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In this work, numerical methods are developed for 

control of three-dimensional adaptive test sections. The 

physical properties of the design problem occurring in the 

external field computation are analyzed, and a design 

procedure suited for solution of the problem is worked out* 

To do this, the desired wall shape is determined by 

stepwise modification of an initial contour. The necessary 

changes in geometry are determined with the aid of a panel 

procedure or, with incident flow near the sonic range, with 

a TSP procedures 

The poor convergence properties of the classical 

iterative adaptation process in the 3D case are demonstrated 

by means of a numerical simulation and a theoretical study. 

At the same time it is shown that by means of a simple 

replacement of the constant control factor by a matrix which 

considers the incident Mach number and test section 

geometryo computation of the adapted wall contour can be 

determined practically in one step, ie e,, on the basis of 

a single wind tunnel teste The capability of this one-step 

method is demonstrated by means of measurements from the 

adaptive octagonal test section of the Berlin Technical 

College. 

Finally, a new method is presented for testing three- 

dimensional models in wind tunnels with two flexible walls. 

Wall designs are presented by means of which the 

interferences on the model axis can be eliminated. 

-------- .. 
*Numbers in margin r e f e r  t o  f o r e i g n  pag ina t ion .  



This work was performed as part of the research project 

"Development of an adaptive wind tunnel test section with 

flexible walls for three-dimensional transsonic flows", 

supported by the Federal Ministry for Research and 

Technology. 
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1. SYMBOLS 

( X ¶ Y Y Z )  

( L l l Y C )  Cartesian coordinates 

( x y r y o >  Cylindrical coordinates 
( x p  P Y  D YZD 1 Coordinates of plotted point p 
(' * y  y z  /I Coordinates of origin point q 

Coordinates of wall pressure holes d 

Location vector 

s 3,  Control surface 

I 9 9 0  
( x d  ¶ y d  SZd) 

I 

- >  
x = ( X , Y ¶ Z )  

Region within the control surfaces 

Infinite region outside the control surfaces 

Bi, Bereich I 
(near-model region) 

B e r e i c h  I I 

n ¶  nA (external field) 
I U  ' External normal of S 

X A  Internal normal of S 
X E  Beginning of test section 

F E  Initial cross section 

K Final cross section Octagon T e s t  Sec t ion  

Mean wall distance from the tunnel 

axis for the j-th surface panel 

End of test section FA I 

'j 

Number of panels N 

dF Surface element 

h Height of test section 

h o d  ' Wall deflection 
I 

L Half-length of the basic wave (design rule) 
w I Circular frequency 

( 1  
- ~ 

Incident f l o w  Mach number (uncorrected! 

Compressibility factor 

II 

Incident flow velocity (uncorrected) 
".a 

Perturbing velocity potential (normalized / ?  
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I 

cP 
cL 

Perturbing velocity in the x direction 

Perturbing velocity normal to S 

Total axial velocity 

Additional potential (perturbation 
computation) 

Flow function 
Pressure coefficient 
Lift coefficient 

Drkg coefficient 
I Pitch moment coefficient at 25% of the 

I aerodynamic wing depth $25 

K Ratio of specific heats 

a Model angle of incidence 
9 ( P d  ' Compressible source potential 

5 ,CY I Source strength 

I J  Influence coefficients (u-component) 
Influence coefficients (v-component) B=(B ) - I  i 3  

A ' =€-A Influence coefficients for internal flow 

E Unit matrix 

K 

' o " 1  ' K , 9 K 1  Modified Bessel functions 

A = ( A .  .)I1 

Weighting factor in the iterative wall 

adaptation method 

0 

E 

Landau symbol 

Tolerance magnitude 

Indices : 

W wall-induced 

m 

A 
model-induced, interference-free 

in the direction nA 

in the direction nI 
upper tunnel w a l l  

I I 

0 
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U 

e f f ,  

D 

E 

lower tunnel wall 

kor effective (incident flow) 

design methods 

design / 

Strokes above a value indicate averaging or transition to 
conjugated complexes. 
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2. INTRODUCTION 

/5 
In a wind tunnel, the flow field must satisfy a 

kinematic boundary condition along the test section wall, in 

contrast to a laterally inbounded flow around a model. For 
instance, in test sections with impermeable walls the course 
of the flow lines near the wall is determined solely by the 

wall contour. The flow lines in the wall region, therefore, 

do not generally correspond to those which would be there 

with free flow around the model. This leads to 

interferences in the whole test section flow and introduces 

errors into the aerodynamic data measured with the model. 

The wall-induced perturbation velocity field is normally 

very complex, but it can be at least approximately repres- 

ented as a superimposition of various independent effects. 

The two most important of these are the axial additional 
velocity (blocking) produced by the changed lateral bending 

of the flow lines in the region of the model, and the 

change in model lift due to the diversion of the downflow 

field at the tunnel walls (lift interference). For example, 
in test sections with flat impermeable walls the blocking 

effect leads to an increase of the effective incident flow 

velocity and, thus, of the stagnation pressure (in the 
subsonic region), while there is generally an increase in 
lift and therefore an increase of the effective model 
incidence angle. The measured data, with interferences, 

then as a first approximation describe the actual 

aerodynamic behavior of the model studied with somewhat 

altered incident flow conditions. Many nuriierical methods 

have been developed in the course of time for computing the 

corrections A M  and . 
I Aa 03 



For wind tunnel studies in the transsonic range, where 

the test section walls must be slotted or perforated to 

avoid the transsonic blocking, though, application of 

these correction methods encounters great difficulties. The 

boundary condition for partially permeable tunnel walls can 
only be approximately described mathematically, so that the 
corrections determined on the basis of this information (and 

a representation of the model investigated by means of 
suitable singularities) are likewise troubled with great 

uncertainties. 

Furthermore, one must consider that the "global" 

consideration of the wall interferences in the form of the 
two incident flow parameters AM; and ha 8 as described 

so far, is justified only if the wall-induced perturbation 
velocities are nearly constant in the region of the model. 

This is generally the case only with very small blocking 
ratios. On the other hand, in view of ability to transfer 

the model data measured in the wind tunnel to the full-scale 

design, one must certainly try to test the largest possible 
model (Reynolds number similarity). Because of the 

continuously increasing requirements in recent years for 

quality of wind tunnel measurements in the high subsonic 

region, the design of new test sections which can provide 

model measurements which are free of interferences, or at 
least correctable, with maintenance of a high blocking 

ratio, is becoming more and more pressing. 

This requirement was the cause of the development of the 
so-called "adaptive" wind tun~els, which early in 1970 

realized in design the obvious idea of eliminating 

the cause of the wall interferences by matching the test 

section walls to the laterally unbounded flow around the 
' model. First, test sections with two adaptive walls were 
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produced for profile studies, based on highly developed 

computer and control technology. The adaption was produced 
either by deforming the flexible walls into free flight flow 

surfaces or, in the case of ventilated tunnels, by 
appropriate adjustment of the local wall permeability. The 

necessary displacement of the test section walls or the 
adjustment of their porosity must be completely automatic to 
have short test times. For this, it was necessary to solve 

basic design and control technology problems. 

Furthermore, application of this new wind tunnel 

technology would be promising only after a practical method 
had been found for determining the adapted wall shape (see 

Chapter 3). That is, direct calculation of the free flight 

flow surfaces would be very costly because of the normally 

complex model geometry and the friction and compressibility 

effects which occur, and it would not be possible with 
sufficient accuracy, especially in the transsonic speed 
range. 

Testing of the 2D adaptive test sections using some 

standard profiles (NACA 0012, CAST7) categorically 

confirmed that wall adaptation could be done practically, 

thus justifying the added design and electronic cost. On 

the basis of this great success, design of three- 

dimensional adaptive wind tunnels was begun in 1979. Of the 
three designs which have been realized so far, the test 

section with eight flexible walls, constructed at the 

Berlin Technical College, is described in more detail in 

the 4th section. 

11 



The principal objective of this work, though, is 
presentation of the numerical methods developed at the 
Berlin Technical College fo r  three-dimensional wall adapt- 
ation. Initially, we shall consider generally the 

functional principle of adaptive wind tunnels for 
determining the adapted wall shape. 

12 



3 .  PHYSICAL FUNDAMENTALS OF THE TECHNOLOGY OF ADAPTIVE 

WIND TUNNELS /s  I 

The basic functional principle of adaptive wind tunnels 

was developed by Ferri and Baronti [l] and by Sears [Z]. By 
comparing the tunnel flow with the laterally unbounded flow 
around the model they were successful in stating an analytic 

relation by means of which one can determine the wall 

interferences in the test section without explicit knowledge 
of the model being investigated. Derivation of this 

relation and of the iterative wall adaptation process based 
on it is carried out in the following for the general case 

of three-dimensional flows. 

