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ABSTRACT

The objective of this study is to find a fast and effective method of estimating tunnel
boundary interference for a subsonic perforated wall wind tunnel. The study consists
of three parts. In the first part, a theoretical approach is investigated for finding the
boundary interference solutions which utilize both the wall interference and free-air
model potential functions, and could be placed into a modified PMARC code for use
with perforated walls. This theoretical method involved three steps which could be
compared with each other in order to check the process. The first and second steps of
the theoretical method dealt with solid wall wind tunnels while the last step used a
perforated wall wind tunnel. The final results for the last step were compared and
plotted against various values for the porosity coefficient to examine the sensitivity of
the solution with respect to the value of porosity. The second part of the study used
the equations and method which were proved in the first part to modify the panel code
PMARC for perforated wall wind tunnels. The modified PMARC code was then
used to predict the boundary interference in various wind tunnels with uniform
porosities. The values found in the second part were compared with known values
and the results were found to be of good agreement. The third part of the theoretical
study used the panel code obtained in the second part and continued the modifications
to include distributed porosities along the length of the wind tunnel. A study was
performed which used very low values, between 0.05 and 0.2, for the porosity of the

upstream portion of the wind tunnel test section, and values near the exit of the test
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section were set between 0.25 and 0.35. The tunnel boundary interference was
calculated by the modified PMARC code and these values were compared with the
values found in the second part. As expected, the predicted values for tunnel
boundary interference decreases as the porosity of the upstream portion of the test

section is reduced and the porosity near the exit is increased.
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CHAPTER 1

INTRODUCTION

For many years, wind tunnels have been used in the design of airframes and aircraft
engines. However, the values of the flow variables and aerodynamic coefﬁcicnfs
obtained from the wind tunnel tests do not exactly match the values for the same
aircraft in free-air flight at the same flight speed. One reason for this is tunnel wall or
boundary interference, which involves perturbations induced in the model flow field
by the walls of the wind tunnel. Many techniques have been used to decrease or
eliminate the amount of wall interference. Such variables as the geometry of the wind
tunnel or the use of ventilated walls for the wind tunnel can successfully decrease the
amount of wall interference placed on the testing model. More information about
wind tunnel tests and boundary interference can be found in Goethert[1]. Various
methods including CFD and panel methods have been used to analytically determine
the amount of boundary interference generated from the walls in various types of wind
tunnels. These techniques are summarized in Hornung[2]. The panel method code
PMARC]3] has been used to predict tunnel boundary interference inside of solid wall
wind tunnels, however, the code has never been modified to include porous walls.
One of the main components of this thesis is the modification of the panel code
PMARC in order to include perforated wall wind tunnels as part of its simulation
capability.

This study involves the prediction of tunnel boundary interference inside of a

rectangular subsonic wind tunnel with perforated walls. The study was separated into




three parts. In the first part, the theoretical approaches were investigated starting with
the solid wall cases and ending with an interference potential equation which could be
useful for perforated wall wind tunnels. The case when a wind tunnel contains a
single porosity value for the entire length of the wind tunnel was investigated in the
second part. This part includes the iteration method and modifications needed to allow
PMARC to work with porous walls. The values found in this group was compared
with values found using analytical methods. The third part consisted of the case
where variable porosity values were used along the length of the wind tunnel. This
group also included various modifications needed so that this case would be included
in the PMARC code.

The next three sections will introduce two different methods for calculating tunnel
boundary interference, classical methods and panel methods, as well as an introduction

to the panel method code PMARC.
1.1 Tunnel Boundary Interference Using Classical Methods

The classical method for determining the wall interference of a subsonic wind tunnel
with perforated walls involves much the same processes that are needed for wind
tunnels with fully closed solid walls. The classical method and boundary conditions
needed for perforated wall wind tunnels is described in detail by Pindzola and Lo[4].
An analytical investigation into the boundary interference of a three-dimensional
blockage in a rectangular wind tunnel with perforated walls was performed by Lo and
Oliver[5]. The analytical method is based on irrotational and inviscid flow theory.

The governing equation for the theory is the linearized perturbation velocity potential




equation

1-m» T T T, (1.1)
ax* dy? &?

where ¢ is the perturbation velocity potential of the flow inside the wind tunnel was

given by Anderson[6]. The above equation is valid for subsonic or supersonic wind

tunnels. Also, the model inside of the tunnel must be much smaller than the tunnel
cross-sectional dimensions so that the interference of the wall on the body is very
small. In order to simplify the equation, the value for x is transformed using the

Prandtl-Glauert transformation

x=—2> (1.2)

J1-M2

This allows equation (1.1) to be represented by the Laplace equation. Therefore, the
perturbation equation can be written, V29 = 0, which is equivalent to the disturbance
potential equation for incompressible flow.

In our case, the tunnel perturbation velocity potential is broken up into two parts

b0, 13)

where ¢, 1s the free-air model perturbation potential and ¢, is the wall interference
perturbation potential now in the transformed coordinate system. Therefore, the

Laplace equation will be expanded into

Vp,=V2, +VP,=0 (14)

The model inside of the wind tunnel can be represented by many types of singularities.



In this case, a doublet is used to represent a solid blockage or sphere inside of the

tunnel. The mathematical equation for the velocity potential of the doublet in the

transformed plane is

d x

¢,,,(x,y,z)=3-; 3 (1.5)
[x2+y2+z2] 2
or in the physical plane,

’ p _

- x
d>m(x,y,z)=2—n— 3 (1.6)

& +p2(y?+2?)?

where d is the free-stream velocity multiplied with the volume of the doublet and
B2=(1-M?).
The model perturbation potential, ¢,,, in the transformed plane fulfills the Laplace

equation so V2¢, =0 which gives

Vzd),- =0 1.7

The boundary conditions needed for this study involves two types of wind tunnels.
For the solid wall wind tunnels, the boundary condition can be found using the fact
that there is no flow through a solid boundary. Therefore,
A _o_ %, b, (1.8)
on on oOn
The above equation can then be used to formulate the final boundary equation for

solid walls which can be written as




ob,__ob,, (1.9)

where n is normal to the tunnel wall.

For perforated wall wind tunnels, the boundary condition is modified to include a
porosity coefficient, R. The porosity coefficient is derived from the fact that the
average velocity of the flow normal to the wall is proportional to the pressure drop
across the wall[4]. The equation for defining the porosity coefficient is as follows

_2Vu
Aplq.

