENSITY |COEFF. COEFE.

wg St | Ranto ee kw
Ve: qe? 8.8 26.26 19.94 20.46 2.6
79 68.1 7.7 26.28 9.32 10.48 12.4
80 86.7 6.8 26.45 12.97 12.43 ~4.2
81 86.4 6.3 26.44 14.02 12.39 -11.6
82 105.8 ee 26.60 14.86 14.29 -3.8
83 103.8 ee 26.60 14.59 14.10 -3.3
84 123.7 Ved 26.57 16.17 15.98 -1.2
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 Go? 26.35 10.39 10.52 1.2
94 85.7 6.4 26.35 13.61 12.34 -9:3
95 85.8 6.8 26.10 a2 627 12.39 -2.9
96 88.2 7.5 26.35 11.85 12.60 6.3
97 103.3 Yee: 26.35 74.49 14.10 -2.7
98 122.6 7.7. 26.32 16.17 15.94 -1.4
99 140.1 8.2 26.31 17.20 17.53 429

100 160.5 9.1 26.51 17.83 19.26 8.0
101 160.4 8.9 26.47 18.22 19.27 Bee
102 174.3 9.2 26.46 19.17 20.45 6.7
103 174.7 * 9.0 26.49 19.45 20.47 ooo
104 17561 8.7 26.42 20.28 20.52 462:
105 175.8 8.8 26.46 20.12 20.57 ee
116 123.8 7.9 12.88 15.87 21.05 32.6
118 138.9 6.3 12.85 22237 22.87 2e2.
154 105.2 6.8 12.58 16.11 18.91 1704
155 121.6 6.2 12.56 19.91 20.98 5.3
156 137.9 6.0 12.58 23.60 22.94 -2.8
157 159.0 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
167 131.6 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 12.57 17.27. 19.10 10.6
197 122.8 52 12.50 25.59 21517 =17.3

*% Error = ((Calculated- Experimental)/Experimental) x 100
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TEST HEAT NOMINAL ]LIQUID- EXP.HEAT | CAL.HEAT |% ERROR*
NO. FLUX, AVERAGE | VAPOUR TRANSFER | TRANSFER

iW/m C Ty-Tsat |DENSITY | COEFF. COEFF.

A RATIO kW/m? | kW/m°C

178 128.0 Ego 12.61 23.35 21.73 -6.9
201 158.6 Sed 5.84 31.39 33.90 8.0
210 A5oee 4g Be05 Fe045, 33.40 3.9
216 120.0 4S 5.89 26.99 27.69 2.6
217 119.9 45 5.90 27-39 27.66 1.0
220 7am 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 So.o 3.4 5.79 25.19 21.48 -14.7
224 83.3 3.8 5.80 22.72 .21.47 -5.5
227 64.3 2.9 21.98 8.24 10.77 30.7
228 66.1 8.7 21.59 7-74 11.06 42.9
229 74.7 TD 21.49 10.14 12.09 19.2
230 83.0 520) 21.45 16.79 13.04 -22.3
231 89.3 5.5 21.44 17.18 13.74 -20.0
232 101.9 5.8 21.40 17.94 95.11 -15.8
233 108.7 6.4 21.55 17.30 15.78 -8.8
234 119.1 6.9 21.62 17055 16.82 4.2
235 128.5 G4 21.70 “18.26 17273 -2.9
238 83.0 7.9 21.08 10.66 45515 23.0
239 83.7 8.3 21.52 10.37 13.10 26.3
240 101.2 8.1 21.61 12.65 14.98 18.4
241 101.0 5.9) 20.89 17.34 15.15 -12.6
24a 118.4 6.5 21.22 18.55 16.87 -9.1
245 136.8 Ze 21.92 19.37 18.47 -4.6
246 145.9 6.7 21.34 21.95 19.54 -11.0
250 67.4 4.8 Bae oy, 14.27 11.26 -21.0
251 81.8 ie 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 21.65 18.49 16.80 -9.1
254 136.1 ned 21.83 19.18 18.43, -3.9

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
27 169.5 9.7 45.58 18.04 16.27 -9.8
aE, 168.4 74 40.30 23.80 17.00 -28.6
34 167.4 1464 45.55 15.78 16.19 2.6
36 90.2 9.7 44.98 9.59 10.45 9.0
57 102.2 9.9 44.99 10.59 11.42 78
38 108.6 10.7 45.57 10.40 11.88 14.2

“% Error = ((Calculated-Experimental)/Experimental) x 100



TOTAL ‘TWO-PHASE COMPONENTS TOTALTEST SINGLE PHASE COMPONENTS TWO-PHASE COMPONENTS TOTAL yp, TEST SINGLE PHASE COMPONENTS OT

no. FRICT. ACCEL. GRAV. TOTAL FRICT. ACCEL. GkAV. TOTAL Op Op NO. FRICT. ACCEL. GRAV. TOPAL FRICT, ACCEL. GRAV. ‘TOTAL Ap AP

1 1.24 01 18.89 20.14% 20.1% 27.9 43 +79 00 18.32 19.11 33.2
2 1.24 01 18.91 20.15 20.15 26.2 4h “29 19.08 34.3
3 1.28 01 19-41 20.43 20-43 32.2 45 66 +29 38 3-30 3.97 19.37 30.8
4 1.28.02 19.15 20.44 20.44 32.2 46 62 37 “42 3.72 4.56 = 19.04 28.3
5 1.23.01 18.26 19.50 19.50 18.3 47 +81 18.96 34.5
6 1.23.02 18.11 19.36 19.36 8.1 48 81 18.95 35.9ie +93 02 14.86 -72 1.88 2.28 4.88 = 20.68 37.4 49 . 1.62 2.26 3.75 7.63 16.54 29.4
2 285 0213.72 1.05 2.50 2.45 6.00 20.59 27.5 50 “5 821.98 2.39 5.24 = 19.07 30.5,
9 +5? 02 10.98 2.23 4.83 2.23 9.39 20.97 44.8 51 55 91 2.01 2.45 5.37 18.972 32.4