An important point of view here is the division of the 

laterally unbounded flow field (initially seeming rather 

arbitrary) into a region near the model and the so-called 
far- or external) field. In Figure 1 these two flow 

regions, which fuse into each other, are delimited by an 

imaginary control surface. Within the control surface 

(region I) the flow field is very complex for the reasons 

already stated, and can only be approximated with the 

presently known computation methods. In the infinitely 

extended exterior field (region 11), though, the model- 

induced perturbations have already decayed sufficiently, at 
sufficiently great lateral distance, that the flow here can 

be considered free of rotation, and the perturbation 

velocity potential can be matched to a good approximation by 

a simple differential equation. Experience has shown that 
the iizlearized potential equation, or its transsonic 
variant, is sufficient for this. 

13 



Approximation of the far field by a potential flow now 

leads immediately to an analytical criterion for freedom 
from interference. On the basic of mathematical uniqueness 

rules (see, for instance, [3 ] )  the velocity potential is 
already unambiguously determined if along with the condition 
of vanishing perturbations at infinity, either the model- 
induced perturbation velocity in the incident flow - or in the 

normal direction on the control surface S is specified. ( S  

can initially be considered as infinitely long.) If one 

calculates the perturbation velocity potential $ with the 

u-component as a boundary condition on the control surface 

ax 
from differentiation V A  [U] - - an '' ( s )  and conversely. 
laterally unbounded flow around the model, the perturbation 

velocity components on the control surface then fulfill a 

compatibility relation which can be evaluated analytically. 

- a 4  ( s )  = u ( s ) ' ,  then the matching normal velocity follows 

With 

By means of this criterion one can now determine easily 

whether a wind tunnel flow is interference-free, and if 

necessary undertake an adjustment of the adaptive test 

section walls. 
components, e. g., the u- and v-flow on the control 
surface which is now assumed to be in the test section. If 

both these measured velocities fulfill the compatibility 

relation above, then the flow around the model in the 

tunnel can be expanded continuously to a laterally unbounded 

flow field, and it is therefore interference-free. 

Conversely, an interference-free tunnel flow can be 

considered part of an unbounded flow field, so that the 
ec ;uat i~n  derived a b ~ v e  applies fcr the u e l ~ z i t y  ccxip~nexts 
on the control surface. If we designate the measured u- and 

v-flows as uI(S) and vI(S), 
section is exactly interference-free if the relation 

For this we measure - two independent velocity 

then the flow in the test 

14 



applies on the control surface. 

But if the calculated normal velocity vA on the 

control surface, for flow around the model which is 
considered to be extended laterally without limit, is not 
identical with the corresponding measured component vI, 
vA(S) - vI(S) # O ,  bhen the tunnel flow has interferences 
and correction using the adaptive test section walls is 

necessary. 

The difference, vA(S) - vI(S) is obviously a measure of 
the magnitude of the wall interferences, and it therefore 
appears reasonable to adjust the contour or the porosity of 

the tunnel walls so as to produce an averaged (with a 
weighting factor K) normal velocity distribution on the 

control surface: 

Now the resulting tangential velocity uInew(S) is 

measured and another test made by means of an external field 
computation to see whether the flow field within the control 

surface already matches that for laterally unlimited flow 
around the model. The difference, vAIUIneW] - vInew is 
again used to correct the adaptive test section walls, and 

the entire process is repeated until the wall-induced flows 

have become negligibly small. 

In summary, we have the following iteration scheme for 
wall adaptation, Figure 2: 

15 



The tunnel flow is considered to be interference-free if the 
change of the v-component in two successive iteration steps, 
and thus the correction of the adjusted wall configuration, 
remains within a specified tolerance E,c . 

One should consider that use of the adaptation process 

( 3 . 3 )  provides no direct information about the model being 
investigated, and is therefore universallyuseful. The 
complex flow field within the test section is represented 

only by two independent flow quantities, such as the u- and 
v-perturbing velocities, along a control surface near the 

wall. Their repeated measurement along with the so-called 

external field calculation makes possible stepwise reduction 

of the wall interferences. 

It must be emphasized, though, that the convergence 
properties of the control algorithm ( 3 . 3 )  depend strongly on 
the selection of the weighting or control factor K. As a 
result, there is a special practical importance to 

determination of an optimal value Kopt which leads to the 

adapted wall configuration with the fewest possible steps. 

Investigations of this sort are performed in Chapter 6 for 
three-dimensional wall adaptations. They show 

simultaneously how ( 3 . 3 )  must be modified with respect to 
rapid convergence (single-step method). 



The numerical methods for the external field calculation 

required in each adaptation step are considered extensively 

in the 5th Chapter. In the following section we shall first 
explain the basic problems in the design of three- 
dimensional adaptive wind tunnels. Then the test section 
with eight flexible walls, built at the Berlin Technical 
College, is described in detail. 

17 



4. 3-D ADAPTIVE TEST SECTION AT THE BERLIN TECHNICAL 

COLLEGE 

In the design of three-dimensional adaptive test 

sections we could utilize the experimental results already 
gained with adaptive profile tunnels. 

test results was particularly successful with respect to the 
practical feasibility of wall adaptation either with 
flexible impermeable walls or with ventilated test section 
walls. 

Evaluation of the 

The principle of partly permeable walls with locally 
controllable through-flow volumes (controlled either by 
variation of the wall porosity or by individual matching of 

the counterpressure in the sectionally divided plenum 
chambers) has been applied particularly in the USA. It 

appeared advantageous, especially economically, because the 
usual transsonic test sections are slotted or perforated, 

and could therefore be re-equipped relatively easily. 

In comparison to the adaptive profile tunnels with 

flexible walls, built in Europe, this technique showed 
significant practical disadvantages from the beginning. 

This became particularly apparent in the measurement of the 
near-wall perturbation velocity distribution at both sides of 

the profile in the flow, required at each adaptation step. 
With impermeable walls, the two desired velocity components 

can be determined directly from the wall shape (v = h') and 
the pressure distribution prevail ing there (u = - CP/2) 
But with ventilated tunnels, measurements within the f h w  
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field are necessary because of the severly inhomogeneous 
flow near the walls. These can, to be sure, be performed 
without contact by means of lasers, but this method is 

relatively time-consuming and is defensible only for 

adaptive profile tunnels. 

The problem of rapid and precise measurement becomes 
more important in design of a three-dimensional adaptive 

test section because of the increased amount of data 

(longitudinal and normal perturbing velocity distribution 
along a control surface surrounding the model). It was 

principally for this reason that in Germany (at the Berlin 

Technical College and later at DFVLR, Mttingen) the 

decision was for design on the basis of impermeable, 

deformable walls [4]. (Other reasons were the higher power 

consumption and the higher noise level of ventilated test 

sections.) 

At about the same time in the USA, though, work was 

started on construction of a three-dimensional adaptive 
tunnel with four ventilated walls [5]. A new kind of 

measuring system, which has become known as the "Calspan 
Pipe" was developed to determine the perturbing velocity 

components. It consists essentially of two metal tubes with 

static pressure holes, which can be turned about the 
longitudinal axis of the wind tunnel model, Figure 3 .  To be 

sure, experience so far has not been satisfactory. That, 

along with other problems, has as yet prevented a 
convincing functional demonstration of this test section 

C61- 

In contrast, it has been possible to carry out initial 

successful wall adaptations with the two other 3 D  adaptive 
test sections, and to demonstrate the general applicability 
of the technique, which has in the meantime been established 

19 



for profile studies, for three-dimensional flow cases as 

well (see Chapter 9). The so-called "extensible adaptive 
test sections" built by the DFVLR in Gdttingen is 
described in [7 ]  along with the most important experimental 
results. In the following we shall consider the design 
details of the test system developed at the Berlin Technical 
College. 

Design of the test section began with the basic idea 

that an ideal three-dimensional wall adaptation is hardly 
achievable in design, and not achievable at all at least 

for subsonic flows. Important viewpoints for the design, 

then, were the provision of the least possible mechanical 

cost while simultaneously providing adequate deformability 

of the test section walls. This compromise which was 
attempted led finally to design of the "octagon" test 

section with eight flexible walls [ 8 ] .  

