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ABSTRACT.

The linear homogeneous boundary condition, currently applied to
flow calculations, to represent perforated windtunnel walls, is
known to be inadequate. An improved boundary condiiton, which
takes account of viscous effects in the flow near such walls, is
proposed here. This boundary condition requires data relating to
the flow through the particular type of wall of interest, and
experiments have been carried out to generate data for this cross-
flow, for a wall with an open area ratio of 6 percent and 60 degree
inclined perforations. The results from these experiments yield
the wall crossflow characteristic. When used in conjunction with
a boundary layer prediction method, also developed during this
research, it is possible to generate the required boundary condition,
for application to inviscid flow calculations.

It is demonstrated that the new boundary condition is capable
of modelling the viscous flows, near and through the perforated
wall with some success, for a range of high subsonic Mach number
flows through the windtunnel, wall crossflow angles being simulated
with a standard deviation of discrepancy of 0.11 degree about the
experimental values.

A potential flow method has been developed, for calculating
the subsonic flow of air through a windtunnel with solid and porous
regions of wall, with a lifting aerofoil mounted in the working
section. This method operates successfully, and when incorporating
the proposed boundary condition, gives results which agree favourably
with experiment.

Although calculations carried out using the proposed boundary
condition are certainly more accurate than those using conventional
linear boundary conditions, it is considered that still further
improvement is required. This improvement is likely to be achieved
using the present method, 1f experiments are performed more accurately

and some changes are made to present computer programs.
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A
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crossflow parameter at wall position in effective inviscid flowf-"tiSA
aerofoli doublet strength(m3s_1), also dynamic Visc:osity,.kgm_ls_1
3.14159

density,kgm_3

longitudinal mass flux at wall position in effective inviscid
flow

mass flux normal to freestream, at wall position, in effective
inviscid flow

local average mass flux normal to freestream, at wall, in
viscous flow

standard deviation of discrepancy

tw  wall shearing stress
velocity potential
statistical wvariance

0° infinity

Subscripts

e just outside boundary layer

h normal to wall

L lower wall

p-pl plenum chamber

R

reference

/1



r rake tube

s static

9] upper wall

w at wall position

b.¢ signifying a derivative with respect to ’x', also signifying
a parameter evaluated at a particular value of X’

z signifying a derivative with respect to *zZ

e evaluated with momentum thickness as reference length

0 stagnation or pitot

1 at lower orifice of yawmeter

2 at upper orifice of yawmeter

00 freestream condition

Abbreviations

exp exponentiate

kg kilogramme

In natural logarithm

m metre

mm millimetre

NASA National Aeronautics and Space Administration

ONERA Office National dfetudes et de Recherches Aerospatiales
2
Pa Pascal(Nm™ )

S second

13



1. INTRODUCTION

The testing of aircraft models in transonic windtunnels, to
simulate free air conditions, presents special problems. Notably, at
freestream Mach numbers approaching unity, the flow is susceptible to
choking with even small changes in the effective cross-sectional area
of the windtunnel. Also, flow disturbances produced by a model diminish
relatively slowly in lateral directions at transonic speeds and
consequently interference between the windtunnel walls and the model
flowfield is then generally more important than at low speeds. To reduce
the interference, transonic windtunnels are fitted with ventilated liners.
Whilst the problems are alleviated by ventilated walls, the precise nature
of and conditions relating to the flow at such perforated or slotted walls
are not yet clearly understood, as they involve highly complicated shear
flows. If the effects of perforated wall windtunnel interference are to
be predicted accurately, then improvements in the boundary condition
currently applied at the walls are needed. Failure to use accurate
conditions may result in significant errors in deducing aerodynamic
forces on the test model, applicable to the free air situation (Vidal,

Erickson and Catlin, 1975).

Ventilated wall windtunnels of the perforated type* are used in
two and three-dimensional tests in many countries. A linear homogeneous
boundary condition appropriate to a porous wall and commonly used to
represent a perforated wall in two-dimensional, inviscid, calculation

methods is of the form

Here is the longitudinal derivative of the velocity potential (and

thus is related to local pressure coefficient ),& is the derivative

of the velocity potential with respect to the normal ordinate (and thus

is related to the angle of the flow relative to the freestream direction)

+ The present work is restricted to a study of perforated walls. The
nature of the flow near slotted walls is considerably different to that
near perforated ones. Advances are being made in understanding of such
slotted wall flows, for example Berndt and Sorensen (1975).



and P is a constant, the 'porosity parameter' generally obtained from
experiment. This condition is known to be inadequate for perforated
walls (Catherall, 1975 and Chan, 1980a), as indeed are the various other
conditions which are dealt with in the brief history which follows this
introduction. Improvement of the perforated wall boundary condition is

sought in the research reported here.

The experimental and analytical work reported here is confined
to a perforated wall in a two-dimensional windtunnel. The range of
freestream test Mach numbers considered is approximately 0.6-0.8. At
the upper end of this range of Mach number, regions of supersonic
flow would exist in the flow field around a typical aerofoil. However,
there is evidence (Mokry, Peake and Bowker, 1974) that such regions
would not extend to the windtunnel walls, so only subsonic conditions

are considered to exist there.

Experiments have been carried out on the perforated wall in the
transonic windtunnel in the Department of Aeronautics, The City
University. Normally, the top and bottom liners of this windtunnel
are of the 60° inclined hole type, in the parallel working section,
and have an open area ratio of 6% based on hole diameter, which is
2.95mm. The side walls are solid. However, for the tests to be
described, the top liner was replaced by a solid contoured one (sce
Plate (1)) designed to produce pressure coefficient (Cp ) variations
on the bottom perforated wall similar to those in Figure (1)+, with a

peak suction of Cp = -0.08 at a freestream Mach number of 0.72.

The tests provided values of the boundary layer displacement thickness,
the normal component of wvelocity outside the boundary layer,Ve, and

the static pressure, on both the plenum chamber and working section sides
of the wall thL and P€ respectively). These data were obtained at
discrete points on the bottom wall, the longitudinal positions of these
points varying over a distance of 0.17m. From these data, wvalues of

(the local average throughflow parameter at the wall) were calculated.

t Figure (1), which is drawn from Mokry et al, 1974, shows the distribution
of pressure coefficient along both upper and lower walls of a two-
dimensional windtunnel, during a typical aerofoil test. Thus, these
distributions represent a suitable condition for imitation in the tests

reported here.
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These values remained within the approximate limits;

—002 — 00z had..

The above data were then adapted into a functional form for
use as a boundary condition in windtunnel flow calculations. The
general form of the function, which contains dimensional quantities,

is;

>

Here, is the pressure difference between the working section
and plenum chamber sides of the wall, non-dimensionalized with respect
to the local dynamic head and M is the local Mach number. To link
the above function with an inviscid flow calculation procedure, a

boundary condition;

b == -L . (> k() (r3)

P*)
is formulated. In this equation, P and K are derived from the
empirical function (Equation (1.2)) above and are functions of the
longitudinal ordinate 'x'. In relating Equations (1.2) and (1.3)
it is also necessary to include the effect of the variation in the

boundary layer displacement thickness.

To examine the ability of this boundary condition, Equation (1.3),
to simulate the flow of air close to the perforated windtunnel wall,
a computer program, named 'PREDICT' has been written to implement it.
The values of P and K in Equation (1.3) are calculated from the
empirical function above (Equation (1.2)) and an entrainment integral
boundary layer prediction method, which takes account of compressibility
and transpiration through the wall. When supplied with a distribution
of pressure, measured along the perforated wall, the program gave
converged solutions of the longitudinal wvariation of O and ,

which have been compared with measured distributions. The comparisons

are considered good in some respects and encourage further development



of the method. The example flows used in this comparison were
less extreme in terms of the range of G" than the experiments
which had been undertaken; €U of the computed flows being

confined between -0.01 and +0.005 radian.

To ensure that the new form of the inviscid boundary condition
(Equation (1.3)) would converge successfully when used with existing
inviscid flow calculation methods, a computer program (named 'PILOT")
has been written. This program uses an incompressible potential field
to represent the flow of air in a two-dimensional, perforated wall
windtunnel. The flow produced by a lifting aerofoil situated at the
windtunnel centre-line is simulated by vortex and doublet singularities.
The boundary layer developments along the walls is modelled using
and incompressible form of the entrainment integral method utilized
in the computer program 'PREDICT'. The application of the wall
boundary condition is flexible in the sense that it permits simulation
of solid walls, or perforated walls of various types, or a mixture of
both solid and perforated segments, which is important in simulating
a finite length, perforated working section. The application of the

proposed boundary condition proved successful.

For those transonic windtunnel runs, where the flow near the
walls had been simulated by PREDICT, the overall estimate of the
windtunnel flow has been attempted using PILOT. The agreement between

the computed results and the measured values is encouraging.

As indicated earlier, the purpose of the research described in
this report is to improve the boundary condition to be applied at the
walls in two-dimensional, transonic, perforated wall windtunnel flow
calculations. Specifically, one wishes to improve on the linear
homogeneous boundary condition normally applied to transonic flow
calculation methods. In order to achieve this aim, one needs first
to prove that the boundary condition proposed as a result of the
research accurately simulates the flow of air in the vicinity of the

perforated walls, and second, to show that the proposed boundary



condition operates successfully in conjunction with flow
calculation methods typical of the type used to predict

two-dimensional transonic flows.

The sequence of report sections following this introduction
contains first a brief history of the perforated wall boundary
condition, followed by a proposal for the new boundary condition.
To demonstrate that the new boundary condition functions in a
satisfactory way overall, the program PILOT is then described
and some samplq operations of the program presented. This is
followed by a description of the experiments, from which the
quantitative nature of the boundary condition is determined.

Then to show that the boundary condition is capable of predicting
the flow of air near the perforated wall, the program PREDICT is

presented, and results from it are compared with experiment.

Subsequent to these chief report sections, a brief description
is given of a comparison made between results from the program PILOT
and those from experiment. Finally, a summary of conclusions is

presented, with recommendations.



2. BACKGROUND TO THE PERFORATED WALL BOUNDARY CONDITION
2,1 History

Goethert’s extensive work (Goethert, 1961) presents a detailed
account of the practical and theoretical development of testing in
transonic windtunnels up to 1961. At present we are concerned only with
his work on perforated wall windtunnels and specifically on the nature
of the flow near the walls. For as Goethert makes clear, the interference
produced by a perforated wall of such a windtunnel will depend upon (and
may be determined by) the relation between the local pressure disturbance
(non-dimensionalized with respect to the undisturbed flow dynamic pressure,

) and the effective inclination of the local stream, £ . This angle,
assumed small, is given as the ratio of the velocity component normal
to the wall, V, to the undisturbed longitudinal speed, , again

assuming the disturbances from near the wall are small. Thus

0 - VL to .1

and the relation of interest Goethert considers is
p— f(e) 2.2)

(Here and are the static pressures on the working section and
plenum chamber sides of the wall respectively and the term (“"V—"")

is hereafter named ). Bearing in mind the small disturbance relation

(P” -p- -2 @

(Where IL is the longitudinal perturbation from the freestream speed
we see that Equation (2.2) which Goethert calls the "crossflow characteristic',

together with Equations (2.1) and (2.3) yield a relation between

and (and a term involving the constant plenum chamber pressure).

In particular, a linear relation in Equation (2.2) will give a linear relation

between U and VvV .

In Goethert's work it was implicitly assumed that the angle 6
may be equated to the actual mean mass flow intensity normal to the wall
plane (at the wall) , which he termed y divided by the mass flux
intensity of the undisturbed stream, , or in his notation,
This assumption, together with relatively simple experiments in which wall

pressures, plenum pressures and mass flow through various perforated walls

21



were measured, provided the required cross-flow characteristics.
Sample results of Goethert's are presented in Figures (2) and (3).
Referring to these figures, which relate to perforated walls virtually
the same as those in the City University transonic windtunnel, it is
seen that the cross-flow characteristics depend significantly on the
thickness of the boundary layer in the flow over the perforated wall
and on the undisturbed flow Mach number. It is also to be noted that
the characteristics are not straight lines, particularly in the case
of thick boundary layers, and that none of the characteristics passes

through the origin.

Goethert also gives the results of various simplified theories
which might be deemed relevant to cross-flow through a perforated wall.
In the limiting case of very small holes, the wall will behave as a
porous medium. Dynamic effects will then be small relative to frictional

pressure losses and for a given porous wall it has been shown that

oC 2.4)

Ap oc £ @2.5)

Thus LLgo

However, this result bears little relation to the observed behaviour

for perforated walls, as the influence of U-oc shown in Equation (2.5)

is certainly not found. Various other theoretical approaches are outlined
by Goethert, for example, a flow through a single transverse slot is
considered, as is the flow through a lattice of thin wall elements.
Goethert concludes that for small disturbance flows, a linear cross-flow
relation (passing through the origin) results from both these approaches.
Goethert uses such a cross-flow relation in an analysis of one-dimensional
flow in a finite perforated test section. His analysis is closely followed

here, in Appendix (1), for subsequent comparison with a method developed

in this report.

Despite Goethert’s realization of the importance of the boundary
layer on the cross-flow characteristic of a perforated wall, he failed
to mention that the wvariation of boundary layer thickness along the wall
will give rise to a difference between the effective inviscid cross-flow

at the wall and the actual mean cross-flow there,
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The fact that boundary layer growth could be very important
indeed in modifying the effective inviscid wall boundary condition
was pointed out by Vidal et al (1975). They referred to the inviscid
flow normal component, (determined outside the boundary layer) and
the average viscous, flow speed, (determined at the wall), and stated
that for cases of outflow (boundary layer suction) the amplification
factor could be up to 6 and probably larger when fluid is
injected into the windtunnel, for this is the case when the wall
boundary layer would grow rapidly. Their results were mainly concerned
with the design of a self-correcting windtunnel, and so they were not
concerned to follow up the implications of their experimental findings
for perforated wall cross-flow characteristics. However they do comment
that a linear boundary condition is not applicable because in relating
Ve. to » the amplification factor (mentioned above) which varies
is involved, as is the relationship between and

again, they say, is not linear.

Without a more precise boundary condition available, a number of
workers have chosen to use a linear version, of the form of Equation (1.1),

namely

(2.6)

Here, * (the porosity parameter) is assumed to be a constant, the value
of which is obtained from experiment for each wall geometry and freestream
Mach number considered. In using such a boundary condition one assumes;

(Freestone and Henington, 1981)

(a) that the windtunnel liner boundary layers are either

negligible in thickness, or uniform in thickness,

(b) that the static pressure drop across a perforated liner is

proportional to the local mass flow rate through it.

and (c) that the pressure in the plenum chamber is constant and equal

to the pressure of the undisturbed stream.

Additionally, one usually assujnes that the walls continue, straight and

perforated to infinity, both upstream and downstream from the aerofoil

position.



Catherall (1975) presents a method for solving the transonic
small perturbation equation for the flow in a two-dimensional windtunnel.
To represent walls of slotted, porous, perforated or solid type, Catherall

uses the following boundary condition;

(2-7)

(on the windtunnel walls at J/ =il ).

Here F is a 'slot parameter’ derived from a simple inviscid flow
model. Clearly, Equation (2.7) is only a slightly more general form
of Equation (2.4). When used in ka free-air configuration, results
from the method are in satisfactory agreement with an exact potential
method, for a wide range of practical aerofoil shapes and at Mach
numbers as low as 0.6 (Albone et al, 1974). With ventilated walls
modelled, comparisons of calculated aerofoil pressure distributions
with those obtained from wind-tunnel tests are also encouraging. In
Figure (4) (taken from Fig. 4 of Catherall, 1975), such a comparison
is made. Here, the windtunnel walls simulated are slotted, but the
level of agreement obtained is not expected to be very different from
that which would be observed if the walls were perforated (In fact it
was necessary in the calculation to choose a value of P to represent
the slotted wall, as well as calculating the value of F o use). Clearly,
accounting for the presence of the windtunnel walls improves the agreement
between calculated and measured pressure distributions. Despite this
agreement, for a number of reasons Catherall is not confident that the
calculation method is able to predict accurately the interference
produced at the aerofoil position by the walls. Notably, he mentions
the inaccuracy of the homogeneous boundary condition (Equation (2.7))

and in particular, the assumption that P is a constant.

Ebihara (1972) had earlier carried out a careful study of two-
dimensional wall interference methods. He focussed his attention mainly
on the use of the linear homogeneous boundary condition (Equation (2.6)).
He stated that the value of P in the equation must be determined
experimentally, as it would depend upon wall geometry and boundary layer

thickness. Difficulties encountered in attempting to determine P

indirectly caused him to reconsider the form of the boundary condition.
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He had earlier stated that the boundary condition should be non-linear
or at least be a straight line which does not pass through the origin,
and in the event, proposed for future use the following form of boundary

condition;

K=K (2.8)

Again, P and KK are constants to be determined from experiment, where K
he believes, will be dependent on wall geometry and freestream Mach number
only. He does state however that some account of a plenum chamber pressure

differing from the freestream pressure could be taken by suitable choice
of the value of /C

Kacprzynski (1976) was concerned to improve the boundary condition
applicable to a perforated wall. He commented on the inadequacy of
boundary conditions of the form of Equation (2.6) and proposed to use

an improved version;
I~ I= Olfyl* : (29

Here, is the normal velocity component in the effective inviscid flow
at the wall position (non-dimensionalized) and is a conventional pressure
coefficient determined at the wall ( pA ~"P<Ai__—---—"“"—7—'——1—}'5ing a suitable
method ¢ for calculating the flow in a two-dimensional windtunnel (with
aerofoil) and incorporating the above boundary condition, he manipulates

the value of A and B wuntil the calculation yields wall pressures which
closely match those measured in the experiment being modelled. For the
examples given, good agreement in wall pressures is obtained, and it leads
Kacprzynski to conclude that indeed, the perforated wall characteristics
are non-linear and are a function of "a wvariety of parameters'". The
constants A and B above are permitted to hold different values for positive
and negative (N , that is, there are effectively four constants in
Equation (2.9). However, it should be noted that the wvalues of A and B
determined are relevant only to one particular test, where wall pressures
have been measured. Kacprzynski’s reference to a "variety of parameters"

indicates perhaps the influence of different plenum chamber pressures and

¢ Kacprzynski uses two methods. In the first, he solves the transonic

small-perturbation equation and in the second he solves the full non

linear potential equation.



wall boundary layer devekpments, from test to test. Indeed he gives

evidence which suggests that these effects may be present.

Mokry Peake and Bowker <1974) also recognize the need for a non-
linear wall cross-flow characteristic to be supplied as a boundary
condition, but due tothe complexity of incorporating such a boundary
condition into an inviscid flow calculation, they use a linear version
with different gradients for inflow and outflow. They assume that above
an aerofoil, on the top liner of the windtunnel, the cross-flow will be
predominantly into the working section and below it, on the bottom,
there will be predominantly outflow. Thus they apply one porosity
parameter to one wall and a different one to the other. With a view
to determining wall induced interference, the flow of air in the windtunnel
is modelled using subsonic linearized potential theory and the far field
flow effects of the aerofoil are simulated by a point doublet, vortex and
source. They discover that careful selection of both Pu. and of
(the upper and lower liner porosity parameters respectively) allows them
to predict measured wall pressures very well and certainly with greater
accuracy than would be obtained using identical wvalues of P U and P .
Typically for their normal holed walls, they find that PcA. should be
three times greater than PL , or the resistance to flow out of the
working section, greater than that for inflow. Similar simple guidelines
were found to give good comparisons, between calculated and measured
wall pressures for test cases other than that from which the guidelines
were themselves produced. Despite these encouragements, Mokry et al
state that unless one measures wall static pressures during the relevent
tests (to use as direct boundary conditions in interference calculations),
one should ideally have an accurate knowledge of the cross-flow
characteristics of the wall for the conditions to be considered. They
also discovered a region of outflow existing upstream of the aerofoil
on the upper liner which became severe as the freestream Mach number rose
to 0.92. This region of outflow contravenes their initial assumption of

inflow and for this among other reasons, they do not believe their approach

should be applied at such high Mach numbers.

Jacocks (1976) carried out an investigation into the cross-flow
characteristics of a number of different ventilated wall types, including

a perforated wall which is almost identical with those fitted in the

2.9



City University transonic windtunnel.

He commented that some

experimental characteristics determined earlier and presented in

Goethert (1961), Figures (2) and (3) of this report for example,

constitute only average data obtained

perforated wall. Notably, the wvalues

Jacocks mentions that the development

affect the value of Gt the effective

on a quite large section of

of <* are not obtained locally.

of

inviscid cross-flow angle. He

along the wall would

highlighted that Goethert had not mentioned this, but had assumed
that 6 would be equal to the actual viscous cross-flow at the wall.

Jacocks was concerned to determine the value of G and to determine

it locally. His experimental set-up consisted of a two-dimensional
working section with one ventilated wall, one solid contoured wall and

two solid sidewalls. To avoid very complex measurements, he used a

transonic, small perturbation calculation method with measured boundary

conditions applied (notably static pressures on the wventilated wall).

He was then able to calculate the distribution of 0 near the perforated

wall, and in cases where flow angle measurements were available for

comparison, his predictions were proved very encouraging. Jacocks

then presents his wall characteristics as graphs of Cp against 6
distinctly non-linear It is clear from

and G

These graphs are, in parts,

his work that the relationshop between is dependent on
the geometry of the perforated wall and the thickness of the boundary
layer on it. Jacocks went some way toward quantifying these dependencies,

but not far enough for his work to be considered as presenting an improved

perforated wall boundary condition.

Chan (1980) carried out experiments to determine the development
of the boundary layer on the walls of perforated wall windtunnels, with
a view to defining more accurately the boundary conditions applying
there. He recognized the inadequacy of the linear boundary condition
(Equation (2.6)) to simulate the non-linear condition which exist at
the wall. He commented that Jacocks' use of an average boundary layer
thickness in developing his wall characteristic may be inadequate, and

. - *
thus Chan carried out experiments where values of S* were measured

at three longitudinal stations. Chan did not measure cross-flow angles,

but using wall pressures and the wvalues of S obtained, he was able to

determine a cross-flow characteristic for the wall. This was achieved
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by using a boundary layer prediction method and a series of trial
characteristics. The characteristic was manipulated until the cross-

flow predicted (when supplied to the boundary layer method) produced
values of & which closely matched those which were measured during the
experiments. The level of agreement obtained was not perfect, but was
certainly encouraging. Chan presents a graph of against the flow
angle outside the boundary layer, which though non-linear, does pass
through the origin (which he attributes to the growth rate of S’
counteracting the offset that would exist in the cross-flow characteristic
involving the flow angle at the wall). He states that the cross-flow

velocity at the wall is a non-linear function of £y0 and also dependent
on the growth rate of y™* along the wall. In relating this cross-flow
to that outside the boundary layer, he discovered that two distinct
relationships exist; one for wall suction where both cross-flows are
almost the same, and another for blowing where (due to boundary layer
growth) the edge cross-flow is 3.25 times that at the wall. This lends
support to the discovery by Mokry et al (1974) that the porosity of the
top liner of the windtunnel (wall blowing) should be three times that
of the lower liner (wall suction). Chan recommended that, for more
accurate calculations, there should be direct experimental determination
of both cross-flow at the wall and boundary layer displacement thickness.
The cross-flow characteristic resulting from these measurements should
then be used, with a boundary layer prediction method and an inviscid
flow calculation, in a three component iteration process to solve the

complete windtunnel flow.

Alternative approaches to the problem of determining the levels
of interference caused by windtunnels on model test results, have recently
been suggested. Possibly the earliest of these was due to Kemp (1978).
The crucial element of such methods is that additional information about
the wall condition is acquired during each test to be corrected and used
in the subsequent correction calculations (where in Kemp’s case the extra
information are the wall pressure distributions). There is then sufficient
information about the effective inviscid flowfield near the walls
available to render it possible to predict the disturbance produced by

the walls at the model position. In Kemp's case, using the additional



wall pressures makes it unnecessary to employ a wall boundary condition
in the conventional way. His method, along with other 'post-test
interference calculation®* methods are having some success. This
sucess is perhaps emphasised when one considers that, for the present
at least, research on the nature of the slotted and perforated wall
boundary conditions has been stopped at NAE (National Aeronautical
Establishment) Canada and at AEDC (Arnold Engineering Development
Centre). These two centres have previously made considerable

contributions to this research.

Finally, mention needs to be made of the self-adapting
windtunnel. In this type of windtunnel, the shape of the walls
or the flow through the walls where these are perforated, is
adjusted during the tests in an attempt to produce the minimum
wall induced interference at the model position. Although not
widely used yet, examples of this type of windtunnel exist in
England (at Southampton University), France (at ONERA-Chatillon)
and in the United States, (at the Calspan Corporation - Buffalo).
During a given test in a self adapting windtunnel, when the wall
shapes have been finalized, it is unlikely that one would require
to calculate the flow in the windtunnel using predetermined boundary
conditions. Any residual wall induced interference would probably

be calculated using measured wall pressures and a procedure similar

to that of Kemp (77?7)).

2.2 Summary of reasons for improving the perforated wall

boundary condition

Despite the current trends in transonic windtunnel flow
calculations towards post-test interference estimates and the
development of the self-adapting windtunnel, there remain
significant advantages in gaining a better understanding of the

perforated wall boundary condition.

First, there is always a need to examine the accuracy of
methods for calculating the transonic flow of air around two-
dimensional aerofoils. Transonic aerofoil design methods are
usually derived from such calculation methods. This gives such
an examination an even wider relevance. To achieve this examination

one needs to compare the predicted flow with an experimentally
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measured flow. The experimental flow must normally be the flow

in a windtunnel working section where the aerofoil is mounted.

Consequently, this comparison can only be achieved if a wind-

tunnel wall boundary condition is included in the flow calculation,

where the boundary condition has already been shown to simulate

the flow of air near the walls with sufficient accuracy.

Second, when aerofoils are tested in perforated wall windtunnels,
the discrepancies in such features as shock position, or surface
pressure distribution, between the windtunnel flow and that in free
air for the same free stream condition are not accurately known.

In some instances they are actually ignored because there is so

little information available about them. This situation would be

alleviated if an accurate perforated wall boundary condition were
available, since the changes due to the walls could then be

accurately predicted.

Finally, methods such as Kemp's (/ ).explained earlier,

operate by applying measured windtunnel wall static pressures
directly as a boundary condition to a flow calculation scheme.
In the case of perforated walls, no assumption is made concerning
the normal component of velocity at the wall except perhaps that
it is small compared to the longitudinal component. In some cases
an iteration is undertaken to determine a suitable distribution

for the normal component. If a wall "package" were available, which

for a given distribution of wall pressures could predict accurately
the distribution of normal velocity in the effective inviscid

stream, then this could be used to make the applied boundary conditions

more comprehensive. It would seem sensible that the implementation of

methods such as Kemp’s would then be more efficient.

It would seem justified then to carry out an experimental
investigation into the nature of the perforated wall boundary
condition, and subsequently to present the results of those
experiments as a boundary condition suitable for use with a wide

variety of inviscid, aerofoil flow calculation schemes. It is also
necessary to demonstrate that this boundary condition does simulate

accurately the flow of air near a perforated wall in transonic flow.



3. PROPOSAL FOR A NEW BOUNDARY CONDITION.
3.1 Position of Application of Boundary Condition.

The flow of air near a perforated windtunnel wall liner is
almost certain to be extremely complex. Figure (5) shows how the
streamlines near such a wall with inclined perforations might appear.
In the present work, it is considered that the local wvariations in
the flow due to individual perforations become negligibly small
within the boundary layer thickness. Consequently, it is considered
that the effects of individual perforations are averaged locally

outside the boundary layer.

Initially, it would seem sensible to apply a boundary
condition to the inviscid flow at some station outside the boundary
layer. Admittedly this would divide the flow in a convenient
manner, keeping all regions of viscous flow '"behind" the boundary
condition line. The boundary condition could then present the nett
effect of these viscous regions to the inviscid flow calculations
without apparent complication. However, some drawbacks in the above
approach were discovered when an attempt was made to model the flow
of air around a lifting circular cylinder in the presence of a solid
wall. An incompressible, potential field was used to model the flow.
The growth of the boundary layer on the solid wall was also taken
into account. It was impossible to decide precisely where to position
the boundary condition line in advance of a calculation because the
development of the boundary layer thickness was not known. Using a
position which responded continually to the local calculated thickness
of the viscous regions, caused increased complexity in the computing.
Such an approach also appears unrealistic if one considers application
to the large, complex,finite difference grid of a transonic flow
calculation method, In the method of Catherall (1975), the boundary
condition is applied, for convenience, at the wall position itself.
It is logical for Catherall to use such a position if one considers
that he neglects any viscous layers that may exist on the wall

anyway.