(1.10)
where V = velocity of the flow normal to the wall

U = velocity of the undisturbed stream

ap = pressure difference across the wall

g.. = dynamic pressure of the undisturbed stream

This above equation leads directly to the boundary condition for perforated walls

which is
9,10, (1.11)
ox Ron
or
LI . w12

on ox on ox
Since the porosity coefficient, R, can range from zero to infinity, another porosity

parameter was introduced to limit the range to values between 0 and 1. The equation



for the new porosity parameter or Q is as follows

Q= B (1.13)

There are many methods which could be used to solve for tunnel boundary
interference including both CFD and panel methods. The main method used in this

study to solve boundary value problems is the panel method.
1.2 Tunnel Boundary Interference Using Panel Methods

The panel method is a technique which can be used to solve potential flow problems
for realistic and complex geometries. The method is only designed for inviscid and
irrotational flows. A full explanation of the panel method can be found in Katz and
Plotkin[7]. The method simulates either a two- or three-dimensional body which is
represented by a contiguous group of surface panels. Potential flow functions or
singularities such as sources, sinks, or doublets are placed onto each panel to create a
part of a disturbance flow field. There are two types of panel methods, a low order
and a high order panel method. A low order panel method is one where the strengths
of the singularities does not vary over the panels. A high order panel method is one
where the strengths of the singularities are varied linearly or quadratically over the
panels. The high order variety is much more accurate than the low order variety but
also requires more computational power. When compared to CFD methods, both
types of panel methods are more economical but less accurate when viscous effects
dominate the flow. Many potential flow panel codes have been made to aid in finding

flow fields for complex geometries. This study uses one such code, PMARC, which
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will be introduced in the next section.

1.3 General Remarks on PMARC Code

PMARC was created as a low-order potential flow panel code for modelling complex
three-dimensional geometries. The original code was developed by Ashby, Dudley,
Iguchi, Brown and Katz[3] at NASA Ames Research Center. PMARC can be run on
many different types of computers including Sun workstations and the Cray Y-MP.
One feature of PMARC that sets it apart from other panel codes is its ability to model
internal flows, those inside of ducts or wind tunnels. Ulbrich and Lo[8] modified
PMARC to include the wall signature method which uses various velocity and
pressure measurements along the wind tunnel wall to predict wall interference effects
on model pressure distributions. The PMARC code was also modified by Qian[9] to
predict the wall interference effects on various test body configurations in a subsonic
wind tunnel. The modification to PMARC developed in this study was based on the
use of a doublet to represent a test body.

This study will deal with and make modification to the main program and three
different subroutines. The main part of the program, PMARSHOE, is used to call
various subroutines in order to perform the task. The subroutine SURPAN calculates
the normal velocities on the surface panels and checks these velocities with the
boundary condition. The subroutine AERODAT evaluates the surface velocity vectors,
forces, moments, and pressure coefficients at each panel. The subroutine VELFIELD
is called by both of the above subroutines and calculates the velocity vector induced

by a single three-dimensional doublet on a selected point in the flow field.



In PMARGC, the geometry is separated into panels which in turn are grouped into

patches. In most cases, the patches are limited to four-sided geometries. Each patch
is also made up of two or more sections which are sets of points that involve a cross-
sectional cut through the geometry being modelled. PMARC is a very important tool
for modelling internal flows and was a valuable asset for this study.

1.4 Objectives and Approaches

The total objective for this study was to find a fast and effective method for predicting
the tunnel wall interference in wind tunnels with perforated walls. Currently, only
CFD and analytical methods have been used for perforated walls. Solid walls have
been treated with panel codes such as PMARC but not perforated walls. There were
three distinct parts to this thesis.

The first part of this study was used to find a theoretical basis for the iterative process
needed to model perforated wall wind tunnels. Three different methods were used to
investigate the theoretical proof needed for the process. A program and various plots
were also constructed in order to find the characteristics and sensitivity of the final
iteration method.

The second part of the study involved the modification of the panel code PMARC in
order to handle the iterative process needed for perforated walls. Various new input
and output files were needed to complete the task. Once the modification were
completed, the modified PMARC was run for various porosities and the output results
from the program were compared with known values found from both Qian{9] and Lo

and Oliver([5].



The third part of the study used the modified PMARC code which was evaluated in

the second part of the study. It was further modified to allow variable porosity to be
distributed along the length of the tunnel. Then, this modified code was run for
various porosity distributions and its results were compared with values found in the
second part. The objective of this part was to try and minimize the amount of wall
interference by optimizing the distribution of the porosities along the length of the

tunnel.



CHAPTER 2
THEORETICAL APPROACHES

One of the main components needed for this study involved the verification of the
theoretical approaches used for the modifications of the PMARC code. The purpose
of the theoretical part can be separated into two main ideas. The first purpose is to
check if the total potential equation can be broken up into two parts, the free-air
model and interference potential functions. The other purpose is to find the final
interference potential equation for perforated walls and to check the sensitivity of the
final equation with respect to the porosity coefficient. There are three main parts to
the theoretical portion of the study. The first two parts of the theoretical proof involve
the use of a solid wall wind tunnel. Different boundary conditions will be used for
each part and the final equations will be utilized together for use in the third part.

The third part uses a perforated wall wind tunnel for the upper boundary equation and
a porosity coefficient will be introduced into the equation. The third part also deals
with how the values of the wind tunnel interference potential function are changed
with differing porosity coefficients. Much of the procedure and equations for subsonic
linearized flow can be found in Chapter 9 of Anderson[6]. Each part of the theoretical
approach is started with a wind tunnel of height, h. A schematic of the wind tunnel
can be found in Figure 2.1. A finite length wavy wall condition is placed at the
centerline of the wind tunnel test section to portray a wind tunnel model and is

represented by the equation

10



f=esin(l‘l£) .1

where € is the amplitude and 1 is the distance of a half cycle. The free stream velocity
is assumed to be U_=1.

Each of the three parts of the total theoretical approach contain different boundary
conditions which will be introduced later. The two different wind tunnel
configurations will be discussed in the next three sections. The full theoretical process
including algebra is located in Appendix A.