Figure 4 shows the octagonal test section cross section 
formed from the eight walls and the layers between them 

(the model is described in Chapter 9). The principal 
dimensions (height 15 cm, width 18 cm) were chosen in the 

ratio of 1:1.2 with respect to a planned full-scale 
"European Transsonic Wind Tunnel", ETW. The test section 

length of 83 cm arises from the dimensions of the 

connections to the Technical College wind tunnel. Each 
flexible wall is individually deformable by means of 10 

positioning elements in each (9 in the upper and lower 

walls), positioned longitudinally. The deformation and 
position control are fully automatic [8]. Figure 5 is an 
c?uter view ef the t e s t  sesticm shewing the arrangement c?f 

the positioning motors. The wall pressure distribution is 
measured by a total of 192 (6 x 25; 2 x 21) pressure holes 
along the center lines of the flexible walls. 

20 



It was practical to choose the flow tube formed by the 

straight, undeformed test section walls as the control 
surface for the external field calculation (see Chapter 3 ) .  
(Selection of a fixed interation-independent control surface 
is important for performing the adaptation quickly.) The 

perturbation velocity components needed there can be taken 
unchanged from the wall measurements because of the expected 

small contour changes. (The effect of the wall boundary 

layer is considered approximately by calibration of the 

empty test section, Chapter 9.2.) 

The next sections describe extensively the numerical 

methods developed for the external field calculation. 

21 



5. NUMERICAL PEFORMANCE OF THE EXTERNAL FIELD 
COMPUTATION 

5.1 Basic Comments 

The boundary value problem to be solved in the external 

field computation is, using the "theory of small 
disturbances" (Chapter 3 ) ,  Figure 6: 

subsonic (a) 0 

( ~ + 1 )  ' M ~ $ x $ x x  transsonic (b) 

We seek the normal perturbation velocity components 

v ~ c U ~ l  =20n the control surface S. Clearly explained, 

this is a matter of calculating that wall shape which would 
experience the measured pressure distribution in the fictive 

external flow. 

Then the (unfavorable) physical properties of this 
three-dimensienai design problem are demonstrated by means 
of a singularity representation for the solution in subsonic 
flow. In the next chapter we then 

supported by computation developed 
present the design method 

for this purpose. 

22 



We generate the desired potential by a source-sink 
distribution over the control surface. (Sources and sinks 

are preferred to a dipole coverage because of the lesser 

"leakage" [34]). Then we get the unambiguously solvable 
integral equation of the first type [3], 

for which the kernel g(p,q) of the (compressible) source 
potential corresponds to 

1 d P , d  = { ( x  P - x q ) z  + ( y ,  - Y q I 2  

1 (5.3) + ( z P  - z~)'}-~, B 2  = 1 - M2 m 

Using the relation (5.2), we can demonstrate the conjecture 
already stated in [10], that the three-dimensional design 

problem is ill-posed for  this particular case, by means of 
a simple perturbation computation: 

In order to be able to investigate conveniently the 
effect of small pressure fluctuations on the resulting wall 

shape, we approximate the control surface, Figure 6, by a 

circular cylinder, and limit ourselves to local 

rotationally symmetric perturbations in the basic uI 

component. The induced supplemental potential 9 is then 

constant downstream from the perturbed site. In this 

region, according to Equation (5.2) it produces a likewise 
(nearly) constant source distributicn. (Differentiation ef 

(5.2) and then partial integration leads to the relation 

23 



and accord inqly  IJ = constant for uI = 0.) Its 

induction effect in the external field can be expressed by a 

line source on the center axis of the control surface 
Q b1nr running from X = to x . men, from @ z 

which is linear at the location of the control surta-cg 
one obtains for the perturbation-induced v-component 

.- 

As conjectured, a local pressure perturbation finally leads 
to large global contour changes, sh  . - 

This situation is particularly important for practically 

performing the external field computation because the 
control surface potential $(p )  8 because the uI 
distribution is known only at the pressure holes, can be 

determined only up to one constant: 

X A  P X 

xA: beginning of test section 

The initial potential + J ( X A , Y ~ , Z ~ L  which must be 
determined by extrapolation can exert a considerable effect 

on the desired wall shape. With the C5 model, for example, 

there can be differences of 30% even in the interference- 

free case in the wall deflections at the end of the 

test section, depending or? whether or not its flow effect 
is considered ( @ ( X A , k )  = 0) . (See Chapter 8 . 2 . )  

Furthermore, the numerical integration of the uI 
distribution on the basis of the relatively small number of 

24 



support points (25 or 21 pressure holes per flexible wall, 

see Section 4) leads to an error (which grows in the 
direction of flow) in the potential determination, and 

therefore leads to an incorrect wall contour, especially at 
the end of the test section. 

Direct use of the (extrapolated) uI component as a 
boundary condition, on the other hand, leads to an 

integral equation which cannot be solved unambiguously: 

1 -?a J d q )  2 a x  g ( P s q ) d q  = uI(P),  P E S  (5.7) 
S P 

and therefore, after discretizing, to a singular equation 

system for the source intensity CT (see (5.4)). 

Nevertheless, in order to be able to test the computed 
wall deflections in the simplest possible way in the present 

application case, the design problem is once more solved 
iterati-ely using a design method. Here the desired wall 

shape is determined by stepwise modification of a starting 
contour. The necessary geometry changes are determined from 

the deviation of the actual pressure distribution induced by 
the particular existing contour in the external field from 

the specified final values uI. 

for this is derived in the next chapter. 
The design rule developed 

To compute the wall pressure distributions one can 
select either the singularities method or the TSP method. 
This computation problem in the subsonic range leads to a 

numerically advantageous integral equation of the second 

type (Section 5.2.23. Even in the transsonic range it is 

significantly easier to solve than the comparable design 
problem [5,11] (Chapter 5.2.3.) 
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I n  t h e  subsonic  range t h e  i n i t i a l  contour  can be t h e  
s t r a i g h t ,  unde f l ec t ed  test s e c t i o n  wa l l .  I n  us ing  t h e  TSP 

method, though, it is b e t t e r  with r e s p e c t  t o  computing t i m e  
t o  provide  a good s t a r t i n g  value us ing  t h e  pane l  program. 

5.2 Desisn Process 

5.2.1 Der iva t ion  o f  t h e  Desian Rule 

I n  F igure  7 w e  show the outer f ie ld  c a l c u l a t i o n  vA[uI] c a r r i e d  
o u t  u s ing  t h e  des ign  process .  I n  t h i s  chap te r  w e  w i l l  g i v e  a 
d e t a i l e d  d e s c r i p t i o n  of  t h e  design r u l e .  

The b a s i c  idea i n  t h e  d e r i v a t i o n  w a s  t h e  obse rva t ion  t h a t  t h e  
p r e s s u r e  d i s t r i b u t i o n  along t h e  ( s l i g h t l y )  d e f l e c t e d  t es t  
s e c t i o n  w a l l s  corresponds approximately t o  t h a t  a long  t h e  o u t e r  
s i d e  of a geomet r i ca l ly  s i m i l a r l y  deformed c i r c u l a r  c y l i n d e r .  
I f  w e  approximate t h e  w a l l  contour  (averaged i n  t h e  c i r c u m f e r e n t i a l  
d i r e c t i o n )  by means of  a s i n e  h a l f  wave 

then  f o r  subsonic  f l o w  
s h i p  between t h e  flow angle  change v ' 
speed uD, F igure  8: 

( M m < l )  we o b t a i n  a s imple a n a l y t i c a l  r e l a t i o n -  - 
and t h e  a x i a l  p e r t u r b a t i o n  ~ 0 = h "  

F i r s t ,  f o r  t h e  p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  o u t e r  f i e l d  w e  
have [ 1 2 1  

(5.9) 

and from t h i s  a f t e r  d i f f e r e n t i a t i o n  a t  t h e  p s i t i o n  r = E and 
then  s o l v i n g  f o r  v; w e  f i n d  
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(5.10) corresponds a l r e a d y  e s s e n t i a l l y  t o  t h e  d e s i r e d  des ign  r u l e  

f o r  t h e  w a l l  contour  c a l c u l a t i o n ,  b u t  t h e  wavelength L has  t o  be  

matched t o  t h e  p r e v a i l i n g  test  c o n d i t i o n s ,  

I n  g e n e r a l  t h e  measured w a l l  p r e s s u r e  d i s t r i b u t i o n  (and a l s o  

t h e  d e s i r e d  w a l l  con tour )  cannot  be  e x a c t l y  de f ined  by a s i n g l e  

s i n e  halfwave,  I n s t e a d  it w i l l  c o n t a i n  h igh  frequency c o n t r i -  

bu t ions  b ' W n =  n f ,  n = 2,3,..e i n  t h e  s ense  of a Four i e r  series 

expansion,  I n  o r d e r  t o  n e v e r t h e l e s s  be  a b l e  t o  o b t a i n  a p r o p o r t i o n a l i t y  

between v i  and uD, t h e  i n f l u e n c e  o f  L on t h e  p r o p o r t i o n a l i t y  f a c t o r  

i n  (5,101 w a s  i n v e s t i g a t e d  i n  d e t a i l .  The r e s u l t s  a r e  g iven  f o r  