10 $35 and 8.46 3e43 5.93 2.12 11.47 20.30 33.9 52 12 5.97 4.85 2.68 11.49 15.48 32.8" +26 .01 7.84 4.20, 7231 1.70 13.21 21.32 47.6 53, 13 3.79 4.75 2.63 11.18 15.63 32.0
12 83.01 12.5 396 1.65 3.47 6.08 19.50 31.4 5h 1.26 19.29 20.4
1s 79 201" B.A 1.08 1.83 3.52 6.42 19.36 38.0 55 1.25 18.99 34.4
a 322/01 ANT 1.12 1.88 3.58 6.59 19.27 31.7 56 1.22 18.73 32.215, eae. «01 6.79 3-43 4.90 3.01 11.34 18.46 20.1 57 1.22 18.53 32.6
16 37 01 7.68 3.03 4.59 2.95 10.57 18.65 35.1 1.25 19.24 21.7
12 “41.01 8.44 2.83 4.38 2.97 10.18 18.73 35.959 1.26 19.12 20.2
18 1.25 202 18.14 19.37 21.8 1.22 18.55 21.8
19 1.26 .02 = 18.08 19.36 21.4 61 1.13 +28 2520 2.16 2.95 19.91 18.120 1.12, 02.16.89 ee? 255 2.09 2.90 20.98 35.4 62 . *65 14427 2.60 4.72 19.59 18.6
21 1.03 .02 16.2 38 295 2.16 = 5-49 20.73 35.2 63 83 1.02 2.09 2.89 6.01 19.18 20.0
22 58 02 10.99 2.30 4.72 2.28 9.30 20.88 32.9 6h +95 276 = 1.81 2.50 5.07 19.77 19.923 “55 0040.96 2-95 4.72 2.50 9.37 ©: 20.70 35.7 65. 55 2.18 4.13 2.70 9.01 19.13 19.9
24 +19 01 6.21 4g 7-78 1.67 14.36 = 20.76 4h.3 66 - 1.24 2.76 2.61 6.6 19.67 25.925 +23. 401 7.14 4.55 7259 1.68 13.81 © 21.19 42.9 67 1.19 18.61 18.6
26 16 oot 8 5-56 9.37 1.37 16.32 22.27 39.9 68 1.19 18.42 21.7
27 16 | 64 5 5-95 9.271 1246 17.09 22.82 25.4 69 1.19 18.28 19.128 4.14 01 16.56 23 +26 2.37 2.85 20.56 33.8 +93 *60 14.24 2.75 4057 19.35 19.129 1.04 .01 = 14.98 43 63 5.11 4.17, 20.2 52.671 +70 1.29 2.52 2.98 6.79 = 18.75 21.2
» -?0 = 01 10.76 1.39 2.13 3.88 = 7.40 18.86 31.6 72 +70 1.28 2.46 3.02 6.75 18.71 19.5
31 se) 7.07 8.99 2.21 3.40 3.42 = 9.08 = 18.60 34.8 73 “ 1.93 3.49 2.95 8.36 18.44 18.432 <35 «01 6.99 3-32 4.88 = 3.08 11.53 18.69 33.6 7h 2.52 4.43 2.76 9.72 18.65 22.735 de Ot 6.32 3.72 5618 3.11 12.02 18.66 34.9 75 3.10 5.19 2.59 10.88 = 18.39 25.73h +20 4.99 4.51 6.06 61 13.18 18.37 37.3 76 18.05 19.235 18 4.53 4.29, 6 1 15.70 18.41 38.9 77 18.09 18.5
46 16 4.77 4.76 6. 13.49 13.43 38.9 78 13 +07 1.89 2.09 19.55 19.3
2 +17 5.00 46h 6 15.2% 18.45 39.4 79 +55 +91 3.28 4.74 18.55 18.438 +10 3.88 5.16 7. 14.06 18.05 41.1 80 1.32 2.06 3.70 7.09 17226 16.639 11 4a 5.02 6 15.81 18.03 41.2 81 1.40 2.17 3.71 2428 12.22 17.340 08 3.43 5.35 7. 14.52 18.08 41.5 82 2.19 3.23 2.50 8.92 16.59 17.744 +0? 3.21 Boom 7, 14.98 18.26 43.6 85 i: 1.87 2.86 = 3.48 98.22 16.80 18.3he +09 3.67 She? 14.86 18.62 42.3 84 6.45 6.76 2.65 3.89 3.19 9.74 16.50 18.8

Note: All preseure drop components have the units of kN/m@

TABLE 26 COMPARISON OF MEASURED PRESSURE DKOP WITH THAT PREDICTED BY THE HOMOGENBOUS THEORY FOR ‘THE MONOCIILOKOGEN/INE TEST SERIES
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TEST SINGLE PHASE COMPONENTS ‘TWO-PHASE COMPONENTS TOTAL yp, pest SINGLE PHASE COMPONENTS ‘TWO-PHASE COMPONENTS: TOTAL pyp,
CAL. CAL.NO. FRICT. ACCEL. GRAV. TOTAL FRICT. ACCEL. GRAV. TOTAL VO FRICT. ACCEL. GRAV. TOTAL FRICT. ACCEL. GRAV. TOTAL Ap oP