Lock (1975b)describes an approach by which any viscous layers
that may exist on an aerofoil surface may be accounted for in an
inviscid flow calculation method. Here also, the inviscid flow is
extended to the solid surface position, and a boundary condition
is applied there. As a consequence, the finite difference grid is
generated so as to coincide with the aerofoil surface and left
unaltered throughout the calculation. This approach is considerably
simpler than the alternative approach of updating the grid boundary
to coincide with the edge of the displacement surface on the aerofoil.
With the exception of alterations to account for transpiration
through a porous surface, the same approach is used in the present

work .

In Figure (6) a, a two-dimensional control volume on a porous
wall is shown. In the Figure, the flow is considered to be the
real flow near a porous wall where viscous layers are present.
Application of the principle of conservation of mass to this control

volume yields the following equation; (Equation (4) of Appendix 2.)

+e -puy, 77— (3-0)

The development of this equation is described fully in Appendix (2).
The control surface which is a distance L above the wall is outside
the boundary layer (at least locally). If one were to measure the
flow angle at the edge position (L) and knew the longitudinal
development of s* and then clearly using Equation (3.1), it

is possible to determine the average local crossflow &« ™ at
the wall itself. This equation is essential for the analysis of the

experiments to be described later.

In Figure (6)b a similar control volume is shown to that
described above. Now however, the inviscid flow field is considered
to extend to the porous wall. . Clearly the situation
represented here is fictitious. Application of the principle of

conservation of mass now yields
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The derivation of this equation also is presented in Appendix (2),

(Equation (6) of that Appendix).

Combining Equations (3.1) and (3.2) we find that

+FZZdf* *Fesr—/\/-0
dx ax

Now 1t is possible to relate the actual crossflow at the wall,

to the fictitious inviscid crossflow at the wall,

in terms of the longitudinal development of and the
parameter The wall position line then represents a convenient
place to define the boundary condition, The inviscid flow can be
extended (in a fictitious manner) to this line and interacted with
the actual mean viscous flows that exist there,

through use of
Equation (3.3).

3,2 The Calculation Scheme to be Employed.

The vast majority of methods of calculating the transonic flow
of air around two-dimensional aerofoils involve some iteration
procedure. Any wall boundary condition which is to be used in such
methods, must be formulated in a manner suitable to an iteration

procedure. For instance, at any stage in the calculation, the

inviscid flow which has been previously predicted to be present
around the aerofoil could be used to improve the boundary condition

to be applied at the wall, This improved boundary condition could

then be used in the subsequent calculation of the inviscid flow in



the working section. An approach of this sort has been suggested
by a number of workers, notably Chan (1980q). An iterative

approach of this type is used in the present work also.

As much as possible, the calculation scheme to be described
is split into modules. It is most helpfully described by referring
to Figure (7), which shows in very broad detail how the proposed
scheme may be incorporated into a flow calculation method. The
diagram is only intended to represent that part of the overall
calculation method relevant to the scheme. As such,sections of
the flow diagram such as the part dealing with the calculation of

viscous layers on the aerofoil are not shown.

At a particular point in the calculation, the inviscid flow
of air around the aerofoil in the wind tunnel has been calculated,
(box (1)), The distributions of the longitudinal and lateral
components of velocity at the wall positions are then available.
To start the following calculation, some initial assumption is
then made concerning the distribution of boundary layer displacement
thickness on the upper and lower wind tunnel walls (box (2)).

Using Equation <3,3), namely

and isentropic relationships for determining the values of and
the distribution of viscous crossflow ( \/) at the wall
position is then calculated (box (3)). For the reasons described
in Appendix (2), it is possible to use values for density and
longitudinal component of velocity determined at the wall position,
in place of the parameters and in the above equation. A
boundary layer calculation method is then used with the distribu-
tions of the viscous crossflow parameter and longitudinal component
of velocity at the wall, to predict a better distribution of
boundary layer displacement thickness (box (.4)), A convergence

check is then carried out, to examine whether there remains a






significant difference between the boundary layer development just
calculated and the distribution initially assumed (box (2)). This

convergence check is signified by box (5).

If the level of convergence obtained is unsatisfactory, control
is returned to box (3), where now, the new distribution of S is used.
Clearly, an iteration loop is formed here which may require the

application of relaxation (box (6)) to achieve the desired convergence.

Once however, the convergence level in box (5) is found to be
satisfactory, the following situation exists. The distributions of
boundary layer thickness and viscous crossflow at the wall are
compatible with the distributions of both components of the wvelocity

in the effective inviscid stream at the wall position.

The crossflow characteristic of the perforated wall is expressed
in box (7) as an empirical function. This empirical function would
have to be determined by experiment for each type of perforated wall
considered. The variables in the function will certainly include

Cp" (the non-dimensional pressure difference across the wall),
the viscous crossflow parameter and the boundary layer displacement
thickness, Distributions of these wvariables, supplied by the
iteration procedure described earlier, are then used with the empirical
function to predict the relationship between C-p" and at
discrete points along both walls (box (7)).

Before the calculated crossflow characteristic can be applied
to the inviscid flow calculation as a boundary condition, it must
be altered into a form containing only parameters relating to the
effective inviscid flow at the wall (box (8)), This is done
principally by use of Equation (3.3), Previously calculated values

of J** anmdare used to express the equation in a suitable form;

namely that



where the constant C is calculated at discrete points along each

wall

The new boundary condition (as a relationship between the
longitudinal and normal components of velocity at the wall postiion)
is then applied to the inviscid flow calculation method (box (1)).
The larger iteration loop shown on Figure (7) may also require the
use of relaxation to achieve satisfactory convergence (box (9)).
This completes the outline description of the overall calculation

scheme proposed.

3.3 Objectives of the Computer Program; 'PILOT*

The calculation scheme described in Section 3.2 would, if
successful, eventually be incorporated into a transonic aerofoil
flow calculation method. However, to carry out such a piece of
work would take considerable time and effort. For this reason,

a simple inviscid flow calculation method is to be used to examine

the overall operating efficiency of the proposed scheme.

The simple calculation method adopted,models the inviscid,
incompressible flow of air through a two-dimensional wind tunnel
working section, with an idealized aerofoil mounted at the centre
of the section. The calculation method (in the form of a FORTRAN
computer program named 'PILOT') is to be used to examine the
efficiency of wvarious wall boundary conditions. Efficiency here
means that use of a particular boundary condition permits
convergence of the calculation scheme, within the limits of
reasonable computing resources. Considering the idealizations
described above, it would also be encouraging if there were even
a broad agreement between the overall wind tunnel flow predicted

by the computer program and that measured during experiment.



3.4 Formulation of the Computer Program; ’PILOT".

In the computer program named 'PILOT', the flow of air in a
perforated,two-dimensional windtunnel is represented by an inviscid
incompressible potential field. The overall situation modelled is
shown in Figure (8). The wind tunnel has straight top and bottom
liners which are perforated over some length. These perforated
regions mark the extent of the working section. The air flows from
left to right, and at the centre of this section, a lifting aerofoil
is mounted. Behind the perforated walls are large plenum chambers
from which air may be removed by some pumping device. The air is
free to pass into or out of the working section through the perforated
walls. On both liners of the windtunnel, there is a boundary layer
flow which extends over the full length of the liners including both

solid and perforated sections of wall.

A representation of the wind tunnel flow, as it is treated
analytically, is shown in Figure (9). The ordinate normal to the
freestream direction is given the variable name 'U ' in this case,
and the origin of co-ordinates is at the centre of the bottom liner
of the wind tunnel. The wvariable denotes the height of the work-

ing section.

The influence of the aerofoil on the flow in the wind tunnel is
represented by a point vortex and doublet at the centre of the work-
ing section. The doublet strength, At is related to the required

cross-sectional area of the aerofoil, A, by the following equation;

Reducing the complex wvelocity due to a doublet to its components, u and
v, we find that the perturbations experienced at a point (K/ ) in

the wind tunnel are;
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For an aerofoil with a required chord ’C’, the vortex strength,
y x

I/ is related to the chosen lift coefficient in the following

way;

2

Equation (3.8) is derived from the normal definition of the lift
coefficient ( ) of an aerofoil and the expression for the lift

of a bound vertex in potential flow, namely

The negative sign here is the convention resulting from the defini-
tion of the vortex strength.

The perturbations produced by this singularity are;

r X

and



In an attempt to simulate a similar wind tunnel flow, Mokry,
Peake and Bowker (1974) use (effectively) an infinite series of
images of the aerofoil, reflected about the wall position line. For
the present work, this approach appears inadequate, in that it seems
unlikely to be capable of simulating step changes in the effective
wall boundary conditions. Such changes would certainly take place
at the transition from solid to perforated wall, or the reverse
situation. Kemp (1976) uses distributed vortex elements along the
wall position line when attempting to generate a wind tunnel flow
field using measured boundary conditions. Due to the nature of a
vortex, it is futile to use only vortices along the wall position
line when attempting to predict a flow field where some nett outflow
from the working section is expected. In the present work,
distributed source elements are used. They are positioned continu-
ously, but not overlapping, along the wall position lines. Each
source element is of uniform strength along its length (but not
necessarily of the same strength as its neighbours). This approach
is considerably simpler than that of Kemp (1976), who uses overlapp-
ing vortex elements, where each element has a strength distribution

consisting of three different (but continuous) quadratic arcs.
A straight, horizontal, distributed sourse element of strength
''H' per un:*t length is shown in Figure (10). The wvelocity perturba-

tions due to this element at the position ( Xz ) may be expressed

as follows. The longitudinal component,

and the normal component

The points along the wall at which the wvelocity perturbations
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are calculated are positioned half-way along each source element.

In Figure (10), if the value of X were bounded by and /
then as tends to Y _[ the wvalue of the perturbation V in
Equation (3.12) above tends to . This property of the distri-"

buted source element is convenient and in contrast to the point
source, for which the magnitude of the perturbation velocity tends
to infinity as one approaches the singularity position. In the
computer program, the position at which the velocity components are
calculated, is chosen to be a distance 0.0001 of the wind tunnel
height from the source element line. This slight displacement from
the source element line causes the arctangent terms in Equation
(3.12) to be simpler to compute, while only negligibly affecting the
predicted flow in the wind tunnel. A typical distribution of wall

elements is shown in Figure (9).

Using Equations (3.11) and (3.12) above, influence matrices are
generated which relate the perturbation components at each control
point to the distributed source strength (m) of each wall element.
In addition, column vectors containing the direct influence of the
aerofoil representation at each control point are generated. This
is done using Equations (3.6), (3.7), (3.9) and (3.10), The total
perturbation components experienced at the control points may then

be expressed (in matrix algebra) as;

[u] s [uinf J[m] + [ua]
[v) =[Wr][m] + [va]

Here, MF and VIMF are the respective influence coefficients

relating the wall source strengths to the perturbations, UA and

VA are the direct influence of the aerofoil representation at the
control points and M is the column vector of distributed wall source

element strengths.



At this point, it is helpful to present a flow diagram of the
computer program °’PILOT”. This is shown in Figure (11). With the
exception of the boundary layer calculation, the whole of the proposed
calculation scheme is shown on this diagram. Some points relating to

the diagram remain, as yet,undiscussed.

The matrices UINF and VINF are calculated once only for each
wind tunnel geometry considered (position (A) on Figure (11)). The
matrices representing the influence of the aerofoil, UA and VA are

generated for each aerofoil geometry considered (position (B)).

Once the above matrices have been generated, and the relation-
ship between u and v, the perturbation components at the wall, has
been claculated, it is possible to solve directly for the distributed
wall source element strengths. If for example, the relationship

[“1m[™) &[FJV] M

(a relationship which will be frequently used later), then a simple
matrix inversion is possible. Combining Equations (3.13), (3.14) and

(3.15), we find that;

I+ ) "(1 ] m)¥[Ve]l ,

o [IM +(s'M -[UA)]

Multiplying both sides of this equation by the inverse of the major

bracketed term on the left hand side, we find that,
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A direct solution for the distributed source strengths, M, is then

carried out and using Equations (3.13) and (3.14), the values of the
perturbation components are then calculated. This process of matrix
algebra, inversion and the subsequent use of the matrix M is marked

on Figure (11) at position (C).

The boundary condition to be applied at the position of the
perforated wall normally takes the form of a simple relationship
between the longitudinal and normal components of the perturbation
velocity there. To match conveniently with this approach, a relation-

ship between u and v is also used as a solid wall boundary condition,

rather than the more familiar expression;

V<0

In the viscous flow, the following solid wall boundary condition is

used,

Cou = looo 6 . Ct-n)
Here, € is the actual viscous outflow angle at the wall
In the computer program, is calculated from velocity

perturbations using the expression;

Co s -Z rall)

(which is correct to first order and almost without error in flows

with only small perturbations from the free stream conditions).



However, Equation (3.18) gives only the pressure coefficient relative

to the freestream conditions. The plenum chamber pressure coefficient,

defined as

3'12)

must be taken into account, The non-dimensional pressure difference
between the working section and plenum chamber sides of the windtunnel

liner ( ) 1is then defined

In most practical windtunnels, the transition from a solid to a
fully perforated wall takes place gradually along the liners (although
the transition back to a solid wall is usually abrupt), In the present
method (see Figure C9)), the transitions to and from a porous wall are
effected abruptly, at the boundary between pairs of wall source elements.
On one side of the transition, the boundary condition effective at the
centre of the element is that appropriate to a porous wall, while at the
centre of the element on the other side of the transition, the solid wall

boundary condition is operative,

By using a perturbation field to represent the flow in the wind-
tunnel, a situation is produced where there may be no undisturbed flow
at any point in the windtunnel working section or, upstream or downstream
of it. However, for comparison with experiment, it is helpful to be able
to define a reference or undisturbed stream position, In the computer
program, this is done in the following manner, The position along the
centre-’line of the working section (relative to the origin of the co-
ordinates) where the flow is to be defined as freestream, is included
in the input data for the computer program (and denoted 'XUS’), When
the calculation has convergedf the nett perturbation (in the longitudinal
direction) at the reference position and the resulting effective freestream

speed there are calculated, All data required to be output (such as

F1



values of P wf etc) are then re-calculated using the new reference

speed, before being output.

In this description of the program formulation, no mention
has been made of the calculation of viscous flows, A description of
these calculations now follows, covering the part of the computer flow

diagram in Figure CH) from point (D) to point (E),

The perturbation velocity normal to the freestream direction in
the effective inviscid flow at the walls ( N~ is initially
altered so that it is defined as positive for inflow at both walls.
This step is helpful in that it permits the flow near both walls to be
expressed in a manner compatible with that in Figure (6). Equation

(3.3), in a form suitable to incompressible flow, namely,

d OX Ug dS* + ~
<dx. adx

is then used to convert to the average normal wvelocity in the
viscous flow near the wall ( V”, ), The two terms involving

and 5% are derived either (as in the first iteration of the program),
from the assumption that they are constant or (during subsequent
iterations) from their values calculated during the previous iteration.
The equation is applied at discrete points on each wall of the windtunnel.
These points are at the centre of each distributed source element, where
values of H*, . and are available. The derivatives ofU”, and in the
equation are calculated using finite difference analogues, These
analogues are the average of forward and backward differenced

derivatives wherever possible,I but at the beginning and end of the wind-
tunnel wall are reduced to forward and backward differenced derivatives

respectively,

The largest subroutine C BL ) is then called, to calculate
the development of the boundary layer displacement thickness on both
walls of the windtunnel, It is provided with the distributions of the

longitudinal and normal component of velocity at the wall position



( ) and the longitudinal derivative of UL

Other data required by the subroutine for operation are starting
conditions for the boundary layer, the freestream unit Reynolds
number and the positions of the points at which values of

and are specified. On returning control to the major
program segment, the subroutine provides values of and the
longitudinal derivative of at each of the
control points along the windtunnel walls, calling of this
subroutine is marked at position (F) on Figure (11), A more
detailed description of the contents of subroutine BL will be given

later.

The development of the boundary layer along each wall
predicted by subroutine BL will not,, in the early iterations, be
very close to that assumed at position CD) on Figure (11), A
convergence check is carried out at (G) in the Figure, to establish
whether the values of 5%* predicted at the downstream end of the
windtunnel walls are in agreement with their assumed wvalues (within
a specified margin), If convergence has been achieved, control is
passed beyond position CG); If not, the new boundary layer develop-
ment is provided as new data for Equation (3.21) at position (D).
An iteration loop is thus formed between positions (D) and (F).

To achieve rapid convergence, it has been found desirable to employ

relaxation in Equation (3,21) in the following way;

0'6.

Here, is the value of the average viscous crossflow

speed at the wall position, calculated in the previous iteration.

Having calculated the details of the flow near the windtunnel
walls compatible with the velocity perturbations in the effective
inviscid flow, a new boundary condition to be applied at the walls
is generated. Although in some specific calculations (to be

described later), a somewhat different approach to calculating the



boundary condition is taken, the following description is relevant
to the majority of cases undertaken. The generation of the new

boundary condition is marked at position (H) in Figure (11).

During the development of this computer program, two separate
characteristics relating to the perforated wall were used. The
first is derived from Jacocks (1976), which was discussed in
section (2) of this report. Figures (16)a. -(17) of Jacocks report
contain information relating to the characteristics of a number of
different perforated wall types, but all having holes inclined at
60° to the perpendicular. A simple analysis of these Figures
revealed that for walls with an open area ratio of 6% and wall
thicknesses and hole diameters of about 3mm, the applicable wall

characteristic is approximately

Cp,z (10$*- 5/ 2008%)
(Here is defined positive for out-flow) .
Clearly, for any value of a straight line relationship
exists between and &= In the computer program, a

relationship of the form

is generally used to represent the new boundary condition to be
eventually applied to the inviscid flow calculation. Then using

Jacocks' wall characteristic,

10$*- 005 (3'23)
and

B - . (3-z4)

Jacocks wall characteristic was later discovered to represent the

SF



inviscid flow angle at the wall position ( ) rather than

but as the present computer program was in the development stage,

this error was neglected. At each control point on the windtunnel walls,
the predicted value of is used with Equations (3.23) and (3.24) to
generate values of A" and B" that apply at that point. Finally, to

express the boundary condition in the following way,

Cp- A 4 B , (3Z5)

Equation (3.20) is used. Thus

A= All_

and B B G3-Z7)

The second wall characteristic used in the computer program
’PILOT' is that derived from experiments described in the present report.
This characteristic, which is a fourth order polynomial, relating

(again positive for outflow) and 0 , 1s rather more complex in
its application than the first type due to Jacocks (1976). This is
because , the non-dimensional pressure difference between the
working section and plenum chamber sides of the wall is based on 'q'
the local dynamic head unlike , which is based on the freestream

dynamic head. The wall characteristic function is

- 0-53% 8~ - U-10U

Z 3 3
- <§*+

This function is obtained from the wall characteristic function derived
in Section (4) of this report, whilst certain changes have been made.
First, the signs have been reversed to specify positive for out-
flow. Second, terms involving 8 have been multiplied by 339., as
8* was originally non-dimensionalized with respect to a perforation

diameter of 2.95 mm, and in the present computer program, 8 is

specified in metres. Finally, an average test Mach number of 0.78 has



been assumed. To match later calculations, has been expressed as

a function of , rather than the reverse (which would be simpler

for present purposes).

At each control point along the windtunnel walls, calculated values
of and are available. These are used to calculate the gradient
the wall characteristic at that point on the wall and at

those particular values of 5* and (see Figure (12)). The
J/ —

required gradient for the boundary condition’ is then found by

inverting the first gradient. The intercept of the local characteristic
on the 4 axis is then calculated. Thus the boundary condition (

as a linear function of ) required at each control point is
calculated. This boundary condition represents only the local linear
fit to the wall characteristic at values of and which have
been predicted to exist at a particular point in the windtunnel during
the previous iteration of the calculation procedure (see the hard line,

ringed on Figure (12)), Using the notation in the computer program,

the boundary condition equation is

“TINT + °

1

Using Equations (3,19), (3.20) and the exact equation for the wall

pressure coefficient;

Pee (202<?)

it can be shown that when Cp is much less than unity (and therefore

r is negligible),
fs?/)
4

Combining this equation with Equation (3,29) we find
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The desired simple relationship between Cp and a. 1is now available,
except that in Equation (3.32), the denominator includes the term
In the computer program, this is calculated from wvalues of

and from the previous iteration. Thus an equation of the form of

Equation (3.25) is formed, where

and (‘)v‘)*)

Having generated a new wall boundary condition using either the
empirical equation derived from Jacocks (1976) work, or that from the
experiments in the present report, it is necessary to correct this to
account for solid sections of wall. Equation (3.17) is used, but because
the concept of a plenum chamber does not apply where the wall is solid,

the equation is used in the form

Cp - 1000

Using the notation of Equation (3.25), A is zero and B is 1000. For all
control points on areas of wall specified to be solid, the above values
of A and B replace these values calculated from the wall characteristics

earlier. This procedure is carried out at position (I) in Figure (11).

The boundary condition, Equation (3.25), must be altered to relate
only effective inviscid flow velocity perturbations, before it can be

applied to the inviscid flow calculation. This is done in the following



manner (and marked at position (E) on Figure (11)). Equation (3.4),

adapted for use in cases of incompressible flow has the form

t C (?-»)

Here (referring to Equation (3.3)),

C« *9"4tte _ ge di™*

Now in Equation (3.25),

cr. -

and

In Equation (3,36) the term V* is in fact the perturbation normal to
the freestream in the inviscid flow (defined for the moment; inflow
positive on both walls). Combining Equation (3.25) with the above

four equations we find

All values of and V  within the pairs of parentheses are taken
from previous iterations of the overall computing scheme. The right
hand term in parentheses is then reversed in sign for control points
on the top wall to make the equation completely consistent with the
inviscid flow calculation scheme. Equation (3.,39) is then in the
required form (that of Equation (3.15)) for application as a wall

boundary condition, where in Equation (3,15)



and

a-w)

Virtually all the components of the iteration procedure in the
computer program ’PILOT have now been described. At position (J) in
Figure (11), a convergence check is carried out on all control point
values of . If the check is successful, the program proceeds to
calculate the effective freestream speed (described earlier) and
output the required results before finally stopping. If the convergence
check is unsuccessful, control is returned to position (K) and the
calculation proceeds. No relaxation is used in the iteration loop
bounded by (J) and (K), in contrast to the other iteration loop

between (D) and (QG),

In most commercial windtunnels (and windtunnel flow calculation
methods) it is unnecessary to measure or specify the nett flow rate
of air through the perforated walls, However, the capability to
specify this flow rate has been included in the computer program
PILOT as an option. This alternative is useful in a number of
instances; to model the flow in the windtunnel with closed box plena
(where the nett flow rate of air from the working section is zero),
for example. During each iteration of the computer program, the nett
flow rate of air through the perforated section of each wall is
calculated. This is carried out by integrating discrete values of
the mean viscous crossflow component ( |/~ ) at the wall using the
trapezium rule. If the nett flow rate of air through the walls has been
specified at the outset of the calculation, then a comparison is made

between the required and calculated flow rates, and if a discrepancy
exists between them, the plenum chamber pressures are altered by a

small amount. Clearly then, the actual flow calculation is affected

6!



directly by the plenum chamber pressures specified during each
iteration (rather than by the specified flow rate through the walls)
and in some calculations these are specified at the outset and fixed
during all subsequent iterations. The above process of specifying the
wall flow rates or plenum chamber pressures can be put into effect

simulating either connected or unconnected plena at will.

This completes the description of the formulation fo the
FORTRAN computer program 'PILOT'. A listing of this program and

instructions for running it are contained in Appendix”) .

3.5 Boundary Layer Prediction Method.

A boundary layer prediction method is required, to serve the
purposes of the present research. Ideally, this prediction method would
be capable of predicting accurately the development of a turbulent
boundary layer on a rough surface in two-dimensional flow. Account
should be taken in the method of compressibility effects and the presence
of longitudinal pressure gradients. Finally, the effect of transpiration
through the wall should be included. In Freestone and Henington (1979),
Section (5.1), a list is presented of points which need considering when
choosing such a boundary layer prediction method. The list includes,
obviously, considering the method’s accuracy (mentioned above) and other
points relating to the awvailability, and suitability of the method for

application to the inviscid flow calculation schemes to be used.

It would not be unfair to state that, at present, there are no
boundary layer calculation methods available which can adequately meet
all the requirements stated above. Methods have been developed to meet
one or perhaps two of the above requirements, but not all four together.
This inadequacy is particularly clear for the prediction of boundary
layer development where wall transpiration is present. It is expected

in the present research that wall transpiration rates
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will be encountered. Such transpiration rates are at least in excess of

those which can be accurately accounted for by all calculation methods

considered (for example that of Bradshaw and Unsworth (1974)).

The advantages, at least in simplicity, of the simple integral

methods over those involving eddy-viscosity assumptions (usually leading

to the use of a finite difference approach) are clear. Also with careful

use of empiricism, there is no reason why an integral method should not

give quite accurate results. For these reasons the integral method

approach was chosen,

Patel (1968).

to be based on the entrainment method of Head and
The method as presented by Head and Patel does not account

for compressibility, wall transpiration, or wall roughness.

Two initial alterations were made to the method of Head and Patel

(1968). The first was to replace their rather complicated expression

for C/ with that of Ludwieg and Tillman (1950), namely;
-1-561H - 0-269
Z ou’be, .
Second was to use the relationship between (that is; )

and H proposed by Patel (1965) in place of the interpolation table of

Head* This relationship is

(H-D
To account for transpiration, the wall is treated as homogeneous, that

is, porous rather than perforated. The momentum integral equation used

by Head is altered by the addition of a further term, namely the crossflow

angle at the porous wall; The equation then becomes

« Reference 4® HeU* cnl/ie*.*es o- rej-crcAce +° (196S)
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Here, the equation has been non-dimensionalized using a reference length

(L) and speed ( Cifl )> normally taken as Im and Ims respectively. The

increase in skin friction caused by surface suction is accounted for
very simply. Based on the experimental data of Kruse (1978), for suction
cases only, on alteration is made to the value of Cf calculated by

Head's method. The alteration is as follows;

For blowing

c7Z (et (-w)

For suction

Head's entrainment equation, expressed in non-dimensional form, using

Equation (3.43) to replace terms in Hx then becomes

+ 2fe)) |
2($ 0 )

For suction cases, here Cf is calculated using Equation (3.46), the

terms in the entrainment equation involving become quite finely

balanced. To ensure that is of the right sign (negative for

suction), an amendment is made to Equation (3.47). This then becomes

Throughout the calculation procedure the value of H is confined

within the range 1*] to 3,0. This step, taken to maintain values of H

within observed experimental limits, proved unnecessary as during



calculations to date, H has never approached either limit. To prevent

values of € becoming negative, a minimum limit is set on of 500.
Clearly many of the alterations made to Head's method are quite crude,
but accuracy alone is not the objective of the present study and, as

will be seen later, the method does give quite promising results.

It has been demonstrated (Green, 1968) that the effects of
compressibility can be incorporated into Head's boundary layer method.

For most of the present work, these effects are not included. Only in
the latter stages (during development of the computer program °*PREDICT)

is any account taken of compressibility; the local variation in freestream

fluid density being used to calculate local momentum thickness Reynolds

number.

Head's equations, once altered, are solved using a fourth order
Runge-Kutta forward integration procedure. The complete algorithm is
coded as a FORTRAN subroutine. This subroutine is incorporated into
the programs 'PILOT’ (as °BL’), and °PREDICT' (as 'WALLBL'), In both

programs, it is more convenient to pass values of the displacement

thickness, <5* |, to and from the boundary layer calculation, rather

than momentum thickness ($ ) values. This is carried out, and
conversions are made between and Q at the beginning and end of the

boundary layer calculation subroutine.

For situations where the wall perforation size is small compared

to the thickness of the boundary layer on it and there is

blowing
through the wall (positive ). the method described above gives
encouraging results. In Figure (13), results from the experiments of

Kruse (1978) are shown. The prediction due to the present calculation

method and that of the method of Bradshaw and Unsworth (1974) are also

shown. Clearly for this comparison, the simple empirical method appears

to be adequate.

Results from the present calculation method are also compared with
experimental data obtained under rather more demanding conditions. These

experiments were carried out during the course of this research. The
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windtunnel wall used was the 60° inclined hole, perforated liner, mounted

in the transonic windtunnel at the City University. For the cases
predicted, the local Mach number on the wall remained between 0.7 and 0.85.
The local longitudinal pressure gradients were not severe and their effect
on the boundary layer displacement thickness is likely to be small compared
to the effect of the crossflow through the wall. A comparison between the
measured development of displacement thickness and that predicted by the
present calculation method is presented in Figure (14). Clearly the
comparison is less encouraging than that presented in Figure (13). Although
the deviations between theoretical and experimental values of 3~ would
continue to increase downstream of the region in which measurements were
made, it is helpful to express the discrepancy, for the region shown, in
terms of a standard deviation (fff* ). This discrepancy between measured

and calculated values of

a of 0.44 mm.