M F: 0.7 oa as an example and a " b a s i c  wavelength" L = 1000 i n  

t h e  fo l lowing  t a b l e  which i s  matched t o  t h e  l eng th  of  t h e  octagon 

tes t  s e c t i o n  ( h a l f  wavelength) , 

A s  can be seen ,  t h e  p r o p o r t i o n a l i t y  f a c t o r  i n c r e a s e s  i n  

magnitude f o r  t h e  harmonics b u t  t h e  o v e r a l l  change remains 

r e l a t i v e l y  sma l l ,  Consider ing t h e  dominance of  t h e  b a s i c  wave 

a t  leas t  f o r  pure  displacement  f lows and i n  o r d e r  t o  p rov ide  

monotonic convergence of  t h e  des ign  c y c l e ,  w e  decided t o  u se  t h e  

des ign  r u l e  g iven  above wi th  a f i x e d  va lue  L = 1 0 0 0  (see Chapter 8,2 

f o r  a  d i s c u s s i o n  of  convergence lbehavior )  



Because of  L ''' < 0.3 f o r  L = 1 0 0 0  t h e  B e s s e l  f u n c t i o n s  i n  
(5.10)  can be expressed by t h e i r  symptot ic  expansions f o r  a s m a l l  
argument [ 1 3 ] .  The d e s i r e d  design r u l e  t h e r e f o r e  has  t h e  fol lowing 
f i n a l  form 

This  corresponds e s s e n t i a l l y  t o  t h e  d i f f e r e n t i a t e d  form of  (5.5) 
and t h e r e f o r e  n o t  on ly  v a l i d a t e s  t h i s  approximation formula b u t  a l so  
t h e  d i s c u s s i o n  t h e r e  about  t he  "ill posedness" of t h e  des ign  problem 

(5 .1 ) .  T h e  c o n s t a n t  C1 which occur s  i n  t h e  i n t e g r a t i o n  of VI; 

v , ( x )  = I v,!,(x)dx + C 1  (5  . 12) 
can be ignored f o r  s u f f i c i e n t  upstream e x t r a p o l a t i o n .  

5.2.2 Post-computation process  f o r  t h e  subsonic  r eg ion  (Panel  method) 

The c a l c u l a t i o n  o f  t h e  a x i a l  p e r t u r b a t i o n  speed a long  t h e  w a l l  
I 

contours  ob ta ined  dur ing  t h e  i n d i v i d u a l  des ign  s t e p s  can be reduced , I 

t o  t h e  fo l lowing  Neumann boundary va lue  problem. / 2 4  

= o ,  B 2  B 2 @ x x  + +yy + 4zz = 1 - M' > o  m 

-> - a +  (X') = 6 V D  ( x  1, z s  an 

-c 
where n i s  t h e  o u t e r  normal along t h e  
I f  w e  produce t h e  d e s i r e d  p o t e n t i a l  (I 

(5.13) 

c o n t r o l  s u r f a c e  S (F igure  6 ) .  

by a source-s ink d i s t r i b u t i o n  
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which i s  cont inuous on S (Formula 5.2, 5 .3 ) ,  t hen  w e  o b t a i n  t h e  
sou rce  d e n s i t y  cs as t h e  s o l u t i o n  of  t h e  fo l lowing  i n t e g r a l  equa t ion  
o f  t h e  second k ind  

The q u a n t i t y  5 desc r ibes  t h e  i n d u c t i o n  e f f e c t  of t h e  source  
i n t e n s i t y  a (  p ) d F  
t a i n e d  i n  t h e  i n t e g r a l .  

l oca t ed  a t  t h e  t a r g e t  p o i n t  which i s  n o t  con- 

A s  an i l l u s t r a t i o n ,  cons ider  a source  occupat ion  i n  t h e  p l ane  z =O 
9 

with  a t a r g e t  p o i n t  conta ined  i n  it ( x  ,y ,O). Then w e  have P P  

and t h e r e f o r e  

The i n t e g r a l ,  even though it expands over  t h e  e n t i r e  p l ane ,  
t h e r e f o r e  on ly  g ives  t h e  in f luence  ( ze ro  i n  t h i s  c a s e )  o f  t h e  source  
d i s t r i b u t i o n  o u t s i d e  of t h e  t a r g e t  p o i n t .  The loca l  p a r t  has  t o  

be determined s e p a r a t e l y .  Appl ica t ion  of t h e  Gauss theorem [31, /25 
on t h e  charge e l e m e n t  l o c a t e d  i n  p ,  t hen  immediately g i v e s  t h e  
re l a  t i o n s h i p  

and t h e r e f o r e  

With t h i s  e x t r a  t e r m ,  the l i n e a r  equa t ion  system which approxi- 
mates (5.14) t a k e s  on a very favorable  numerical  p r o p e r t y  (see 
below) . 
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I n  o r d e r  t o  perform t h e  d i s c r e t i z a t i o n ,  t h e  c o n t r o l  s u r f a c e  
is  d iv ided  up i n t o  f l a t  q u a d r a t i c  s u r f a c e  elements 
p a n e l s  

A j ,  t h e  so-called 

N 

(5.15) 
j = 1  

and t h e  d e s i r e d  s i n g u l a r i t y  i n t e n s i t y  i s  approximated by a s t e p  
f u n c t i o n  (pane l  method o f  f i r s t  order) 

a ( q )  = a = cons t . ,  Wj  ¶ 
j = 1 ,  ..., N 

j 

1 For t h e  normal speed v induced i n  P E S ,  w e  then  f i n d  

(5.16) 

(5.17) 

j 
j=l  A 

The c o n s t a n t s  0 1  9 . .  $ a N  have t o  be matched so t h a t  t h e  
boundary c o n d i t i o n s  6.V a re  approximated as w e l l  as p o s s i b l e .  
This  i s  done m o s t  simply by t h e  so-called "point-matching",  131, 

i n  which t h e  approximation func t ion  is  determined i n  such a way 
t h a t  i t  e x a c t l y  ag rees  w i t h  t h e  p r e s c r i b e d  d i s t r i b u t i o n  a t  f i x e d  
p o i n t s  of t h e  d e f i n i t i o n  r e g i o n .  
a " c o n t r o l  p o i n t "  pi on  each panel  and then  -from t h e  requirement  

I n  t h e  p r e s e n t  case one selects 

i ( p i ; o , ,  . . . , u N )  = 6 v D ( p i )  , i = 1, . , ri (5 .18)  

one f i n d s  t h e  l i n e a r  equa t ion  system 

N 
c A i j  a j  = 

j= l  3 

with  t h e  i n f l u e n c e  c o e f f i c i e n t  

k 

i = 1, ..., N 
(5.19) 

(5 .20)  

c j A 
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The c a l c u l a t i o n  of A i j  i s  performed i n  t h e  Appendix (Sec t ion  1 3 ) .  
I n  a d d i t i o n  t o  t h e  e x a c t  f o r m u l a s ,  w e  g i v e  s imple approximations 
i n  t h e  form of a mul t ipo le  expansion, which can  be used f o r  a large 
d i s t a n c e  between t h e  t a r g e t  p o i n t  and t h e  induced panel ,  [171. 