85 22h 01 5.60 5.85 3.12 4.53 2.96 10.61 W446 23.4 127 1.18 16.03 17.24 17.24 18.5
86 +19 401 4.75 4.95 3-76 5652 2.62 11.90 16.85 20.3 128 1.24 15.98 17.26 17.26 18.4
87 18 01 4.75 4.95 3.84 5-74 2.51 12.09 17.04 22.8 129 1.31 16.18 17.52 17.52 16.888 18 +01 4.55) 4.23 3.95 5-82 2.53 12.28 17.00 18.9 130 1.40 16.05 17.49 17-49 17.6
89 - +01 16.91 17.81 17.81 17.8 131 1.17 16.69 17.87 17.87 19.290 +84 0115.79 16.64 +16 215 2.31 2.62 19.27 18.1 132 1.16 16.27 17.46 17.46 17.391 +74 601 13.85. 14.60 35 48 3.23 4.05 18.65 16.4 133 1.18 15.96 17.17 12.12 12.492 +61 0119.52 12.43, -7h 1.96 3.625652 17.65 17.1 134 1.22 16.172 17.42 12.h2 17.893 +01 © 10.45 11.00 95 1639 3.84 6.16 17.16 18.4 135, 1.25 16.09 17.38 17.38 17.4ght +01 8.34 8.75 1.52 3 2-50 16.24 16.7 136 1.27 16.00 17.32 17.32 18.095 6.83 7.15 1.89 5 8.32 15.47 19.0 157 1.31 16.07 17.42 ‘ 17.42 170496 4.71 4.92 2.52 3.08 9.60 14.51 16.9 138 1.35 16.21 17.60 17.60 16.197 5.78 6.04 2.43 3.29 9.27 15.31 14.0 139 1.39 16.24 17.67 17.67 20.198 4.gh 5.15 2.95 4.01 3.19 10.15 15.30 17.9 140 1h 16.32 17.77 17.22 18.299 4.53 4.70 3.25 4.51 2.88 10.63 15.335 ot 144 4h 16.32 17.80 17.80 17.1100 3.4? 3.59 3.81 5.4% 2.57 11.68 915.27 17.5 th 4.47 16.40 17.92 17.92 20.9101 3.68 3.81 3-72 5021-2657 11.50 15.31 19.4 143 1.13 16.40 17.55 17.55 18.2102 3.04 3.14 3.98 5.72 2.37 12.70 1.13, 16.11 17.27 12.27 18.2103 +00 3.04 3.14 3.98 5-75 2.37 12.70 1.14 15.90 17.07 17.07 12.2404 00 2.83 2.91 3.99 5-73 2.35 12.08 1.15 16.07 17.26 17.26 16.7105, 200 2.82 2.91 4.01 5-80 2.34 12.14 1.15 +04 16.00 17.19 17.19 17.4106 +00 17.51 18.50 1.18 +04 16.07 17.29 17.29 16.7107 100 17.31 18.48 1.19 s04 16.15 17.38 17.58 17.5108 +00 17.09 18.26 93 +01 16.25 17.19 17.19 17.4
109 +01 16.76 17.92 92 «02 15.89 16.83 16.83 17.4110 +01 16.54 17.69 91 102 15-49 16.42 +10 2020 1.659 1.77 18.43 18.411 201 16.40 17.55 -87 202 14.73 15.63 17 +160 2.12) 2.44 18.07 15.62 202 16.24 17.39 21 302 12.36 13.10 45 +71 3.027, 4,22 17.32 15.8113, 202 16.28 17.44 5 02 9.36 9.88 94 444 3.69 6.07 15.95 15.8ath +02 16.19 17.34 43 102 8.17 8.62 1.25 1.92 3.66 6.83 15.45 15.3115 .03 15.91 17.07 33 .02 6.72 7.12 1.67 2.55 3.53 7.74 14.86 14.0116 +03 12.65 13.55 51 +86 2.96 4.33 “3h 6.78 7.13 1.69 2.58 3.55 7.83 14.96 13.4117 203 © 13.50 15.99 ahs +75 2.85 4.02 31 6.37 6.69 1.75 2.65 3.53 7.93 9 14.62 13.1118 02 2.78 8.20 1.35 2.06 3.65 7.06 -86 16.33 17.20 12.20 18.2
119 01 16.95 18.11 

85 15.79 16.66 16.66 16.2120 01 16.78 17.93 225 13.91 14.68 222 +27 2.56 3.05 12.73 13.3121 +01 16.50 17.66 76 14.21 44.90 +20 +25 2447 2.90 17.80 16.6122 «02 16.39 17.54 23 13.55 14.29 +26 352.73 3.34 = 17.63 15.6123 02 16.31 17.45 53 10.35 10.90 69 1.06 3-59 5.34 16.25 15.4t2h +02 16.27 17.42 32 6.95 2.29 1635 1.86 3.93 7.13 hed 1h125 03 16.10 17.27 +21 5255 5657 1.60 2.19 3.76 "7,59 13.12 12.3126 203 = 15.90 17.09 17.09 17.8 168 “19 4.96 5.16 1.69 2.32 3-71 7.72 12.88 13.4

Table 26 Continued.
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SINGLE PHASE COMPONENTS ‘TWO-PHASE COMPONENTS:
TOTAL

‘TEST SINGLE PHASE COMPONENTS TWO-PHASE COMPONENT'S TOTALDat CAL. cau, EX.
Ke. FRICT. ACCEL. GRAV. ‘TOTAL FRICT. ACCEL. GRAV. TOTAL Ap SP NO. FRICT. ACCEL. GRAV. TOTAL FRICT. ACCEL. GRAV. ‘TOTAL ap OP