, for the four cases of crossflow shown has

It seems unlikely that at the Mach numbers considered, the effects
of compressibility would cause such signigicant errors in predicted results.
In fact, in the calculations, the effect of compressibility is taken into

account in the limited manner described earlier.

A brief investigation into the sensitivity of computed results to
errors in input data was carried out, All data supplied to the calculation
are reduced from experiment and contain experimental and analysis error.
However, the sensitivity study revealed that errors in experimental data
input could not account for the discrepancy abserved in Figure (14).

In fact the discrepancy possibly due to these errors has a standard

deviation of only 0.15 mm,

The comparison made earlier with the experimental data of Kruse
(1978) revealed that for walls with very fine perforations (which could be
considered smooth), the present calculation method gives acceptable results.
In figure (14), the first two curves, representing predicted values of P
in blowing or approximately neutral conditions, reproduce approximately
the data generated during the comparison with the results of Kruse,

Clearly now the experimental rate of growth of displacement thickness is

larger than in Kruse  experiments, This is almost certainly due to the
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large size of the perforations relative to the thickness of the boundary
layer. This perforated wall is effectively rough. Sterland (1981)
discovers the same difficulty, in using the present calculation method
to predict the boundary layer development along a perforated plate

with normal holes in low speed flow. In Figure (5.15) of his report
(reproduced here as Figure (15)), Sterland presents a comparison of

the development of momentum thickness on the wall, where calculated

values are again consistently less than those from experiment.

It is clear that the effect of roughness will need to be
incorporated in Head's method as used. This is likely to be carried
out by altering the empirical constants in the controlling equations.
In carrying out these alterations using experimerlt(e)l’lE data, it may
become apparent that a physical parameter such as adequately
represents the effective roughness of a perforated wall. If this
were so, it would reduce the number of experiments necessary to
complete the alterations to the boundary layer method. In addition,
the method could then be applied with some confidence to the flow
near other similar, but not identical, perforated walls without

further alteration of the empirical constants,

3,6 Scheme for the Cross-flow Characteristic,

The disadvantages of using a wall boundary condition of the

/X *j ftSO

were mentined in Section (2.1). These consist chiefly of erroneous

type

assumptions concerning a) the boundary layer on the wall,
b) the relationship between the presure
difference across the wall and the rate
of flow through it

and c) the pressure in the plenum chamber.
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The new crossflow characteristic (and thus the new boundary

condition to be applied to the inviscid flow) improves on the old one,

in all three areas mentiond.

The non-dimensional pressure difference across the perforated

wall (A™) 1s now used, where

S Av -

In this way, the wvalue of is not now assumed to be equal to the
freestream pressure and as all terms in the above equation are evaluated
locally, the plenum chamber pressure need not be considered to be
constant, but rather may be taken, if necessary, as varying in the

longitudinal direction.

Any crossflow characteristic for the wall which relates
either to the inviscid crossflow at the boundary layer edge (
or to the effective inviscid crossflow at the wall & V* )» would
in general need to take account of the longitudinal derivatives of

an ,  This is because both the crossflows mentioned are in-
fluenced by these derivatives, It is expected that the actual average
viscous crossflow at the wall ) will not be influenced locally

by the derivatives mentioned, but purely by local boundary layer and

external flow properties. Hence, a relationship between
is employed which also takes ho account of an® -Rf
This relationship between- andy”™1/~ 1is however considered

to depend on two other factors, The first of these is the nature
of the boundary layer on the wall at the position at which values of
andarce determined, The boundary layer displacement
thickness is chosen as the single wvariable representing the nature
of the boundary layer, as its close relationship to the displacement
of streamlines in the inviscid flow seems more relevant to a '"crossflow"
function than any properties of the momentum thickness or shape factor.
The second factor is the local Mach number in the inviscid flow. In

Goethert (1961), Mach number is clearly shown to be an important



parameter in any simulation of a perforated wall characteristic. Figure

(11.24) of his work is reproduced here as Figure (16). The characteristic
for a wall very similar to that considered here is shown in this Figure.
The wvariables on both axes have been non-dimensionalized with respect

to freestream conditions and for all data shown, the boundary layer

thickness is approximately constant. The gradient of the characteristic
increases by 36% from a Mach number of 0.9 to 1.0. Although there are

no data to indicate how Mach number might influence the characteristic

below a value of 0.9, it is considered an important parameter, and

thus is included as an independent variable in modelling the wall

characteristic.

In the present work, no other variables are incorporated in the
crossflow characteristic. However, some new variables might need future
consideration (the local Reynolds numbers based on unit length for
example). It should be noted that.the crossflow characteristic is
treated as a relationship between non-dimensional parameters. To

achieve this, values of .s— are divided by the perforated diameter

(2-"Smm), and values of by the term p* ilg Effectively then,

two further wvariables are incorporated into the characteristic.

The relationship between the four chosen non-dimensional quantities,

ZSt. and M 1is determined by experiment. At each of

forty different flow conditions,values of the four variables are

determined from windtunnel data. One major complication in this process

is the difficulty in measuring p~Uy directly. Values of are

determined outside the boundary layer and Equation (3,1), namely,
dr'+JWe zO

is used (with other experimental data reduced to values of d and
) to calculate from these data, values of r TR forty
sets of data mentioned, are fitted by a fourth order function This

function, when fitted, is
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The function, being of a greater order than one, allows a wall
characteristic to be simulated which is non-linear and (notably) has

a different average gradient for blowing and suction cases.

The experiments and analysis described briefly above are in
fact quite complex. They are described in greater detail in Section

(4) of this report.

3.7 The New Boundary Condition Equation

In Section (3.6), the viscous flow wall characteristic is

presented. It is now necessary to decide the form of the boundary

condition equation to be used in applying the method to inviscid flow

calculations.

One of the major long term aims of the present research is to

apply the new boundary condition to practical transonic flow calculation

methods. It is clear therefore that the new boundary condition should

be as simple as possible to apply to such methods. One representative
calculation method is that of Catherall (1975) (discussed in Section
2,1 of this report). In this method, the wall boundary condition

(which 1s generally applicable to a number of wall types) is

For the present, the central term in the above equation (which is only

normally brought into operation for slotted wall windtunnel calculations)
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is ignored. The type of wall characteristic selected in Section (3.6)
does not permit us to comsider using it. The remaining boundary

condition, appropriate to perforated walls is

(Here we note that P is a constant).

The simplest alteration possible to this boundary condition,
would be to allow the value of P to be different for the top and
bottom walls and, of equal importance, to vary in the longitudinal
direction. Catherall's method, which uses a finite-difference

approach to solve the governing equations of the flow, generates
and assumes discrete values for /x and along both walls.

Hence, it would be a simple step to specify P also, as having

different values at discrete points along each wall. However, this
simplest of alterations wastes to some extent the detail contained in
the proposed wall characteristic, Notably, it is not possible with
this boundary condi\tion to account for a plenum chamber pressure which
is not equal to the pressure in the freestream, although the new wall

characteristic does account for this.

The next logical step in increasing the complexity, and the
usefulness, of the boundary condition in Equation (3,50), is to replace
the zero on the right hand side with a constant (K say), In referring
to P and K as constants, it is intended that they are so, only for the
boundary condition as it is applied at any particular control or grid
point on the windtunnel walls. In general, the values of P and K will
both vary with the longitudinal ordinate °’x’ and from iteration to
iteration in any inviscid flow calculation scheme employed, Using a
non-zero value of K allows a difference between plenum and freestream
pressures to be directly simulated (as for example, some crossflow, or

, will be induced with even zero ). Also, if the crossflow
characteristic does not pass through the origin of co-ordinates (as in

Figure (16)), this can also be easily simulated using the constant K,



Higher order relationships could also be used as boundary cond-
itions in flow calculations. However the complexity of incorporat-
ing them into existing practical flow calculation methods is likely

to be high and they are not considered in the present work.

The computer program 'PILOT' was used in a simple evaluation
of some of the various types of boundary condition. Using a boundary

condition of the form of Equation (3.50), namely

P

a comparison was made between computed results and those from
experiment. The value of P to be used, was derived from a consistent
set of experiments with those used in the comparison. This comparison
(between values of the viscous crossflow at the Wall,*/éw ) is shown
in Figure (17), Clearly, the program is unable to predict the crossflow
with any useful degree of accuracy. This is primarily because the
boundary condition can take no account of the actual plenum chamber

It is also notable that because P is constant along the whole
length of the region where flow is calculated and it is chosen to
represent a porous wall, significant crossflow is predicted well into

the regions of the windtunnel where the walls are in fact solid.

Using a boundary condition of the form

give significantly better results, Here, P and K, which are also derived
from the experiments used for the comparison in Figure (17), are
permitted to vary in the longitudinal direction and from iteration to
iteration in the calculation procedure. Some results using this
boundary condition are also shown in Figure (17), The general
distribution of crossflow is closer to experimental values, and the
solid regions of windtunnel wall are now correctly simulated, negligible

crossflow being predicted there, The computing times using this
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boundary condition are an order of magnitude greater than those using

the simple condition, but the increased level of accuracy is comnsidered

to offset this.

In the list given earlier of possible improvements in the form
of the boundary condition, no mention was made of any simpler methods
than those used at present. One such approach has however been inves
tigated. Rather than a boundary condition equation being specified,
the calculated wvalues of the crossflow are directly applied to the
inviscid flow. These are determined from previously calculated wall
pressures, using a simple boundary layer analysis and the wall
characteristic derived from Jacocks (1976) (Equation (3,22) of this
report). During each iteration of the program, a distribution of
crossflow is used as a directly imposed boundary condition and from
the predicted flow in the windtunnel, a new distrubution of wall
pressures is obtained, Using the same viscous modules in the computer
program, the boundary condition; Equation (3,51) was also used.

When converged, the methods produced identical results, However, the
latter method was considered superior, as it consistently gave converged
solutions in approximately half the computing time required by the

former method.

Of the boundary conditions considered, the type shown in Equation
(3.51) was chosen as the most suitable for use, This equation contains
the derivative, , which represents the wall pressure coefficient,
evaluated only to first order accuracy, However, for the small
perturbations assumed to exist, it is expected that the error introduced
will be negligible, The evaluation of the effective inviscid crossflow
at the wall position ( ). using the derivative Zz 1is, in contrast
exact, The application of this boundary condition to the computer

program, PILOT, was described in detail in Section (3.4),

To demonstrate that this new boundary condition is suitable for
future application to practical transonic flow calculation methods, the
method of Catherall (1975) has been used as a test case, In appendix

(4), the relevant parts of Catherall's method are adapted, resulting



in equations, which are not greatly different in character from the
original ones Naturally it is hoped that, with perseverance, such
a calculation method could be brought to satisfactiory convergence.
During the course of this research, only one attempt has been made at

bringing this calculation scheme to convergence. This attempt was

unsuccessful

3.7.1 Mode of application of the new boundary condition.

It is helpful under the heading of Section (3.7) to discuss the

timing and method of application of the new boundary condition to a

flow calculation method.

In the computer program, PILOT, the boundary condition is re-
calculated at each iteration. This is because the method involves a
direct solution for all the wall source element strengths simultaneously
and without an alteration in the wall boundary condition, no improvement
in the flow prediction would occur, over that calculated previously.

It would be possible to incorporate a gradual change in the boundary

condition by using under-relaxation, but this was found unnecessary.

In a practical calculation method, such as that of Catherall
(1975), where a sweeping solution through the computing grid is used,
it may be helpful to reduce the number of times the wall boundary
condition is calculated. FEach change in the wall condition could be
delayed (for example) until the corresponding viscous layers on the
aerofoil are calculated (Catherall's method has subsequently been
altered to account for viscous effects on the aerofoil surface and
wake (Lock (1975<D). In this way, the complete new boundary condition
is then applied over a number of grid sweeps to the flow field
calculation, allowing the solution to settle between alterations. If
even this procedure proves to be too severe for the calculation (the
solution becoming unstable), then some under-relaxation of the wall

boundary condition may also be necessary,



3.8 Results from the Computer Program PILOT.

It is the objective of this Section to demonstrate initially
that the overall computing scheme proposed converges, that for a
chosen simple case, the results are exact and that for another more
involved case, the results are in some agreement with the calculation

method of Goethert (1961) mentioned in Section (2.1) of this report.

Subsequently, some aspects of windtunnel flow simulation, made

possible by use of the new boundary condition are investigated.

3,8.1 Demonstration that the computer Program PILOT
converges and that in some cases, results from the method are realistic.

There was initially some doubt as to whether the inviscid part
of the computer program PILOT, using a finite number of distributed
wall source eclements and a boundary condition applied at discrete
points, would give results which were first unique, and second, ever
in agreement with exact potential theory. To examine this problem, the
flow around a vortex doublet combination between two solid boundaries
was simulated using potential flow singularities (see Figure (18,a)).
The flow around the vortex doublet combination and the effectively
infinite series of images in both walls was calculated using a fairly
simple computer program designed to this sole purpose. The series of
images 1is only effectively infinite in that the calculation is halted
when the nett crossflow at the boundary lines is very small rather
than zero, The resulting flow distribution is approximately the exact
flow around a vortex doublet combination between two infinite,
straight walls (no viscous effects are present), The computer program
PILOT was also used to simulate the same flow (see Figure (18,b)).

The windtunnel walls, although straight, are now finite, limited to
either 0.8m or 0,38m in length (the total number of wall elements used
being 40 and 20 respectively). All the wall elements are specified

as representing a solid wall, and no boundary layer is simulated.

90
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Figure (19) shows the distributions of wall pressure coefficient pre-
dicted by PILOT and by the image method. It would seem that PILOT does
indeed produce a sensible, unique solution, which for the 40 element
case gives results in very close agreement with the exact potential
theory. There is no reason to suppose that in other more complex

calculations, the program PILOT will not also give sensible, unique

solutions.

One factor which could cause the results from PILOT to be in
error is the accuracy with which the viscous components of the program
can simulate the actual flow near, and through the walls. In Section
(5) of this report, the computer program PREDICT is used to examine
this ability. The results presented there indicate that these viscous
regions of flow can be predicted uniquely. Concerning accuracy, the
results are not particularly good. The prediction of cross flow
has a standard deviation {tf¥ ) of 0.0019 about the experimental figures
and the prediction of has a of 0.5 mm about the experimental
values. However, the viscous components of the flow calculation used

in PREDICT are still considered accurate enough to be employed in PILOT.

In section (2.1) of this report, a one-dimensional analysis of

flow in a finite perforated working section was mentioned. (Goethert,

1961).

This one-dimensional analysis
is now used in a comparison with results from the present computer
program, PILOT. The windtunnel configuration used in PILOT is shown
in Figure (20, a) No aerofoil is simulated in the working section,
nor boundary layer on the windtunnel walls and the freestream speed is
100 ms . With no boundary layer simulated, the wall characteristic

due to Jacocks (1976), which is used in PILOT, reduces approximately to

Chu = -0-0F - 2-0
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The plenum chamber pressure coefficient (

-0,048. The factor, 2.0,

) is specified as

in Equation (3.52) represents the value of
K in Goethert's method (see Equation (H ) of Appendix (1)). The
solution using Goethert’s equations is scaled to fit the results of
PILOT for the flow described and the distribution of wall pressure
coefficient from both methods are presented on Figure (20,b) The
comparison is good when one considers that Goethert's method represents

only one-dimensional flow.

3.8.2 Investigation of some new aspects of windtunnel flow

simulation,

It is helpful at this stage to revert from using the equation

as the wall boundary condition, to the form of this equation used in

the program PILOT, namely,

U= B'v (Z«)

(This equation is taken from Equation (3,15) which was in a form

suitable for matrix algebra),

The first piece of work to be described is an investigation into
the effect of varying plenum chamber pressure on the windtunnel flow.
Varying the controlling parameter, namely CfyL > alters the value of
A" in Equation (3,53), Results from PILOT for cases with three
different values of are presented in Figure (21), No aerofoil

is simulated in the windtunnel. The wall characteristic developed in
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in this report (Equation (3.28)) is used. The flow in the windtunnel
responds in a logical manner to the alteration of . Strong
suction ( positive) draws air out of the working section, causing
the wall boundary layer to thin and the pressure on the wall to rise.
The reverse situation is true for large negative values of , but
for those close to zero, the flow still passes out of the working section,
against the pressure rise. This is caused by an effective offset in
the wall characteristic, a phenomenon which is evident for alltypes of
perforated walls with inclined holes. It is interesting to note that
generally, the flow does not merely pass uniformly into or out of the
working section, but tends to be stronger at the downstream end of the
working section. One clear reason for this is as follows. As air
passes, say, into the windtunnel, the flow speed increases along the
working section and thus the pressure falls. The increasing pressure
difference between the plenum chamber and the working section causes an
increasing transpiration rate which in turn serves to speed up the flow
still further. The nett effect of this interaction is a flow distribu-
tion similar to that of Goethert (1961) which has exponential features.
- Even when an aero-
foil simulation is made in the working section, this divergence of the
flow at the downstream end is still present, though it may be masked by

the influence of the aerofoil,

The results of a second investigation, 'into the effect of varying
the wvalue of in Equation (3,53) are now presented, The windtunnel
geometry and wvalues of the crossflow component of velocity at the wall

for 3 wvalues of Bf are shown in Figure (22). The geometry is only

slightly different from that in the previous discussion, The wall

characteristic used here is that derived from the work of Jacocks
(1976), This characteristic, labelled Equation (3.22) in Section (3.4)

of this report, is

= (io P-ois ) +eu |

For convenience, the boundary layer is not simulated on the walls of

the windtunnel. Hence the above equation is effectively reduced to
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Cp, z -DO5 +
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The term e is of course invariant with ’x’ and is the part of

the equation which becomes B' in Equation (3.53) later in the calculation
procedure. We refer to this as Z temporarily. In Figure (22), the
results shown are taken from calculations using values of Z of 2, 4.48
(the original value) and 8. For all these calculations, a value of
-0.048 1is used forcf77 ,  As one might expect, with increasing porosity
(decreasing Z), the crossflow distribution becomes increasingly severe.
Again, the rushing flow at the downstream end of the porous working
section is experienced. Wall pressure distributions have a similar

trend of increasing severity with decreasing Z.

A further brief investigation made possible using the new boundary
condition concerns the effects of the finite length of the perforated
liners in the windtunnel working section. This topic, which for porous
windtunnels at least has received little attention to date, is now
being investigated by AEDC (Arnold Engineering Development Centre,
U.S.A.,) using a porous walled adaptive windtunnel.

The approach used in the present work to model the solid sections of
windtunnel liner has already been mentioned. A further improvement in
the overall method is now introduced. The interference along the centre-
line of the working section due to the presence of the windtunnel walls
is calculated. This interference is expressed as values of Cp and
normal perturbution of velocity,V, The distributions of pressure
coefficient on the wall and centre-line of the working section are
calculated for two cases, First with no solid sections of wall simulated,
and secondly, with comparatively long sections of solid wall simulated
both upstream and downstream. These calculations are carried out for two
values of C/7< , namely 0,1 and -0.1, No aerofoil is simulated in
the windtunnel, but the boundary layer on the walls is taken into
account. The wall characteristic developed in this report is used and
the windtunnel geometry is presented, together with the computed results,

in Figure (23).
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In both Figure (23) 'a' and ’b', the working section pressures
on wall and centre-line are higher for the case where the liner is
fully porous, than for the case when the liner includes solid zones.
As such one cannot conclude that the fully porous working section
produces more severe disturbances, but that some more complicated
phenomenon is taking place. In Figure (23,a) in the centre of the
working section (where both types of wall modelled are porous) the
pressure gradient appears to be very similar for the two cases
calculated, while in general, over the solid section of the wall, the
pressure remains almost constant, This is sensible, since the only
major influence on the flow in the solid duct is the boundary layer
growth on the walls, For this case ( 0O’l ) then, it seems
clear why the ’solid zone case and the 'fully porous’ case are
different. The fully porous flow is free to expand along the whole
working section length, thus gaining a pressure differential relative
to the 'solid zone' case along the extent of the upstream section of

solid wall.

Looking more carefully at the solid zone case in Figure (23.a),
we see a distinct difference between the wall, and centre-line pressure
distributions. The centre-line pressure responds in a very simple
(and not surprising) manner, remaining level initially, then rising
along the porous section of the working section due to the low plenum
chamber pressure and finally remaining level again during the final
solid section of the windtunnel, The flow near the wall however,
overspeeds (relative to centre-line conditions) on entering the
porous section and underspeeds on exit from it. This feature of the
flow near the wall is probably caused by the abrupt change in the
terms in the boundary conditions, In the solid section, the flow
direction near the wall is certain to be very close to that of the
x axis, However in the porous section, the porous boundary condition
combined with the pressure difference across the liner causes a larger
flow angle to exist, Although in potential flow, the direction of
the streamlines near the wall cannot change abruptly, a convex corner
flow is simulated at the upstream junctions of the solid and perforated

segments with the corresponding low pressure region around it. The



converse of the situation described above takes place at the down-
stream ends of the porous segments, concave corners being approximately
modelled there. The preceding arguement applies to flows where air

is passing out of the working section. Surprisingly, in Figure (23,b)
where there is a flow into the working section, there is no corner

flow evident at the entry to the porous section of the windtunnel perhaps
because the increased resistance of the porous wall to inflow reduces
the rate of change of flow angle. It does seem clear then that although
in the cases presented, where no aerofoil is present, there is not

a great difference between wall and centre-line pressures, it would

be sensible to concentrate wall source elements near any transition
between solid and porous sections of wall. This would allow the
calculated flow to predict more accurately the effects of truncating

the porous working section,

With the capability of calculating the centre-line interference
effects it is possible to investigate the overall improvement in the
flow predicted around an aerofoil resulting from the use of the new
boundary condition. This investigation is carried out with an aero-
foil simulated in the working section. In Figure (24) the geometry
of the working section is indicated, The point vortex and doublet
in the centre of the working section represent an aerofoil with a
chord of approximately 0,07m (equivalent to about one third of the
windtunnel height) and a lift coefficient of approximately 0,9, In
the calculations, the characteristic due to Jacocks (1976) is used
again (Equation (3,22)), Once developed into the form of Equation

(3.25), this characteristic becomes

Cf= e —£2t W exp(/-s -200S*)

The computer program, PILOT is initially run using the above equation
with a wvalue of of 0,« Then the flow is calculated with no
boundary layer simulated and CppC equal to -0,05, In the latter case,

the characteristic is effectively reduced to

<2
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Being merely a linear relationship between Cp and & , this equation

has the same form as the conventional wall boundary condition.

In figure (24) we see the clear influence of the lifting
aerofoil on the flow in the working section. The top wall pressure
coefficients are negative and the bottom wall pressure cofficients
are positive. On the walls, the influence of the new boundary condition
used in PILOT is significant. On the working section centre-line near
the position where the aerofoil is simulated, the difference in the wall
induced interference is approximately 0,035 in pressure coefficient.
Thus calculations using the new wall boundary condition may predict flow
speeds at the model position up to 2% (of the free stream speed) more

accurately than those using the conventional boundary condition,

In Figure (25), the effective inviscid crossflow ( Vjy ) at both
upper and lower walls, and the normal component of the interference
velocity on the centre-line are shown. As one might expect, the strong
negative pressure coefficients on the top wall of the working section
cause air to flow into the windtunnel and conversely, positive pressure
coefficients on the lower wall cause outflow, It is interesting that
the surging effect discovered in earlier investigations does not appear
to be very strong and indeed is only noticeable on the top wall in the
results obtained using the new boundary conditions. The centre-line
interference is again significantly affected by the change in the wall
characteristic (that is; by the change in the effective wall boundary
condition). At the aerofoil position, the difference in wall induced
interference between the two calculations constitutes a flow angle
increment of over half a degree. Clearly, the flow predicted near the
aerofoil position is sensitive to changes in the effective wall boundary
condition. Thus, in windtunnel flow calculation methods which account
for the presence of perforated walls, it is necessary to know accurately

the nature of the wall boundary condition if the flow near the aerofoil






is to be accurately simulated. The actual level of accuracy required in

the boundary condition will be discussed later in Section (4.2.6).

The last piece of work to be described here is an investigation
into the influence of the wall boundary layer on the flow in the wind-
tunnel. The windtunnel geometry selected for study is shown in Figure
(26). The wall characteristic developed in the present report is used
in the calculations and the facility of specifying the volumetric flow
rate into each plenum is brought into action. For these calculations,
the flow rate into each plenum chamber is set to zero. In Figure (26)
the boundary layer development on each wall of the working section is
presented. Before giving an explanation of these developments, it is
necessary to comnsider the distributions of pressure and crossflow at

the windtunnel walls. These are shown in Figure (27), a and b.

In Figure (27.,a), it is clear that the presence of the boundary
layer does not significantly affect the wall pressure distributions
near the aerofoil position. Indeed, compared to the alteration in wall
induced blockage interference when one changes to the new boundary
condition, the alteration in blockage due to the boundary layer on the
walls is small; less than 0.01, in pressure coefficient, compared to
0.035. However, at the downstream end of the working section, where
the walls become solid again, there is a clear blockage effect. Both
the top and the bottom wall pressure coefficients end at approximately
-0.04 and as there is no nett flow into either plenum chamber, this must

be caused by the presence of the thickened boundary layer.

In Figure (27,b) the viscous crossflow at the walls ( ) 1is
shown. The pattern of crossflow is generally familiar, but an apprec-
iable region of outflow is present at the upstream end of the top liner.
This region of flow, was also observed by Mokry et al. (1974). It led
these authors believe that their method of assuming continuous inflow
along the top liner, described in Section (2.1) of this report, would
not always be wvalid. Further downstream along the top liner for the
calculation where the boundary layer is included there is a clear region
of inflow. It is almost certainly this which is the major influence in

causing the large boundary layer growth rate observed there in Figure (26).
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The bottom liner however has a comparatively weak region of outflow along
most of its length, causing the boundary layer thickness to remain approx-
imately constant, with a sudden region of inflow at the downstream end of
the perforated section, which again causes a swift growth of the boundary
layer. The nature of the crossflow distributions is affected noticeably
by the incorporation of the boundary layer, although at the aerofoil

position it causes little numerical difference and the change in incidence

interference due to the wall boundary layer is as low as 0.06°.

As a conclusion to this, Section (3.8) of the report, we can state
that in Section(3.8.1}1it is shown that the computer program PILOT is

likely to produce unique, realistic solutions for a variety of different

flows. Also it is clear from Section™3.8.2"that using the new boundary

condition significantly alters the modelling of perforated wall windtunnel

flows and permits investigation of a number of previously undisturbed

areas of work.

Information concerning the practical running of the computer program

PILOT is contained in Appendix (3).



4 EXPERIMENTS AND ANALYSIS.

4.1 Experimental Objectives.

To utilize the scheme proposed in Section(3)of this report, it is
necessary to provide a crossflow characteristic for each perforated
wall type considered. The characteristic drawn from the work of
Jacocks (1976) and the one which could be deduced from the experiments
presented by Goethert (1961) are not considered to be adequate for
this purpose. The characteristic drawn from Jacocks' work (Equation
(3.22)) is at best, a poor approximation and the data presented by
Goethert (Figure (2) of this report for example) do not adequately

cover the range of subsonic (wall) Mach numbers required.

Thus 1t is necessary to perform experiments to provide data
leading to a new crossflow characteristic. For convenience, the
type of perforated wall chosen is that mounted in the transonic
windtunnel in the Department of Aeronautics at the City University,
This wall is of the 60° inclined hole type with an open area ratio of
6%. To remind us, the wall characteristic is to relate the following

parameters:-

For the characteristic to be useful, it must consist of a large number
of distinct sets of the variables listed, obtained under varying
conditions of each controlling parameter. Or to reiterate, the data
obtained must be spread well in each of the wvariables listed.
Particularly, the Mach number should be spread within the transonic
region, for example between 0.65 and 0.85. Cases of blowing and

suction should both be included.

Once the wall characteristic has been evaluated, it would be in-
cluded as one of the viscous components in the computer scheme described
earlier. However, before it can be used with confidence, the ability
of the wviscous components to predict accurately the flow near and
through the perforated liner must be examined. The computer program
'PREDICT' is developed for this purpose and will be described in Section

(5) of this report. A longitudinal set of measured wall and plenum chamber



pressure coefficients are supplied to PREDICT, which then calculates
the distributions of and S which are compatible with these
pressure coefficients. Clearly these predicted distributions must

be compared with ones measured during the tests which supplied the
pressure distributions. Hence, a set of experiments is required which

provides distributions of the following wvariables;

In addition, for reference purposes and for use as starting values
for the calculation, freestream conditions must be measured. Clearly,
the range of each variable in the experiments must generally fall
within the ranges during the ’characteristic’ tests, such that the

empirical characteristic may be capable of giving accurate results.