2.1 Solution One of Method for Solid Wall Wind Tunnels

The first part of the proof to show the validity of the boundary interference solution
used for the PMARC code involves a solid wall wind tunnel . This part utilizes flow
over a solid wavy wall with a given contour and a solid boundary at an upper wall at
y=h. A schematic of the tunnel test section can be found in Figure 2.1. A step by
step mathematical process involving the theoretical proof is located in Appendix A.
The theoretical process begins with a general two-dimensional subsonic flow field

equation of incompressible form
F,.%¢_, 2.2)

Two different boundary conditions are used to solve the differential equation. The

first boundary condition is given by
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%Im +f'=TFoos(5) @3)

and signifies that the flow over the wavy wall must remain tangent to the wall. The

equation for the second boundary condition is

% I,-;. 2.4)

and represents the fact that flow at the upper wall in the vertical direction must be
zero since no flow is out of the solid boundary.

The solution to the first part of the theoretical proof is determined using the method of
separation of variables. The final equations for the total potential equation, the

interference, and the free-air model potential equations are as follows

ORI

bxy) =cos(THEE—E =2 ] (2.5)

eTh-e-’h

or

coshi(h—y)
d)(x,y)=ecos(f—§)[———] (2.6)

! -sinh(%h)
¢, ¢(x,y)l,‘.--ecos(—)e K 2.7
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n
= =y

ey S ]
¢=ecos(Z)le | (E—2
l Iy Zp
el -¢!
or
m cosh(%y)
¢i=—ecos(n—x)e o |
sinh(ﬁlh)

The above equations are then checked with the boundary conditions at y=0 and y=h.

The resulting equations gives

%,
y .
and
_ %
¥y

which can be shown to be the same as equations (1.7) and (2.3). These equations will
be used as boundary conditions for the next method in order to compare the final

interference potential equation to prove that the first part of our theoretical approach is

valid.

2.2 Solution Two of Method for Solid Wall Wind Tunnels

The second part of the solid wall theoretical proof uses the same wind tunnel model as

in the first part but the general differential equation and boundary conditions are
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different. The new flow field equation used for this part is

P, T Fon Fbn 2.12)
x? gy? ax? oy’

or
Since V?¢,,=0,
AR (2.14)
x? 9y?

The two boundary conditions which are used for this method are as follows

%z_fi"_' (2.15)
d Iy .,

ﬂl =0 (2.16)
R

The flow field equation is once again solved using the method of separation of

variables and the final interference potential equation is

o COSh(lt')’)
d),'(x’y): _ECOS(EX)C ! h[—l] 2.17)
! sinh(—’it-h)

It is obvious that the equation above for the interference velocity potential is the same
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as equation (2.9). This fact validates that dividing the boundary condition into
components of interference and free-air model potentials does not change the solution.
The next section will use the findings from the second method and expand them to
include perforated wall wind tunnels.

2.3 Solution Method for Perforated Wall Wind Tunnels

The solution of method for perforated wall wind tunnels can be separated into two
portions. The first portion uses various equations found in earlier sections as well as
perforated wall boundary conditions in order to find a final interference equation. The
second portion employs the found equation and solves it for various porosity
coefficients to find the characteristics of the equation. The process needed to prove
the validity of the boundary interference equation used for perforated wall wind
tunnels is started using the same model, flow field equation, and second boundary
condition as the second method. The first boundary condition needed for the solution

deals with flow at the- upper porous wall. It can be written as follows

a¢i Ra¢‘ _(% Ri)l (2.18)
dy ox oy yeh

The proof is started with an equation from the second method after the second

boundary condition has been applied. The interference velocity potential is

¢,=(Bsin(mx) +Ccos(mx))cosh(my) (2.19)

The next step involves the solution of the constants B and C in the above equation.
This is obtained using equation (2.19), the boundary condition equation (2.18), the

free-air model interference potential equation (2.76), and considerable algebra. The
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resulting constants are

B- ~Re (2.20)
sinh?(mh) +Rcosh?(mh)

= [R?cosh(mh)-sinh(mh)]ee "™ 2.21)
sinh?(mh) +R?cosh*(mh)

These constants are then joined with equation (2.19) to create the final interference

potential equation.

= _Re sin(mz)
sinh?(mh) +Rcosh?(mh) (2.22)
, [R?cosh(mh)-sinh(mh)]ee ™

sinh?(mh) +R?cosh?(mh)

cos(mx))cosh(my)

The algebraic process used for the solution of the constants and final equation can be

found in Appendix A.
2.3.1 Characteristics of the Final Interference Equation

The second portion begins with the equation for the two constants, equation (2.20) and
(2.21). These equations are used to find the characteristics of the final interference
potential with varying values of the porosity coefficient. The partial derivatives of the
constants with respect to R were calculated to find how the constants varied with
different porosity coefficients. This would lead to a study of the sensitivity of the
constants with various values of the porosity coefficient. The partial derivatives of the

constants are
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3B _-e sinh?(mh) +R 2 cosh?(mh) (2.40)
R  (sinh?(mh)+R*cosh¥(mh))*

9C _ 2Rcosh(mh)ee "™ (sinh’(mh) +sinh(mhk)cosh(mh)) (2.41)
R (sinh?(mh) +R%cosh?(mh))

To illustrate the behavior of B(R) and C(R) and their partial derivatives, as functions
of R, several plots of these functions were made. For the plots, two sets of porosity
coefficients were used. The porosity coefficient for the first plots was varied from 0
to 9 in increments of 0.5 and 0 to 1 in increments of 0.5 were used for the second
plots. The value for the amplitude, €, was placed at 0.005 and a value of 12.56 was
used for mh. The plots for the constants versus porosity coefficients can be found in
Figures 2.2 to 2.5. The partial derivative plots used the same two sets of porosity
coefficients and can be found in Figures 2.6 to 2.9. These plots were used to estimate
the difficulty involved in getting a solution to converge. The values of the constants
rapidly change in the area where the porosity coefficient varies from O to 1 which, the
experience of this thesis showed, would sometimes make it difficult to obtain a
converged solution. The sensitivity of the final equation can only be considered to be
a guess since we are only performing a two-dimensional case and the results would
not be directly correlated with the values found from PMARC.

Using the theoretical investigations shown in this chapter, the panel code PMARC was
modified to include iteration methods for perforated wall wind tunnels with single or
multiple values for porosities. The next two chapters will investigate the two different

methods.
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CHAPTER 3
VENTILATED WALL WIND TUNNEL BOUNDARY
INTERFERENCE WITH UNIFORM POROSITY USING

MODIFIED PMARC CODE

This chapter involves the modifications needed to allow PMARC to solve problems
with ventilated wall wind tunnels. It can be separated into two sections, one which
explains the modifications performed on the actual FORTRAN code and the other
which uses the modifications to run cases and compare the solutions with known
values. The main program of PMARC and two subroutines were changed in order to
perform the required tasks. Three new output files were introduced and one existing
input file was altered to include new values. The boundary condition used for solid
walls was also converted to include a porosity coefficient. Modifications were also
made to use the data from earlier iterations to find a more rapidly converging solution.