165 20-04 5.16 5.36 1.65 2.28 3.67 7.61 12.97 12.3 212 49 201 14.97 15.48 15.48 13.8170 +18 01 4.76 4.94 1.75 2.39 5.62 2-25 12.70 12.0 213 +50 202 14.65 15.17 15.17 13.8471 +82 0116.21 17.04 17.04 17.2 214 ohB +03 13.49 14.00 +10 +09 1.82 2.00 16.00 12.7172 -81 «602, 15.77 16.59 16.59 17.2 215 h5 203 12.59 13.07 +15 +200 2.26 2.61 15.68 444473 14.90 15.69 +15 o11 (1.99 2.23 17.92 16.6 216 39 203) 11.11 11.53, +26 +39 2.80 3.44 — th.97 12,1474 VYe49 +23 +20 2.64 3.18 17.672 24.8 217 39 02 10.92 11.53 +27 ho 2.87 3.55 14.88 12.4175 15.77 213 +12, 1.98 = 2.23 18.00 14.2 218 33 +01 13.69 14.03 44.03 1441176 11.32 61 *95 3.50 5.06 16.39 14.2 219 +28 201 14.47 11.76 4 2092.79 2.98 th. 74 11,9177 9.63 +95 1045 3.60 5.99 15.62. 18.3 220 +25 +01 10.30 10,56 16 +12 3.34 3.64 14.20 12.5178 9.64 96 4.54. 5.50 5.99 15.63 21.6 221 21 01 6.58 8.79 +26 +29 3.87 4h2 13.21 10.8179, 17-76 17.76 16.6 222 +18 +01 7.66 7.85 232 2323.97 4.66 12.52 10.0160 17.38 17.38 17.1 223 -17 201 6.97 7.15 38 “46 4.00 4.84 11.99 8.7181 17.03 17.03 15.4 224 1? +01 6.96 7.14 339 “46 3.97 4.82 11.96 10.3182 16.79 16.79 13.9 225 1.13 201 16.82 17.96 17.96 16.9183 16.57 16.57 14.1 226 1.10 201 16.56 17.67 17.62 16.2184 16.44 16.44 15.4 227 68 201 14.259 11.97 -72 1.00 3.96 17.65 16.4185 16.46 16.46 15.8 223 81 201) 12.53 13.35 +56 82 3.54 18.26 16.5186 16.35 16.35 14.9 229 ~62 +01 10.23 10.86 +96 = 1.37 4.06 17.25 17.3187 16.27 16.27 11.6 230 32 +01 9.26 = 9.59 85 1.29 3.57 15.30 13.1188. 16.17 16.17 15.6 231 - 01 8.42 8.69 1.00 1.50 3.42 14.60 14.6189 16.11 16.11 10.8 232 18 +01 6.76 6.94 1.29 1.85 3.22 13.¥0 15.1190 15.93 15-93 15.8 233 14 +00 6.14 6.29 1.39 1.97 3.02 12.66 12.1191 14.27 +26 “40 2.03 2.69 16.96 23.0 234 -10 00 5.31 5.41 4.49 2.11 272.6; 11.73 12.4192 13-39 235 259 2.31 3.25 16.64 30.5 235 209 700 5.11 5.21 1.51 2.200 2.51 6 14.43 10.4195 17.03 17.03 15.0 236 4.11 -01 17.89 47.89 18.4194 16.62 16.62 15.6 237 - +01 15.59 +29 35 2.72 3.6 18.95 18.0195 16.38 16.38 14.5 238 hd +01 9 2.93 1.68 2.16 428.31 16.04 13.0196 16.11 16.11 15.2 239 53 01 9.20 9.74 1.24 1.80 4.00 7.03 16.77 22.8197 15.72 15.77 15.1 240 21 2015.25 5.46 2.08 2.69 3.78 «8.55 1H.01 14.2198 15.57 15.57 14.2 241 023 01 6.50 6.74 1.57 2.16 3.61 7.34 14.08 14.9199 14.72 13 o11-1672, 1.95 16.67 14.0 2h +10 +01 3.58 3.69 2.29 2.93 3.21 8.43 42.12 43.4200 13.25 22h +38 2.26 2.89 16.44 19.3 243 +0? +00 2.76 = 2.83 242 3.19 2.88 8.49 11.32 7.3201 12.00 35 +57 2.65 3.56 = 15.56 10.4 ahh +05 2002.34 2.39 2.30° 3.11 2.67 8.08 10.417 16.6202 16.52 16.52 15.0 245 04 00 2.35 2.40 2.15. 3.00 2.52 7.67 10.07 10,2203 16.30 16.3 15.2 246 20h +00 2.56 2.60 1.82 2.86 2.33 7.00 9.61 10.1204 16.03 16.05 13.1 247 +04 00 2.57 2.61 1.73 2.85 2.25 6.83 9.43 11.5205 15.77 15.77 13.1 248 1.10 +01 15.94 18.50 18.50 17.8206 15.5! 15.55 12.8 249 -89 -01 14.21 15.12 ae “4h 2.89 3.65 © 18.77 16.6207 15.36 15.36 12.4 250 +10 00 3-5? 5.67 1.51 1.63) 4.44 7.56 11.23 11.0208 14.16 oth +16 1.89 2.20 16.36 12.4 251 +08 +00 3-32 5.46 1.65 1.87 3.84 7.36 10.51 11.1209 13.35 +21 2320 2.19 2.71 16.07 11.4 252 06 +00 2.97 3.02 4.71 2.09 3.11 6.91 9.94 11.2210 11.98 =o5 54 2.65 3.51 15.50 9.7 255 04 .00 2.56 2.60 1.69 2.25 2.61 6.55 9.15 9.9an 15.81 15.81 14.7 254 03 200 2.36 2.39 Asia (2.25 25275) 5:92 8.31 10.1