Finally, it will eventually be necessary to examine the accuracy
of the overall windtunnel calculation scheme proposed. Initially,
for this purpose, the computer program PILOT may be used, although
it deals only with incompressible flow. To carry out this examina-
tion of the scheme's accuracy, 1t is necessary to have available
data relating to the complete flow distribution in a windtunnel
working section. This data would include distributions of the now

familar wvariables:-

J Md,

Also freestream conditions are required, as are details of the work-
ing section geometry and particulars of any aerofoil that may be

present there.

To meet the three major experimental objectives described above,
it appears initially that three sets of experiments may be necessary.
It is however clear that in analysing the experiments required for
the third objective of modelling the complete working section flow,
the data required by the second objective are also produced. Also,

because the empirical wall characteristic to be generated from the



experiments under the first objective is only a statistical fit to
the actual experimental data, it cannot be considered to represent
exactly the same information as the original data. Hence, if it

were supplied with the experimental values of upon which it

was based, it would not, in general, predict the correct (experimental)

relationship between the remaining wvariables. In this way it is
possible to use the same experimental data for both the generation
of the characteristic and the operation of the program PREDICT.
The resulting comparison between the result from PREDICT and the

measured data will give a useful indication of the accuracy of the

method.

All three experimental objectives then, are to be satisfied by
performing and analyzing one set of experiments. Using the windtunnel

mentioned, distributions of the wvariables

are to be determined under a variety of conditions of wall inflow
and outflow with wall Mach numbers generally in the range; 0.65 to
0.85. For each flow configuration™freestream conditions must also
be measured. The wvariables and can then be used, with

the freestream conditions to determine values of M and

To produce flow distributions of interest, a contoured top liner
is fitted in the windtunnel (a method used by Jacocks (1976) in his
work). This liner can be considered to produce the same flow as an
aerofoil at zero incidence. To carry out the calculations mentioned,
a knowledge of the shape of this liner is required. In addition, the
longitudinal position of the upstream and downstream ends of the per-

forated working section must be awvailable.

4.2 Experimental Equipment.

4.2.1 Practical Approach.



Using the intermittent transonic windtunnel in the Department
of Aeronautics at the City University, the following general approach
is taken to achieve the objectives set out in Section (4.1). The
working section of the windtunnel is fitted with one solid, contoured
wall and one perforated wall. The two sidewalls are solid and flat.
A group of eight test configurations is defined. For each config-
uration, values of the required variables, namely 4£ . e,,, J*
and M, are obtained at five stations along the perforated wall. A
combined instrument is used to measure the boundary layer displace-
ment thickness and the crossflow angle. However, this device is
only designed to measure these data at one position in any one run.
As such it is necessary to operate the windtunnel five times for
each configuration with the measuring device at a different station
each time. Pressure data from the perforated wall, plenum chamber
and the boundary layer/crossflow instrument are logged after each

run for subsequent analysis.

4.2.2 The Windtunnel.

The transonic windtunnel in the Department of Aeronautics is of
the intermittent type, with an eight inch deep, nine inch wide work-
ing section. The basic design is the same as that of the pilot
transonic windtunnel in use at the Aircraft Research Association Ltd.
(ARA), Bedford. It is driven by an ejector downstream of the work-
ing section and has a closed return circuit, the excess air mass
introduced by the ejector drive being released to atmosphere through
a balance duct. A diagram of the windtunnel is shown in Figure (28).
Using a flexible convergent-divergent nozzle and variable ejector
pressure, a Mach number range from 0 to 1.35 is available in the
working section. The stagnation pressure and temperature are approx-
imately those of the external atmosphere. Thus in the range of Mach
numbers of interest, namely 0.65 to 0.85, the Reynolds number based
on one metre length is typically 1.2 x 10?. Concerning the uniformity
of the flow entering the working section, this will be mentioned in
some detail in Section(4.2.8)of this report. Briefly, it is not yet
entirely clear whether the flow at entry to the working section has

a satisfactory level of uniformity.
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The working section has solid sidewalls, and these may either

have Schlieren windows or a set of longitudinal pressure tappings

level with the windtunnel centre-line. The top and bottom walls

are mounted on removable boxes, which form the respective plena.

For the tests considered, the top wall consists of a contoured resin

block mounted on one removable box. The bottom wall is perforated,
with holes inclined at 60° to the wvertical, and an open area ratio

of 6%. Models or instruments to be used in the working section are

normally mounted on a movable quadrant just downstream of the remov-

able plenum boxes. A general view of the working section, looking

downstream, is shown in Plate (1).

The plenum chamber pressure is controlled by an auxiliary ejector,

which is operated from the same compressed air supply as the main

windtunnel ejector. Both plena are connected directly to this ejector,

but the contoured top wall makes the top plenum chamber effectively

redundant. The auxiliary ejector is however designed to serve two

plena and to produce average outflow angles at the perforated walls
of up to l-28degree at working section Mach numbers in the region of
unity. A view of the windtunnel and auxiliary ejector is shown in

Plate (2).

4.2.3. The Contoured Top Wall.

The contoured top wall of the windtunnel working section is
required to produce pressure distributions, on the bottom perforated
wall, which are similar to those which would be experienced there if
an aerofoil were being tested in a realistic manner. In Mokry et al
(1974) there are presented anumber of such wall pressure distributions.
The lower graph of their Figure (15)

is chosen for present purposes.

It is reproduced here as Figure (1). The flow represented is that

around an aerofoil at an incidence of 4.5° in a windtunnel with

perforated wall where the freestream Mach number is 0.72. The

theoretical wall pressure distribution above the aerofoil is chosen

for the design of our contoured wall. To determine the required

shape of the contoured wall, a computer program similar to PILOT is

used. This program, developed by Freestone (1979), is similar to
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PILOT 1in that it uses a potential field with windtunnel walls sim-
ulated by distributed source elements. However, in contrast, no
viscous effects are accounted for, but compressibility is taken

into account by scaling the dimensions normal to the freestream us-

ing the Prandtl-Glauert factor ().

The horizontal scale on Figure (1) is adjusted so that the wall
pressure distribution experienced over a distance equivalent to four
aerofoil chords will be simulated on the length of our perforated
bottom wall. Although the full length of the wall in question is
approximately 380 mm, the initial gradual variation in open area
ratio from 0% to 6% over a length of approximately 80 mm makes the
effective perforated length questionable. Doubt about this was later
removed by taping over this transition. For present purposes, it is
assumed to be 350 mm in length. Mokry et al ( 1974) found that at a
Mach number of 0.82, a flow calculation in which a porosity para-
meter (P ) of 1.5 was used gave quite good results for wall pressures.
Although the distribution of wall pressures we are trying to imitate
was obtained at a freestream Mach number of 0.72, the above combina-
tion of Mach number and porosity parameter is used in the calculations

using Freestone's program.

The working section height (correctly, 8 inches) is scaled using
the wvalue of ft calculated from the Mach number 0.82, namely 0.572.
Initially, on the bottom boundary in the flow calculation, the wvalues
of are specified from Figure (1). It is not clear what boundary
condition should be applied on the top wall (where the contoured liner

will be situated). As an initial guess, the boundary condition

001 S IL - %

is used. This is the form of the boundary condition prior to scaling

for compressibility. The factor clearly represents the chosen

porosity, but the term '0.01' is arbitrary. From the flow distri-
bution predicted in the working section, the 'v' perturbations along
the top boundary are taken as an initial estimate of the influence

that would result from a contoured solid wall there.
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The flow in the working section is then re-calculated with the

distribution of normal perturbation (v) that was calculated on the
top boundary in the previous calculation applied as a boundary con-

dition there. Equation (4.1) is now applied along the lower boundary.

The predicted values of the longitudinal perturbation (u) along the
bottom boundary appear to match approximately the upper wall curve
in the bottom graph of Figure (16) of Mokry et al (1974), rather
than the same, in Figure (15) of that report. The graph from
their Figure (16) is reproduced here as Figure (29). Therefore
the distribution of normal perturbations used as the upper boundary
condition is used to generate the required shape of the contoured
wall. These perturbations, when divided by the freestream speed,

yield the required local gradients of the contour, These gradients

are then integrated along the wall to provide the shape of the
solid contour they represent. The ordinates of the wall are presen-
ted in Table (1). The peak of the contour is situated over the
centre of the effective perforated region of the bottom wall (the

region 350 mm in length).

The contoured wall was manufactured from a rigid two-part resin.
The dimensions of the finished wall are certainly accurate to within
0.25 mm and the surface finish is very even. A view of the contoured
wall, removed from the windtunnel on its plenum box is shown in Plate
(3). Pressure tappings are made along the centre-line of the wall,

but they are not required for present tests.

4.2.4 The Lower Plenum Chamber and Perforated Wall.

In Section (4.2.1), it was concluded that values of
should be measured along the perforated wall. This wall which is

naturally the focus of the experiments is mounted on the lower plenum

chamber box of the windtunnel. A diagram of these two components is

shown in Figure (30). During the experiments in question, the open

rear end of the plenum box was sealed. The air drawn out of the

working section passes out of the front end of the box through the
ten | inch diameter holes clearly shown in Figure (30). As the per-

forations in the wall itself are inclined in a direction favourable
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to comnservation of momentum in the air flowing out of the working
section through the wall, there may well be a tendancy for a down-
stream flowing Jet to develop on the underside of the wall. For
this air to then pass out of the front (upstream) end of the plenum
box, it has to turn back sharply at the sealed downstream end. The
high wvalues of flow curvature there could cause the static pressure
to vary rapidly in a direction normal to the underside of the wall.
For this reason, the plenum chamber static tappings are mounted
close (within 1 mm) to the wall on one of the wvertical webs adjacent
to the plenum centre-line. Some of these webs are visible in Figure
(30). Over the majority of the plenum chamber length further up-
stream, the tappings are mounted on the same web but further from
the perforated wall (approximately 6 mm distant). There are a
total of ten static tappings in the plenum chamber and their
longitudinal positions are indicated in Table (2). The webs ment-
ioned above, support the perforated wall rigidly. They are drilled
with an extensive pattern of 1 inch diameter holes to allow free
passage of air in a lateral sense inside the plenum chamber. These
webs and holes can be seen in a general view of the plenum box and
perforated wall, Plate (4). The holes drilled in the outermost webs
are redundant, as the solid sidewall of the working section seals
them. In Plate (4), the groups of pressure tubes are clearly visible.
These come from the plenum static tappings and the perforated wall
static tappings. Within the plenum chamber, these tubes are routed

so as to minimise the obstruction experienced by the flow there.

The perforated wall was manufactured from brass plate, 3.33 mm
0
thick. The axis of the perforations is inclined at 60 to the normal,

as shown in the diagram below.
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Each perforation is 2.95 mm in diameter and they are arranged in a
pattern such that the ratio of the open area of the perforations (based
on their diameter) to the total wall area is 0.06. Thus, this type

of wall is normally refered to as having an ’open area ratio' of 6%.
The actual pattern of the perforations is shown in Figure (31). This
pattern, or at least a very similar one is used in a number of

prominent windtunnels facilities world wide including that at AEDC

Tennessee.

The perforated wall has nineteen static pressure tappings
longitudinally and eight laterally. Each tapping is positioned
centrally between a set of four adjacent perforations as indicated
in Figure (31). The longitudinal set are mounted near to the
centre-line of the wall at a convenient point in the perforation
pattern. The positions of the tappings are given in Table (2)

relative to one front corner of the wall.

On many perforated walls, the perforations do not begin abruptly
near or at the leading edge of the wall, but are gradually introduced.
The same is true of the present wall. However for simplicity, the
initial transition is masked on the working section side of the wall
using thin adhesive tape. This tape finishes 89 mm from the leading
edge of the wall and it is at this point that the 285 mm long per-
forated wall begins. In the design of the contoured top wall, it
was assumed that the perforated wall was 350 mm long, starting 30 mm

from the leading edge of the complete wall.

The complete bottom wall and plenum box is mounted in the wind-
tunnel working section and the groups of pressure tubes are channeled
out to the surrounding room through ducts in the base of the working

section which are virtually airtight.

4.2.5 Choosing an Instrument to Measure Flow Angle.

To evaluate the normal component of velocity in the viscous flow
at the perforated wall position (V|/)> the approach outlined in

Section (3.1) is adopted. In this approach, the normal component
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of velocity is measured outside the boundary layer (where it is

denoted ) and is altered using Equation (3.1), namely
XX
to give the required value of (strictly, in compressible flow, it

is only possible to evaluate the combined term )+ The alter-
native approach, involving the direct measurement of was not

possible using the equipment available for this research. It would
involve either detailed investigation of the flow through individual
perforations, or some subdivision of the bottom wall plenum chamber

to permit careful metering of the transpiration rate at any given

point on the perforated wall.

1t 1s helpful when considering the flow outside the boundary
layer, to refer to a flow angle relative to the longitudinal axis,

where

rather than to the actual normal component of velocity, . It

was considered initially that the device chosen to measure the flow

angle would need to be capable of resolving to an accuracy of 0.1

To measure the flow angle, the technique of Laser Doppler Anemometry
was carefully considered. It is a most desirable technique in that
it is non-intrusive and for any given application involves a fixed
calibration, which depends only upon readily available physical
constants, such as the wavelength of the Laser light and the separation
angle of two fixed incident Laser beams. However, in using most
practical Laser Doppler Anemometer systems, there is necessarily a
large amount of complex mathematical analysis which must be carried
out after the experiment in order to obtain values for velocity com
ponents. An attempt was made to measure the flow angles in question

using a Laser Doppler system incorporation a Malvern Instruments,

K2023 correlator. This attempt met with almost no success. However,
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it did reveal that with the equipment commercially available at the

time, it would not be possible to measure the flow angle of interest
(being 3° or less in flows with speed around 250 ms 1) with the required

accuracy of 0.1°. Indeed, there were strong indications that the

available accuracy would be an order of magnitude worse than this.

One other experimental approach to measuring the flow angle was
considered. This involves the use of a more conventional yawmeter
instrument, where a measured pressure difference is used with a cali-
bration equation to provide the wvalue of the flow angle. A simple

diagram of the instrument is shown below.
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This type of instrument is described as a Conrad yawmeter and is found
to have an approximate calibration equation (Ower and Pankhurst, 1969)

of the form
= M tine (W)

Here, is the difference between the pressures measured at the two
orifices non-dimensionalized with respect to the local dynamic head
(). M is a constant which depends upon the head angle (which in the
case of our instruments is approximately 60 ) and is the angle of
the oncoming flow relative to the longitudinal axis of the yawmeter.
With the instrumentation system available, this method of measuring
flow angle was estimated to have an accuracy of 0.2 (being the

maximum error in the calculated flow angle).
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The above method, using Conrad yawmeters was chosen in preference

to the more complex, and less accurate, Laser Doppler Anemometer

approach. For simplicity, the term 'yawmeter is used for the Conrad
devices, although strictly they are used to measure the pitch angle

of the flow. For yawmeters which are not constructed to be perfectly

symmetrical, some initial experiments carried out during this research

indicate that Equation (4.3) is altered by the addition of a constant

0
term C. Thus for use in flows at small angles (less than 5 ) to the

yawmeter axis, the assumed calibration equation is

| = ms t C.

4.2.6 The Combined Boundary Layer and Yawmeter Rake.

In attempting to design an instrument to measure accurately the

boundary layer displacement thickness and the flow angle outside the

boundary layer, careful consideration had to be given to the position-

ing of the various pressure tubes, chiefly at the forward end of the

device. It was decided to use two yawmeters, mounted at different

heights and displaced on either side of a central vertical boundary

layer rake. Two yawmeters were chosen so that for any experienced

boundary layer thickness (S ), there could be a yawmeter as close as

possible to that height (i.e. neither far above nor beneath it as
might be the case if only one instrument were used). To decide the

actual height of each yawmeter, a short series of experiments was

carried out in the transonic windtunnel using an existing boundary

layer rake. When air was drawn out of the working section, through

the perforated wall, the boundary layer thickness on the wall remained

below 20 mm. When air was blown into the working section through the

wall (influenced by a value of even less than - 0.2) the

thickness of the boundary layer increased, but remained below 35 mm.

These boundary layers were produced by more severe conditions than

those which would be experienced in subsequent tests. The heights

chosen for the yawmeters were 20.5 mm and 35 mm.

Under some circumstances, the top of a yawmeter may be just below



the edge of the boundary layer. In these situations it would probably
be more convenient to use results from this yawmeter, rather than
reverting to those from the other yawmeter which may be as much as 14 mm
(or two thirds of the boundary layer thickness) outside the boundary
layer edge. However, the whole approach taken to the evaluation of
flow angle requires that it be measured outside the boundary layer

(see Section (3.1)). If the experimental data are analysed as

though the yawmeter were outside the boundary layer then an error is
involved in the final values of crossflow. This error is caused by

using Equation (3.1), namely

(l’l«) u, 1 4 D>>> = DX, (it'?)

without alteration. In Appendix (5), the error is shown to be effect-
ively one in the first term of Equation (4.5). It is also shown to be
negligible when compared to that term provided that the yawmeter remains
in the top 30% of the boundary layer depth. The first term in the above
equation is normally of the same order of magnitude as the last two
terms, which represent the crossflow. Thus the error caused in the
calculation of the texrxrxx~~ 111 be of the same order of magnitude

as the error in the first term, and in that way, negligible.

With the preceding decisions made, concerning the approximate
positions of the yawmeters relative to the wall and boundary layer
rake, the complete instrument was designed. Careful consideration was
given to the shape of the instrument, particularly at the upstream end,
to ensure that the smallest possible interference would be experienced

in the flow at the yawmeters and along the boundary layer rake.

A diagram of the forward part of the combined boundary layer rake
and yawmeter assembly is shown in Figure (32). Only leading dimensions
are shown. A photograph of this part of the apparatus in the transonic
windtunnel is shown in Plate (5). The static pressure tube visible in
Plate (5) was not present during any of the tests described in this

report
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In the designing the apparatus, the following approximate approach
was taken in deciding the dimensions of some components. A component
with a diameter D say, would be placed no nearer, than a distance of
ten times D, to the upstream plane where the boundary layer rake and
yawmeters are positioned. This guideline is intended to keep interference

from such components at an acceptable level.

The pitot tubes in the boundary layer rake are manufactured from
hard stainless steel tubing, with external and internal diameters of
0.025 and 0.012 inch respectively. The open ends of the tubes are ground
normal to the longitudinal axis of the instrument to an accuracy of about
one degree. The heights of the tubes are given in Table (3) and the lowest
three tubes are in contact, the lowest also being in contact with the wall
of the windtunnel. The yawmeters, once mounted are at the heights shown,
rather than the chosen heights of 20.5 mm and 35 mm. All stainless steel

pressure tubing, when jointed is sealed with soft solder.

The complete boundary layer rake and yawmeter device is supported
firmly in the windtunnel working section by a straight tube of half inch
external diameter which is clamped in a purpose built mounting block.
This block attaches to the circular arc quadrant which already exists in
the windtunnel. Supporting the rake assembly from the guadrant has a
number of advantages over mounting it directly on the perforated wall.
First, it has been possible to design the mounting block to allow
continuous longitudinal movement of the rake and support tube. Second,
because the rake is not dependant on any particular perforations or
fixings on the wall, it may be used on any type of wall which may be
fitted in the windtunnel. Thirdly, no bulky rake foot is necessary, as
the rake is supported firmly from downstream. In fact, a mechanism in
the mounting block is used to tip the support tube downwards, so fixing
the rake foot firmly against the perforated wall. However, because the
foot of the rake covers only a small area, it does not significantly
obstruct the perforations. In an attempt to eliminate the effect of
individual perforations from some reduced results (namely those involving
longitudinal derivatives), the front of the bottom pitot tube in the
boundary layer rake is always sited in the same way relative to the local

perforations. To achieve this, a limited freedom in yaw has been
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incorporated into the quadrant mounting block. The maximum yaw angle
required, to locate the rake foot in the required position during a
longitudinal traverse is about 1.5°. In Appendix (6), it is demonstrated
that such an angle will not significantly affect the effective flow

angle experienced by the yawmeter. It is also assumed here that there
will be no change in the overall structure of the flow near the rake

due to the yaw angle mentioned above.

The yawmeters Are referred to by numbers, Number |1 being the lower,
and Number 2 the upper (see Figure (32)). When the yawmeters were
mounted in their calibration rig (See Appendix (7)), they were misaligned
in the sense of roll angle. To ensure that the calibration remained fully
applicable, this misalignment was also built into the yawmeters when
fitted onto the combined rake. The rake and support tube are restrained
in roll during use by a series of locating pins along the top to the
supporting tube which engage in a longitudinal slot in the mounting block.
In any case, it may be shown (in a similar manner to that in Appendix (6))

that roll angles below 5° do not significantly affect results from the

yawmeters.

In designing the rake and support tube, careful consideration was
given to maintaining mechanical deflections at a low level. However, as
the foot of the rake is sited at different positions along the bottom
wall of the windtunnel, the rake will normally take up different
orientations. In order to use a yawmeter calibration equation accurately
in such a situation, it is necessary to define a longitudinal reference
line on the rake. A small pin was inserted into the rear elbow of
yawmeter Number 1 (see Figure (32)). The line joining this pin to the
tip of yawmeter Number 1 is used as the reference line. Each time the
rake is positioned on the bottom wall, the angle of this reference line
relative to the horizon is measured, and then using the yawmeter
calibration curves, the flow angle can be calculated first relative to

the line, and subsequently relative to the horizon.

The complexity of building and mounting a small static perssure
tube on the rake was avoided by using the existing perforated wall

static tappings. Each .time the rake was positioned on the wall, it was

sited close to a wall static tapping. In fact



the rake foot was positioned in the same manner relative to respective
tappings. Corrections for the effect of the presence of the rake were
then made to the measured static pressure to determine the relevant
static pressure at the boundary layer rake foot and at each yawmeter.
However, such corrections could not account for pressure gradients
normal to the wall of the windtunnel. If such pressure gradients were
large, it would not be correct to use static pressures measured on the
wall to represent the pressure in the vicinity of the yawmeters.
Cebeci and Smith (1974,pp 73-75) show that for flows with small
curvatures (which the flow in question is likely to be) the change in
static pressure across the depth of the boundary layer is negligible,
when compared to the magnitude of the pressure itself. On this basis,
the wall static pressure is used to represent all the required pressures
around the rake (with the corrections mentioned above). Experiments
performed in a low speed windtunnel at the City University indicate
that a noticeable pressure disturbance is generated on the wall around
an isolated perforation when there is flow through it. There was
initially concern that such fields of disturbance would render the
static pressure measured between perforations useless. However, based
on the experiments mentioned, an estimate was made of the influence of
a pattern of perforations surrounding a wall static tapping, on the
pressure experienced there. For the average flow angles which are
experienced in the transonic windtunnel (namely less than 2°), the
error in the recorded static pressure (as a pressure coefficient) is
0.0075. This represents less than half a percent of a typical static
pressure (0.7 atmosphere for example). As this error is so small and
because no accurate correction could be calculated to eliminate it, it

is neglected.

The yawmeters were calibrated prior to the experiments of main in-
terest. The process of calibration is described in detail in Appendix
(7). The resulting calibration is a straight line relationship between
Q, the flow angle relative to the reference line on the rake, and
the difference in pressure between the faces of the yawmeter head non-
dimensionalized with respect to the local dynamic head. The value of

the gradient and intercept of this calibration equation for each yaw-



are shown in Table (4).

Any error in the yawmeter calibration mentioned above will be
carried through the analysis of subsequent experiments and finally in
to the calculation procedures developed here. It is helpful then to
determine the error in the calibration which would not cause unaccept-
able errors in the results from the eventual calculation methods. This
is carried out using the computer program PILOT. Small errors in the
yawmeter calibration are simulated by alterations in the constants of
the wall characteristic in the program. The effect of these alterations
on the predicted flow distribution in the working section is then

observed. It was assumed initially in Section (4.2.5) that the Conrad

type yawmeters would give results accurate to within 0.2°.

If this error were to exist in the worst possible manner, then the
gradients of the calibration curves (obtained in Appendix (7)) would
be in error by 4%. Applying this 4% error to the gradient of the wall
characteristic in the program PILOT (when it is being used to predict
windtunnel flows similar to these described in Section (3.8.2))
produced extremely small alterations in the flow predicted. Changes
in the flow angles throughout the working section were typically less
than 0.01° and changes in the longitudinal component of velocity were
below 0.01% of the freestream speed. From this point of view, it
appeared that the accuracy of the yawmeter calibrations would certainly

be adequate.

However, if the possible error in the calibration were to be
introduced in the data used to evaluate the intercept of the calibration
curves, then the results are considerably different. To simulate this
condition, a fixed error equivalent to 0.2° is introduced into the wall
characteristic used in the program PILOT. The program is then used
to simulate the flows mentioned above. In this case however, the effect
of the error is more significant, particularly towards the downstream

end of the top liner, where severe inflow exists. Changes in flow

angle of up to 0.4° due to the introduced error are present there.
This figure reduces to 0.1° on the windtunnel centre-line. At present,

0.1° represents the order of accuracy required in the definition of
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aerofoil incidence for commercial uses. Although introducing the 0.2°
error in the wall characteristic produces only a change of 0.1° in the
flow angle on the windtunnel centre-line, it was considered desirable
to press for slightly improved accuracy, in fact of 0.1° in the yaw-
meter calibration. With regard to changes in the longitudinal speed
produced by the error in the wall characteristic, a similar argument
applies. Changes on the top liner rise to 0.3% of the freestream speed
and on the centre-line, to 0.1% of the freestream speed. The latter
figure would represent an approximate change in Mach number of 0.001
in a typical high subsonic flow. It also represents the approximate
accuracy required in defining the flow approaching an aerofoil. The
decision to define the yawmeter calibration to an accuracy of 0.1°

is endorsed from the point of view of the longitudinal component of

velocity also.

To examine whether or not this level of accuracy is available in
the calibration of the yawmeters, a brief examination of cumulative
errors from various parts of the calibration was carried out. This
is presented in Appendix (8). It is the conclusion of that Appendix
that the worst error possible (considering a limited number of sources
of error) in the calculation of the yawmeter calibration is 0.26°.
Although this is more than double the required error of 0.1°, it is
almost certainly a pessimistic estimate and thus it might be that
a maximum likely error of 0.1° is achieved. However, as 1t was commen-
ted 1in Appendix (7), the data used to determine the intercept of the
calibration line are significantly scattered (see Figure (60)), beyond
even the worst estimate of 0.26°. The data for yawmeter Number 2 are
worse than those for Number 1 and therefore only the latter yawmeter
is used for determining subsequent experimental data. It is considered
that a large amount of the scatter in Figure (60) is a result of the
swiftly changing gradients of the curves in Figure (61). Here, X¥*
is shown as a function of the longitudinal ordinate 'x'. It is sugges-
ted in Appendix (7) that the large values of are a result of
additional roughness on the bottom wall, caused by the sealing tape
being drawn into the perforations. In future, either measurements
should be made at more longitudinal positions, or an alternative approach

should be taken in calculating the intercept of the yawmeter calibration



curve. In order to include some estimate of the calibration accuracy
in later calculations, the distrubution of the intercept points with
regard to angle for yawmeter Number | in Figure (60) was examined.

It was assumed to have a normal distrubution, and the standard devia-

tion (ff*) of this was calculated to be 0.19°.

This concludes the discussion concerning the combined boundary

layer and yawmeter rake.

4.2.7 Ancillary Equipment

The ancillary equipment described here, is that used to secure
a permanent record of data which will supply values of pressure for
subsequent calculation. A schematic diagram of this equipment is
shown in Figure (33). It is described in a logical order, beginning

at the ’measurement’' end of the system.

From each pressure tapping in the windtunnel working section,
whether it be a static, stagnation or yawmeter tube, a continuous
plastic tube leads to a clamping mechanism which is used to seal off
all tubes simultaneously. The connecting tubes mentioned are care-
fully designed to minimise the response time of the complete duct
system. This design process involves consideration of both the di-
ameter (which influences viscous effects in the response process) and
length (which, combined with tube diameter influences both the viscous
effects and nett volume of the duct system; and hence response time)

of the connection tubes.

Each tube then passes to a small reservoir. This reservoir is
intended to mask the effect of clamping the tube, which would other-
wise increase the pressure in the sealed part of the duct. In
addition, it provides the largest possible 'source' of air to sample
after the windtunnel operation has ceased. This sampling process,
carried out using a pressure transducer, involves releasing some of
the air in the sealed duct into the transducer cavity. Clearly this

alters the pressure in the sealed duct. With the reservoir, the al-
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teration in pressure on sampling is small.