/27 
a r e  much l a r g e r  compared 1 

1 1  -2 The d iagonal  e lements  A .  = 

with  t h e  o t h e r  c o e f f i c i e n t s  and are very advantageous f o r  t h e  
numerical  s o l u t i o n  of (5.19). Therefore  i t e r a t i o n  methods can be 
used f o r  t h i s .  This  i s  important  f o r  p r a c t i c a l  a p p l i c a t i o n s ,  because 
due t o  t h e  memory requirements  of d i r e c t  methods (Gauss-Elimination, 
e t c ) ,  t h e r e  can be res t r ic t ions  on t h e  number of s u r f a c e  segments. 
(The c o e f f i c i e n t  matrices which occur  dur ing  t h e  d i s c r e t i s a t i o n  of 
t h e  i n t e g r a l  equa t ions  of t h e  f i r s t  k ind ,  see fo r  example (5.21, 
have as a r u l e  no dominating d iagonal  and can only  be so lved  d i r e c t l y ) .  

ri However, w e  should n o t  forget  t h e  f a c t ,  t h a t  t h e  va lues  u t ,  ...¶ 

c a l c u l a t e d  from (5.19) only  r e p r e s e n t  a usab le  approximation f o r  t h e  
d e s i r e d  f o r c e  i n t e n s i t y  CI (Equation ( 5 . 1 4 )  i f  t h e  pane l  coverage 
of  t h e  control s u r f a c e  is  a p p r o p r i a t e ) .  T h i s  d i s c r e t i s a t i o n  error 

(5.21) S 

can b e  simply reduced by inc reas ing  t h e  number of e lements .  But 
e s p e c i a l l y  i n  t h e  p r e s e n t  a p p l i c a t i o n ,  r e s t r i c t i o n s  can be 
brought  about  by t h e  l i m i t e d  performance of t h e  wind tunne l  computer. 
However, t h e  d e f l e c t i o n s  of the t e s t  s e c t i o n  w a l l s  on ly  have t o  be 
determined w i t h i n  t h e  adjustment accuracy of  t h e  p a s t  t r ansduce r s  
( maximum 1 ) ( i t  i s  0 . 0 3  mm i n  t h e  model area and 0 .07  mm f o r  t h e  
oc tagon test  s e c t i o n ) .  (The in f luence  of t h e  w a l l  contour  a c c u r a c i e s  
on t h e  model flow i s  d iscussed  i n  S e c t i o n  n i n e ) .  

I n  o r d e r  t o  f i n d  a pane l  coverage which i s  e f f i c i e n t  f o r  t h i s ,  
w e  f i r s t  determine t h e  adap te r  w a l l  shape f o r  t w o  t y p i c a l  f l o w  
cases (C5 and F4 model represented  by s i n g u l a r i t i e s ) .  
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This  was done wi th  a very f i n e  segmentat ion of t h e  c o n t r o l  s u r f a c e ,  /28  
( 1 6  x 30 e lements )  us ing  a l a r g e  computer. A f t e r  t h i s  t h e  number of 
p a n e l s  w a s  reduced wi th  cons ide ra t ion  of t h e  local source  g r a d i e n t  
according t o  t h e  t o l e r a n c e  s p e c i f i e d  above. The opt imized pane l ing  
i s  g iven  i n  F igure  9 .  I t  c o n s i s t s  of  1 6  s t r i p s  (according t o  t h e  
8 f l e x i b l e  w a l l s  w i th  in t e rmed ia t e  lamella p i e c e s  (F igure  61, which 
are 15  elements  each of d i f f e r e n t  l eng ths .  The d e t a i l e d  d i s c r e t i s a t i o n  
i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  is  r e q u i r e d  because o f  t h e  
n e c e s s i t y  f o r  cover ing  t h e  vo r t ex  t r a i n  which induces l i f t  a long  t h e  
r e a r  t e s t  s e c t i o n  reg ion .  However, s i n c e  on ly  symmetric models with- 
o u t  s l i p  ang le s  are i n v e s t i g a t e d ,  t h e  r e s u l t i n g  l i n e a r  equa t ion  
system (5.19 can be reduced t o  on ly  9 x 15 - 135 nonredundant i n d i v i d u a l  
equa t ions .  

The numerical  s o l u t i o n  of  t h e  boundary va lue  problem (5.13) 
i s  

1 
4an I 

S 
Y PESUB,  (5.22) 

where * i s  t h e  c a l c u l a t e d  approximation according t o  (5.16) and 
(5.19).  The d e s i r e d  p e r t u r b a t i o n  speed a long  t h e  c o n t r o l  
s u r f a c e  i s  then  ob ta ined  by d i f f e r e n t i a t i o n  

s 

An e v a l u a t i o n  along t h e  c o n t r o l  p o i n t s  pi i = 1 Y 9 N 
g i v e s  

N 

wi th  t h e  i n f l u e n c e  c o e f f i c i e n t  

(5.23) 

(5.24) 

/ 2 9  

(5.25) 

J 
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and t h e  c a l c u l a t i o n  i s  a l s o  given i n  t h e  Appendix. 

A combination of (5.19) and (5 .24)  t h e n  leads t o  t h e  
very  s imple  l i n e a r  r e l a t i o n s h i p  

where t h e  ma t r ix  BA-I 

can be determined before t h e  t e s t .  The p o s t  c a l c u l a t i o n  t a s k  i n  
t h e  subson ic  case t h e r e f o r e  can be reduced t o  t h e  use  of  a p a n e l  
method and a s imple  ma t r ix  v e c t o r  m u l t i p l i c a t i o n .  

formed from t h e  i n f l u e n c e  c o e f f i c i e n t s  

5.2.3 Post-computation process  f o r t h e  subson ic  r e g i o n  (TSP method) 

Xn o r d e r  t o  a l so  d i s c u s s  t h e  case of i n c i d e n t  f low nea r  t h e  
speed o f  sound, t h e  p o s t  c a l c u l a t i o n  p a r t  o f  t h e  des ign  c y c l e  

can a l s o  be done us ing  a TSP method. The cor responding  computer pro- 
gram w a s  made a v a i l a b l e  by AEDC 151 and w i l l  be b r i e f l y  d i scussed .  

W e  so lved  t h &  classical  Guderley-von Karman equa t ion  [lo] i n  t h e  
conse rva t ive  fo rmula t ion  

wi th  t h e  boundary c o n d i t i o n  

%! ( x ,  R, e )  = 6 V D  ( x , o )  ar 

and t h e  c i r c u l a r  c y l i n d r i c a l  assumed c o n t r o l  s u r f a c e  
(Radius E) and 

i n  t h e  f a r  f i e l d .  
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Based on the symmetry r e l a t i o n s h i p s  ( $ ( x , r , e )  = $ ( x , r , - e ) )  
w e  f i n a l l y  f i n d  

The difference network was matched to  t h e  p r e s e n t  a p p l i c a t i o n  
case and now extends  i n  t h e  range 

X 183~t -r  3321 x with  31 x 10 x 11 = 3410 

p o i n t s .  The d i s c r e t i s a t i o n  of t h e  space  d e r i v a t i v e s  and t h e  
s o l u t i o n  of t h e  r e s u l t i n g  d i f f e r e n c e  equa t ions  i s  done us ing  s t a n d a r d  
technique  ( f i n i t e  d i f f e r e n c e  method of  Murman, SLOR-relaxation 
method) which are d i scussed  i n  d e t a i l  i n  [lo] and [181. 

The numerical  complexity f o r  c a l c u l a t i n g  t h e  d e s i r e d  p e r t u r b a t i o n  
i s  of course  much m o r e  t h a n  speed d i s t r i b u t i o n  B q S )  = ax a $  (SI 

f o r  t h e  subsonic  case. Therefore ,  cons ide r ing  t h e  d e s i r e d  Online 
w a l l  a d a p t a t i o n ,  one should use t h e  s imple r e l a t i o n s h i p  ( 5 . 2 6 )  a s  
much as p o s s i b l e .  

The range of  the  v a l i d i t y  of t h e  l i n e a r  p o t e n t i a l  equa t ion  i s  d i s -  
cussed i n  d e t a i l  i n  Sec t ion  9 .  

6 .  OPTIMIZATION OF THE RATE OF CONVERGENCE FOR THE WALL 

ADAPTATION PROCESS 
/ 3 1  

6 . 1  Subsonic C a s e  

6.1.1.  Conversence Behavior f o r  Constant Reaula t ion  Factor 

By a s u i t a b l e  select ion of t h e  r e g u l a t i o n  f a c t o r  K w e  wish t o  
i n c r e a s e  t h e  coxvergence r a t e  of  i t e r a t i o n  w a l l  a d a p t a t i o n  method 
( 3  . 3) s i m i l a r  t o  t h e  two-dimensional case . 
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A f i r s t  i n d i c a t i o n  about  the e f f e c t  of  K on t h e  a d a p t a t i o n  
method w a s  found from demonstration tests i n  t h e  octagon test  
s e c t i o n  of t h e  TU B e r l i n .  It w a s  found t h a t  an a d a p t a t i o n  of  t h e  
tes t  s e c t i o n  w a l l s  w a s  only p o s s i b l e  wi th  very s m a l l  r e g u l a t i o n  

i t e r a t i o n  f a c t o r s  ( K  6 0 . 1 0 )  and r e l a t i v e l y  numerous ( + I O )  
s t e p s  . For l a r g e r  va lues  of K one found o s c i l l a t i n g  w a l l  contours  
wi th  r a p i d l y  i n c r e a s i n g  d e f l e c t i o n s ,  which a l r eady  l i e  o u t s i d e  of  
t h e  p e r m i s s i b l e  displacement  pa ths  of t h e  p a s t  t r ansduce r s  a f t e r  a 
few i t e r a t i o n  s t e p s .  