Table 26 Concluded

- 962 -
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TEST SINGLE PHASE COMPONENTS TWO-PHASE COMPONENTS ve EXP,
NO. FRICT, ACCEL. GRAV. TOTAL FRICT. ACCEL. GRAV. ‘TOTAL Re ap

a 1,12 00 17.20 18,33 18.33 18.9
2 1.09 +01 16.97 18.06 18.06 17.8
3 1.07 201 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 1.17 +01 = 16.93. -18.11 18.11 17.8
oy 1.15 -01 16.87 18.03 18.03 18.0
8 1.14 +02 16.79 17.94 17.94 17.8
9 1.13 02 «16.67 -17.82 17.82 17.7
10 1,03 202 16.68 17.73 17.73 17.7
11 92 01 16.66 17.59 17.59 17.8
12 92 01 16.59 17.52 17.52 17.5
1 394 202 16.48 17.44 17.44 17.5
14 97 +02 16.45 17.44 17.44 1752
15 +98 +02 16.43 17.43 17.43 17.4
16 99 02 16.49 17.50 17.50 17.3

Wy 1.04 02 16.40 17.46 17.46 17.1
18 61 Ol = 15.69 16.92 «13 +40 1,37, T91 18.22 16.3
1g 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
a +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 +76 202 16.00 + 16.78 16.78 15.1
25 65 202 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 ae +00 4.55 4.68 4.60 7.37 1,93, 1332! 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 +80 202 15.99 16.80 16.80 16.2
32 +82 202 16.02 16.86 16.86 15.7
33 +33 01 9.68 10,02 1.78 4,00 LedQe 7220 17.22 16.0
34 ll +00 4.35 4.47 4.57 7625 1.32) 99.45 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

P 2
NOTE: ALL PRESSURE DROP VALVES HAVE THE UNITS OF kN/n'

Table 27 COMPARISON OF MEASURED PRESSURE DROP WITH THAT PREDICTED BY
‘THE HOMOGENEOUS THEORY FOR THE BIPHENYL-BIPHENYL OXIDE TEST SERIES
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FULL TEST FULLTUBE CORRECT. CAL. TEST
TUSE SECTICU TEMP. FULL) «EXP. VOID SECTION

couNT EXIT CORRECT. TUBE FRACTICN EXIT

TEST TEST AVERAGE EMPTY
TEST NO. COUNT COUNT OF TEST TUBE

HO. -NO.2 CONES TCOUNT T (comp) TEMP. FACTOR COUN? Ty QUALITY

1 104532 104532 121001 = 104184 += 168.8 += 1.0278 + 107080
2 104301 103870 104085 " " ® = #
3 103605 103749 103677 ft ® s be re
4 103727 103616 = 103671 " " " " ”

5 103786 104079 103932 = * 193.6 1.0326 107580
6 105098 106122 105610 vd x 201.7 1.0340 107726

7 111691111524 = 111607 ” " 209.3 1.0354 107872 +296 206

8 112935 112790112863 s a 208.2 1.0351 107840 9.395 208
9 414044 113810 113927 ® ® 213.2 1.0360 107934 2473 219

10 114758 114483 9 114620 - i 210.2 1.0356 107892 = .527 229

4 114984 114712 114848 m 210.5 it 5 54S KS

42 110360 111245 110802 «61199935 103841 209.6 A 107537 273 05
3 111366 «114670111518 " ® 209.3 1.0354 107516 =. 333 20%
4 111442 142422111932 p - 209.6 1.0356 107537 «365 +06

15 114067 113894 = 113981 ” ” 209.3 1.0354 107516 .532 +21
16 173888 «= 113654 = 113771 * ” 211.1 1.0357. 107548 2514 “19

17 113796 = 114199113997 id # 210.2 1.0356 107537 2532 217
18 102956 103650 103303 116950 102561 202.6 1.0342 106068

19 103047 103127 103087 " te 203.6 # "
20 106338 107726 += 107032 " " 208.4 1.0354 106191 .082 +02
21 107668 107555 107611 " " 209.6 1.0356 106212 .1%6 +03
22 112501112523. 112512 " " 210.8 # « 598 217
23 112655 112888 = 112770 " # 210.2 * # +622 +18
24 113275113135 113205 " " 211.1 1.0357 106222 «662 54

25 113068 = 113484 113276 " " " " " 668 48
26 113461 113398 )=—-113429. - a a * # 682 72

27 112895 112895 L " 212.0 1.0355 106202 2634 69
28 108742 108899 108820 118950 = 102132 208.8 += 1.0354 105747 «wah 01
29 109459 110017 109738 ® " # a = 315 +02

7» 111912 «©: 111672= 111792 He Ag ® " w 472 07
31 112665 112094 += 112379 % i 517 12

32 172148 111816 = 111982 Zs * 487 +20
33 113082 113565 «113323 if x 588 221
4 192781 «112566 «112673 * te 539 +32
3 112678 «= 112672112675 ss 539 a3
36 193133112926 «113029 €: +566 Aa
37 113084 112292112688 : e +540 44
38113788 «113322113555 " 0 605 +58
39 113436 113635 113535 a s 603 57
bo 143629113867 113748 * © 612 +72
Aa 113854 1135403 113618 a "i 1.0355 105757 610 74
42 194282113792 114037 a v. 1.0356 105767 3644 +70
43 103002 102433 «102717117764 101310 1.0371 104460
bb 102551 103135 += 102843 ie aE 1.0314 104491
45 107751 107918 107824 * ® 1.0351 104566 0244 202
46 108949 109631 109290 . ci 1.0354 104896 +355 +02
47 102532 102734 102633 a x 1.0335 104703
48 102342 102361 102351 u " 104926
4g 12444 112362 112403 ui : 104896 £597 211
50 111270111699 111484 “ " 104866 +527 209
51 111692111347) -111519 ys - 104845, 2531 09
52 113596 «=. 113569) 113582 « . 104896 +688 oh
53 113161 113219 113190 m os * 656 233
54 101753 102134 101943 115594 100435 1.0328 103729
55 102167 102419 + 102293 if n 1.0354 103990