As always, the flow is assumed to be inviscid, irrotational, and incompressible.

3.1 Modified PMARC code for Ventilated Wall Wind Tunnels with

Uniform Porosity

The original PMARC code was produced by Ashby, Dudley, Iguchi, Browne, and
Brown[3]. The code used to begin the modifications for ventilated walls was first
changed by Ulbrich and Lo[8] as well as Qian[9]. Ulbrich and Lo[8] revised the code
to allow PMARC to calculate the interference and wind tunnel flow field of a model

in a three-dimensional wind tunnel. Qian[9] altered the panel code once again to use
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mathematical models such as doublets, sources, and sinks for test articles instead of

using surface panels for the test article. This was achieved by adding a subroutine
named VELFIELD into PMARC which calculated the normal velocities of the
singularities at the tunnel walls. The modifications needed for this study requires the
use of a doublet to simulate a solid blockage. A new input file, BLOCK.INP, was
also created to include data needed by VELFIELD in order to create the mathematical
models. The boundary condition used in PMARC for the solid wall cases can be

written as

vV, =-V (3.1

iLn m,n

where V, is the interference velocity normal to the wind tunnel wall and V,_,, is the
model induced velocity normal to the wall. The subroutine, VELFIELD, was
specifically created to find V,,,. The boundary conditions for the inlet and exit to the
test section consists of prescribed normal velocities which were set at 1 in our case.
Three different subroutines required modifications in order to perform the required
task. Explanations for each of the subroutines function were already addressed in
Chapter 1. The reason an iteration process was necessary can be shown using
equation (A.69) in Appendix A. The value for

o,

£
is not calculated in PMARC until after the boundary condition is checked. Therefore,
values from the previous iteration must be used in place of the unknown value. A

flowchart of the iteration procedure which was written for the second iteration and

19



beyond, can be found in Figure 3.1 in Appendix B. The same flowchart for the

iteration method can be used to show the other two iteration methods by excluding
some of the output files. For the zeroth iteration, the output files ITER2.0UT and
NITER2.0OUT will not be used in the iteration procedure. For the first iteration,
NITER2.OUT will not be used and the values from ITER1.OUT will be written
directly to ITER2.OUT.

The main modifications to PMARC consisted of the generation of three new boundary
conditions. These boundary conditions require different routines so the procedure is
dependant on the iteration number. Each of the three procedures is contained inside of

the subroutine SURPAN. For the zeroth iteration, the boundary condition is
Vin="Vua~RU, (3.2)
where V_, and U,, are found from the VELFIELD subroutine. The first iteration uses
data from the zeroth iteration in the boundary condition. This condition can be written
Vi,u=_Vm,n_R[Um-Ui](l) 3.3)
where the (1) superscript constitutes data from the zeroth iteration. Data from the
latest two iterations is required for the second iteration and beyond. The equation for
the boundary condition iteration procedure is as follows
V.=~V RO[U,-U)* 2 +(1-0)[U,-U]"") (3.4)

where the (n-2) and (n-1) superscript gives the iteration number needed for the data
required.

More modifications to PMARC comprised the creation of four new output files and
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the inclusion of new values into the input file, BLOCK.INP. The first output file
included in the code is ITER1.OUT. Final values from the AERODAT subroutine is
placed into the output file for use in the next iteration. The output consists of the
addition of the model flow and interference velocities along the wall for every panel in
the model. Since the velocities have been normalized, the free-stream velocity must
be subtracted from the output values. This output file is brought into the SURPAN
subroutine during the next iteration and is used in the calculation of the boundary
condition. After these values are used, they are placed into the second new output
file, ITER2.OUT. This output file is used to store the values of the (n-2) iteration for
use in the next iteration. The second iteration and later requires another new output
file, NITER2.OUT. Since the program continuously takes data from ITER2.0UT, a
storage file was needed to hold the values taken from ITER1.OUT. This storage area
was marked NITER2.OUT and this file must be renamed ITER2.OUT at the end of
the iteration. The last output file required is CHECK.OUT which contains data such
as panel number, location of panel, normal components, model induced velocity, and
interference velocity. The file is used to check the calculations made during the
SURPAN subroutine.

The modifications on the main part of the program, PMARSHOE, involved the
introduction of three new variables into the data file, BLOCK.INP. RCOEEF is the
variable which contains the value for porosity coefficient for the wind tunnel wall.
The porosity is assumed not to change, depending on the wall, so one boundary

condition can be used for the entire length of the wind tunnel. An iteration counter,
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ITCOEF, is the value which tells the program how to run the specific iteration.
CONVW is a convergence coefficient or relaxation factor which was introduced to aid
in the speed of finding a specific solution. At higher values of porosity, PMARC was
having difficulty converging on a solution so CONVW was introduced to help. The
convergence coefficient regulates the percentage of the final values from earlier
iterations which will be used in the present calculations. The symbol, ®, represents
CONVW in the above boundary condition equations. The next section deals with the

results found from a specific wind tunnel configuration using the modified panel code.

3.2 Tunnel Boundary Interference Prediction Using Modified

PMARC Code

The calculation of the results using the modified panel code was done using one wind
tunnel configuration but with many porosity values. A solid blockage inside of a 10
by 10 rectangular wind tunnel was the chosen case dealt with in this study. A total
length of 100 was used for the predictions. The wind tunnel was separated into three
sections; upstream of the test section, test section, and diffuser of the test section, and
the porosity was assumed to stay constant over the entire wall. A schematic of the
wind tunnel test section can be found in Figure 3.2. To make the calculations easier,
both the volume of the solid blockage and the free-stream velocity was normalized to
1. Some cases used data from other cases in the first two iteration steps, in order to
make the calculation procedure more efficient. The data for the interference pressure

coefficient was recorded using increments of 1 along the centerline of the wind tunnel.
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For the various plots included in this study, only the data from X=-20 to X=20 will be
used. For the wall pressure coefficient at the upper wall, the data was taken at
different locations in the center of the upper wall and graphed against the location
along the wall.