Discrete sampling is necessary because only one transducer (a
Statham PMI131TC with a range of = 12.5 psi) is employed to measure
the pressure in up to 48 tubes. It is connected sequentially to
the tubes by a 'Scanivalve', or rotary multi-port connector. The
transducer cavity is very small compared to the volume of the reservoir.
Thus, after each tube is sampled, the respective reservoir pressures
are only slightly altered. The Scanivalve is stepped through two
complete rotations after each operation of windtunnel. Thus, for each
reservoir, two pressures are recorded, neither of which is equal to
the original undisturbed pressure. By simple extrapolation of the
two recorded values, this pressure can generally be recovered to a

high level of accuracy.

The four-arm resistance bridge in the Statham transducer is
excited by a small voltage (normally less than 5 volt). The signal
output, measured across the alternate arms of the bridge is led to a
Solartron data-logger unit. A very close approximation to a straight
line relationship exists between the output voltage and the pressure
difference across the transducer diaphragm. The back cavity of the
transducer is open to the atmosphere, so during any single operation
of the windtunnel, the backing pressure remains constant. With a
constant backing pressure, 1itis possible to use a calibration relating
the output voltage directly to the tube pressures of interest. This
straight line calibration is determined for each operation of the
windtunnel by connecting two known pressures to the Scanivalve tubes.
One of these pressures is above all the pressures to be measured (it
is the atmospheric pressure, measured using a mercury barometer) and
the other is a lower pressure, nearly always below the pressures to
be measured. This second pressure is measured using a mercury column,
which indicates gauge pressure. Using two accurately known pressures
which cover the interval where pressures will be measured ensures the
most accurate use of the approximate straight line calibration. Some

further details concerning the transducer calibration are included in

Appendix (8).
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The Solartron data-logger contains both a digital voltmeter (type
1420.2) for quick observation of data and a punch encoder unit (type
LU1467). The complete data-logger is manually controlled such that
transducer output signals can be selectively displayed and simultaneously
digitized. The digitized signal is transmitted to a Creed punch unit
which records the signal on paper tape for subsequent processing. After
each pressure is logged, the Scanivalve is manually advanced to sample
the next tube and that pressure is then logged. This process is
repeated until the Scanivalve has been fully rotated twice (as mentioned
earlier), i.e. 96 pressures have been logged. As used, the reading
accuracy of the Solartron unit is 10_5 volt. This represents approx-
imately 30Pa when indicating an output voltage from the Statham trans-

ducer operated with a 5 volt excitation potential.
4.2.8 A note on Windtunnel Flow Uniformity.

The scheme proposed in this report is applied, during the course
of the present research, only to flows which are (or are assumed to be)
essentially two-dimensional in nature. If the flows which are invest-
igated experimentally involve any variations in the third (lateral)
dimension, then clearly some additional inaccuracy will be included
in the calculation procedures which rely upon these experimental data.
Indeed it would seem a rather severe test, to expect a calculation
procedure which involves the assumption of two-dimensional flow, to
predict accurately a flow which has significant variations in properties
in the lateral direction. It seems likely that if the same calculation
method were subsequently used in an attempt to predict a flow which is

genuinely two-dimensional, then the results would be more accurate.

Data which depend predominantly upon local measurements, the wall
characteristic for example, will not be affected by flow in the lateral
direction significantly. However, any derivatives with respect to the
ordinate ’x’' will be adversely affected because predominant changes are
not taking place in that direction, but at some angle to it. In fact
the reduction of experimental data, to yield flow angles in the viscous
flow, involves the use of the x- derivative of * Hence it was

considered desirable to carry out a brief investigation into the uniformity



of the flow in the windtunnel, particularly near the bottom liner.
This investigation involves the measurement of three wvariables; the

stagnation pressure, static pressure and the boundary layer displace-

ment thickness.

To investigate the lateral variation of stagnation pressure in the
windtunnel working section, a rake with twelve pitot tubes was used,
with an overall width of 190 mm. This was mounted at various longitu-
dinal positions, approximately 35 mm above the bottom perforated liner.
The Mach number of the flow approaching the rake was in the region of
0.7. In each measured distribution, the stagnation pressure remained
steady within 0.2% across the majority of the working section. Only
very near the sidewalls (where the sidewall boundary layer flow was
encountered) did the stagnation pressure drop significantly. This
level of wvariation is considered acceptable. An earlier brief
investigation of the flow uniformity across the working section on
the centre-line (rather than close to the bottom liner) also revealed
the stagnation pressure to vary by only 0.2% across the majority of
the width. This investigation was carried out approximately half
way along the working section at two Mach numbers; 0.63 and 0.72.

The variations mentioned in these investigations did not reveal any

clear pressure gradients across the working section.

A similar investigation was carried out into the static pressure
variations across the working section. A seven tube static rake, 135 mm
wide was employed, and mounted 35 mm above the bottom liner, as before.
Static pressure distributions were measured at three longitudinal
positions covering the majority of the length of the working section
and at Mach numbers between 0.65 and 0.9. Across the 135 mm of the
working section width examined, the static pressure varied consistently
by 0.6% or less (135 mm represents 60% of the 9 inch windtunnel width).
This wvariation was considered acceptable. Also, no clear pressure
gradient was observed across the windtunnel. The same rake was used
to examine the nature of the flow across the windtunnel centre-line
as it entered the working section. Here, at Mach Numbers close to
0.75, the static pressure varied by approximately 2% across the wind-

tunnel. The wvertical distribution of static pressure at that position



varied by slightly more, namely 3%. The static pressure variations
discussed in this section may be due, to some extent, to inaccurate

production or positioning of the individual rake tubes.

The final investigation to be discussed is that into the wvariation
of the boundary layer displacement thickness, =— , in the lateral
direction. Here, because of the limited freedom in yaw provided by
the rake support mechanism, the boundary layer was invesitgated only
across a very limited width of the bottom liner. Experiments were
carried out with the rake mounted 50 mm from the upstream end of the
perforated section of the working section. The perforations were open
and significant outflow was produced through them during the tests.

The flow Mach Number approaching the rake was 0.90 for each experi-
ment. Thus, the only significant variable between individual experi-
ments was the lateral position of the rake. The position of the rake
foot during the wvarious experiments is shown in Figure (34). A nearby
wall pressure tapping was employed to provide local values of static
pressure. The wvalues of the boundary layer displacement thickness
obtained from these experiments are shown in Figure (35.,a). The
various symbols shown are used to link Figures (34) and (35). Although
Figure (35.,a) has a false origin on the vertical ordinate and a strongly
magnified vertical scale, it is clear that there is a disturbing lack
of uniformity in the wvalue of The three separate tests denoted
by the symbols *f.X and fl repeat extremely well, thus indicating that

the apparent lateral wvariation in J* is not merely a result of the

unrepeatability of experiments. There may well be a strong influence

of local perforations on the values of S* For example the experiment
denoted A , which was performed with the rake immediately behind a
perforation (with outflow present), has a marked decrease in 8. The

boundary layer profile for this experiment is shown in Figure (35.b).
Clearly at the base of the profile, there is a region of high energy

flow relative to the other two profiles plotted, which were obtained

away from perforations. If there is a genuine influence of local per-
forations, then it becomes essential, at least to site the rake foot

in the same manner relative to local perforations during separate

tests. Although individual values of .S° may be in error then, the

gradient ol in the longitudinal direction would be correct.
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In Figure (35.,a) there is a strip marked as 'web under plate’. This
longitudinal web necessarily obscures some perforations. This would
cause a longitudinal region where suction through the wall is damped.
The wvalues of would then rise over the web, and fall on either side
of it. This may be apparent in Figure (35,a) but with the data avail-
able, this conclusion could not be made with confidence. Another poss-
ible cause of non-uniformity is marked at the top of Figure (34) as
'tape edge'. This comment refers to adhesive tape, used to seal the
transition region at the front of the perforated wall, where holes are
progressively introduced in a streamwise direction. The band of tape
which covers the width of the bottom liner, had a lingitudinal gap in
it, where static tappings, but no open perforations are sited. One edge
of this gap is refered to in the Figure. A region of turbulence may be
released from the longitudinal edge of this tape, causing a local in-

crease in downstream of itself.

Although the three possible causes mentioned above may contribute
to the non-uniformity observed (particularly the influence of individual

perforations), perhaps the most likely cause is a lateral gradient in

the value of The line drawn on Figure (35,a) has an angle of 1°.
This figure of 1° is comparable with the gradients of the longitudinal

distributions measured during the main experiments described in Section

4-3).

In summary, it is not clear what level of lateral uniformity in
variables is necessary, for the results of this research to be entirely
valid. The investigations mentioned here gave results which appeared
acceptable so far as static and stagnation pressures are concerned.
However, there appears to be a significant lateral gradient in the
boundary layer displacement thickness. With the data awvailable, it is
not possible to decide the exact magnitude or cause of this non-unifor-
mity. Though not conclusive, this brief investigation does reveal the
need for a more thorough examination of the size and influence of three

dimensional effects on the proposed calculation methods.



4.3 Experiments and Initial Analysis

4.3.1 Experimental Conditions.

The experiments to be described serve the three purposes outlined in
Section (4.1). These are, to provide data for the comparisons with the
results of the programs PREDICT and PILOT, and to provide sufficient
information for the generation of the wall characteristic. The last of
these tasks is considered to be the most demanding and so, in defining
experimental conditions, chief consideration is given to satisfying that

particular objective.

The computer program PILOT was used to indicate typical distributions
of the wvariables and which might exist along a windtunnel
wall when an aerofoil is being tested. It was apparent from the distri-
butions that a particular value of 0 may only exist at one position
along the liner during a given experiment. If the wall characteristic
is to include significant information regarding crossflow at a particular
value of . ™ hon it would seem necessary that the particular be in
evidence in a number of experiments, but with different values of and

associated with it in each case. The most simple method of
achieving this, is to use differing suction or blowing rates from experi-
Thus the chosen value of m— will be in existence

ment to experiment.

at varying longitudinal positions on the liner and probably with differ-

ing associated wvalues of Cp and

The transonic windtunnel used has two compressed air driven ejectors.
One controls the pressure at the downstream end of the working section.
This ejector has the major influence on the flow condition. The second
ejector is used to evacuate the plenum chambers and so controls the
suction or blowing rate at the perforated walls. The following approach
is used to achieve the various flow conditions required. The main ejector
is set at a fixed condition throughout the tests. The pressure in the
diffuser at the downstream end of the working section is thus also fixed.
Eight different settings of the secondary ejector are chosen to give
conditions of suction and blowing through the perforated wall. Naturally,

with a fixed pressure downstream and varying transpiration rates through



the wall, the upstream mass flow rate and thus static pressure must vary.
Indeed, the Mach Number at entry to the working section varies from 0.63
(the case of maximum wall blowing) to 0.80 (the case of maximum suction),
while the downstream Mach Number remains approximately 0.76. Under these

conditions, no supersonic flow is present along the bottom perforated

liner.

Static pressures measured at a tapping 105 min upstream of the entry
to the working section, on one sidewall, are used to determine freestream
conditions. Based upon pressures measured there, the wall pressure
coefficients (-~ ) along the bottom perforated liner remain almost exclu-
sively between 0. and -0.2. However, the first 88 mm of the perforated
liner is sealed and therefore the true working section commences somewhat
downstream, where the contoured top liner has already produced a consider-
able pressure reduction in the flow. Relative to conditions at entry to
the perforated section of windtunnel, the above pressure coefficient range
is changed to -0.15 to +0.15. This range more than fulfills the require-

ments set out in Section (4.2.3).

For each of 5 longitudinal rake positions (ranging over a distance of
170 mm along the bottom liner), the eight flow conditions mentioned were

established. Thus forty sets of data were obtained.

4.3.2 Experimental Method.

Having specified the settings for the two windtunnel ejectors, the
bulk of the experiments were then carried out. The rake position furthest
upstream was still 50 mm downstream from the rear edge of the tape used
to seal the graduated perforations at the working section entry. In this
way it is hoped that the boundary layer profile, which may undergo rapid
changes at the edge of the tape, will have settled before reaching the
rake. At each longitudinal position, the foot of the boundary layer rake
is arranged to be sited in a similar way relative to the surrounding
perforations and particularly, relative to the nearest wall static tapping.
It is expected that this approach will remove most of the effects that

individual perforations may have on local flow parameters, at least when



those parameters are differentiated with respect to the longitudinal

ordinate.

At each position chosen, the foot of the rake is jacked down using
the mounting block mechanism, until it is firm on the wall of the
windtunnel. The actual position of the foot relative to the local
features of the wall is marked in Figure (34) as *O°”. This position is
22.5 mm to the port side of the relevant static tapping (there being no
longitudinal displacement relative to the tapping) and 20 mm to port of

the windtunnel centre line.

The tubes on the boundary layer rake, despite being quite flimsy,
have been found to be disturbed only to a negligible extent during an
operation of the windtunnel. As such, it was unnecessary to record the
heights of each tube relative to the bottom wall before or after each
operation of the windtunnel. However, once the rake device was firmly
located in a chosen position, the heights of the following items were
recorded using a travelling telescope. First, the tip of yawmeter
Number 1 and the tail pin on the elbow of that yawmeter mounting. These
two measurements permit the calculation of the incidence of the yawmeter
reference line. Second, heights of the wall at the base of the boundary
layer rake and the top tube on the rake were measured. All the other
boundary layer tube heights are then calculated from these two, using

measurements made previous to the experiments.

As close as possible to the time of operating the windtunnel, the
atmospheric pressure and the mercury column attached to the pressure
transducer are measured. The windtunnel is then started, and when it is
likely that the air pressures in the instrumentation reservoirs have set-
tled, the tube clamp is operated to isolate the instrumentation ducts
from the working section. The windtunnel is then stopped. The
>Scanivalve is then used to sample the air in each reservoir, as described
in Section (4.2.7). The paper tape out-put, produced by the ’Creed

punch is finally retained for subsequent processing by computer.

During each experiment, the pressure distribution along the complete

bottom wall of the working section was measured. However, it was not used



to provide the longitudinal derivatives of interest (such as

This pressure distribution would be different (even for identical ejector
settings) for each longitudinal position of the rake. It was considered
simpler to use only one local pressure (corrected for the effect of the
flow field around the rake) for each longitudinal position of the rake.
These were then combined to calculate the derivative mentioned. In the
case of measured boundary layer displacement thickness, the above approach
was necessary anyway as only the five discrete wvalues of were eval-
uated for each flow condition. In taking this approach, there is a slight
loss of accuracy, as the precise local wvariation of parameters is not
accounted for. However, it is not expected that this error will be very

significant

4.3.3. Initial Analysis of Experimental Data.

This description is carried out in as practical a way as possible.
The actual data referred to are shown in Table (5). For each approximate
flow condition, data are shown for five longitudinal positions along the
bottom liner.

The data are refered to by Column

Number.

Initially, all pressure data are converted from transducer voltages
to actual pressures using the transducer calibration equation (a typical
example being Equation (2) of Appendix (8)). All pressures are then non-
dimensionalized with respect to the highest pitot pressure recorded on
the boundary layer rake for that particular operation of the windtunnel.
Plenum pressures in this form are shown in Column (2). From the freestream
reference pressure, measured 110 mm upstream of the start of the bottom
liner, the value of the reference Mach Number Mis calculated using

isentropic relationships (Column (3)).

The static pressure measured alongside the rake tip is then corrected
to represent the pressures at the foot of the rake and at the yawmeter
tips. This is achieved using the simple corrections described in Appen-

dix (7) and Equation (4) of that Appendix, namely






However, in the present use of this equation, it was considered more
accurate to use local values of 1 static pressure and Mach number, rather
than freestream values, because the simple corrections assume that the
only disturbing influence in the flow, from the freestream, is that of
the rake. In the present case of course, the freestream condition may
be considerably different from the conditions in the flow just ahead of
the rake. Values of the static pressure corrected to the position at

the foot of the rake are shown in Column (4).

This static pressure, together with the pitot pressures measured
on the boundary layer rake, are then used to calculate the characteristics
of the boundary layer. This is done using a computer program entitled

'PROF*. This program is described briefly in Appendix (9). The chief
parameter of interest is the displacement thickness (/*> which is listed

in Column (5). The majority of values of £ (the boundary layer thickness)

are less than 20 mm. Only in one case did the value of £ reach 22 mm.

Thus yawmeter Number 1, which is approximately 20 mm above the wall never
dips more than about 10% into the boundary layer. On the basis of the
argument in Appendix (5), it is then permissible to use all flow angles

measured with this yawmeter.

The flow angle at the yawmeters, relative to the wall is calculated
in the following manner. The non-dimensional difference in pressure

measured across the yawmeter head is calculated as

(Equation (5) of Appendix (7)). Here, P and P2 are the pressures

measured on the lower and upper surfaces of the yawmeter head respectively.
These wvalues of & for yawmeter Number 1 are shown in Column (6). For

the reasons described in Section (4.2.6), no data from yawmeter Number 2



are presented or discussed. The yawmeter calibration given in Table

(1f.) 1is used to obtain values of the flow angle relative to the yawmeter

reference line, from the calculated wg-data. 1, Taple (if- ), the gradient

(m) and intercept (c¢) of the calibration are specified for three local
static pressures. There appears to be a trend in the calibration with
static pressure and some account is taken of this by allowing a linear

variation of the gradient and intercept between succesive static pressure.

This is illustrated below.

The predicted flow angles are shown in Column (7). The heights of the
tip of yawmeter Number 1 and the tailpin on the rake, measured in the
experiments, are used to calculate the angle of the yawmeter reference
line relative to the horizon. Combining these qgnglesv(which are usually
less than 0.5°) with those in Column (7) permits the calculation of the
angle of the flow at the yawmeter relative to the horizon. Before the
flow angle relative to the wall can be evaluated, the angle of the wall
relative to the horizon must be known. The height of the wall was
measured at a number of positions along its centre-line. These were than
used to estimate the angle of the wall at the positions required.
Naturally it is intended that the wall be flat and horizontal. Indeed
the angle of the wall is small, not much greater than 0.1 at any point.
However, the correction is still made. The final flow angle relative to

the wall (O¢" ) is shown in Column (8).

So far, in this description of the data analysis, no mention has been
made of the repeatability of the windtunnel results. This is because it
has not been necessary yet to link data from one operation of the wind-

tunnel with that from any other operation. The freestream reference Mach



Number (A”) is chosen as an indicator of repeatability. In Column (3)

the values of M~”can be seen to vary within each 'configuration' group,

though 1t is intended that this should not be the case. In one case

the wvariation in Mo. within a group is as much as 0.02. Such a wvariation

would significantly affect measured properties at any given position in
the working section, for example s* could be affected by as much as 20%

for positions towards the downstream end.

This value is drawn from
Figure (36).

This Figure shown calculated wvalues of m—, plotted against

respective values of the freestream Mach Number for the rake position 309

mm downstream of the start of the bottom wall. It is not implied here
Ftf

is directly dependant upon M” , but that for the experiments

concerned the two wvariables are to some extent correlated.

To correct the experimental data to a set of prescribed freestream

. . . N(Coi. 2)H)Y. "t
Mach Numbers, the relationships between the wvariables

(Col. 4), £~Col. 5) and , (Col 8) and the freestream Mach Number,

M ,(Col. 3) are fitted to third or fourth order Polynomials, for each
longitudinal position of the rake. The decision between a third or
fourth order polynomial was made purely on the basis of which gave the
closer fit to the data. In Figure (36) the predicted relationship

between and M"is shown as a continuous line on the graph. In this

case at least, which is typical, one would feel confident about using the
fitted curve. It is almost certain that all the relationships fitted are
in reality monotonic, and it is hoped that the use of such high order
polynomials will serve only to improve the closeness of the data fit,

rather than artificially alter the entire character of the relationships.

Before it was possible to use the calculated relationships to predict

corrected data, it was necessary to specify a set of freestream conditions.

This was done by taking an average freestream Mach Number from each

configuration group. This would then minimise the magnitude of the correc-

tions which were effectively applied to each variable. These Mach Numbers
(which are shown in Column (9)) were supplied directly to the fitted

polynomials to generate values ol , #&~and &e (Columns 10 - 13

respectively).

To calculate wvalues of the wall pressure coefficient,” , the following
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expression 1is used.

In this equation, is calculated from Mousing isentropic relationships,
Values for and are taken from Columns (11) and (9) respectively.
The calculatedd values of (p are shown in Column (14). From the data in
Column (11), wvalues of the local wall Mach Number, M (Col. 15) are calcu-

lated, again using isentropic relationships.

The local non-dimensional pressure difference across the perforated
wall, , 1s calculated from data in Columns (11), (14) and (15) using

the expression,

p,)/ X pe W)

This is then displayed in Column (16).

The last major parameter to be calculated is the average crossflow in
the wviscous flow at/the wall position ( ). To calculate this, Equation

(3.1) namely

ax

is used. By dividing all terms in the equation by , 1t becomes

After re-arrangement, this becomes

PI *1 u A fix

The term on the lefthand side of this equation is equivalent to the

required crossflow parameter, Also the first term on the righthand



side is related to the previously calculated , in the following way.

fort
Ui
In order to calculate the terms on the right hand side of Equation (4.9),
which coxxtair, use is made of the freestream condition,”.
Local edge conditions are related to freestream conditions by the non-
dimensional parameter; 7Lt +  Re-writing Equation (4.9) and incor-

porating Equation (4.10) and the change mentioned,

Y4

It now remains to calculate the parameter (%ﬂ) in terms of known vari-
ables. This is performed in Appendix (10). Using Equation (7) and (8)
of that Appendix, it can be written that

lere [£f) - + ™)

Using the relevant data from the Table, and these two equations, values

of (<umm i ) are calculated and displayed in Column (17).

The values of L (the distance between the wall and the 'edge' line;
in our case the tip of the yawmeter) measured during experiment are used
directly in Equation (4.11). Unfortunately, for the most upstream posit-
ion of the rake, the experiments were carried out in three separate groups.
As such, three slightly different values of L apply. In the calculations,

an average value of L is used and the maximum error in caused by this

never exceeds 0.01°, which clearly is acceptable.

A graphical approach is used to calculate the two derivatives in
Equation (4.11). In Figure (37), the distributions of S (Col. 12) in
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the longitudinal direction for the eight flow configurations are shown.
The various symbols used to identity the curves are also shown on Table
(5) for reference. At each of the longitudinal positions where data
are specified, the gradient of the curves is calculated by hand. The
results are shown in Column (18). In a similar manner, the values of
(Col. 17) are shown as distributions in x (Col. 1) for the eight
conditions, in Figure (38). The gradients of these curves are also
calculated. These are then multiplied by the respective values of

and (L - i and the final values of the function

are shown in Column (19). In Column (20), values of tan”™ are shown.

The data in Columns (18), (19) and (20) are then used in Equation
(4.11) to provide values of , which are shown in Column (21). This
final step concludes the initial data analysis required, to provide in-

formation for use in the wall characteristic and the programs PREDICT

and PILOT.

4.3.4 Accuracy'of Experimental Data.

The errors involved in the main results calculated in the previous
sub-section are now estimated. In contrast to the rather crude approach
taken in Appendix (8) in predicting the errors in the yawmeter calibration,
a somewhat more careful and realistic method is adopted here. It is not
however, claimed that the present approach is exhaustive or precise.

For example, no account is taken of any errors incorporated in the results,

when the major ’freestream Mach Number correction’ is made.

It is assumed that in each basic experimental observation, an error
is incorporated which would be normally distributed about the true value
of the observation. In addition, it is assumed that all errors are un-

correlated. This latter assumption may in certain cased be false.

Using the assumption of a normal distribution of errors, a standard

/xr/
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deviation, 0" , is used for each observation and calculated result.
According to the properties fo the normal distribution, it can be stated
that a value has a probability of 95% of being within 1.960- of the true
figure. In Appendix (8) the approach of worst errors was used. It is
now assumed that the 'worst errors' quoted for the basic data in Appendix
(8) represent 1.96”, or that the errors are, infact 95% certain to be
better than those quoted. Hence a set of values for 7 are calculated
for these basic data. It can also be deduced from the properties of

the normal distribution that results have a probability of 50% of being
closer to the true values than an error of 0.6770“ . One may say that

the probable error in a result is equal to 0.6777

From the raw data state, the calculation procedure of Section (4.3.3)
is followed and at each stage the standard deviations of the wvarious
data are combined in an appropriate manner (Bevington, 1969, Chapter 4.).
For example, when a result (x say) is calculated from a function of two

independent variables (u and v say), then the standard deviation of the

result (™’x) is

In Equation (4.14) it may be that the derivatives shown, will depend
upon the values of u and v themselves. In the calculation of standard
deviations, typical values of the independent variables are used. The
standard deviations of error of most of the raw data are shown in Table
(6) with brief explanation where appropriate. Some items need perhaps
further clarification. The value of O’ quoted for the predicted inviscid
flow angle (relative to the yawmeter) of 0.19° is taken from the
short discussion at the end of Section (4.2.6). The extra component of
error added to the values off for the boundary layer displacement thick-
ness and the local static pressure are intended to represent the increased
uncertainty caused by the three-dimensional effects described in Section
(4.2.8). These effects may not be swept along the perforated wall,

parallel to the axis of the working section, but may wander sideways.

For example in Figure (35), it is assumed that the change in 5 due to

an effective 6.5 mm lateral movement of the rake is incorporated, namely
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0.1 mm.

Values of the standard deviation and probable error in results are
shown at the base of the data columns in Table (5). Notably, the
standard deviation for the calculated flow angle relative to the wall,

, 1s not much greater than the starting value from the calibration
of 0.190, at 0.23°. This is encouraging for future work where the

initial value of 0.19° may be reduced significantly.

In calculating the value of0" relevant to the final parameter =
considerable effort was involved. The complexity of processing the
standard deviations through Equation (4.11) caused this difficulty.
For the critical variables, a range of typical values was used to ensure
that strange properties of the equation would not cause an otherwise
undetected increase in possible error. Not surprisingly, the most

significant contributions to the value of 0’ for of 0.0054 (or 0.31°)

come from and from "fa Clearly these terms will need to be
improved before a signiﬁcént reduction inv”, can be achieved. As

it is mentioned in Appendix (7), there is obvious room for improvement
in the yawmeter calibration. However, it is not so clear how the eval-
uation of can be carried out with significantly improved accuracy,

as errors in this parameter come either from three-dimensional effects
or from the result of calculating the boundary layer displacement
thickness from erroneous pressure data; data which cannot apparently be
ecasily improved. However as it was pointed out at the beginning of this
sub-section, the present analysis of errors may still be too severe

and, for example, pressure data used to evaluate.s * may be correlated

such as to remove some of the errors assumed.

From Figure (35) it is clear that the rake mounting position was
over the eldge of a longitudinal web under the perforated wall. This
could alter some of the parameters of interest which are derived from
experiment (such as 6 and S ). However, so far as the overall scheme
of this work is concerned, the affected results may be considered merely
to represent those form a perforated wall with altered properties; per-
haps with an increased resistance to crossflow. If the scheme in general
(and the computer program PREDICT in particular) manages to prove success-
ful under such conditions, there is no reason why it should not also

prove successful given more favourable conditions.
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4.3.5 Discussion of Experimental Results

The results from the main experiments are discussed here from two
points of view. Firstly, they are used to explain the overall nature
of the flow in the perforated working section with the contoured top
wall fitted. Secondly, they are discussed with respect to local
variations of parameters and interrelation of parameters. The two

discussions generally run concurrently through the text.

During the investigation into the three-dimensional effects in the
working section (described in Section 4.2.8), a static rake with very
elongated rake tubes was used. This was mounted near the bottom wall
but, when in its rearmost position would cause little disturbance along
that wall. The longitudinal distribution of pressure measured on the
perforated wall is shown in Figure (39). The working section is consi-
dered under these conditions to be effectively empty. Prior to the
upstream end of the perforated section of wall, a region of acceleration,
probably due to the opposite contoured wall exists. The pressure
distribution in the perforated section will also be influenced by the
contoured wall, but the effects of transpiration prevent a simple
explanation of the flow in this region (where it is comnsidered likely
that outflow exists). For the flow with a freestream Mach Number of
0.84, a region of supersonic flow exists along the wall. During this
experiment, use of a Schlieren system revealed a shock wave in this
region which emanated from the contoured wall. It is almost certain
that this wall produced a large region of supersonic flow which reached
to the bottom wall. In Section (4.2.8), regions of severe conditions
at the beginning and end of the perforated wall were discussed. Such
regions also appear to be present in the graphs in Figure (39). For
the highest speed case, there appears to be a ’convex corner' flow on
entry and for the low speed case a 'concave corner' flow on exit. The
perforated wall, which normally terminates as a trailing edge in the
diffuser was for these tests, effectively solid for the final centimetre
or so. It is comnsidered that this condition causes the particular corner

flow experienced on exit from the working section.