1 

I n  o r d e r  t o  make a sys temat ic  i n v e s t i g a t i o n  of t h i s  exper imenta l  
f i n d i n g ,  w e  performed a numerical s imula t ion  of t h e  r e g u l a t i o n  
a lgo r i thm (Figure  2 ) .  The w a l l  p r e s s u r e  d i s t r i b u t i o n  uI ( n + l )  is 

n o t  determined by means of t h e  wind t u n n e l  tests i n  t h e  i n d i v i d u a l  
a d a p t a t i o n  s t e p s ,  b u t  i n s t e a d  us ing  a n a t u r a l  assumption about  t h e  
given w a l l  contour  vI ( n + l )  . 

2 1  1 ( 1  1 
1 L e t  us s t a r t  t h e  s imula t ion  wi th  t h e  measured v a l u e s  u 

and d e f i n e  

(6.1) / 3 2  

Then one  can e s t a b l i s h  between 6uI ( 2 )  and 6vI ( 2 )  (accord ingly  f o r  
(n+l) and 6vI (n+l) i n  t h e  fo l lowing  i t e r a t i o n s )  an  a n a l y t i c a l  uI 

r e l a t i o n s h i p  corresponding t o  (5.261, i f  w e  assume t h a t  t h e  flow 
f i e l d  induced by contour  change 6vI ( 2 )  i s  i r r o t a t i o n a l  and t h e  
p o t e n t i a l  6 + ( Z )  s a t i s f i e s  d i f f e r e n t i a l  equa t ion  ( 5 , l a ) .  These 
c o n d i t i o n s  are s a t i s f i e d  because of  t h e  assumed s m a l l  w a l l  d e f l e c t i o n s ,  
t o  a g r e a t  degree  of accuracy [7,91. 

The t r i a l  s o l u t i o n  ( t h e  loop index i s  o m i t t e d )  

(6.2) 
I S 
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t hen  leads to  t h e  fo l lowing  i n t e g r a l  equat ion  of  t h e  second k ind  f o r  

when w e  f i n a l l y  f i n d  t h e  des i r ed  increment  6u as I 

A f t e r  performing t h e  d i s c r e t i s a t i o n  d i scussed  i n  Chapter (5.2.2) 
w e  t hen  f i n d  t h e  t w o  l i n e a r  r e l a t i o n s h i p s  

and t h e  i n f l u e n c e  c o e f f i c i e n t s  F W i j  can be expressed  by t h e  
a l r eady  de f ined  A i j  (5.20) 

Ai j i = j  

- A i  i + j  (6.6) i -1 Ni 

A comparison of  ( 6  -5) w i t h  t h e  corresponding r e l a t i o n s h i p s  
(5.19) and ' ( 5 . 2 4 )  f o r  t h e  o u t e r  f low 

-> 
immediately shows that t h e  same w a l l  contour  change 
i n  t h e  o u t e r  f i e l d  produces a much l o w e r  p r e s s u r e  f l u c t u a t i o n  
than  i n s i d e  t h e  tes t  s e c t i o n .  This  t hen  makes unders tandable  
t h e  a d a p t a t i o n  behavior  d i scussed  above . 

( "A  = + 6V; ) 

This  s t a t e  of  a f f a i r s  is  found from t h e  e s t i m a t i o n  

/ 33  
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which fo l lows  immediately from t h e  convex n a t u r e  of  t h e  volume 
i n s i d e  t h e  c o n t r o l  s u r f a c e ,  Figure 9 .  I n  t h e  o u t e r  f i e l d  
c a l c u l a t i o n  (6.7) t h e  s i n g u l a r i t i e s  t h e r e f o r e  mutual ly  suppor t  one 
ano the r  wi th  t h e i r  i nduc t ion  e f f e c t .  This  means t h a t  f o r  producing a 

p r e s c r i b e d  d e f l e c t i o n  6 V i ’  , a smaller charge d e n s i t y  CT i s  
r equ i r ed .  However, f o r  t h e  inner  flow w e  f i n d  

N 
c A;j 0 , i = 1, ..., N 
j=l (6.9) 

/34 Equation ( 6 . 3 )  f o r  a v , ( p )  = 0 has a n o n t r i v i a l  s o l u t i o n  
<=cons t  because a c o n s t a n t  source d i s t r i b u t i o n  produces a c o n s t a n t  
p o t e n t i a l  a long t h e  c o n t r o l  su r f ace  and t h e r e f o r e  i n s i d e  of it as w e l l .  
See ( 5 . 4 ) )  . I n  t h i s  c a s e  t h e  induced normal speeds approximately 
cancel and one r e q u i r e s  a large source-s ink  i n t e n s i t y  i n  o r d e r  
t o  o b t a i n  t h e  s a m e  contour  change +6vI. 
mined from t h e  same ma t r ix  B ,  w e  o b t a i n  t h e  assumed p h y s i c a l  s t a t e  
of a f f a i r s .  

Since 6u, and 6uA are deter- 

The r e s u l t s  of t h e  s imula t ion  are g iven  i n  F igure  1 0  f o r  a 
t y p i c a l  f low case [19]. ( I n  the Appendix w e  a l s o  g i v e  a n  a n a l y t i c a l  
i n v e s t i g a t i o n  of t h e  convergent b e h a v i o r ) .  A s  ex?ected, t h e  a d a p t a t i o n  
method only  converges f o r  very s m a l l  r e g u l a t i o n  f a c t o r s  K 6 0-06 . 
One remarkable f e a t u r e  i s  t h e  l a r g e  i n c r e a s e  i n  t h e  number of 
i t e r a t i o n s  f o r  f a c t o r s  l a r g e r  t han  t h e  optimum va lue  
and t h e  ensuing  t r a n s i t i o n  t o  divergence.  Report  [ 9 1  g i v e s  an 
account  of  a s i m i l a r  r e s u l t  during t h e  a d a p t a t i o n  of  three-dimensional  
f lows around wings. The numerical s imula t ion  t h e r e f o r e  n o t  on ly  
confirms t h e  experimental  r e s u l t s  b u t  a l so  shows t h a t  even i f  one 
uses  an optimum r e g u l a t i o n  f a c t o r ,  t h e  matching of  t h e  t e s t  s e c t i o n  
w a l l s  r e q u i r e s  an excess ive  number of i n t e r m e d i a t e  s t e p s  and the re -  
fore long wind tunne l  t e s t i n g  t i m e s .  

Kept = 0 . 0 5 6  

I n  t h e  nex t  sect ion w e  w i l l  show t h a t  by means of a d i f f e r e n t i a t e d  
weight ing of  t h e  channel l i n e  flow and t h e  o u t e r  flow, one  can 
achieve  a d ra s t i c  i n c r e a s e  i n  t h e  convergence ra te .  
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6.1.2 Single-Step Method /35 

W e  aga in  s t a r t  wi th  t h e  measured va lues  u I ( S ) ,  v I (S)  and t h e  
o u t e r f i e l d  c a l c u l a t i o n  vA[uIl. 
o b t a i n  t h e  b e s t  p o s s i b l e  approximation f o r  t h e  d e s i r e d  adapted 
w a l l  shape. 

W e  t h e n  i n v e s t i g a t e  how one can 

For t h e  mathematical  d e s c r i p t i o n  of  t h e  problem w e  w i l l  
fo rmal ly  decompose uI and vI i n t o  t h e  model p a r t  wi thout  i n t e r -  
f e r e n c e  and t h e  i n f l u e n c e  o f  the w a l l .  

u I  + “ w  

V I  = vm + v w  

Based on t h e  l i n e a r i t y  of  t h e  o u t e r  f l o w  w e  t hen  f i n d  

(6 .lo) 

(6.11) 

The des ign  task  can  then  be so lved  i n  t w o  s t e p s  
accord ing  t o  (6 .7)  . I n  t h i s  case t h e  s i n g u l a r i t y , , i n t e n s i t y  CT 

i s  of course  unknown. On t h e  other  hand, t h e  wall-induced p e r t u r -  
b a t i o n  speed f i e l d  s a t i s f i e s  the  l i n e a r  p o t e n t i a l  equa t ion  (5.1.a) ,  
to  a good approximation, so t h a t  w e  can a l so  use  t h e  r e l a t i o n s h i p s  
(6.5)  d i scussed  i n  S e c t i o n  6.1.1. 