The first case dealt with solid walls. This gave a starting point for the study. Since
R=0 for solid walls, the boundary condition equation (3.2), was changed back the solid
wall boundary condition used by Ulbrich and Lo[8] and Qian[9]. Only one iteration
was needed for the calculation and the plots for the case can be found in Figures 3.3
and 3.4. The case was compared with Qian[9] and the results were identical.

The next case was used to check the accuracy of the modified program. A relatively
large value for the porosity was needed for this next case. A value of R=0.25(or
Q=0.2) was adopted for the study since analytical data had already been produced.
This case needed 15 iterations and the output was compared with the analytical results
found from Lo and Oliver[5]. A comparison plot between the two cases is provided
by Figure 3.7. The plots of the pressure coefficient along the centerline and upper
wall for the case can be found in Figures 3.5 and 3.6. The results were very close to
the analytical values with percent error values of no more than 5 percent.

In order to check the time needed for a solution, the next case used a small value of
R=0.1111(or Q=0.1) for the porosity coefficient. This allowed the iteration method to
be checked using a case which only changed the final results slightly. This case only
required 8 iterations to complete and the results can be found in Figures 3.8 and 3.9.

The next case used the two different methods for solution in order to provide a
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comparison between methods. A porosity coefficient of 0.3(or Q=0.23) was used for
the comparison. The first part was run without initialization data for the first two
iterations, and the final values were calculated in 51 iterations. However when the
data from the Q=0.2 case was used for the first two iterations, the solution was
obtained in 15 iterations. The final solutions were compared together and the results
were very close. The values for the two sets of plots can be found in Figures 3.10
through 3.13.

The final case used a value of 0.43(or Q=0.3) for the porosity coefficient. Because of
the size of the porosity coefficient used for the calculations, the solution began to
diverge after a few iterations. The last iteration before divergence was inspected and
the values were found to be very close to the solution which was expected. This case
was run using initial values from the Q=0.2 case and a close answer was obtained in 3
iterations. The final plots can be found in Figures 3.14 and 3.15.

A last plot was prepared using the various values obtained for the interference pressure
coefficient at porosities of Q=0,0.1,0.2,0.3. This plot was normalized with the highest
value of the pressure coefficient using a solid wall wind tunnel or when Q=0. This
plot is listed as Figure 3.16. This chart was compared with Figure 3.17 which was
obtained from Lo and Oliver{5]. The results were very close which demonstrates that
the method is viable.

One problem occurred with the use of large values for porosity. As the porosity
coefficient was increased, the amount of difficulty in the calculations also increased.

As the porosity coefficient increased, the time required for the calculations increased
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greatly as did the number of iterations needed. One reason for this is a certain
amount of error which is introduced in each iteration and is doubled and tripled as
more iterations are performed. This caused the iteration process to diverge instead of
converging on one solution. One solution to the problem may involve the study of the
convergence coefficient to find out how the coefficient interacts with the boundary

condition.
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CHAPTER 4
VENTILATED WALL WIND TUNNEL BOUNDARY
INTERFERENCE WITH DISTRIBUTED POROSITY USING

MODIFIED PMARC CODE

This chapter deals with the modifications made to the program completed in the last
chapter. In real world applications, the porosity of the wind tunnel wall does not stay
constant as suggested in the last chapter. For this reason, the code was changed again
to include three different porosities for different parts of the wind tunnel. Since the
wind tunnel was already separated into three sections--the inlet, test section, and
outlet, different porosities were designated for each section of the tunnel. The results
of the modifications should give more accurate answers and should allow a study to be
conducted involving how the variable porosities along the wall modify the amount of
boundary interference experienced. As is usual, the flow is assumed to be irrotational,

inviscid, and incompressible for the various calculations.

4.1 Modified PMARC Code for Porous Wall Wind Tunnels with

Distributed Porosities

Additional modifications were performed on the modified PMARC code explained and
used in the last chapter. The new modifications involved the use of three different
porosity coefficients in the calculations instead of a single value used in the last
chapter. This allowed the wind tunnel to be separated into three sections using the

input file for the program. Each panel is placed into a patch and that patch is labeled
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with a number defining within which part of the wind tunnel the patch is located. The
inlet, test section, and outlet are made up of two, one, and two patches respectively.
When each panel is generated from the input file, a patch number is placed on the
panel and it is carried through the calculations. As the calculations are performed in
the SURPAN subroutine, various IF-THEN statements check the patch number to find
out what porosity coefficient is needed for the calculations. This allows the porosity
to be varied along the length of the wall. Therefore, three different porosity
coefficients were added to the code and were titled RCOEF1 through RCOEF3.

One potential problem for this modified code involved changes needed as the
geometry of the wind tunnel changed. As different geometries are calculated, the code
will need to be refined to make sure that the correct porosity coefficient is being
placed on the correct panel. This can be achieved by analyzing the wind tunnel to
find the number of patches. The SURPAN subroutine then needs to be modified so
that the IF-THEN statements which control the placement of porosity coefficients
takes care of all of the sections of the tunnel. The modified panel code was used to
calculate examples of wall interference inside of a rectangular porous wall wind tunnel

which can be found in the next section.

4.2 Tunnel Wall Interference Prediction using a Modified PMARC

Code

This section uses the modified code explained in the last section to perform
calculations involving various wind tunnel wall porosity configurations. The case

involving a single porosity value of 0.25 was chosen as the case to compare the values
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found from this series of calculations. The same wind tunnel schematic shown in
Figure 3.1 was used for the input to the modified PMARC code. Each of the parts of
the wind tunnel was assigned a porosity value. Since this part of the study involved
investigation of how varying the porosity at the inlet and exit of the test section would
affect the final values, the porosity coefficient of the test section was placed at 0.25.
The inlet and exit porosity values were varied in small increments so that a trend
could be shown from the data. Since the downstream section of the test section is
subjected to the largest amount of disturbances, the porosity coefficient at that location
was increased while the porosity coefficient for the upstream section decreased. The
number of iterations needed for various cases usually varied between 15 and 100.
Final plots of interference pressure coefficient along the length of the wind tunnel
were prepared for each case as well as a final comparison plot of all the cases.

The first meaningful solution was obtained for the case where the values for inlet, test
section, and outlet porosities was 0.18, 0.25, and 0.30 respectively. The calculations
were started with the final iteration numbers for the single porosity case involving a
value of 0.25. This solution was finished in 30 iterations and showed a small
decrease in the values found for the interference pressure coefficient along the
centerline of the wind tunnel. The final plot for this case can be found in Figure 4.1.
The next case which was computed had values of 0.13, 0.25, and 0.32 for the porosity
values. The process was started with the flow solution from the first case in this
section, and the solution was found in 30 iterations. The values for the interference

pressure coefficient continued with the decreasing trend found in the first case. The
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plot for this case is Figure 4.2 located in Appendix B.