401079 101722 101400 “ « 1.038 104251
5? 101584 101810 101697 f W 1.0400 104452
38 95875 96158 $6016 109340 94525 1.0337 97710
59 94792 95495 95143 o 1.0357 97899
6 96019 96136 §=— 96077 108798 94752 1.0399 98533
61 99467 99611 99539 i” we 1.0421 98744 2083 203
62 101348 101796 += 101572 " " 1.0423 98760 250 -08
63 102506 102506 2 * 1.0421 98744 2386 11
64 101526 102084 101805 " " 1.0423 98760 «314 +09

65 103520 103828 = 103674 cs 1.0421 98741 .503 =26
66 102990 102908 102949 e 1.0416 986934433 215

1.0370 9824167 95988 95930-95959 109884 = -94736
* " 1.0399 9851568 95598 95917 95757

69 97139 97578 97358 = z 1.0442 98639
70 101392 100648 + 101020 ® " 1.0421 © 987244215, +07
m1 103376 103934 103655 es sat 1.0423 98743 454 215
22 103118 103028 += 103073 z e m 2 401 214
73 103767 104167 103967 # « «11,0421 98724. 483 ¥22
ao 104478 104648 104563 Co " 245-6 1.0423 98743 «536 30
25 1044S 104378 104411 " Iw 244.8 - s 2522 ht

TABLE 29 SUMMARY OF INTEGRAL COUNT MEASUREMENTS OBTAINED WITH THE GAMMA-RAY ATTENUATION APPARATUS FOR
THE DETERMINATION OF THE TEST SECTION EXIT VOID FRACTION
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FULL «TEST. FULL TUBE CORRECT. CAL. TEST
mest Test AVERAGE EMPTY = TUBE SECTION TEMP. FULL EXP.VOID SEGTICN

TEST NO. COUNT COUNT OF TEST TUBE couNT «EXIT. «CORRECT. TUBE FRACTICN EXIT
Ms NO.2 COURTS 1) COUPE T. (cond) TENP:.! FACTOR COUNT, QUALITY

76 88794 88764 39450 86368 276.0 1.040% 89857
77 86364 86326 «(96926 83990 234.0 1.0400 87350
78 88553 88460 i. " 240.4 1.0412 87450112
79 30856 91075 " " 244.2 1.0423 = 87543 388
20 93159-93161 " " 264.6 " " 611
a4 93264 93220 " " s " " "er?
20 gua? uu ” ” 2b et ” " o7e5

2, Qhau» 94523 " " 245.7 1.0421 87526 = .754
4 94757 94669 " " 244.6 1.0423 87543769

&5 9457794744 zn =: 245.4 i “ +7768G 95260 94990 " " * " " vh02
87 95043 94839 . ” 246.0 1.0424 87551 4786
88 gb 94679 a 87545 +770
89 86087 86100-97052 87025
30 88962 88610 " 87067. 161 -01
1 89724 89397-97052 87067 .242 -03
92 91700 91756 a 87126 =. 480. +08
3 92385 92319 ~ =, 2537 +10
% 93922 93535 € © 658 218
95 93954 93870 B ni 691 221
96 ghhé1 94331 " W +736 +27
97 94318 93942 2 87117 698 +29
98 94376 ghhag « 87126 746 339
99 94588 94312 " 871174735 48100 $4729 94863 " 87126 4789 +63
101 77 94691 m 87117772 62
102 Bh go 87109 2748 74
103 - 94871 87126 =~ .789 7
104 - 94630 ¢ +766 76
105 s ua ” " = 7h of?106 33095 83205 93342 80281 83235107 83210 83099 us ie 83355108 81658 = 81931-92748 79788 82899
109 81786 = 81795 se Ks 83131
110 82114 82029 m " 83242
411 81988 81923 " " 85346
112 82452 82125 Lg wv 83458
113 81578 = 81836 " " 83474
ah 82225 82045 " " 83530
115 83756 = 83640 ey Ws 83681
116 86287 $6187 e i. 83737 .282 +10
117 86171 86050 i uy 83753 .265 209118 - 89012 a W 837614597 233119 80405 == 80125 g0ka3 77669 $0822
120 79721 = 79809 " # 80954
121 79832 79831 " " 81086
122 79722 = 79712 " 4 81195,123 79781 80044 " " 81272424 $0217 80304 ys " 270.7 1.0471 81327
125 80185 80185 ¥. 274.2 1.0470 81389
126 81007 80762 281.2 © 1.0495 81475,
127 80799 £0948 284.4 1.0498 81537128 81565 81356 o = 285.0 it £129 80567 80720 " " 282.4 1.0493 81498130 82388 = 82358 ty " 285.0 1.0498 81537
134 77555 77456 87391 75202 250.6 = 1.0433 78458
132 78053 77890 a re 267.0 1.0464 78651
133 78480 78389 w. 2 278.4 1.0486 78857
134 77364 77941 mi a 276.0 1.0481 78819
135 78481 78683 i af 279.2 1.0488 = 78871
136 79146 = 79326 «= 87391 75202 «282.7 1.0494 78916
13? 79237-79432 e 5 ul . "
138 79432 79505 " " 281.5 1.0492 78901
139 79399 79312 * a 282.4 1.0493 78509140 79749 79769 & ue 282.7 1.0494 78916
144 79075, 79799 79437 ‘3 . 282.4 1.0493 78909
142 79978 79923 79950 ip x 283.4 1.0495 78924443, 76720 «76935 «7682786411 74680 259.5 1.0450 78040
bale 77453 77563 «77508 = a 272.6 1.0474 78219
445, 78915 78560 © 78937 * " 281.2 1.0490 78339146 78045 = 77881-77963 Hi " 278.8 1.0487 78317
147 7898978521 78755, D u 262.4 1.0493 78361148 79256 © 78684-75070 " eee " w
449 78814 79115-78964 Gi a 282.4 " "