Overal l ,  w e  o b t a i n  t h e  fol lowing f o u r  equa t ions  

(6.12) 
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and f r o m  t h i s  because of (5.41, ( 6 . 9 ) ,  ( 6 . 6 ) ,  (5 .20)  /36 

5 = c J + c ,  c = cons t .  (6 .13)  

where E is  t h e  u n i t  mat r ix ,  

Together 
f o r  t h e  w a l l  

w i th  ( 6 . 1 1 )  w e  then o b t a i n  t h e  fo l lowing  formula 
dependent p e r t u r b a t i o n  p o t e n t i a l  

w e  w i l l  w r i t e  vA i n  t h e  fo l lowing .as  an 
abbreviation) . 

The (known) d i f f e r e n c e  V * W  - V + S )  t h e r e f o r e  is  n o t  
on ly  a "measure" f o r  t h e  w a l l  i n t e r f e r e n c e  (see ( 3 . 2 ) ) ,  b u t  
a lso d e t e r m i n e s  it uniquely,  I t  should be noted t h a t  t h i s  s t a t emen t  
does n o t  r e q u i r e  any a d d i t i o n a l  assumptions about  t h e  model- 
induced p e r t u r b a t i o n  f i e l d .  

App l i ca t ion  o f  ( 6 . 1 4 )  d i r e c t l y  l e a d s  t o  t h e  

S i n g l e  s t e p  form 

The adapted w a l l  contour  can t h e r e f o r e  be determined a l r e a d y  
from t h e  measured va lues  of a s i n g l e  wind t u n n e l  t es t  ( w i t h i n  t h e  
range of  v a l i d i t y  of t h e  l i n e a r  p o t e n t i a l  e q u a t i o n ) .  

This  can be done even without  numerical  a d d i t i o n a l  complexity 
because the matrix A a l r eady  h a s  t o  he c a l c u l a t e d  once (Chapter 
5.2.21, A s  a comparison which (3.3) shows, t h e  enormous g a i n  i n  
convergence i s  based on t h e  replacement o f  t h e  c o n s t a n t  r e g u l a t i o n  
f a c t o r  by t h e  " r e g u l a t i o n  matrix" E - A which c o n s i d e r s  t h e  i n c i -  
d e n t  Mach number and t h e  c o n t r o l  s u r f a c e  geometry, 

/ 3 7  
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I n  t h i s  connect ion w e  should emphasize t h a t  a l r eady  be fo re  a 
s i n g l e  s t e p  method f o r  three-dimensional w a l l  a d a p t a t i o n  w a s  
developed a t  t h e  DFVLR and w a s  used s u c c e s s f u l l y  [71.  The 
F o u r i e r  t r i a l  s o l u t i o n  s e l e c t e d  t h e r e  f o r  r e p r e s e n t i n g  t h e  w a l l -  
induced p e r t u r b a t i o n  p o t e n t i a l  however, has  s u b s t a n t i a l  p r a c t i c a l  
d i sadvantages  compared wi th  t h e  s i n g u l a r i t y  method, such as f o r  
example a complicated formalism and t h e  f a c t  t h a t  one cannot  
t r a n s f e r  t o  o t h e r  c o n t r o l  s u r f a c e  cross s e c t i o n s .  A comparison of 
t h e  t w o  methods us ing  m e a s u r e d  v a l u e s  from t h e  "expandable 
a d a p t i v e  t es t  sections" of t h e  DFVLR i s  performed i n  Sec t ion  8.3. 
A f t e r  t h i s ,  w e  r e p o r t  about  experimental  r e s u l t s  i n  t h e  octagon 
tes t  s e c t i o n .  

S ince  r e l a t i o n s h i p  (6.15) can be used wi thou t  model representa-  
t i o n ,  it is  very u s e f u l  even alone. One can t h e r e f o r e  develop a 
high performance correction method. I n  a d d i t i o n ,  it i s  t h e  
foundat ion  of t h e  new method f o r  t e s t i n g  3D bodies  i n  wind t u n n e l s  
w i th  t w o  f l e x i b l e  w a l l s ,  d i scussed  i n  Chapter 1 0 .  

Transsonic  Case - 6.2 

The r e g u l a t i o n  ma t r ix  E - A de f ined  i n  t h e  prev ious  s e c t i o n  
depends cont inuous ly  on t h e  i n t i m a t e  Mach number and f o r  
goes t o  a w e l l  de f ined  l i m i t  value ( f o r m e r l y  d i scussed  i n  Appendix), 

Ma, -> 1 

Since  t h e  TSP method (Chapter 5.2.3) on ly  can be used f o r  /38 
flow near  t h e  speed of  sound, cons ide r ing  (6.16) t h e  fo l lowing  
a lgo r i thm of  w a l l  a d a p t a t i o n  p r o m i s e s  a f a s t  conversion. 

M = 1  
0 

n = 1, 2 ,  ... 
(6.17) 

I n  c o n t r a s t  t o  t h e  subsonic case, more i t e r a t i o n  s t e p s  w i l l  be 
necessary  i n  gene ra l .  

40 



7. EXTRAPOLATION AND CORRECTION O F  THE MEASURED PRESSURE DISTRIBUTION 

I n  o r d e r  t o  t r a n s f e r  t h e  Cp d i s t r i b u t i o n  determined along t h e  
w a l l  p r e s s u r e  t r a p s  t o  t h e  panel  c o n t r o l  p o i n t s ,  F igure  9 ,  
t he  measured va lues  have t o  be i n t e r p o l a t e d  i n  t w o  dimensions 
and have t o  be e x t r a p o l a t e d  beyond t h e  t e s t  s e c t i o n  reg ion . ,  By 
a c o n t i n u a t i o n  upstream a t  the  same t i m e ,  w e  wish t o  s p e c i f y  t h e  
e f f e c t i v e  i n c i d e n t  speed U e f f  and i f  necessary  a c o r r e c t i o n  t o  t h e  
boundary c o n d i t i o n s  uI have t o  be  performed. 

I n  t h e  d e r i v a t i o n  of t h e  e x t r a p o l a t i o n  method developed for  
t h e  octagon t e s t  s e c t i o n ,  w e  s t a r t e d  wi th  t h e  usua l  s i n g u l a r i t y  
r e p r e s e n t a t i o n  of t h e  model and  t h e  flow [ 2 1 ]  : 

P o i n t  Dipole f o r  Simulat ion of  Model Displacement 

Horseshoe Vortex f o r  Representing t h e  Model L i f t  
P o i n t  Source f o r  Representing t h e  Wake ( Inc lud ing  
Model Spear)  

Because of t h e  d i f f e r e n t  induct ion  behavior  of  t h e s e  s i n g u l a r i -  
t i e s ,  it i s  immediately found t h a t  t h e  p e r t u r b a t i o n  p r e s s u r e  d i s t r i -  
b u t i o n  which p r e v a i l e d  a t  b o t h  test s e c t i o n  ends can be a t t r i b u t e d  
mainly t o  t h e  i n f l u e n c e  of t he  wake. I n  the e x t r a p o l a t i o n  of  t h e  
w a l l  measured va lues ,  w e  only have t o  c o n s i d e r  t h e  source  e f f e c t .  
(The v o r t i c e s  i n  t h e  wake a r e  assumed t o  a l i g n  p a r a l l e l  t o  t h e  
i n c i d e n t  flow. Transverse flow components are ignored ) .  This  pro- 
cedure n o t  only g i v e s  phys i ca l ly  reasonable  r e s u l t s ,  b u t  a l so  
avoids  t h e  numerical  d i f f i c u l t i e s  a s s o c i a t e d  wi th  a d e t a i l e d  flow 
s i m u l a t i o n  [ 2 2 ]  . 

The c a l c u l a t i o n  of t h e  w a k e  source  has  no problems because due 
t o  t h e  impermeable channel w a l l s ,  it is  given independent of t h e i r  
d e f l e c t i o n ,  by t h e  f 7 c t i t i o u s  m a s s  f l u x  d i f f e r e n c e  between t h e  
tes t  s e c t i o n  beginning (x=x ) and t h e  f i n a l  cross s e c t i o n  (x=x,). A 
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I f  w e  c a l l  t h e  a x i a l  t o t a l  speed d i s t r i b u t i o n  measured a t  t h e  

p r e s s u r e  caps d i j ,  i = 1, . .,8, , j=l,...,26 U ( a i j ) ,  t hen  
by i n t r o d u c i n g  t h e  nominal (uncorrec ted)  i n c i d e n t  speeds (Mach number 
Moo) w e  f i n d  

ges  

f o r  t h e  (model and wal l - induced)per turba t ion  p a r t  

By us ing  t h e  Gauss theorem w e  f i n d  [ 3 1  t h e  fo l lowing  f o r  t h e  
d e s i r e d  f o r c e  i n t e n s i t y  

(7.3) 

and t h i s  can be c a l c u l a t e d  without  any problems dur ing  tes t  o p e r a t i o n s .  