The third case analyzed was based on a decrease in the inlet porosity coefficient and a
slight increase in the outlet porosity coefficient. The values were 0.11, 0.25, and 0.33.
The calculations were started once again with the final iteration of the first case and
only required 30 iterations. The plots for the interference pressure coefficient along
the centerline is listed as Figure 4.3.

The fourth and final case changed the porosity coefficients to 0.08 at the inlet and
0.34 at the outlet. The case was run for 30 iteration and the values for the first case
was used for the starting point. As with all other cases, the values of the interference
pressure coefficient continued to decrease. The final plot can be found in Figure 4.4.
A final plot was created which compared the final values for all of the cases. This
plot is listed as Figure 4.5. The solution for the single porosity of 0.5 was placed in
the graph in order to compare the results of using single and variable porosity
coefficients. The names associated with each of the plots is modpmf1, trylh, tryln,
trylo, and trylk for the single porosity case, first variable case where R,;=0.18,
R,=0.25, R,=0.3, second case where R,=0.13, R,=0.25, R,=0.32, third case where
R,=0.11, R,=0.25, R,=0.33, and the last case where R,=0.08, R,=0.25, R,=0.34,
respectively. As can be seen from the Figure 4.5, the interference pressure coefficient
was definitely decreased as the inlet porosity was decreased and the outlet porosity
coefficient was increased. This was as expected since a higher porosity at the outlet
would allow more of the tunnel boundary interference to be dispersed through the

wind tunnel wall.
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CHAPTER §

CONCLUSIONS AND RECOMMENDATIONS

The conclusions for this study can be separated into three parts. The main purpose of
the first part or theoretical study was to see if the initial potential equation could be
separated into two terms, the free-air model potential and the interference potential,
and then to use this newly acquired information to solve for the final interference
equation. The final interference potential equations were acquired for the two solid
wall cases and were shown to be the same. The study was then continued with a
perforated wall wind tunnel and the final interference equation was plotted versus
various porosity coefficients.

The modifications of the panel method PMARC and the solutions for single uniform
porosity cases constituted the second part. This involved applying the iteration method
found in the last section to a panel method code in order to expand the capabilities of
PMARC. Many cases were calculated with the modified PMARC code varying from
R=0(solid wall) to R=0.43. Values from Qian[9] and Lo and Oliver[5] were used to
check the validity of the results found from the modified code and the comparison
showed good agreement. Therefore, the modified PMARC code should work correctly
for values of porosity under 0.5.

The third and last part of the study used the modified panel code from the previous
section in order to complete more realistic cases. Many cases were run where the
porosity at the upstream portion was decreased while the porosity at the diffuser

section increased. As expected, the interference pressure coefficient decreased since
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the diffuser section was allowing more of the disturbances to pass through the wall.
This signified that the modified PMARC code was working correctly.

A few problems became evident as more cases were run. For both the uniform and
distributed porosity case, the magnitude of each of the porosity coefficients greatly
influenced the time and ease of finding a solution. The use of initialization values
from other cases was successful in decreasing the amount of iterations necessary for
higher values of porosity. The convergence coefficient also was used to decrease the
time necessary to run a full solution. With some future research, porosity cases above
0.5 should be solvable using the convergence coefficient and initialization values. The
modified PMARC code should apply to many different wind tunnel geometries and
test models although numerous cases should be calculated to validate the assumption.
The values found in this study were very encouraging. With more research, the
solution of a porous wall wind tunnel using a panel code should become standard for

all values of porosity.

31



LIST OF REFERENCES

32



(1]
(2]

(3]

(4]

(5]

(6]

(7]

[8]

[9]

LIST OF REFERENCES

Goethert, B.H., Transonic Wind Tunnel Testing, Pergamon Press, Inc., 1961.

Hornung, H.G., editor. "Adaptive Wind Tunnel Walls-Technology and
Applications,” Report of the Fluid Dynamics Panel Working Group 12,
AGARD-AR-269, 1990.

Ashby, D.L., Dudley, M.R,, Iguchi, S.K., Browne, L., and Katz, J., "Potential
Flow Theory and Operation Guide for Panel Code PMARC," NASA TM
102851, NASA Ames Research Center, Moffett Field, CA., January 1991.
Pindzola, M. and Lo, C.F., "Boundary Interference at Subsonic Speeds in Wind
Tunnels with Ventilated Walls," AEDC-TR-69-47, May 1969.

Lo, C.F. and Oliver, R.H., "Boundary Interference in a Rectangular Wind
Tunnel with Perforated Walls," AEDC-TR-70-67, April 1970.

Anderson Jr., John D., Modern Compressible Flow; with Historical Perspective,

McGraw Hill, Inc., 1990.

Katz, Joseph and Plotkin, Allen, Low Speed Aerodynamics: From Wind Theory

to Panel Methods, McGraw Hill, Inc., 1991.

Ulbrich, N. and Lo, C.F., "Application of the Wall Signature Method to the
NASA/ARC 12ft Pressure Wind Tunnel Theory and Software Manual," NASA
Grant NAG-2-733, CSTAR, Tullahoma, Tennessee, 1992,

Qian, Xiaoqging, "A Study of Wind Tunnel Aerodynamic Data Correction with
Panel Method and Two- Variable Method," Doctoral Dissertation, The

University of Tennessee, 1994.

33



BIBLIOGRAPHY




BIBLIOGRAPHY

Moran, Jack, An Introduction to Theoretical and Computational Aerodynamics, John

Wiley and Sons, Inc., 1984.

Lo, C.F., Qian, X., and Ulbrich, N., "Wind Tunnel Wall Interference Calculated by a
Panel Method," AIAA 95-0794, presented at the 33rd Aerospace Sciences
Meeting and Exhibit, January 9-12, 1995, Reno, Nevada.

Kirchoff, Robert H., Potential Flows: Computer Graphic Solutions, Marcel Dekker,

Inc., 1985.

Oliver, Robert H., "Determination of Blockage and Lift Interference for Rectangular
Wind Tunnels with Perforated Walls," Thesis, The University of Tennessee,
August 1969

Etter, D.M., Structured FORTRAN 77 for Engineers and Scientists,

Benjamin/Cummings Publishing Company, Inc., 1990.