T CORRECT. CaL.TEST
SS ee

TEST NO. COUNT COUNT OF TEST TUBE : FRACTION =XqT

Oa 4 nINO- 20m COME compen yCOmn as atta Gonimct -o FALE.
: a 2 (COLD) TEMP. FACTOR COUNT I, QUALITY

150 76368 «7641976354 «= 85743 = 73271 «261.6 1.0454 76597

151 76135 + =76007 «= 76071 5 e 276.0 1.0481 76795
1520775267342 77434 ” ” 281.5 1.0492 76875 -071 -01
15378573, «77957-78265 " ” 283.6 1.0495 76858 173 202
154 = 79908 += 80225 «80066 " " 285.6 1.0499 76927 3394 210
155 81629 81285 = 81457 " & 285.0 1.0498 76919 3564 +22
156 82231 81828 82030 Ww zi 285.9 1.0500 76934 633 31
157 82259 82628 «= Bakk3 " " 286.8 1.0508 76993 +660 oe
158 82825 82685-82755 z wu 284.2 1.0498 76919 +720 43
159 © 82565 82101-82333 2 * 287.7 1.0508 76993 666 247

160 =. 7550375261 «75382 824572977 259.8 1.0450 76260
161 76270 «75765 «76017 ° " 278.4 1.0486 76523
162 77984 = =78461 += 78222 © ” 283.4 1.0495 76589 +221 -04
1630-77997 78235-78116 ” " " " " +207 +04
164 Si = 7803277988 ® " 283.6 " " 190 +05
165 80385 79991 80188 x ” 284.2 1.0498 76611 . aKa
166 81707 «81805-81756 c ri a rs e 2684 334
167 = 82123. 82016 §=— 82069 i " 285.0 " " +725 248
168 = 82264 «= 82445-82355 W s Hi " " +761 252
169 82402 82407 B24ob ei " 284.6 n wm 767 352
170 © 82284 8201982151 " " 285.3 i a +735 56
171 75696 = 75499-75597 84844 72824 264.2 1.0460 76173
Mies PeONT | 75977 << 75741 ig is 279.6 1.0490 76392
173 «= 76373, «77074 +=. 76723 " " 283.8 1.0497 76443 2035 202
174 78069 «77798 )=— 77933 . ® 284.2 1.0498 76450 2184 +05
175 76901-76672 76786 " " 283.8 1.0497 75443, +043 +02
176 «= 79651-79640: 79645 " " 284.8 1.0498 76450 +393 216
177 80126 §=— 79933. © 80030 = 286.8 1.0508 76523 434 225
178 81009 80911-80960 i a 286.5 1.0501 76472 549 ef
179 73372 «© 73466 = 73419 82966 71492 246.6 91.0423 74516

180 73345 73358 = .73351 me % 264.2 1.0460 74780
181 73964 = 7313373548 = 82966 71492 277.6 1.0483 74945
18273505 «73276 «= 73390 ib " 289.2 1.0506 75109
18374381 7hoks = 7h243 " " 297.0 1.0522 75223

184 = 73636 «73759 «73698 i 0 302.0 1.0530 75281

185 7448273900 74191 " i 303.8 1.0534 75309
186 = 73763. «73938 «= 73850 ‘ i 36 1.0544 75381

1877391374156 7h ’ W 312.0 1.0551 75431
188 73934 = 73915-73923 : u 315.2 1.0556 75467
189 73908 = 74868-74388 1 y 317.0 1.0561 75502

190 = 75612-75095 75353 " z 321.0 1.0568 75552
191 76127 «76467 = 76297 u " 325.2 1.0574 75595 +099 14
192 76299-77236 «= 76767 " " 325.8 1.0576 75610 164 +17
1937310172755 = 72928 «= 81473 70010 263.0 1.0457 73209

194 73044 72769 «72906 " " 280.3 1.0490 73440
195 73146 «73264 = 73205 ¥ * 290.0 1.0508 73566
19% = 73658 «73562 «73610 " 300.4 1.0527 73699
197 73944 73169 «73556 - 310.8 1.0549 75853
198 74595 7464074617 a 317.2 1.0561 73937
199 74715-75157 74936 " a 323.4 1.0573 74021 +128 04
200 76124 «= 7610576374 " " 324.2 " " +291 215
201 76292 © 76855-76573 4 " 326.0 1.0576 74042 +351 aah
202 = 72174 «72038 «= 72106 = 80452 69177 276.8 +1.0580 73789.
2037189072424 72157 " " 288.6 1.0507 72684

204 71788) = 7194271865 # 299.1 1.0524 72802
205 71795 71849-71822 " " 308.4 1.0544 72940

206 = 72356 «= 72151-72253 " " 315.8 1.0549 72974

207 73196 = 7338473290 “ 322.8 1.0572 73133
208 =. 73903 «73622 «73762 iu 324.0 1.0573 73140 -089 -07
20974476 = 7hug6 7 ” " 325.6 1.0574 73147 +191 14
210 7491174560 «(74735 W x 325.2" a +226 22h
211 71659-71664 «71661-79667 68821 291.2 1.0510 72330
212 71765) «= 71757-71761 * cS 303.2 1.0534 72496
213 72023 «7229772160 " . 313.2 1.0504 72289
214 73426 «73727-73576 e a 323.4 1.0573 72764 2122
215 = 7423571957215 " " 324.4 1.0574 72771 2217