When the combined boundary layer rake is installed in the windtunnel
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for the main group of experiments, the pressure distribution along the
bottom wall changes considerably. Some of these pressure distributions
are shown in Figure (40). Here, the rake is mounted in its most up-
stream position. It may be recalled that, at each longitudinal posit-
ion, eight flow conditions were generated and measured. The data in
Figure (40) indicate the full range of these conditions. The distur-
bance in the centre of the working section in each distribution is due
to the side arm of the rake. This runs laterally out from the main
supporting tube and is circular in section. It gives rise to a
compression followed by an expansion along the wall. This disturbance
(not surprisingly) increases severely as the local Mach Number rises
towards unity. However, at the position of the tip of the rake (marked
in the Figure), the disturbance in pressure due to the rake is encourag-
ingly small. In the perforated section, the presence of the rake
appears to affect the pressures sufficiently to hide the influence due
to the contoured wall opposite. The variation of plenum chamber pressure
is also shown in the Figure. For the configuration with the lowest free-
stream Mach Number, the plenum pressure is greater than the working
section pressure by an amount sufficient to initiate blowing through

the wall. Clearly, moving downstream, the blowing process reduces

the working section pressure and causes air to flow into the windtunnel
at an increasing rate. This takes place along the whole working section
length despite the shape of the contoured wall which would tend to
increase the pressure downstream of its crest (which is at the position,
x = 197 mm). The opposite effect takes place in the curves for free-
stream Mach numbers of 0.76 and 0.79 where (besides the localized effect
of the rake) the working section pressure rises above the plenum pressure,
causing accelerating outflow. It is interesting to note that the plenum
pressures remain almost constant except for the case of highest free-
stream Mach number. There, at the downstream end of the plenum chamber,
it appears that the outflow is strong enough to actually affect the
local static pressure. This could be due to a rough 'jet' under the
wall, turning sharply against the downstream wall of the chamber to pass
back upstream to the auxiliary ejector. The strong flow curvature
combined with high speed flow there could cause the sudden rise in

plenum pressure, if not the fall in pressure immediately prior to it.
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Attention is now turned to the boundary layer profiles measured
during the main experiments. A selection of these is shown in Figure

., On each of the four graphs, three curves are shown. These are
the profiles measured at the upstream (x = 137.5 mm), middle (223.5)
and downstream (309.5) positions of the rake (thus, two positions are
not shown) for a given flow configuration. The configuration is
identified by the freestream Mach Number and reference symbol which
may also be found on Table (5) and other relevant Figures. It should
be noted that the wvalues of quoted against each curve are relevant
to that precise curve and are not, at that stage, corrected for free-
stream Mach number. These figures are drawn from Column (5) of Table
(5). All the profiles in Figure (41) appear to be sensible. In the
first graph, the effects of wall blowing are evident. Low speed air is
injected at the base of the profile with consequent increase in 5*.
This effect is less apparent in the second graph and in the third it is
not apparent at all ( it can be seen in Figure (44) that the boundary

between blowing and suction does indeed occur between these two graphs).
The strong suction associated with the fourth graph does reduce m—to

some extent, but certainly does not remove the boundary layer altogether.
This effect can be seen clearly in the corresponding curve in Figure
(37). It would seem that 1t is extremely difficult to rid the perforated
wall of a measurable a point which will be discussed later in this

section.

The curves in Figure (37) are remarkably well defined (although
it is recalled that, at each longitudinal position, the values of S
are drawn from a fitted function). Between the beginning of the per
forated section of wall and the position of the first measuring station,
little wall transpiration can have taken place, in either sense, and
so the curves are very close together. Moving downstream, the effects
of wvarious blowing and suction rates, cause the curves to diverge from
each other. In particular, the growth rate of the displacement thick-
ness in the curve marked with the symbol , 1s of interest. It will
be seen in Figure (44) that these data are obtained with little trans-
poration through the wall. The rate of streamwise growth of d in
this curve is approximately 0.0052. On a flat, smooth plate (with zero

transpiration and no pressure gradient) this rate of growth for a
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turbulent boundary layer would be approximately 0.0017. Clearly the
experimental value is three times this figure. Very little variation
in pressure was observed during the experiments for the configuration

in question (see Figure (43)) and so it is considered very likely that
the additional rate of growth may be attributed to the roughness
effectively constituted by the perforations. In Appendix (7) the
influence of wall roughness on the rate of growth of 5"was mentioned
in connection with the yawmeter calibration. The same effect, of
increased growth rate, was observed there also. This could well explain
the surprising 'reluctance' of the boundary layer to be much reduced by

wall suction (an effect which is clearly wvisible in Figure (37)).

Attention is now turned to the distributions of crossflow outside
the boundary layer € » - These are presented in Figure (42), where the
vertical ordinate is scaled in radians. Considering the uncertainty of
the yawmeter calibration, these curves are surprisingly smooth. Towards
the downstream end of the working section some swift changes appear to
be taking place. It will be recalled from Section (3.8.2) that severe
crossflow 1is experienced in the last fraction of working section, before
the perforations cease. The changes taking place in Figure (42) are
attributed to this effect. It is clear that the systematic variation of
freestream Mach Number does have the desired effect (in our windtunnel
at least) of progressively altering the crossflow near the wall. The
general increase in the values of as one moves down the working
section can be linked to Figure (37). It will be observed in that diagram,
that the value of for each curve increases continually up to the
approximate position; x = 270 mm. Returning to Figure (42), the values
of also cease to increase at this longitudinal position, It is con-
sidered that the direct interrelation between and in Equation

(4.11), namely

is responsible for the rising values of in Figure (42).

In Figure (43), the longitudinal distributions of pressure (Cf) on

12
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the perforated wall are shown. As in the previous Figure, some severe

changes in the flow take place at the downstream end of the working

section. It is very noticeable that the curves are offset from the

origin (in the sense of Cp ).

the

This effect is due to the location of

'freestream' pressure tapping which is mounted upstream of the start

of the bottom wall. The contoured wall opposite causes a significant

depression in pressure before the perforated zone begins. If one

considers that all the curves return to zero upstream of the section

which is shown, then for all the curves, some influence of the contoured

wall is evident. Fundamentally, this diagram reveals little information

which is not already available in Figure (38) (the graph of the
variations o™ with x). However, it is presented, as it is values

of the wall perssure coefficient rather than pLHI which will be used

as input data for the computer program PREDICT.

Finally, the wvalues of the average crossflow at the wall,

shown in Figure (44).

, are
The irregularity of the curves in this Figure

are in marked contrast to those in Figures (37) and (42). Although

values of are directly calculated from those of $ and Og using

Equation (4.11), it is considered that the complexity of that equation,

and the large number of wvariables involved, cause the undesirable scatter

of data in the present Figure. The scatter of data in the curves is

sufficient to prevent clear conclusions being drawn about any longitudinal

trends which may be present in * However, in contrast, there appears

to be a very clear general progression in crossflow from one configuration

or curve to the next. In Section (4.3.4) it was deduced that the

probable error in the calculated wvalues of was 0.0037. With this

figure in mind, the data in Figure (44) appear more reasonable, and

clearer trends in the longitudinal direction could well be evident if

this error were reduced. From Section (4.2.6) it may be concluded th;

an improvement in the accuracy of the yawmeter calibration by approx-

imately 0.1° to a standard deviation of error of 0.1 would be necessary

to satisfty the objectives of the research. A similar improvement in

accuracy is essential in the values of The two main methods of

achieving this improvement are; improvement of the yawmeter calibration

accuracy, and the accuracy of evaluating the derivative

Despite the disappointing disorder in the wvalues of , a remark

able comparison may be made with the data of Chan (1980a).






Chan considers the mechanisms of wall blowing and wall suction to be

essentially different. He deduces that a strong correlation (in each

case) may be made between and O”~. He states that

for blowing

and S /9

for suction.

The amplification of the crossflow in the blowing case, is clearly due

to the swift growth of the boundary layer in such flows. Again here,

it is helpful to consider Equation (4.11), namely

An analysis of our data in Table (5) reveals that
s 37 for blowing

and z 0-<J7e? for suction.

It must be stated however that these are average figures and that the
individual data vary about these wvalues considerably, in fact by an
amount similar to the size of the averages themselves. Nevertheless the
comparison is encouraging in that it highlights a general observation

concerning the mechanism of the flow near perforated liners.

4.4 The Empirical Wall Characteristic
4.4.1 Evaluation of the Wall Characteristic.

Some of the data shown in Table (5) are now processed to provide the
required empirical wall characteristic. Values of the wvariables £?"(Col.

21),i$™N(16), 5*(12) and M (15) are used. A polynamial function is

developed of the form



This function is chosen such that it represents a good fit to the
experimental data. It is very likely that there is an interaction
between the ’independent' variables chosen above and so a new set of
independent wvariables are developed, by combining the three wvariables

above in various ways. For example, the new wvariable g A/ may appear

in the final characteristic function.

Clearly, the realistic choice of the new set of wvariables will
influence the closeness of the final fit between the function and data.
To provide a guideline in the choice of wvariables, Figures (11.23a) and
(11.24) of Goethert(1961) are used. These are reproduced here as Figures
(2) and (3) respectively. From Figure (2), where the Mach number is held

constant, it would appear that a function of the form

describes the curves adequately. Also in Figure (3) the function

appears to be adequate to describe the curves shown, where 0 s now
held constant. Combining the two expressions above, such as to allow

variation of 8% and M simultaneously gives the following expression.



The expression above contains sixteen variables. From these will be

chosen those which are most significant. From an engineering standpoint,

it is tempting to try to visualize the physical significance of the
variables chosen. However, even though there may be physical

significance in the variables, their chief aim is to provide a function

which fits closely the experimental data. Thus they have mathematical

significance rather than physical significance.

To carry out the curve fitting process, a commercial computer

program was used. This program is designed to carry out multiple linear

regression with up to ten independant variables. The program employs

the method of least squares to optimize the chosen function. It was

decided to use the full capability of ten variables, and the ten most

significant from the sixteen available were chosen by a process of trial

and error.

The final wall characteristic function is;
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This equation is non-dimensional, the values of £ in fact representing

the term 26 , where d is the perforation diameter or 2.95 mm.

To examine the significance of this function it is necessary to define
some statistical properties which may be used as indications of closeness

of fit and of the significance of the various terms.



First the familiar term Xl' It is defined here as

where N is the total number of observations from experiment (40).

The subscript *i' indicates an observation and the term in curly brackets
is intended to represent values of calculated from the function,
Equation (4.21). Thus X 1is a measure of the distribution of the
experimental data about the function. In choosing the characteristic
function, careful consideration was given to the magnitude of with
the aim of minimizing it. However, this information alone could be
somewhat misleading. In some cases, the value of might be very small,
only because the experimental data is closely packed. To allow the
significance of a particular function to be more clearly understood, another
statistical parameter, , 1s used. This parameter or property is rather
more complex to explain than (see Bevington, 1969, Chapter 10).
Suffice it to say that F* represents the ratio of the distribution of the
experimental data in absolute terms, to the distribution of the
experimental data about the chosen function. It is possible to decide
whether all the variates in a given function are significant, or whether
one or more are not, by examining the size of the property, F~ . For a
function with one variable, where forty observations are used to generate
the function, F* must be greater than 7. When the number of wvariables

rise to ten, the critical value of F* falls to 2.65.

For all the functions examined, the wvalue of remained above 39
and for the final function chosen it was 41.6, indicating that all
variables were significant (at least mathematically). Also for the chosen
function, the value of %1was 2.3 x 10_4. From the data supplied by the
computer program, it was possible to calculate that the standard deviation
of the discrepancy between experimental values of™and those drawn from
the function is 0.0028 radian. It cannot be stated that the function
chosen and the ten variables in i1t are the best possible. However,
during the ’trial and error' process involved in choosing the function,
it appeared unlikely that any other function would be significantly

better than that chosen.
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Concerning the accuracy of the characteristic, it must be remembered

that the experimental data used to generate it were themselves in error.

For example the error in values of “was calculated to have a standard
deviation of 0.0054 radian. One might consider that the scatter of the
experimental data about the chosen function (0.0028 radian) should be
added to this. It has been suggested by Baker (1980) that the matrix
inversion process which is likely to be used in the fitting program,

would cause the errors in the function constants to be of the same order
as that in the wvalues of supplied, namely 0.0054. If this were the
case, 1t would be unnecessary to add on the fitting error. In the present

work, the former more pessimistic approach is pursued.

4.4.2 Discussion of the Characteristic.

Before discussing the wall characteristic in its functional form, it
is helpful to make some observations about the distribution of the experi-
mental data used to determine the function. As is considered to be a
function of three basic wvariables, it is quite difficult to present this
information clearly. In Figure (45), an attempt is made. The data
(which are drawn from Table (5)) are shown with variables”™/ and ~on the
vertical and horizontal axis respectively. This choice may appear to
contradict the idea of “"being the dependent wvariable, but it allows
easier comparison with data produced by other workers. The data points
are shown in three distinct groups, each group representing a broad range
of values of S* The respective Mach number of each data point is indicated,
to two decimal places by the point itself (e.g. ' (82) represents a Mach
number of 0.82).

We can compare Figure (45) with Figure (2). It should be noted that
in Figure (2), outflow is considered positive, rather than negative as it
is in our analysis. It appears in our data that the influence of
displacement thickness is in exact contrast to that in Goethert's data.
However, Goethert's data is mainly concentrated in the outflow region
(where we have data with only a limited range of £% and ceases to exist
at all only 0.005 radian into the blowing region (where we have a con-
siderable range of . Thus, the effective overlap of the present data

with that of Goethert is in fact quite limited, especially when one
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considers that the minimum Mach number in Goethert's data is 0.9, which
exceeds all values in our data. It can only be concluded that the data
in the two Figures are in the same approximate areas of the graph. Only
if one set of data were extended suitably could any statement be made con-
cerning agreement in trends or other more detailed features. It was how-
ever calculated in Section (4.3.4) that the likely error in values of

was 0.0037 radian and if this error were reduced significantly, a more

careful comparison could be made between the two Figures in question.

Attention is now turned to the final set of variables chosen to rep-
resent the characteristic function. Re-writing Equation (4.20) with only

the chosen ten wvariables;

It must be remembered again here that the exact mixture of wvariables
probably has limited physical significance compared to its mathematical
significance in being able to predict the experimental data used to
generate it. Despite this, some brief observations can be made. First,
there is a close link (wvia isentropic relations) between M and

was observed (Carr, 1980) that the function contains these two parameters

separately, in ascending orders of power, but never with interdependance,

are indeed closely related. Carr also commented that the presence of the
term M2 may indicate some direct influence of compressibility on the
results. It could be imagined that a form of the Prandtl- Glauert factor
(where were included somewhere in Equation (4.23).
Chan (1980b), in discussing very similar work, suggested that even account-
ing for 5* alone, could involve Mach number automatically because of the
strong dependence of the former upon the latter. In Chan(1980a), he con-
cludes that the normal velocity at the wall is a non-linear function of
the pressure difference across the wall and is also dependent on

This latter variable is one which we deliberately neglected (Section (3.6)).

The wall characteristic is now presented in a graphical form in Figure

(46). A few discrete values of 5* and M have been chosen to illustrate
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the function. The individual curves are only drawn in the region where
there is supportive experimental data in Figure (45). Also displayed on
this graph are some of Goethert's data from Figure (2). In the region
of outflow at least, there is considerable discrepancy between the two
sets of data. Once again however, the rather different values of f¥and
M between the graphs should be noted. In Figure (3), it will be noted
that as M decreases (at least below 1.2) the curves drop towards the
This feature is retained in Figure (46), although it must
be admitted the gradient of the curves does not alter with Mach number.
It may be that if we were able to use our function to predict data at
Mach numbers up to 0.9, that our data in Figure (46) would fall much
closer to Goethert's. One point of clear encouragement is the intercept
on the axis. As in Goethert's data, the majority of curves con-
gregate and cross the axis at approximately = 0.04. This feature
is almost certainly due to the inclined perforations and highlights the

need in a wall boundary condition to account for this offset of the curves

from the origin.

Observing the cluster of predicted curves for the M = 0.76 case,
it appears that has little effect on the characteristic. Even if
this were true for the relation between and 4, , it would not
necessarily be true when the boundary condition is applied to the flow
calculations. This is because the effective inviscid flow at the wall

i*

a
position is dependent not only upon rj/ but upon (see Equation (3.3)).

One final feature of the curves which is important in later calcula-
tions is their gradient. Tor some typical conditions, the gradients of the

curves (and those of Goethert) are given below.

M’ 6-76"
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Clearly for suction cases, there is a large difference between the

gradients. Some of this discrepancy may be due to the differences in

Mach number and S* between the two sources of data. In contrast for

the strongest blowing cases cited by Goethert, where = 0.005, the
gradients are very similar. In summary, the functional characteristic
shows clear indications of being sensible but is limited (so far as

comparing it with other data is concerned) by the restricted spread of

data upon which it is founded.
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5 PREDICTION OF FLOW NEAR THE PERFORATED WALL.
5.1 Objectives of the Computer Program 'PREDICT

In Section (3) of this report, a proposal was made for an improved
boundary condition to be applied at the position of the perforated walls
in two-dimensional windtunnel flow calculations. This new boundary
condition was to be applied in practise using a computing scheme also
described in that Section. This scheme required the provision of a
boundary layer prediction method (am example of which was described in
Section (3.5)) and an experimentally derived wall characteristic. The

fulfilment of the latter requirement was described in detail in Section

“®.

It would naturally be the long term objective of this research to
apply the new boundary condition to a practical inviscid flow calculation
method. However, such an application would only be constructive if it
had been demonstrated that this boundary condition accurately represented
the nature of the flow near the perforated walls. Let us consider that
the flow near and through the perforated wall can be termed the 'wallflow'.
Then it is required, using the new boundary condition, to predict a set
of given experimental wallflows. The computer program used in this

prediction is termed simply 'PREDICT".

PREDICT then, must incorporate the chosen boundary layer prediction
method and empirical wall characteristic in the new boundary condition

(Equation (3.51), namely,

where P and K are permitted to vary with x. This new boundary condition
must be used in a scheme similar to that described in Section(3), to
predict the nature of the flow near the perforated wall, given suitable
starting conditions (chosen to be chiefly the pressure coefficients on

both sides of the wall).
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5.2 Details of the Computer Program 'PREDICT!

5.2.1 The Owverall Scheme.

The computing scheme used in the program PREDICT is very similar to
that in the program PILOT. Naturally, PILOT, which calculates the complete
windtunnel flow, is more comprehensive than PREDICT. Although it is the
objective of PREDICT to incorporate the overall scheme of PILOT, it would
not strictly be necessary to do this. By suitable interaction merely
between the boundary layer analysis and the wall characteristic (with
starting data of relevant pressure coefficients) it would be possible to
calculate the flow near and through the perforated wall. However, it is
intended to test the usefulness of the new boundary condition (Equation
(5.1)) in an interactive mode with some inviscid flow calculation. As

such, the original scheme is retained here.

A simplified flow diagram of the program PREDICT is shown in Figure
(47). It will be helpful to refer also to Figure (11), the PILOT flow
diagram. The chief difference between the programs is the replacement of

the inviscid flow calculation in PILOT with a simple, equation, namely,

Cf-c + P . «-Z)

Here ™ is the crossflow parameter in the effective inviscid flow at the
wall (~~~). This equation is in fact another form of the new boundary
condition. The constants C and D (which actually may vary with X) are
obtained from the 'viscous' side of the calculation procedure. Fixed
values of from experiment are supplied to this equation, resulting in
the prediction of a distribution of «. This distribution is then supplied
to the ’viscous’ calculation to calculate an improved set of values of C
and D. The process described is then repeated. Thus an iteration loop is

formed and this is denoted "inviscid loop" on Figure (47).
PILOT,

In contrast to

it was found necessary here to use under-relaxation in this loop.

As the inviscid iteration loop begins with a calculation of the
effective inviscid flow at the wall, it is necessary to provide a wall

boundary condition prior to entering the loop. The wall characteristic
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is used to supply this. Typical values of , M and ~are used (2 mm,
0.76 and 0. respectively) to calculate the constants in the boundary
condition, from the wall characteristic. The boundary condition is then

altered to be relevant to the effective inviscid flow before application.

As the pressure distribution along both sides of the perforated wall
is specified at the beginning of the program, all parameters (such as M,
) which are related in a fixed way to the pressures are

calculated once, prior to entering any iteration.

Additional difference between the programs PREDICT and PILOT are
listed below.
(1). All references to an 'aerofoil’, opposite wall or windtunnel

centre-line are removed, as PREDICT deals only with the flow near one wall.

(2). At the end of calculation, no alteration is made to freestream
conditions, because in the present program the inviscid stream is specified

(in terms of a pressure distribution).

(3). In PREDICT, no reference is made to any solid regions of wall,
because all experimental data were obtained in the perforated region of

the working section.

(4). The option in PILOT of specifying either plenum chamber pressure
or the nett volumetric flow rate through the wall is deleted, a distri-

bution of plenum pressure always being specified in PREDICT.

5.2.2 Details of the Scheme.

In Figure (47), the major subroutines of the program PREDICT are shown,
in addition to the controlling segment. The latter segment was outlined
in the previous sub-section. We refer now to the subroutines in order

of priority.

Subroutine WALL is called directly from the main segment. It is the

task of this subroutine to calculate a distribution of boundary layer

displacement thickness ( jT | which is compatible with the distributions



of effective inviscid crossflow ( ) and pressure coefficient (<y» ),
supplied by the main segment. This calculation involves an iteration
with under-relaxation and is carried out in the same manner as the
analogous calculation in PILOT. When this compatible flow has been
achieved, the subroutine CHAR is called, to provide a wall boundary

condition which is of the form,

Af -  + feu,
Il
This boundary condition (which is evaluated at each control point along
the wall) represents the viscous crossflow at the wall. It is then
converted into the form of Equation (5.2), where only quantities rep-
resenting the effective inviscid flow are present. Control then returns

to the main segment of the programme.

During the course of the iteration in WALL, the subroutine WALLBL is
repeatedly called. This subroutine, which is almost identical to sub-
routine BL in PILOT, is used to calculate the distribution of boundary
layer displacement thickness along the perforated wall. WALLBL is
slightly more accurate for present purposes than BL in that it takes some
account of compressibility. The details of the boundary layer method

were described in Section (3.5).

Finally, subroutine CHAR. This embodies the wall characteristic
equation (4.21). For each discrete point on the perforated wall, values
of M, $*and Af are used to predict a boundary condition which is locally
linear. This condition (Equation (5.3)) is then returned to subroutine
WALL. It should be noted that the entire calculation procedure in
PREDICT is carred out using a discrete set of values (15 in all) of each

variable concerned.
Having compared the structure of PREDICT with that of PILOT, attention
is turned to the major changes made from the actual equations used in

PILOT.

As mentioned earlier in this section, the inviscid flow calculation

in PILOT is now replaced by a simple boundary condition equation, namely

Iff



This is almost identical to the analogous inviscid flow boundary condition

in PILOT, namely Equation (3.15) or

w MM

but the perturbations parallel and normal to the freestream direction have

been left in a more usable form.

The remaining major differences between the equations used in the
programs, are concerned with the introduction of compressibility to
the calculation. All simple calculations are carried out using isentropic
relations. The first major relation to be mentioned, is that used to relate

the viscous and effective inviscid crossflows. This relation is Equation

(3.3), namely

a>X

When used in PILOT, all reference to density was removed from this equation.
The wvariation in pressure, and thus also in the term across the depth
of the boundary layer in the effective inviscid flow in neglected (Cebeci

and Smith, 1974, pp 73-75). Thus we can write

Dividing all the terms in Equation (5.4) by this new pararmecter,, we

find

AN - g — |-

This equation is then non-dimensionalized with respect to freestream
properties.and U&, and for length dimensions, with respect to the

wall perforation diameter, d. The resulting equation, which is expressed

loZ



in the same form as Equation (5.6) is then used in PREDICT. In this

equation, the value of =V is obtained using Equation (5) of Appendix (10),

namely

which is exact for isentropic flow. In this equation the subscripts 'e'
are replaced by the subscript 'w*, and the term ( ) is calculated
from the wall pressure coefficient. As all terms are calculated as being

in the effective inviscid stream, we may write

Another notable difference between the equations involved in PILOT
and those in PREDICT is concerned with the definition of the plenum chamber

pressure coefficient. In PILOT this was defined in a reversed manner;
P*> — PpC
In PREDICT, it is defined more logically as;

— Pc

and to make use directly of the available data in Table (5), as

gD

Finally the freestream Reynolds number is calculated using the equation,
,Peo d.
Here and re calculated from the freestream Mach number and an

average value of the freestream stagnation pressures, measured during

the tests in question. The value of the stagnation temperature is also



required, to determine”™" and Based on several measurements which

. .. .. o .
showed little wvariation, this is assumed to be 2 C below the ambient room
temperature. In Equation (5.9), 'd' is the perforation diameter, 2.95 mm

(0.00295 m) and A , the dynamic viscosity, 1is assumed to be 1.796 x 10”5
kgm~ 11 This value of*lwas incorrectly calculated on the basis of local

stagnation pressure, but it is not considered that the resultant 10% error

in R" will significantly affect the conclusions from this work

Before proceeding to describe the operation and results of PREDICT,
a comment is made concerning a confusion which may arise as the reader
attempts to understand the procedures involved in the program. Whenever
reference is made to a boundary condition, Equation (5.3a) for example,
the condition involves some pressure coefficient or longitudinal velocity
perturbation as the dependent variable. However, the wall characteristic,
Equation (4.21) is experssed with 0 as the dependent variable. Until
quite close to the end of the period of research in question, both boundary
condition and wall characteristic were written consistently with a form
of Cf as the dependent variable. However initial tests using the program
PREDICT revealed an interesting phenomenon. At the outset of the
calculation, the wall pressure coefficients and Mach numbers are specified,
but only the Mach number could be used in the wall characteristic to define
the ’local’ characteristic, as Cp was the dependent wvariable. Hence the
calculation was less 'tightly specified' than the input data would warrant,
and although a converged solution was obtained in one case, it was not
sensible. This solution is shown in Figures (49) and (50) as a dashed
curve. When the form of the characteristic was reversed, and O™ was made
the dependent wvariable, all the input data were used (being and M) to
specify 'local' characteristics and converged solutions were clearly more

sensible. These curves are also shown in Figures (49) and (50). The

latter form of the characteristic has therefore been adopted.

A listing of the computer program PREDICT is presented in Appendix

(11).
5.3 Results from the Computer Program PREDICT.

The computer program PREDICT has been operated using four sets of



experimental data. These data effectively originate from Table (5),
although in most cases, some intermediate manipulation has taken place.
Of the eight windtunnel configurations presented in Table (5), the
central four were chosen for use. The values of the wall pressure
coefficient ), which are shown on Figure (43), are interpolated to
the values of 'x’ indicated on the graph. The plenum chamber pressure
coefficients iCff ) are calculated from the data in Table (5) using
Equation (5.8). These are shown (for the four relevant configurations)

in Figure (48). Once again, the data are interpolated to chosen values

of 'x', for input to PREDICT.

Besides the freestream Reynolds number, which was mentioned in the
previous sub-section, three further starting data are required by PREDICT.
First a freestream Mach number which is drawn directly from Column (9)
of Table (5) for each configuration. Secondly the upstream boundary
layer displacement thickness. For each configuration this is taken as
the most upstream wvalue on Table (5). Finally, the value of the boundary
layer shape parameter, H, at the same upstream position for each configu-
ration. This was obtained by interpolating the experimental values of
H measured at the upstream position, to determine the wvalue which would
have been obtained if the freestream Mach number were equal to that for
the chosen configuration. In fact the maximum variation in H at the up-

stream position was quite small, H being confined between 1.46 and 1.54.

It was mentioned in Section (5.2.1) and (5.2.2), that both the
inviscid iteration loop in the main segment of PREDICT and the wviscous
flow iteration in subroutine WALL required under-relation to achieve
convergence. The outer, inviscid loop involves relaxation in values of
the inviscid flow angle, A relaxation parameter of 0.3 was success-
fully used here. The iteration was terminated when all values of
agreed with their values in the previous loop to within 1.0 x 10_6
radian. For the inner, viscous loop involving relaxation in the viscous
flow angle, a relaxation parameter of 0.1 was used successfully (the
corresponding value in PILOT was 0.4). This iteration process was

terminated when all values of 26 were within 0.0003 (0.00089 mm) of

their values in the previous iteration.
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When operating successfully, the program was used to predict the
four configuration mentioned, during one calculation. On a Honeywell
Level 66/60 computer, this calculation took 84 seconds. It involved
a total of 266 inviscid iterations. Thus each iteration (which would
be considered as a complete evaluation of the wall boundary condition)
takes approximately 0.31 second. This time requirement is likely to be
a linear function of the number of discrete control points on the per-
forated wall. Thus, for a practical calculation method with 80 grid
points along the wall, this time becomes 1.65 second. If the wall
boundary condition was re-evaluated perhaps twenty times in a complete
flow calculation, the total additional computing time required by the

wall 'package' would not represent a significant proportion of the over-

all calculation time.