Anderson Jr., John D., Fundamentals of Aerodynamics, McGraw-Hill, Inc., 1984.

Overbey, Brian Glenn, "Support System Interference on a Wall Pressure in a Wind
Tunnel Using a Panel Method," Thesis, The University of Tennessee, May
1993.

Kraft, Edward Micheal, "A General Solution for the Upwash Interference on a
Symmetrical Wing in a Rectangular Wind Tunnel with Ventilated Horizontal

and Solid Vertical Walls," Thesis, The University of Tennessee, August 1972,

35




APPENDIX A

36



Solution of Method for Perforated Wall Wind Tunnel

Method One - Solid Walls

Problem: Flow over a wavy wall with given contour and a boundary at the upper
solid wall at y=h. A schematic of the wind tunnel can be found in Figure 2.1 in
Appendix B.

Flow Field Equation:

&6, (A1)
ax2 ayz

BC #1: Lower wavy wall

- Flow at the wavy wall must be tangent to the wall therefore:

od ,_ TE X
—| =f'=—-co0s(—-) (A.2)
3 I,=o -f 7 cos 7

BC #2: Upper solid wall
- Flow at the upper wall in the y direction must be zero since no flow

is out of a solid boundary therefore:
od | =0
= = (A.3)
dy

Solution:

Method of Separation of Variables ¢ = G(x)H(y)
& _
wr

&
5%=H”G(x)

(A4)
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o

H(y)G,, + H,,G(x) = 0

Su By g *5)
G H
&:-”ﬂ:—ﬁyz (A'6)
G H
2
G_+m 2G-O (A7) |
Hyy—m H=0
G(x)=Asin(mx) + Bcos(mx) (A.8)

H(y)=Ce ™ +De™

| $(x,y) =(Asin(mx) + Bcos(mx))(Ce ™ +De™) (A9)

Now to apply the first boundary condition

3 _4sin(mx) + Boos(mx) XEe " +De™ (A.10)
oy oy

% =(Asin(mx) +Bcos(mx))(-mCe ™™ +mDe™) (A.11)
% | =(4sin(mx)+Bcos(mx))(-mC+mD) (A.12)
R

(Asin(mx) +Bcos(m))(-mC+mD)=f-ll'-cos("T") (A.13)

Asin(mx) = 0 since no term exists on the other side .. A =0
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Bcos(nu)(—mC+mD)=£l’icos(1‘7’f)
m=% since cos(mx) =cos(n—lx)
Join constants together and join the terms in the equations

Y Iy
i

o(x, )=cos(1‘7"->[cle L +Ce ']

-ny Iy
@:cos(“_x)['_"cle l +£C2e 1]
3y 1 I

od X T )
—=| =cos(—)[—C,+-=C
ayIMCOS(l)[l 1+ G

-C,+C,=¢
Now to the second boundary condition using equation (A.16)

-xh nh

% | =—C1e_’+CzeT=0
Oy

y=h

2nh

-C,+Ce ' =0

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

Now there are two equation and two unknowns using equations (A.19) and (A.21).

After considerable algebra:
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-xh nh

e ! —e7=-2sinh("T”)

(A.26)
Zh-y)  E(h-y)
el vel =2cosh%(h—y)
cosh%(h -y)
¢(x,y)=ecos(-1%)[—-————-] (A.27)
-sinh(ﬁlh)

Now to find the free-air model potential function
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<b,,.=¢,,-,=—ecos(¥)e 7 (A.28)

Now to find the wall interference potential function

¢=¢i+¢m = ¢g=¢_¢m (A.29)
6y Sy N
d=ecos(TOE—— = ——ve 1] (A.30)
e T el

- -xy - - h
S S

LN +e ! ele !l -elel
= — A.31
¢, =¢ecos( 7 )] = o + TR ] ( )
e ! -e! e ! -e!
Sy Ty
& =ecos(TE ] (A32)
o T el
-xh I .2
—_— i
¢,.=ecos(“—l")[e FEE) (A33)
e T ol

y
I,p 1

e €

- 2cosh(%y)

-nh =k (A.34)
e'! el = —2$inh(%h)

Now check the boundary conditions at y=h
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—nn cosh(TY)

¢,.=-ecos(—1£x)e ! lh
sinh(=)
s sinh(Zy)
_a_¢£=—gcos(n_x)e LT !
% ! sinh(Z k)
i‘b! =-e X cos(ZX)e —7;'.
. 11
Ry
-a&= _T_r.cos(ﬁ)e {
vy 1 1
% = ECOS(H)G -’;h
. 11

Now to compare the interference and model potential functions

%,

a.y y-—-h ay y=h
which is proven by the boundary condition at y=h

Now to check the boundary condition at y=0
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(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A41)




which is proven by the first boundary condition.
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Solution of Method for Perforated Wall Wind Tunnels

Method Two - Solid Walls

Problem: Flow over a wavy wall with given contour and a boundary at the upper
solid wall at y=h. A schematic of the wind tunnel test section can be found in Figure
2.1 in Appendix B.

=0+ b

¢,, = free-air model interference potential function

¢, = wall interference potential function

Flow Field Equation: (Beginning with equation (A.1) from last proof)

g+$=o (A1)
Fo, Fb, Fbn Fbu (A.45)

ax2 ayz ax2 ayZ

%6, 36 __ P, P (A.46)
ax?  ay? ax?  ay?

n——+——=0 where -( Fon + 82<bm)=0 (A.47)
o’ dy a? oy

Fb, P,
2

In order to check the first method, the boundary conditions found in the first method
will be used for this proof. This will allow a comparison between final equations.

BC #1:

44




?ﬁ = _% (A.48)

ay y=h ay y=h
BC # 2:
%, (A.49)
¥

The free-air model potential function was obtained in the first proof so there is no

need to prove the equation again.

ny
d)m:—ecos(%x)e ! (A.50)
iad)__m:elt_cos(ﬁx)e;yz (A.51)
oy I 1
-nh
%, —eZcos(Ex)e | (A.52)
d . 11
B T os(T ) (A53)
& o | 1

Solution:
The same procedure found in the first proof is used at this point and the resulting

equation is the same as equation (A.19).