216 = 7501374583 74798 a " 325.6 1.0576 72785 302
21774684 74866-74775 " " " « . +299
218 = 7262572330 7247779241 68484 320.6 1.0568 72373
219° 78575 |. (93218 75393 e e 324.0 1.0573 72408 +150
220 7447274300 74:386 0 " 324.8 1.0574 72415 +298

221 75500 75808 75654 i ig 324.2 1.0573 72408 3486
22275944 = 7541175677 b " 325.6 1.0574 72415 3489

223 76377«S «76184 = 76280 " " 325.8 1.0576 72428 -576
224 76332-76159 76245 " " 325.4 1.0574 72415 572



01

FULL VEST FULL TUBE CORRECT. CALA!
TEST = - TEST. «= AVERAGE EMPTY) = tyne SECTICN © TIMP. «FULL, -FXP.VoID SECTION

TESTNO. COUNT COUNT OF TEST COUNT EXIT «CORRECT. «TUBE «FRACTION EXIT’
NO. 1 NO. 2 COUNTSI COUNTI, (corp) reup, FACTOR COUNT I, Quarry

225 69280 66509 69094 78047 66894 241.6 1.0416 69676
226 69487 69308 = 69357 * 252.4 1.0435 69803
227 73298 23571 73h ne 254.8 1.0440 69837 452
228 71419-72370 71894 e 255.4 1.0442 69850 +260
229 74196 73733 73964 \ ae 255-7 "i y 2516
230 74036 74603, 74319 e i” 256.4 1.0444 69864 2558
231 74699 74452-74575 if " 256.8 1.0445 69870 =589
232 © 7487375092 74982 « e 256.0 1.0442 69850 639
233 75069-75302 75185 i us 256.4 1,044 69864 +663
234 75788 = 75665 «= 75726 " a 256.8 1.0445 69870 +727
235 75900 76526 «76213 " ” 256.4 1.0444 69864 -785
2% 68304 67890 © 68097-76749 66023 = 243.7 1.0418 68783
237, 7082871418 71123 " " 256.4 1.0444 68954 +289 +03
238 74410 7hth2 74276 " ae 256.8 1.0445 68961 bh 217
239 73950 73935 739h2 a ae m, sp s 2602 ra
240 74678 7454374606 s 2 25501 1.0442 68944 +736 +73
244 74392 74769 74580 tab se 257.4 1.0445 68954 0732 031
242 75434 75074 75234 2 ra 256.6 1.0444 68961 316 255
243, 75163 74925 75044 = « 259.8 1.0450 68994 789 +70
2b 75438 = 75621 «75529 ° ¢ 20 1.0442 68947 851 8
245 75611 75614 +=. 75612 " * 254.8 1.0440 68928 861 85
246 75965 74958 = 75461 " « 256.4 " 2842 +
247 75658 = 7517675417 " ” 255.7 1.0442 68941 -837 1.00248 67921 67613 «67767-76262 «65707 «236.3 1.0408 68387
249 69885 70512 70198 " " 256.0 1.0442 68671 +216 +03
250 74006 74368 74187 lal . 256-6 1.0444 68624 2739 31
251 74170 24575, 74372 ¥ n ¥: Zz a 762 240
252 7432972374376 # e 256.4 y i =763 59
253 74483 74433, 74458 a a 256.2 1.0442 68611 2723 50
254 7468974393 7454 o " 255.4 i " -784 4.08

TESTS WITH SIPHEVYL-

BIPHENYL OXIDE

1 55353 54890 55121 62480) 54483 246.6

2 54326 54715, 54521 ey # 264.8
5 S4772 55029 «54906 i e 277.8
4 55256 54948 = 55102 " " 286.2
5 57855 56762 57308 * - 295.4
6 52998 53161 5208 61406 53395 268.9
? 53442 53724 53583 7 se! 277.6
8 Sho? 166 SHESE a = 284.6
9 56255 55938 56096 ~ 2 291.6

10 56324 = 56342 56333 # W 293.8
" 52606 = 53237, 52921-60920 3019 288.6
1 52271 52503 52387 % a 295.6
13 52599 52828) 52713, 4% " 306.1
a4 53610 53251 53530 60920 53019 312.4
5 s4o26 5401354020 " ie 314.6
16 54158 53604 53981 ts =i 315.2
1755764 55264 55214 " " 320.0
18 55484 o S54ah Be c 320.6 2005 02
19 55690 s60h0 55865 a 323.1 +072 +06
20 56616) 56942 56779 ‘ u) 32h.2 2245 4
21 53104 53155 53130 60684 52861 318.6

22 53370 53507 53439 i mn 326.6
23 SHE46 54600 54623 n a 332.4
24 56676 = 55726 = 56201 iy = 339.2
25 56688 56970 56829 WW * 341.0 +268 20926 37233 57465, 52349 a us * 3369 62
2757641 = 57708 «= 57675 y ‘a = 3433 7228 52421 51649 52035 59795 51821 313.2
29: 52066 = 52284, «52175 " " 32h.2
30 52505 52528 52521 . x3 332.2
31 53996 53824 53910 Ls < 342.2 1.0498 = Shho2
32 phon Shake 54131 igs si 343.6 1.0500 5Sha233 56494 56508 56501 « " 343.0 1.0499 54406 2400 34
ee 56191 56545 56368 w ® 341.8 1.0497 54306 376 od
35 51579 52191 51885 58583 50861 333-6 1.0485 53327
% 56566 © 56673. 56620 " " 343.0 1.0499 53398 +632 -62
3? 56955 56277 56616 # x 342.8 " " 631 1.00
38 56094 56376 «= 56235 " i 342.2 1.0498 53393 560 1.09.
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