The chief results from the program are now presented and discussed.
A comparison is made between experimental and predicted values of the
viscous crossflow parameter, , in Figure (49). Those data are shown
as variables with the longitudinal ordinate 'x' ~ Also shown on this
graph is the prediction obtained using the wall characteristic expressed
in a reversed form, which was discussed in Section (5.2.2). For each
configuration shown, the predicted curve only roughly follows the trends
of the experimental curve. However, the trend in the overall levels of
the crossflow from one configuration to another is well predicted. It
seems likely that the predicted curves are unique for each configuration,
or that PREDICT is, as required, producing a unique solution for each
case. It appears that the theoretical results follow an 'average' path
through the experimental data as though they represented a smoothed form
of those data. It is considered that this is due to the curve fitting
process involved in the development of the wall characteristic function.
Although a more critical assessment will be made of the comparison later,
in Section (5.4), it can be stated at this stage that Figure (49) repre-

sents a distinctly encouraging point in this research.

No comparison is made in this Section with results which would be

obtained by using a conventional wall boundary condition, Equation (2.6),

1*7
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for example. There are two distinct reasons for this. First, the
concept of a viscous crossflow parameter, , and a boundary layer
displacement thickness, 5%, do not arise in such a boundary

condition, and as such, comparisons with present data cannot be made.
Secondly, in the present data, there is a significant difference between
local and freestream pressures, and as Equation (2.6) is based upon
perturbations from freestream conditions, it could not be expected to

predict sensibly the flow angles caused by local pressure differences

across the wall.

The second and final comparison to be made between predicted and
experimental data is that of values of the boundary layer displacement
thickness, . This comparison is presented in Figure (50). Again,
for one configuration, results are shown from the reversed characteristic
calculation. The comparison between prediction and experiment here is
rather more disappointing than Figure (49). The calculation procedure
appears unable for three of the cases shown to predict trends in the
longitudinal direction with any useful degree of accuracy. It is interest
ing that although in Figure (49), the increments in between successive
configurations are quite regular, it does not appear to be the case for
s*_. The neutral and suction cases are crammed quite closely together
and only the clear blowing case separates itself from this grouping. Thus
so far as the boundary layer calculation is concerned, blowing through the

wall has a significant influence on £ in contrast to the weaker influence

of suction. One could state that only extreme suction rates would ever
cause the value of J*to be significantly reduced. In fact, it may be
recalled that the boundary layer prediction method in-corporated a fixed

lower limit on momentum thickness (in fact on ).

In Section (3.5), it was shown that the boundary layer method was un-
able to predict the effects of wall roughess caused by relatively large
perforations. It is almost certain that this inability is to blame for

the consistent understimation of in Figure (50).
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5.4 Discussion of the Accuracy of PREDICT.

Considerable effort has been invested in understanding not only
the accuracy of the results from PREDICT, but the implications of this
accuracy on the objectives of the present research. It will be helpful
in this discussion to refer to Figure (51). This is not intended to be
a computer flow diagram, but merely a very simple diagram indicating the
transfer of information within PREDICT. Experimental data is supplied
to the calculation, which iterates between the characteristic function
and the boundary layer prediction until convergence is achieved. Then
the solution is output and compared with the relevant experimental re-
sults, As the calculation comnsist chiefly of the two components men-

tioned, it will be helpful to discuss these separately.

Firstly the characteristic function. The values of  which are out-
put from the program are effectively drawn from the characteristic.
They are however, not in agreement with experimental values (see Figure
(49)). This is because the characteristic function dies not exactly fit
the experimental data, and because the values of “delivered to the
function in the calculation are in error from the experimental values.
In Section (4.4.1) it was deduced that the standard deviation of the
discrepancy between function and experimental values of is 0.0028

radian.

From Figure (50) it is estimated that the standard deviation () of
the error between theoretical and experimental values of is 0.5 mm.
It has been possible to estimate (using the assumption of normally dis-
tributed errors) that incorporating these erroneous values of /*in the
function would not significantly affect the values of produced. Thus
it is possible to state that the main discrepancy between values of
calculated in PREDICT and those from experiment will be the 0.0028 radian
standard deviation due to the curve fitting. In Figure (49), the value
off found for this discrepancy is 0,0019, which is actually less than
that which is expected. Both the figure of 0,0019 radian and 0.0028
radian relate the results of PREDICT only to the experimenatl results.

It should be noted that the experimental values of “were themselves in

error from true data by 0.0054 radian (standard deviation). Thus in



41

to

Ld
or

Lu



absolute terms, the results from PREDICT may well be rather less accurate

than at first supposed.

We deal now with the boundary layer prediction method. Once again,
results from this part of the calculation are in error because the

prediction method itself is inaccurate and also because false data (chief-
ly ) are delivered to it. By altering PREDICT slightly, it was poss-

ible to impose correct (experimental) values of ~on the boundary layer
calculation. The resulting values of were however only slightly better
than those in Figure (50), the standard deviation of the discrepancy
between experiment and theory being then 0.44 mm compared with 0.5 mm

previously. To examine the influence of the false values of “normally

delivered to the boundary layer calculation, the same imposed wvalues of
~mentioned above were used, but one discrete value was put into error
by 0,0022 radian (being the standard deviation of the error in the values
produced by the characteristic function in an earlier calculation).
Although this step produced a small visible alteration in the predicted
results, it did not significantly increase the value of of 0.44 mm
quoted above, when combined with it. The influence of an innacurately
defined freestream Reynolds number was also investigated, but this also

proved to have negligible effect.

The discrepancy in Figure (50) between experimental and theoretical
results of 0.5 mm (©*) is then not fully explained by the investigations
carried out. It is possible that some wvalues of are systematically in
error, thus having a cumulative influence on the wvalues of $ . This
might then account for the difference between the 0,44 mm/* of the method
itself, and the 0.5 nun™* experienced when it is used correctly in
PREDICT. Also if one were to consider the accuracy of the boundary layer
method in absolute terms, it is clear that in specifying experimental
values of as input data for the boundary layer method (which have a
standard deviation of error of 0,0054 radian) the results are likely to

be in error by more than the 0.5 mm discovered already.

Thus we have been able to account for the level of discrepancy be->
tween experiment and prediction for values of ,  However the full

cause of the errors in the predicted values of is not yet clear.



In summary of Section (5) it can be stated that the program PREDICT
can be used to calculate uniquely the 'wallflows' required. However,
the chief parameter to be calculated, namely”,, can only be estimated
approximately. The probable discrepancy between calculated wvalues and
experimental resultsis 0.0019 radian. The error in the calculated re-
sults is likely to be larger however if one comnsiders discrepancies re-
lative to true data. In Section (4.2,6) it was considered that the
flow angle at the wall would need to be estimated to within 0.0017 radian
(0.1°). As the error in our data is probably greater than twice the
maximum required, there is clearly a need for improvement. The sit-
uation is however, probably not quite as bad as it appears, because the
estimate in Section (4.2.6) assumed the flow angle along the entire
perforated liner to be in error, while we are considering a more random
situation in the present Section, In any case, using the proposed
boundary condition based upon experimental data, we are able to
predict the flow (and by inference the correct boundary condition) near
a perforated wall more accurately than would be possible using the
conventional linear boundary condition. The investigation of sources
of error in this sub-section reveals that both components of the method,
namely the characteristic function and the boundary layer analysis,
produce erroneous results which are due to a large extent to inaccura-
cies in the components themselves. The boundary layer analysis, which
was described in Section (3.5) is certainly amenable to improvement.
The characteristic function, which was developed in Section (4.4) may
be improved to some extent by the alteration of its form. In addition
its accuracy could well be improved if the experimental data upon which
it is based were made more accurate. Some suggestions regarding this

step were made in Section (4.3.4).



6 COMPARISON BETWEEN EXPERIMENTAL RESULTS AND THOSE FROM 'PILOT!

In Section (5), it was demonstrated that the proposed interactive

boundary condition, namely

is almost certain to simulate the flow near a perforated wall more

accurately than the conventional linear boundary condition, namely

-0

The logical step is now taken, to incorporate the new boundary condition
into an inviscid flow calculation, and use the overall method to predict
the windtunnel flows which were discussed at length in Section (4). The
calculation scheme described in Section (3.4) and entitled 'PILOT'

is used in this comparison. The wall characteristic developed in Sec-

tion (4,4) is used in the program,

An attempt is made to predict the same four windtunnel flows that
were investigated using the program PREDICT in Section (5). This
work is mentioned in Section (3.7) where it was used to verify the
effectiveness of the new boundary condition. In most commercial wind-
tunnels which are used to examine two-dimensional flows, little atten-
tion is paid to the nett flow rate of air through the porous walls.
Indeed, the majority of these windtunnels incorporate the diffuser
suction process and as such, to measure such mass flows in them would
be quite difficult. However, to allow the program PILOT to operate,
the volumetric rates of air through the wall are specified (as it may
be recalled that the option of specifying either plenum pressure or
wall flow rate was incorporated into PILOT), These flow rates are de-
termined by graphical integration of the relevant curves in Figure
(44), namely the graph of with x. It should be noted here that the
actual viscous flow through the wall is used, rather than any effective
inviscid parameter, Once calculated, the mass flow rates are divided

by standard sea-level air density to give the volumetric flow rates



which are required by PILOT. Strictly, a lower value of air density

should be used, to be comnsistent with the experimental conditions.

This value would be approximately 20% less than the standard figure,

but it is not considered that this discrepancy would have a significant

influence on the following arguement.

To represent the contoured wall used in the experiments, the

windtunnel working section is considered to be reflected in that wall,

as shown below

Thus the working section height is doubled, The effective cross sec-

2
tional area of the contoured wall is estimated to be 0.002 m . This

is also doubled and is considered to be the cross sectional area of a

circular cylinder mounted at the centre of the wall, or at the centre
of the effective working section. Clearly, assuming that a slender
shape is concentrated into a circle will cause errors in the solution.

However, using equation <3,5), namely

M~ A
7F

values of the doublet strengths are calculated and used in PILOT. For

the wvarious values of 00’ they are shown in Table (7), Clearly the
contoured wall and its reflection are considered to represent an aero-
foil at zero incidence and as such, no vortex is simulated in the wind-

tunnel. The walls of the working section are simulated to be very



TABLE (7)
Date for operation oF PILOT

For all configurations:

Numbar oF source elements: 10 per wall

Working section height: 0-4046 m

Control Points positioned t 0-000I x 0'40+6 m
off wall

Position oF ends oF elements:

Configuration
MSymbol from

Data<™t,eb5
Item

Doublet
Strength 0-2874 0-2984 0-5070 0-5136
/z /mbs"™

Uoo /ms-'

as calculated 225-6 254-2 240-9 246-1
in Section 52-2

Ginia  taken

from upstream |-37mm  (-27mm  1"21 mm 1' 16mm
position in Cot
(42) of TableC ).

VWwnetno flow

rate through _ i )
each wall 97208 0-084 0-297 0-594

/m?s7wiit wth



similar to those in the transonic windtunnel, in terms of the length of
the perforated section of liner. All data relevant to the operation of
PILOT are shown in Table (7). Unfortunately at the time of operation,
the position of the freestream condition was fixed within the program,
at twice the windtunnel height upstream of the working section centre-
line. This position did not coincide with the freestream reference

position in the experiments,

The results from PILOT are now presented and discussed. For the
configuration indicated by the symbol [P in Table (7), the calculation
could not be brought to convergence, despite considerable effort using
various levels of under-relaxation in the method. It appears that when
the volumtric flow through the walls is near zero, the calculation be-
comes more unstable. Of the other three configurations (which were

brought easily to convergence), only the data for the two extreme cases

are presented.

We turn first to the predicted wall pressure coefficients. These
are presented in Figure (52) for one wall (both walls being identical
as the reflected flow is symmetrical). The experimental data are also
shown in the Figure. The longitudinal ordinate is taken relative to
the upstream end of the bottom liner used in the experiments, and the
data from PILOT are arranged suitably on this ordinate. In the Figure,
some data are also shown form an operation of PILOT using a conventional
boundary condition of the form of Equation (6.2). To obtain a suitable
value of *P’° in that equation, typical values 5 mm) and
(-0,01) are used in the gradient of the wall characteristic. After
converting this gradient to be applicable to inviscid flow, it rep-
resents a value of P of 0,116. Observing the predicted and experimental
data, it is clear that there is little comparison between them, except
that they are of the same order, Mokry et al (1974) in attempting to
predict wall pressures in a working section where an aerofoil was
present, certainly managed rather better, An example of their work is
shown in Figure (29). In Figure (39) the measured wall pressure dis-
tribution through our working section is shown. These data were all
measured at one operation of the windtunnel, Clearly in the prediction

due to PILOT we have the correct shape of curve, revealing the presence

Hf
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of the contoured wall. However the region of overspeeding experienced at
entry to the perforated section in Figure (39) is not modelled by PILOT,

nor is the under-speeding at the close of the perforated section.

One probable explanation for the poor prediction concerns the
comment made earlier about the position of freeestream reference
conditions. For the experimental results, the reference condition was
measured at a position -109 mm on the ordinate shown, while for the
prediction, it was at -585 mm. If the extrapolotion of the Cf curves
were as shown below, then by making the reference position consistent in
future calculations, it seems likely that the predicted data would be

more accurate.

It appears in Figure (52) that the implementation of the new boundary
condition yields little alteration in the overall character of the results.
It is interesting to note that both curves for the old boundary condi-
tion are concurrent. This is logical since the boundary conditions (in-
cluding the size of the ’aerofoil’) applied to both calculations are

fixed and identical.

We turn now to the prediction of the flow angle in the viscous flow
at the wall position. These data are presented in Figure (53). It is
immediately obvious that the quality of this prediction (for the new
boundary condition at least) is in marked contrast with that of (p values.
It is almost certain that the accuracy of the prediction is a direct

result of specifying the volumetric flow rate through the wall.
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Within a truncated perforated section, the calculation must generate
sufficient crossflow to satisfy the nett flow rate of air through the
wall specified. Thus, in the absense of strong crossflow surges any
where along the wall, it is reasonable that the average crossflow pre-
dicted would closely match the experimental values. Although quite
a simple ’bonus', there is no reason why it shoudl not be utilized in

future calculations to ensure good prediction.

In contrast to the results obtained with the new boundary condition,
those obtained with the old linear version are not good. This is
considered to be the result of two major deficiencies. First, the
boundary condition is unable to take any account of the plenum chamber
pressure. As a result of this, it is quite impossible for the nett
crossflow required, to be achieved. Secondly, the boundary condition
cannot simulate regions of solid wall and thus, continues to predict
crossflow all along the liner. It may cause confusion here that there
are two separate solutions using the linear boundary condition, whereas
in Figure (52) there was one curve. This is because Figure (53) rep-
resents the viscous crossflow at the wall, and not .the effective inviscid
crossflow (for which the two curves would coincide), In conversion from
the latter to the former, the different growth rates of the boundary

layer in the two flows causes the different viscous crossflows.

It appears in Figure (53) that the discrepancy between the prediction
due to the new boundary condition and the experimental data is of the
same order as that in the results from PREDICT (where there was a
standard deviation of approximately 0.0028 radian). If the present cal-
culation method were to be used to model the flow in a windtunnel where
a lifting aerofoil was present, then it would seem reasonable that the
crossflow at both walls would be predicted with this accuracy. This
accuracy would also appear to be considerably better than that obtained
with the conventional boundary condition (for the viscous crossflow at
least). If the flow angle at both walls were accurately predicted then
it would seem likely that the incidence interference along the windtunnel
centre-line would also be predicted well, In this respect, the results
appears very encouraging. However, the relationship between the effective

inviscid flow and the viscous flow at the wall involves the boundary layer
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displacement thickness (see for example Equation (5.4)), so this too must

be examined.

The prediction of the displacement thickness due to PILOT is shown
in Figure (54). As the viscous crossflow predicted with the new boundary
condition is so much better than that due to the old condition, it is
not surprising that the values of calculated are also far better.
However there remains a considerable discrepancy between predicted and
experimental data. Omnce again this discrepancy is of the same order
as that discovered during the discussion of the results from PREDICT

(namely 0.44 mm ). The significant underestimate in the predicted
growth rate of 8*will cause the effective inviscid crossflow modelled to

be in error also (for example by 0,5°) although the viscous crossflow

upon which it is based may be far more accurate.

In summary it appears that the computer program PILOT can be used to
model complete windtunnel flows and provided that the nett volumetric
flow rate of air through the walls is specified accurately, the predic-
tion of the viscous crossflow angle at the walls is quite good. It would
seem logical that if the suggestions put forward in Section (5) were
implemented, namely improvements in the boundary layer analysis and the
wall characteristic, then PILOT would be able to predict even more
accurately the wvalues of and also the effective inviscid flow angle,
87" . The rather poor prediction of wall pressure coefficients could be
improved if the position of definition of the freestream reference con-
dition were altered to be consistent with the experiments modelled.
Finally, accounting for compressibility even in a linearized manner

would be likely to improve many aspects of the results from the program.
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7 SUMMARY OF CONLUSIONS, WITH RECOMMENDATIONS

In summarizing the conclusions drawn throughout this report,
it is considered more helpful to work in a logical order, rather
than to follow the order of report sections. To assist reference,

the relevant Section numbers are stated in parentheses.

The scheme proposed and developed in this report could, if
successful, be used for a number of tasks. These are(2.2); to
assist in the examination of the accuracy of methods used for
calculating the flow of air around aerofoils; to predict the
size of the influence that the windtunnel walls may have on the
flownear the aerofoil; to increase the efficiency of operation
of methods such as that of Kemp(1978), by providing values of the
crossflow at the wall. Naturally before any of these tasks may
be carried out, it is necessary for the proposed scheme to be
successfully incorporated into a practical calculation method

and 1t is recommended that this be carried out.

It has been suggested(Mokry et al,1974 and Chan,1980a) that
the wall characteristic relevant to perforated walls should be
evaluated experimentally(2.1). An attempt has been made here
to fulfill this objective. The chief difficulty encountered in
this work was the measurement of flow angle. The Conrad yawmeters
used, were calibrated in a manner which subsequently appeared
inadequate. The 0.19 degree standard deviation of error in the
calibration did not nearly approach the required 0.1 degree worst
error. It is recommended that the calibration be performed again,
ecither with more detailed measurements, or by a more accurate

method(4.2.6).

Another uncertainty involved in the experiments, relates to
variations in flow parameters in the lateral direction, across
the perforated bottom wall of the windtunnel(4.2.8). Particularly,
a significant variation in the boundary layer displacement
thickness, constituting a gradient of 1 degree, was discovered
across the wall. It is not clear what level of non-uniformity
may be tolerated for the present scheme to be effective and thus
it is recommended that investigations be carried out; first to
determine more precisely the nature of the non-uniformities
which are present in the windtunnel and second, to examine

whether these non—uniformities render the experimental data



inadequate for use in the present scheme.

The most important data derived from the experiments, were
those relating to the crossflow at the perforated wall itself.
The extensive analysis leading to these data, caused significant
errors to be accumulated. The standard deviation of error in the
values of the crossflow was calculated to be 0.31degree(4.3.4).
This figure must be reduced in future work. There are two major
factors which contribute to this error. The first, being the
inaccuracy of the yawmeter calibration, was discussed earlier.
The second is the error involved in calculating the derivative
of the boundary layer displacement thickness with respect to the
longitudinal ordinate. It is not clear how this can be reduced,
particularly as it is considered to be generated, to no small

extent, by the lateral non-uniformities in displacement thickness.

As a result of the experiments carried out, it has been possible
to generate an empirical wall characteristic relating the following
four parameters; the local crossflow through the perforated wall,
Mach number, boundary layer displacement thickness and pressure
drop across the wall(4.4). This characteristic takes the form
of a polynomial function which is considered to be a good fit
to the experimental data. There is evidence to suggest that the
chosen function has some physical significance, but because the
basic wvariables are restricted in their range, it has been found
difficult to compare the characteristic with that of another
worker, Goethert(1961). It has been estimated that the standard
deviation of the discrepancy between experimental data and those
produced by the characteristic function is 0.16 degree. An
interesting phenomenon was discovered when the characteristic
function was incorporated into a flow calculation scheme(5»2.2).

It was found necessary to arrange the characteristic function
in such a way that, at any point in the calculation scheme, as
many as possible of the variables in the function may be numerically

defined. Failure to achieve this, results in an unrealistic

solution to the calculation.
To operate the computing scheme proposed in this work, a
boundary layer prediction method has been developed(3.5). For

present purposes however, the results from this method are not
satisfactory. This is chiefly because the method does not account

for wall roughness, which is clearly present for walls with
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relatively large perforations. It is recommended that the boundary
layer method in question be altered to account for wall roughness,

even 1f in a very simple manner.

Tha wall characteristic function and the boundary layer method,
discussed above, constitute the two ’viscous flow’ components
of the proposed interactive calculation scheme. The central
purpose of this research was to define a boundary condition to
interact these components with an inviscid flow calculation scheme.

The proposed boundary condition is,

where » and \ are calculated from the two ’viscous flow’ components

discussed above.

The proposed computing scheme is first used to simulate the
flow of air near the perforated wall of the windtunnel(5). The
crossflow at the wall is predicted sensibly and uniquely and the
values match experimental ones almost certainly more closely than

would those generated by the boundary condition,

The standard deviation of the discrepancy between values of the
crossflow drawn from the experiments and those from the prediction
is 0.11 degree. This however represents rather more error than
that which is required, namely 0.10 degree maximum discrepancy. It
is considered that the discrepancy in question may be reduced by
altering the form of the wall characteristic function and by
improving the accuracy of the experiments upon which the
characteristic is based. It is recommended that these improvements
be carried out. The prediction of the distribution of boundary
layer displacement thickness along the perforated wall is not

good and this is considered to be due to the inadequacy in the
boundary layer method mentioned earlier. It seems likely that
when used in conjunction with a practical flow calculation package,
use of the wall boundary condition unit will not significantly

increase computing times.



The proposed scheme has been employed to simulate the
incompressible flow of air through a perforated working section
of finite length where an aerofoil is mounted. The new boundary
condition was again used, to link the viscous and inviscid parts
of the calculation procedure. The calculation method was
successful, producing unique, realistic solutions. It was clear
that it would be useful for investigating some aspects of wind-
tunnel flows which had previously received little attention(3.8).
A comparison with experimental results was made using those from
the calculation method with both the conventional boundary
condition and the proposed boundary condition employed. The results
obtained using the latter condition were in notably better agree-
ment with experiment than those obtained using the former, at
least for the wvalues of crossflow at the wall. This is chiefly
because the presence of the term K(x) on the righthand side of
the new boundary condition equation permits the plenum chamber
pressure(and indirectly the net volumetric flow rate through the
wall) to be accounted for. The good comparison with experiment,
mentioned above, was obtained by matching the volumetric flow
rate of air through the wall in the calculations, with that
measured during experiment. The prediction of wall pressure
coefficients was not good. This was caused mainly by an inconsist-
ency in the freestream reference position, between the calculation
and the experiments. In future calculations, this should be
rectified. Also the entire calculation method would be improved
by accounting for compressibility, even in a linearized manner.
The improvements in the characteristic function and the boundary
layer analysis which were recommended earlier, are also likely

to yield benefit in the present calculation method.

It has also been demonstrated that the new boundary condition

is amenable to use in a typical commercially used flow calculation

method, that of Catherall(1975), in Appendix(4).

To summarize, it has been demonstrated that the new inviscid

flow boundary condition to be applied at perforated walls, namely



is a significant improvement over the conventional wall
boundary condition, when used in an interactive flow calculation
scheme. In this boundary condition, P(x) and K(x) are drawn
from an empirical wall characteristic and from a calculated

distribution of boundary layer displacement thickness on the

perforated wall.
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APPENDIX 1

Prediction of the pressure distribution in an empty perforated
working section.

Goethert(1961,PP287-8) presents an approach for calculating
the flow of air through a square working section with four
perforated walls. A very similar analysis is used here, except
that the working section is not assumed to be square and only
two walls are now treated as perforated. The flow through the
working section is assumed to be inviscid. In addition, it is
assumed to be adiabatic and isentropic. In the following treatment,

one-dimensional flow equations are used.

Consider the flow through the working section shown below.

The top and bottom walls are perforated as indicated, while the

sidewalls are considered to be wholly solid. The working section

has a height H’ and width *W#*,

Applying the principle of conservation of mass to the control

volume indicated, we find that

ThUS AINS . ()

Now we may write

d(j* 1r) x
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The Euler equation for inviscid, one-dimensional flow may be

written

/N oz . &
| 4x/ Al 4x/

Also in adiabatic flow it may be shown that

10

Combining Equations(1).(2),(3) and(4), we find that

2 mW

fl

or &

Now for a

YPx
Vi
(where 4* is the local speed of sound) and thus Equation(5) may

be written as

If it assumed that the disturbances in the working section from

the freestream conditions are small, then we may write that

9 &

At the perforated walls of the working section, Goethert

(approximately)

applies a linear relationship between the pressure differences
across the walls and the crossflow through them. In tk notation of-

Section this i-elatiooskip would be written

Af

or in present notation

“Pc) ~ K mw



When combined in a suitable manner with Equation(7) we find that

KHV& 4X

or that

7= = k=T,

After integration, we find that

4A — -If-(P* ~ch

(i0)

Clearly, the pressure difference across the perforated wall is
an exponential function of the longitudinal ordinate *x*. Tt
may be shown that this function has a distance to double amplitude,

, where
o)

A distance to double amplitude only exists for values of HAesr

than unity. For values of greater than unity, the pressure

disturbances in the working section die away in the stream direction

and a relevant distance to half amplitude may be defined.

Equation(10), which gives the form of the pressure disturbance

along the working section, is considerably simpler than that

which Goethert presents. It is however similar in character.



APPENDIX 2

Development of equations of continuity to be applied at a porous wall.

A) Assuming viscous flow near wall.

Applying the principle of conservation of mass to the flow through

the control volume shown in Figure (6.,a) we find that

(D
0 0

Now the boundary layer displacement thickness is defined as

So

(TF

Thus (2)

crt

ar



Combining equations (1), (2) and (3) we find that;

+pwK/ £x rNC-O.
Multiplying out, this equation becomes;
- (pete)-"3C.(L~6") — d (n™ue) . .$x
fa- aX
-Jdhe ~°
Neglecting the term containing we find that;
A--$) d (peUe) -pAUp g+ + ~ 0.

. " 4

(B) Assuming inviscid flow near wall.

When the principle of conservation of mass is applied to the flow

through the control volume shown in Figure (6.b), we find that;

-feve<>* =0

, (?)

4x
or cancelling, that
-L otfpede) -figVtc=0.
he

Here, it has been assumed that the density and longitudinal component
of velocity are constant across the depth of the control volume and are
equal to their respective values at the position =L. This assumption is

approximately correct on the following grounds

Cebeci and Smith (1974:73-75) have proved that when the stream curva
ture is small, the pressure gradient across a turbulent boundary layer
with wall transpiration is insignificant when compared with the

longitudinal pressure gradients normally experienced.



If we assume that the flow is adiabatic, then the following equation

applies;

_ P
A V ot

Additionally, as the flow is isentropic, we can show that;

due ')
Ue Y Pe

For small disturbances on the pressure Pe, using Equation (7) and (8) it

can be shown that

AAA = I/i , o= )
prOe Y\

Except at Mach numbers very close to unity, it is possible to neglect

the term in in Equation (9). So;

AAN U /1 +jWW AA] . (..)
A Y \ He1/\ pe/

It follows that;

AX ! t(_‘

and that;
AA“e
But from the work of Cebeci and Smith (1974) mentioned above, 1S
at least an order of magnitude less than A*é&’rlt follows that
will also be an order of magnitude less than + Hence in Figure>

(6,b) it is assumed that the variation =2 2= across the depth of the

boundary layer is negligible when compared to the longitudinal wvariations



APPENDIX 3.

Practical running of the FORTRAN computer program PILOT

The program, when used on a Honeywell level 66/60 computer occupies
approximately 21,000 words of memory. It should be noted that, at

present, the maximum number of wall elements permissible is 40. Altering

this figure to 80 for example, would move the necessary memory size to

approximately 43,000 words.

For a typical windtunnel flow simulation (where an aerofoil is pre-
sent and 20 wall elements are used) involving compilation and execution

for 3 flow configurations, the total computing time is approximately 55

seconds. Of this, 4 seconds is compilation and the three configurations

require about 17 seconds each for calculation.

The calculations converge in, between 20 and 30 inviscid iterations

each. Each inviscid iteration normally involves about 7 viscous loops.

The structure of the input data for the program is now presented,
followed by a program listing and typical input and output data. The
listing is marked with the letters used in the flow diagram, Figure (11).