&,(x,y)=(Asin(mx) +Bcos(mx))(Ce ™™ +De ™) (A.54)

Now to apply the boundary conditions

At the centerline or y = 0,
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%‘tl =(Asin(mx) +Bcos(mx))(-mCe "™ +mDe™)

if X 0 then Asin(mo)=0

y=0

i’! =Bcos(mx)(-mCe ™ +mDe™)
if —| =0 then -mC+mD=0 . C=D
% =Bcos(mx)[C(-me ™ +me™)]

%=Cm008(mx)8inh(my)

¢,(x,y)=Ccos(mx)cosh(my)

At the upper wall or at y = h,

- -nh
a—¢1 |  =Cmcos(mx)sinh(my)= —e—’llcos(%x)e I
y=h

9, _=n L S
Ta-y— —CTCOS(—;X)Slnh(—l-y)

“Ep

C%cos(%x)sinh(-’lihﬁ-e%cos(ilx)e !

This returns the equation for the constant C

(A.55)

(A.56)

(A.57)

(A.58)

(A59)

(A.60)

(A.61)

(A.62)

(A.63)

(A.64)



C= it 44
sinh(%h)
_ﬂlh
b, (x.y) =-——§e——cos(-1l£x)cosh(f.y)
sinh(-’lih) !
T °°Sh(£}’)
b,(x.y)= ~ecos(Zx)e | ———
sinh(ll‘-h)

(A.65)

(A.66)

(A.67)

The above equation is compared with the final equation for the interference potential

function for the last proof. These equations are found to be identical which proves the

theoretical approach used for the last two methods.
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Solution of Method for Perforated Wall Wind Tunnel

Method Three - Perforated Walls

Problem: Flow over a wavy wall with given contour and a boundary at the upper
perforated wall at y=h. A schematic of the wind tunnel test section can be found in
Figure 2.1 in Appendix B. The proof is started with equation (A.54) and after the

boundary condition at y=0 is taken in effect the starting equation is
&,=(Bsin(mx) +Ccos(mx))cosh(my) where m=1;- (A.68)

A new boundary condition was necessary for the perforated upper wall which can be

written as
(ia& +Rﬂ) | = _(i"l +Ra_¢1"_) | (A.69)
dy ox yeh oy ox yeh
Solution:
&,=Bsin(mx)cosh(my) +Ccos(mx)cosh(my) (A.70)
o9, _ , ATl
= =(Bmcos(mx) -Cmsin(mx))cosh(my) (A71)
X
ad)( _ R . A ‘72
—a—y— =(Bsin(mx) + Ccos(mx)msinh(my) (A.72)

The equations for the free-air model potential function and the partial derivatives of

the function are as follows
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¢, =-ecos(mx)e ™ where m=1lt- (A.73)

_6& =gmsin(mx)e ™ (A.74)
ox

o

—_—nm_ mcos(mx)e —my (A75)
% €

Now to find the constants B and C in the interference potential function using the

boundary condition at y=h.

(Bsin(mx) + Ccos(mx))msinh(my) + R(Bmcos(mx) (A.76)
-Cmsin(mx))cosh(my)=-(emcos(mx)e "™ +R(e msin(mx)e ~™)

Separate the equation into sine and cosine terms

sin(mx)[Bmsinh(my) -RCmcosh(my)] +cos(mx)[Cmsinh(my) (A.77)
+RBmcosh(my)] = ~emcos(mx)e ™ - Re msin(mx)e ™

sin(mx)[Bmsinh(my) -RCmcosh(my)] = -Remsin(mx)e ™ (A78)
cos(mx)[Cmsinh(my) + RBmcosh(my)] = -e mcos(mx)e ™
Remove sine and cosine terms and constant m from the equations
Bsinh(my) -RCcosh(my)=-Ree ™ (A79)

Csinh(my) +RBcosh(my)=-ce ™

Solve for B and C using the above equations
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B=RC cosh(my) Ree ™ (A.80)

sinh(my) sinh(my)

RCcosh(my) Ree™
sinh(my)  sinh(my)

Csinh(my) +R( Ycosh(my)=-ee -mh (A.81)

Csinh(my) +R*C cosh’(my) _p2 ee " cosh(my) _ . -mh (A.82)
sinh(my) sinh(my)

Multiply both sides by sinh(my)
Csinh?(my) +RCcosh?(my) -R*cosh(my)ee ™ = -ee "™sinh(my) (A.83)

Separate terms and divide the right side of the equation by the left side to get the

constant C at y=h

[R%cosh(mh)-sinh(mh)]ee "™ (A.84)
sinh?(mh) +R*cosh’(mh)

Now to find the constant B

Bsinh(my)-R[ (R*cosh(mh)-sinh(mh))ee ™

Jcosh(my)=-Ree ™  (A.85)
sinh?(mh) +R*cosh?(mh)

Multiply both sides by sinh*(mh) + R*cos*(mh)

Bsinh(my)[sinh®(mk) + R?cosh?(mh)] -R[R2cosh(mh) (A.86)
-sinh(mh)]ce "™cosh(my) = -Ree ™ [sinh’(mh) +R?cosh’(mh)]

Separate terms and simplify the equation
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Blsinh*(mh)+R*cosh?’(mh)] =-Ree "™ [cosh(mh) +sinh(mh)] (A.87)
cosh(mh) +sinh(mh) =e™ (A.88)

{ B[sinh?®(mh) +R%cosh®(mh)]=-Ree ™™ (A.89)

Therefore the equation for the constant B can be written

B= “Re (A.90)
sinh?(mh)+R*cosh’(mh)

Using the two equations for the constants and the initial equation for the interference
potential function, equation (A.68), a final equation can be found for a perforated wall

wind tunnel.
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Figure 2.2 Varation of B(R) versus R for a perforated wall wind tunnel
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Figure 2.3 Variation of C(R) versus R for a perforated wall wind tunnel
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Figure 2.4 Variation of B(R) versus R for porosities R between 0 and 1
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Figure 2.5 Variation of C(R) versus R for porosities R between 0 and 1
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Figure 2.6 Plot of the partial derivative dB/dR versus R for perforated wall wind tunnels
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Figure 2.7 Plot of the partial derivative 3C/dR versus R for perforated wall wind tunnels
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Figure 2.8 Plot of the partial derivative dB/dR versus R for porosities R beteween 0 and 1
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Figure 2.9 Plot of the partial derivative 3C/dR versus R for porosities R between 0 and 1
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Figure 3.17 Plot of normalized interference pressure coefficient for a solid blockage at
various porosities ranging from Q=0(solid wall) to Q=1(open wall) from Lo
and Oliver[5]
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