2(6
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Appendix 3
Listing of the Computer Program

PILOT (p.218-234)
has been removed for copyright reasons
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APPENDIX 4.

Example adaptation of a practical transonic flow calculation to use

the proposed wall boundary condition.

In the method of Catherall (1975), the non-linear transonic small
perturbation equation is solved using finite difference analogues to the
various derivatives. The following detailed explanation is taken from
Catherall (1978), where the grid points near the lower wall of a wind-

tunnel have the following arrangement.

— " 1 _______Ke}
R — - - e KeZ
| |
1 |
_—
<ac reasmg
g
is Il/ma: 6'-i) CC)

At each grid point in a given column, an equation is generated, re-

lating the wvalues of at three points in that column thus;

, I t™w L 7n 5-
/K Ti, K~ * * bK P/R+' = AK 1

Here, the superscript’n' Indicates that the values of 4" are to be generated

in the present iteration of the calculation. Clearly, when Equation (1)
has been generated for each point in a column (with the exception of K=o

and its equivalent on the top wall), a set of simultaneous equations exist



which could be solved, but for the two extra unknowns, and its

equivalent on the top wall. Considering the bottom wall alone, 4 .

solution is achieved in the following way.

Equation (1) written for K=l is

* p! V)

We use the conventional perforated 471 boundary condition in the form

0 @

Using finite difference analogues, Equation

/ JAA)'

or in Catherall's notation

2AE

At =AY

- M M

where

TWL = Ae C

Note that in Equation (5), the two values of have either been evaluated
in an earlier iteration or already calculated in the present iteration
(the solution sweeping through the grid from left to right). Note also
that Catherall allows E to be specific for this value of i (a provision
which he appears not to have used, to date). Combining Equation (2) and

(4) we find
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The unknown THIO has now been eliminated and the solution of the

simultaneous equations for the 1’th column can now proceed.

Now let us write the improved form of boundary condition as

Efx ~ ft sEK

The equation corresponding to Equation (4) is then

fic = fiz - + 27 2£K;

and hence, Equation (6), when adapted becomes

J / t /> /

ft)

Equations (6) and (9) are essentially similar in character, although it

is possible that the additional term in Equation (9) will significantly

alter the calculated wvalues of Note that in this equation, we

would make full use of the ability to specify Ei and EKi locally.



APPENDIX 5.

Proof that a yawmeter may dip into a boundary layer without this

significantly affecting predicted crossflows.

Using the two-dimensional control volume shown in Figure (6.,a), and

the principle of conservation of mass applied to the flow through it, we
find that

>)

If in Figure (6.a) the edge of the boundary layer were to lie outside the

control volume, then we can say that the situation shown below exists.

While continuing to refer to conditions along the top edge of the control

volume with a subscript ’e’, we now refer to conditions at, or outside
the line at which j =£ with the subscript ’ r.

Now approximately,

8" 2

This equation is approximate because strictly, the upper limit on the

integral should be outside the boundary layer completely (5 being defined

as the height at which the longitudinal speed in the boundary layer reaches

99% of its exterior value). Using Equation (2) we can write

| $a3 (3)

2/\



or splitting the integral on the right hand side,

s ~fr M

Now, integrating from 0 to § in two steps,

yA*? M<x> ) &.)

or ~ yro

L.

If in Equation (2) we insert values relevant to the downstream end

of the control volume, we find

<LS*.k)= * @

elx

Manipulating this equation in exactly the same manner as Equation (2),

we find,

L

Combining Equation (1), (6) and (8) and multipying out, yields



The second from last term in Equation (9) is an integral of the upstream
distribution of , from the height 7 upwards. For these values of
the expression pu (3) must be equal to , within 1%. The final
term in Equation (9) is also an integral from .S upwards. Here, it

assumed that the error incurred by assuming

dpu(3) - d-p~un

is negligible for . With these two alterations, and after some

manipulation, Equation (9) becomes

The second to last term in this equation is an order of magnitude

smaller than the other terms. Hence,

N -IM ~ d-2 sO (*)

~

We can write

or

L

Substituting Equation (12) into Equation (11),

or on re-arranging



We can compare this with Equation (3.1), namely

(I- J>cue 4% +J>eve ~MU - 0 : ('O
fa.
In this equation, the terms involving pelUg are evaluated using wall
static pressures and thus are not affected by the yawmeter lying inside
the boundary layer. They will be identical with the terms p™ in
Equation (13). Hence the only error incurred by using Equation (3.1)

when the yawmeter dips into the boundary layer is the term

In considering the significance of this term it is helpful to compare

it with the terms in Equation (14) above.

As a specific example, for the simplified case of the turbulent
boundary layer with a ’one-seventh' power law profile, that is, one

given by

in a low speed flow without transpiration and with a uniform freestream,
the error term relative to the largest term in Equation (14) amounts

to 5.7% if the yawmeter dips 30% into the boundary layer. With 20% dip,
it is only 2.4% and for 10% dip a mere 0.6%.

For the more general case, where there is a streamwise variation in
Ue, the following arguement applies. In the outer part of the boundary
layer, the integrand in the error term is likely to be an order of mag-

nitude smaller than the derivative in the first term of Equation (14).



Also the interval on the integral (from L to $ ) will be smaller

than the term (L- £*). Provided the yawmeter does not dip further

than say 30% into the boundary layer, it seems likely that the

error term will remain insignificant compared to the first term
in Equation (14).



APPENDIX.6

Proof that the results obtained with the flow angle Instruments are

not significantly influenced by small angles of yaw.

We define first, the three components of velocity experienced by the

yawmeter, in Figure (55). From that Figure, it can be stated that

6 - ' (7)

a
Also we can define

1/ e fin X

and

u9 co0S * U>SB

where is a yaw angle potentially causing errors in the results. Com-

bining Equations (1), (2) and (3) we find

In the following table, values of V are calculated for wvarious combina-

tions ofal and 4 .






0 "m00y0
F 0 2'0CrjS
10 0 2’nos m0161
Although it is not clear whether the value of , Or , Or some

intermediate value would be effectively registered by the pressure
difference recorded at the yawmeter, it can be stated from the above
table that the angle registered will not be significantly different

from the true flow angle.X , at least for values of § less than 5°.



APPENDIX 7

Calibration of Yawmeters.

Method

Earlier measurements made with the yawmeters indicated that
the form of the relation for them was a straight line,
at least over a limited range of & of about! 5 degreecis the
difference between the pressures measured on the upper and lower
faces of the yawmeter tip). Consequently, the calibration data
required(for each yawmeter at any Mach number) werethe gradient
and the intercept of the straight line, i.e. it was necessary to

determine the constants M and C in the equation

Af - M& +C (<)
4*
These data were found in two distinct stages. First the gradients

were found and then the intercepts.

Gradient

The yawmeters were mounted together in a small device which
fitted into the perforations of the bottom wall of the transonic
windtunnel. The other perforations were sealed with plastic tape
(see Plate(6)). The device allowed the yawmeters freedom in pitch
sim ultaneously of about ten degree each side of the horizontal(see
Figure(56)).

Measurements were made at three Mach numbers between 0.69 and
0.9. At each Mach number, 1 £ was measured for each yawmeter, at
three incidences between -5 and +5 degree, the sense of positive
incidence being shown on Figure(56). To avoid errors due to spatial
variations in the flow field, the tips of the yawmeters were held

in the same position throughout the traverse.

Assuming a negligible pressure gradient in the direction
normal to the wall in the turbulent boundary layer, the wall static
tappings were used to estimate the static pressures(and hence

dynamic pressures) relevant to the yawmeters.

Yawmeter angles were determined from the heights of their tips
and the height of the tailspike on the mounting device. These
height measurements were made with a vertical travelling telescope.
Inadvertent yawing of the mounting device was always kept below 0.5

degree(up to 5 degrees of yaw are permissible before the effective

~NT
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pitch angle of the yawmeters is significantly affected) and

rolling below 1.5 degree(again 5 degrees are permissible).

In Figure(56), it can be seen that the tailspike on the
mounting device is displaced laterally from both yawmeter tips.
Rolling of the mounting device thus caused the height differences
between the yawmeter tips and the tailspike to be altered. These
alterations in height differences were accounted for before true

yawmeter pitch angles were calculated.

The yawmeters were then fitted in the boundaiy layer rake
and the rake mounted in the windtunnel, the bottom wall again
being sealed with plastic tape, except for a longitudinal strip
about 12 millimetres wide, where the static tappings were situated.
In this region, ’Plasticene®* was used to block individual perforations.

On the bottom wall of the windtunnel, at the positions 137.5,
223.5 and 309 millimetres from the working section entry, the
pressures on the upper and lower faces of the yawmeters, the
pressure at the rake stagnation tubes and the wall static pressure
distribution were measured. The heights of the yawmeter tips and
the tailpin were also measured at these positions. This was done
at approximately the same three Mach numbers as those used for the

tests to determine the calibration gradients.

Using the mass conservation equation appropriate to flow

near a solid wall;

Ve Z [
A

the flow angles(”™) relative to the yawmeter tips were calculated

from the data recorded. The above equation is adapted from
Equation(3.1). Values of*L> were also calculated. The respective
values of™> and S were then used to determine the intercept of
the calibration line at the three Mach numbers chosen. Details

of these calculations follow.

Data Processing.

Calibration intercept data

Initially all the pressure data were non-dimensionalized with
respect to the effective local freestream pitot pressure(Po) which

was registered on a rake pitot tube 22 millimetres from the bottom



wall.

A set of simple corrections was then applied to the wall

static pressure to account for the pressure field generated by

the rake. These corrections were calculated from the pressure
disturbances generated at the two yawmeter tips, rake foot and
static tapping position by modelling the rake by a set of longit-
udinal and lateral cylinders in an incompressible potential flow.
The corrections are tabulated below. Errors in these calculated
corrections will arise from inaccuracies in the modelling and from

neglect of compressibility corrections.

POSITION CoUCCTtMI1  Ffcn
fmc tA&m (cp) irwe (bep)
jfaflc tapping 0,
kike [‘orf OhS57 6'0060
yw/neto 1 Up fcH3 0'0616
2Up -0'0cCot
Where

Thus I t)

or, pi ( V

The functionA”z was then calculated as

Af _/F.
% 1<

The denominator is a convenient form of , the dynamic pressure
local to the yawmeter head calculated from the corrected static

pressure mentioned above.

Using the computer program PROF, which is described in Appendix(9),

the boundary layer characteristics were computed. All computed

boudary layer thicknesses (J) were at least three millimetres less

than the height of the lowest yawmeter(Number 1).
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From the heights of the tip of yawmeter Number 1 and its
tailspike, the angle of the yawmeters relative to the horizon
was calculated(this single angle was used for both yawmeters).
This angle was then reduced by the value of the local bottom
wall angle relative to the horizon to become relative to that
wall.

The following list of data was then corrected to a convenient
set of three, freestream Mach numbers(0.686, 0.746 and0.840):

Boundary layer displacement thickness

Static pressure local to the rake foot

Static pressure local to yawmeter Number 1

Static pressure local to yawmeter Number 2

Pressure difference across yawmeter Number 1

. == /\
Pressure difference across yawmeter Number 2 4

The mass conservation equation in the form

> - - |/
> M.

was used to calculate the flow angle at the yawmeter height(L)
relative to the wall, wherey™was calculated from rake foot

static pressures and average values of freestream stagnation pressure
and temperature, using isentropic relationships. The derivative
with respect to the longitudinal ordinate °x' on the right-hand
side of the above expression was determined as the gradient of

the local tangent to the curve o Ifeuf(L-wv plotted against x

(see Figure(57)).

Finally, the angle of the yawmeter relative to the flow was
found by adding the local flow angle determined above,H?, to the
angle of the yawmeter relative to the wall. Thus a set of points

) were obtained, from which the intercepts of the yawmeter
calibration curves were to be calculated. These are presented in

Figure(60).

Calibration gradient data

In .a similar manner to that described above, the pressure
data from the calibration gradient device were non-dimensionalized
with respectt*«kstagnation pressure in the windtunnel contraction.

The wall static pressures were then interpolated in the longitudinal






ordinate to the yawmeter tip position and using a similar method
to that described in the preirious section, they were then adjusted
to the yawmeter tips in the other two ordinates using incompressible

potential flow corrections(listed below).
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Values of the non-dimensional yawmeter pressure difference,
could then be calculated in the same manner as for the calibration
intercept data, but these values represent experiments performed
unavoidably at slightly different freestream Mach numbers(and
hence different local static pressures). They were corrected to
a more convenient set of yawmeter static pressures by graphical

interpolation.

From the recorded heights of the tips of both yawmeters and
the tailpin on the mounting device, the angle of the yawmeters
relative to the horizon was calculated. These
angles are plotted against the yawmeter pressure differences
obtained above, in Figure(58). The method of least squares was
then used to fit straight lines to the data in Figure(58) and the

gradients of these lines are listed below.
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In the table above, the data for yawmeter Number 1 is monotonic,
the gradient varying by about 10 percent over the range of static
pressures tabulated. Itseems that the gradient may be genuinely
dependant on static pressure, although this is not clearly so for
yawmeter Number 2. The gradients for both yawmeters were corrected
to the static pressures experienced at the respective yawmeters,
in the central longitudinal position during the calibration intercept
experiments(The longitudinal derivative of the curves in Figure(57)
were used in the preceding calculations. The derivatives calculated
at the central longitudinal position are likely to be more accurate

than those calculated at the end positions).

In Figure(59) the final yawmeter calibration curves are drawn.
Straight lines with the gradients listed above have been drawn
through the points from Figure(60) that were calculated from
data measured at the central longitudinal position. For subsequent
use, a summary of the gradients and intercepts of the calibration
curves is given in Table(4), where the dependant and independent

variables have been reversed.

Discussion of results.

In Figure(59), the calibration results are similar to the results
produced by other workers(e.g. Ower and Pankhurst, 1969) and the
only feature deserving special comment is that the calibration
curves do not pass through the origin of co-ordinates. This
indicates that when the flow of air approaching one of the yawmeter
tips is parallel to the line joining the tip of yawmeter Number 1
and the rake tailpin, the pressures registered on the two faces
of the yawmeter are different. This is almost certainly because
the faces lie at different angles to the line mentioned, and
would happen if the faces are ground at different angles to the
centre-line of the yawmeter head, or the yawmeter head centre-line
is not parallel to the line mentioned. The non-zero intercept
would also occur if there were a significant stagnation pressure
gradient normal to the wall in the flow approaching the yawmeter.
However during calibration, the yawmeter tips were always outside
the wall boundary layer flow, the flow where such stagnation pressure

gradients occur.
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All the points used to calculate the yawmeter calibration
intercepts are presented on Figure(60). The ringed points are
those derived from data measured at the central longitudinal position
It is these points which were used to calculate the calibration
intercepts. Clearly, at any static pressure, the points may be
in considerable disagreement with the relevant ringed one. In
terms of the deduced intercept, this disagreement may be as great
as 0.75 degrees (or about 0.034 in"f,). The O component of the
data in Figure (id) is affected during calculation by the derivatives
of the curves in Figure (57). As these curves are based on data
measured at only three longitudinal positions in the windtunnel,
the derivatives could be in error. Clearly data measured at a
greater number of longitudinal positions would be desirable.

One parameter relevant to the calibration, the boundary layer
displacement thickness, 5 is examined in some detail. The

distributions of S*with x are shown in Figure(61). The steep

rises in the values of between x values of 150 and 250mm for the
M=0.84 and M=0.746 cases are surprising in view of the facts that
the wall is effectively solid and that only gentle favourable
pressure gradients are present.

Predictions using the boundary layer code developed during this
research are also shown on the Figure. The prediction uses
pressure distributions measured without the rake in the windtunnel,
but ones which are essentially similar to those used for the
calculations leading to the calibration curves. Reasonable agree-
ment between the prediction and the experimental results is obtained
for the M=0.686 case, but clearly not so for the M=0.84 case.
During the experiments, the pressure drop from the working section
to the plenum chamber was not maintained at zero, but the actual

pressure drops are listed below for the three Mach numbers used.
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The plastic tape used to seal the perforated wall would be

noticeably deformed into the perforations by even the smallest of



] d024a11f1 * 2440

XO00

vOSIDYq1vo

0



Z6c



these pressure drops. It would seem reasonable then that the

large growth rates of0O in Figure(61) are caused by the perforations
presenting increased roughnes with Mach number, which the boundary
layer code(which is based on smooth wall measurements) would not

be capable of predicting accurately.

The gradients of the yawmeter calibration curves were calculated
from the data presented in Figure(58). Measurements were made at
only three yawmeter angles. To increase confidence in the gradients
calculated, data measured at more angles is required. However,
it is encouraging that a separate, more comprehensive, but somewhat
less careful calibration of yawmeter Number 1 yielded gradients

which differed from the calibration described by less than 4 percent.
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APPENDIX 8

Estimation of errors in yawmeter calibration.

Here, an estimate is made of the worst error which could be
generated during the calculation of anyone flow angle which is
used for the production of the yawmeter calibration. This work
is not entirely rigorous. It should strictly take into account
more possible sources of error, but at the same time should not

use ’worst’ error analysis, but‘likely* errors.

In Appendix(7), the method of evaluating the interceot of the
yawmeter calibration is explained. The effective error in these
calibration points can be considered to come from three sources.
These are (1)The error in calculating the angle of the yawmeter

reference line relative to the bottom liner of the
windtunnel,
(2)the net error in calculating the wvalue of

and (3)the error in the calculation of the boundary layer
displacement thickness, which 1s used to determine
the angle of the flow relative to the bottom liner,

near the yawmeter.

These contributing errors are considered in order. First,
the error in calculating the angle of the yawmeter relative to
the bottom wall. This angle is determined by measuring the
respective heights of the tip of yawmeter Number 1 and the tail pin,
on the combined rake. A travelling telescope is used for this
purpose. The worst error possible in measuring the height of
a point with the telescope is 0.045mm. Thus the error in calculating
the difference in height between two points is twice this figure,
namely 0.09mm. The distance between the two points in question

is 82.48mm. Thus the error in angle of the reference line is
til ™1 _—$2'(ft)
or 0.06 degree.

Second, the net error in calculating the value of - This

function is calculated using Equation(5) of Appendix(7), namely
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Here and are the pressures at the lower and upper orifice of

the yawmeter head respectively, and ft is the static pressure in

the flow approaching the yawmeter. Each of the pressures in the
equation may be in error for various reasons. The transducer

used to measure the pressures has a calibration which is evaluated
each time the windtunnel is operated. Nevertheless, its calibration

equation may be in error. A typical condition for this equation

f-swv+385347 |

is

where p is the relevant pressure in Pascals and is the voltage
measured across the transducer bridge, in units of 10-" Volt. This
unit is chosen, as it represents-one digit in the last place on the
display of the digital voltmeter used to indicate the transducer
output voltage, 1in the mode of transducer calibration employed, the
first constant in Equation (2) may be in error of 0.148% and the
second, in error by 0.023%. For one operation of the windtunnel,
these errors (at worst) will be applied systematically to the
calculation of all pressures measured. As a digital voltmeter is
used, there is an additional uncertainty involved in each pressure,
of as much as the equivalent of one digit in the last place, namely
30 Pa. The wvalue of Po, the stagnation pressure, has been found
under extreme conditions to be in error of 0.1% from the true local
stagnation pressure. Consider a typical value of the term (Pl - pp
in Equation (1), for example 6661.1 Pa and of Po, 100 000 Pa for
example. Combining the errors described above in the worst manner
in the calculation of the term (P - pp/ Po , we find an error of
-1.17% in this expression. The term in the denominator of
Equation (1) will contain the errors mentioned above,concerning the
transducer calibration and the digital voltmeter. In addition,
using a wall static tapping mounted between perforations will yield
erroneous pressures when there is flow through the local perforations.
This problem was discussed in the main text, Section (4.2.6). In that
section 1t was indicated that the maximum error likely to occur as
a result of this, is 0.0075 (in pressure coefficient), or 0J0025 in
terms of In making a correction to the wall static pressure,

to make it represent the pressure at the yawmeter head, certain
simplifying assumptions are made concerning the rake geometry.

Also compressibility is not accounted for. It is assumed that these
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simplifications involve a further error of approximately 0.0003
in terms of Thus the total additional error in the term
is 0.0028. If all the errors in™4 are combined adversely in

Equation(l) and the stated error in the numerator of that equation

error predicted above of 0.0039 in terms of A represents 0.09°

as an angle.

Thirdly and finally, the error in the calculated yaw angle
produced by inaccurate calculation of the boundary layer displacement
thickness, J* 1is assessed. The displacement thickness is calculated
from the measured values of pressure, usind the computer program,
PROF. This program is described in Appendix(9). If a set of
precise data was input to this program, would the calculated value
of “represent this data exactly? To answer this question, a
boundary layer stagnation pressure profile, typical of those measured
during the yawmeter calibration experiments was expressed as a
written function. It was then possible to treat this function in
two ways. First, to take discrete points from the profile as input

data for the program PROF. Second, to process this function
directly to yield an exact value of J* For the case in question,

PROF was found to give a value of m—0.02mm in excess of the exact

figure. In the second investigation mentioned in this Appendix,
errors due to the pressure transducer calibration, due to the dig-
ital voltameter and due to phenomena in the windtunnel flow are
discussed. These same sources of error affect the pressure data
used to calculate wvalues of Supplying erroneous pressure data
to the program PROF naturally produces wvalues of ¥+ which are
further in error. In fact, the worst possible combination of errors
in the input data for PROF produces an error in the calculated
of 0.lmm. One further inaccuracy in which may be caused, is
that due to the region of compression just upstream of the
boundary layer rake. This region of compression would cause the
boundary layer to thicken to some extent, and thus the measured
value of ¥ would not be that which would exist in the undisturbed
flow. However, from the point of view of the yawmeter calibration,
the function of interest is rather than alone. A brief
investigation into the error in this function was carried out
using the boundary layer prediction method descibed in this report
(Section(3.5))
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Data relating to the compression ahead of a boundary layer rake
of inferior design were supplied as input to the boundary layer
calculation. By effectively positioning the rake at different
points along the wall, it was possible to examine the influence
of the rake’s presence on the wvalue of which would be measured

relative to that in undisturbed flow. This difference in
due to the presence of the rake was 2.8x10-5. Combining the first

two causes of error in values of S*(and thus indirectly in wvalues
°f ~)with the final direct error in the value of the total
error becomes 0.0019. When the value ofd4$™is used to calculate
the angle of the flow relative to the wall for the purposes of

yawmeter calibration, the error in the derivative is equivalent
to 0.11°.

Summary
The error in the calibration intercept points is considered
to comnsist of three contributions. These contributions have been

calculated using a ’worst error analysis as follows:-

(DThe error involved in the estimation of the angle of the
yawmeters relative to the bottom liner, namely 0.06°.

(2)The error due to inaccurate evaluation of the term Q
namely 0.09°. o

(3)The error introduced through inaccurate calculation of the
boundary layer displacement thickness,z-. namely 0.11°.

These three errors amount to 0.26° when added directly. This

should represent the maximum level of scatter in the yawmeter

calibration intercept points in Figure(60).
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APPENDIX 9.

The computer program PROF, for analysing boundary layer profiles.
The experimental data available for calculating the character-

istics of the boundaxy layers measured in the transonic windtunnel

are, the local static pressure at the rake position, and

the wvalues of the pitot pressure measured on the 14 boundaiy layer

rake tubes, ( where these pressures are non-dimensionalized

with respect to the highest pressure recorded on the rake ).

From these data, it is required to calculate chiefly the displace-

ment thickness, J*. It is also helpful to obtain information

concerning the boundaiy layer profile, shape factor and momentum

thickness.

Assumptions.

In carrying out the analysis, it is necessary to make certain
assumptions concerning the flow in and near the boundary layer.
It is assumed that

(a) the boundary layer is turbulent (an assumption which
is almost certainly justified),

(b) the perforated wall is adiabatic,

(©) the static pressure is constant across the depth of the
boundary layer (Cebeci and Smith, 1974, pp 73-75). and
that

(d) the recoveiy of total temperature through the boundary
layer is 0.8825 times the recovery 1if the flow were

fully isentropic (Mack, 1954).

Theory.

Using the above assumptions, it is possible to calculate
an important parameter, , which is then used to compute
values of In the fourth assumption concerning the temperature
recovery, it should be noted that the factor quoted is an average
value taken from Mack (1954). If the recovery factor is denoted
v, then using the work of Mack, the total temperature in the

boundary layer may be expressed

*7A 4

Here, the isentropic temperature rise has been moderated by the

factor, and Cp is the specific heat of air (at constant pressure)



In the same way, the static temperature in the boundaiy layer may

be expressed

T°1°*f(Vb w
< '!<: / (T S (1)

Using the perfect gas law it may be shown that
CpTe = *£ M

and combining this with Equation (3) we find

%E 1 (l_ : 1))

Now

Hs £ t M
ue ae

and

*7

a M,
e M{ 1 2 \ Wty

After some manipulation, Equation (8) becomes
) ()
Again using the perfect gas

= UJ_=
A F< T

tri

but p and pe are assumed to be the same, so combining this with

Equation (5),

261



To evaluate Me, the isentropic expression

00

is used. Note that Po in Equation (11) has already been chosen
to be the highest pitot pressure on the rake, or the freestream

stagnation pressure. For the local Mach Number, M, Equation (11)

Equations (9), (10) and (11) are then used to calculate wvalues of

In Ower and Pankhurst (1969) it is suggested that a pitot
tube mounted in a shear flow, disturbs the flow around it in such
a way as to register the stagnation pressure in the flow slightly
above its centre-line position. A correction to the actual tube
heights is thus required. For the tubes in question (having internal
and external diameters of 0.012 and 0.025 inch respectively) they
propose a correction of 0.17 diameters. Macmillan (1956) suggests
a correction which is smaller by approximately 0.02 diameters.
A figure of 0.15 diameters is used and applied to all the heights
of the boundary layer pitot tubes.

The boundary layer displacement thickness, momentum thickness

and shape factor are calculated using the normal equations;

and

In our case, the limit of infinity must be adapted. The integrals
are performed up to the height of the highest tube where the
freestream pitot pressure is recorded. In the illustration below,

part of a velocity profile is shown, somewhat magnified.



The discrete points represent the data points from the rake tubes.
On some occasions, the experimental profiles do have a minor trough
in them after the flow appears to have reached full speed. The
integration would be carried up to the data point marked with an

X. It is not entirely clear whether the boundary layer ceases

at this point or the lower ’full speed’ point. In any case the

difference in the wvalue of J*when calculated is of the order of

0.00lmm and is considered negligible.

The integrands in Equations (12) and (13) are generated and
the integration carried out in the following manner. The profile
is first split into groups of three data points. Using the method
of Nonweiler (1968), a quadratic function is generated for the
curve passing through these points, and the respective contribution
to the total integral is calculated. To complete the integral
near the wall, one or two points (depending on whether the total
number of data points is even or odd) are generated by extrapolating
the last calculated quadratic function, and Nonweiler’s algorithm

is applied once again.

The entire calculation procedure is coded into a FORTRAN
program titled PROF. Results from the program are given in Section
(4.3.5). In Appendix (8), it was mentioned that for a typical
bounglary layer profile, the program PROF over-estimated the value
of O by 0.02mm compared to an exact calculation. To date this is
the only examination of the accuracy of PROF which has been carried

out.



APPENDIX (10).

Calculation of the parameter7//3> in terms of known wvariables.

The exact expression for the local speed of sound (a) in

two-dimensional isentropic flow is

al’ R («)
2 1
where u and v are the local velocity components parallel to and
normal to the freestream direction. The flow of interest is that

just outside the boundary layer (subscripted ’e’). Dividing Equation

(1) by'a™ and using the relevant subscript;

or

Using the perfect gas law and assuming adiabatic, isentropic flow,

it can be shown that

and
® - © W
Re-writing Equation (2) in terms of and using Equation (3),
Thus, combining Equations (4) and (5)
6)

It would be very simple to calculate the term;K thus

Jt - pf;iIP"*

Pro Pt \pz/

(where Pe could be replaced by Ps, the wall static pressure, as
shown in Section (4.2.6.)). However for later use in the program
PREDICT, it is more helpful to express terms of the wall

pressure coefficient. Re-writing Equation (4.7), namely
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we find

. fa ' A*

Poe

Thus, replacing Ps by Pe, we find
& P U

The only remaining term in Equation (6) to be considered is
This is replaced by"™"™". The errorinvolved in making this step

is less than 0.1% in the wvalue of ? in even the most extreme

conditions experienced. Thus Equation (6) becomes

when has been replaced by tan”™ as in Equation (4.10).

Equations (7) and (8) may then be used to calculate the required

parameter from known wvariables.
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Appendix 11
Listing of the Computer Program

PREDICT (p.272-278) has been
removed for copyright reasons
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