The induc t ion  e f f e c t  of  t h i s  source  of  course  depends on t h e  
contour  of t h e  t e s t  section wa l l s  and t h e r e f o r e  w e  w i l l  s e p a r a t e l y  
i n v e s t i g a t e  t h e  t w o  cases of s t r o n g  and weak w a l l  i n f l u e n c e :  

(aerodynamical ly)  s t r a i g h t  w a l l s :  

The source  produces a cons t an t  p e r t u r b a t i o n  speed which i s  t h e  
s a m e  ( i n  magnitude) over  t h e  c ros s  s e c t i o n  a t  t h e  t w o  t e s t  s e c t i o n  
ends due t o  symmetry, 6u. Together w i t h  ( 7 . 3 )  w e  f i n d  

/ 4 1  
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I n  t h i s  w a l l  con f igu ra t ion ,  consequent ly  w e  f i n d  a non- 
van i sh ing  f u l l  e f f e c t  of  t h e  model i n  t h e  flow, which has  t o  be 
cons idered  by a corresponding c o r r e c t i o n  of  t h e  i n c i d e n t  flow 
cond i t ions .  Because o f  (7.1)  and ( 7 . 4 )  t h e  c o r r e c t e d  ( e f f e c t i v e )  
i n c i d e n t  speed U e f f  i s  then  c a l c u l a t e d  as 

(7.5) 1 -  
('D,26) 1 

U e f f  = u W - su(x*) = uaD + 'z U I i  

which b r i n g s  about  a change i n  t h e  i n c i d e n t  flow Mach number o f  

From (7.5) and (7.2)  w e  f i n a l l y  o b t a i n  t h e  c o r r e c t e d  a x i a l  
p e r t u r b a t i o n  speed 

= uI'(dij) - 2 1 -  UIi(XD,26) U ~ ( d j j )  = U g e s ( d i j ) - " e f  f ( 7 . 7 )  

/ 4 2  
which according t o  ( 7 . 4 )  can be cont inued beyond t h e  t e s t  s e c t i o n  
r eg ion  us ing  

H 

The t r a n s f e r  of  t h i s  e x t r a p o l a t e d  uI d i s t r i b u t i o n  t o  t h e  p a n e l  
c o n t r o l  p o i n t s  i s  then  done using a two-dimensional c u b i c  s p l i n e  

1231 

Deflected w a l l s :  

Based on t h e  s i n g l e  s t e p  formerly d i scussed  i n  Sec t ion  6.1.2,  
w e  w i l l  r e s t r i c t  c u r s e l v e s  t o  t h e  case of a l m o s t  adas t ed  test 
s e c t i o n  w a l l s .  
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W e  o b t a i n  t h e  fol lowing f o r  t h e  p e r t u r b a t i o n  speed induced 
upstream by t h e  weight source 

(7 . 9 )  

where (xNL = 6 0 0 ,  0 ,  0 )  i s  the p o s i t i o n  o f  t h e  s i n g u l a r i t y  i n  t h e  
tunne 1 . 

A connect ion o f  t h e  i n c i d e n t  flow cond i t ions  t h e r e f o r e  i s  i n  
g e n e r a l  n o t  necessary i f  t h e r e  i s  only a weak w a l l  i n f luence .  A l m o s t  

t h e  e n t i r e  source  induced mass f l u x  ( 7 . 3 )  t h e r e f o r e  pas ses  t h e  
rear tes t  sec t ion  cross s e c t i o n ,  so t h a t  t h e  fo l lowing  e x t r a p o l a t i o n  
of t h e  p e r t u r b a t i o n  speed d i s t r i b u t i o n  ( 7 . 2 )  makes p h y s i c a l  sense .  / 4 3  

. I 

The i n t e r p o l a t i o n  of t h e  boundary c o n d i t i o n s  t o  t h e  pane l  c o n t r o l  I 
p o i n t s  i s  aga in  done us ing  t h e  a l r eady  mentioned 2D-spline method. 
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8. TESTING OF THE ADAPTATION SOFTWARE 

8.1 S t r u c t u r e  of  t h e  Program Systems 

F igure  11 shows t h e  programming system f o r  t h e  three-dimensional  
w a l l  a d a p t a t i o n  i n  t h e  subsonic  case. I t  c o n s i s t s  of t h r e e  s e p a r a t e  
main programs, which are coupled wi th  d a t a  t r a n s f e r .  

The geometry program ''GEO" d e f i n e s  t h e  p a n e l l i n g  of t h e  
c o n t r o l  s u r f a c e  us ing  t h e  readmg s u r f a c e  p o i n t s  (F igure  9 ) .  The 
c a l c u l a t e d  coord ina te s  of  t h e  pane l  c o r n e r s  are t r a n s f e r r e d  t o g e t h e r  
wi th  t h e  s e l e c t e d  i n c i d e n t  Mach number M, u s ing  t h e  program "EINFL" 
f o r  determining t h e  i n f l u e n c e  c o e f f i c i e n t s  A i j ,  B i j  (Chapter 5.2.2) . 
The s t o r a g e  of  t h e  c a l c u l a t e d  va lues  i s  done i n  t h e  form of  t h e  t w o  
matrices BA 

"ADAP1". The s t r u c t u r e  of  ADAPl i s  g iven  i n  F igure  1 2 .  The t h r e e  
impor t an t  f e a t u r e s  are: 

-1 and A cons ider ing  t h e i r  f u r t h e r  use i n  t h e  Program 

(1) E x t r a p o l a t i o n  and c o r r e c t i o n  of  t h e  measured p r e s s u r e  
d i s t r i b u t i o n  (Chapter 7 )  
Trans fe r  of uI and vI t o  t h e  pane l  c o n t r o l  p o i n t s  

(2) O u t e r f i e l d  c a l c u l a t i o n  vA[uIl u s ing  t h e  des ign  method 
(Chapter 5.2) . 

( 3 )  The e v a l u a t i o n  of  t h e  s i n g l e  s t e p  formula (Chapter 6 . 1 . 2 ) .  

With t h e  c a l c u l a t i o n  of t h e  t w o  i n f l u e n c e  matrices t h e  program 
P a r t s  ( 2 )  and ( 3 )  are reduced t o  a s imple  ma t r ix  v e c t o r  m u l t i p l i c a t i o n ,  
so t h a t  a f a s t  c a l c u l a t i o n  o f  t h e  adapted w a l l  contour  i s  a s su red  
(see Chapter 9). 

/45 
F o r  t h e  a d a p t a t i o n  i n  t h e  t r a n s o n n i c  case, a s e p a r a t e  computer 

program "ADAP2" w a s  w r i t t e n .  I ts  s t r u c t u r e  i s s imi l a r  t o  t h a t  
of  "ADAPl" ,  b u t  w i t h i n  t h e  framework o f  t h e  o u t e r f i e l d  c a l c u l a t i o n  
w e  used t h e  d i f f e r e n c e  method developed by AEDC f o r  t h e  t r a n s s o n i c  

case (Chapter5.2.3) . The r e g u l a t i o n  m a t r i x  ( E  - A )  = 1 (Chapter 
6 .2 )  i s  determined i n  another  sub-program (as can be seen  from t h e  
formulas i n  t h e  Appendix, t h i s  can be reduced t o  t h e  s i z e  5 x 5 f o r  
Ma = 1). 

Mcil 
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However, i n  t h i s  ca se ,  t h e  w a l l  contour  c a l c u l a t i o n  r e q u i r e s  
a l a r g e  amount o f  c a l c u l a t i o n  t i m e  and memory and t h e r e f o r e  cannot  
be done on l i n e r  (Chapter 9 ) .  

8.2 A n a l v t i c a l  T e s t  C a s e  

Ths computer programs f o r  w a l l  a d a p t a t i o n  are t e s t e d  us ing  
a n a l y t i c a l  tes t  cases and by c l o s e  c a l c u l a t i o n  of known exper imenta l  
r e s u l t s .  The c a l c u l a t i o n s  used f o r  c o n t r o l  of  t h e  TSP method are 
d i scussed  i n  d e t a i l  i n  [ 2 9 1 .  I n  t h i s  s e c t i o n  w e  w i l l  d i s c u s s  t h e  
t h e o r e t i c a l  tes t  runs with "ADAP1". 

The s imula t ion  of  an i n t e r f e r e n c e  flow f i e l d  i n  t h e  octagon 
tes t  s e c t i o n  w a s  performed using s i n g u l a r i t i e s .  A s  a model w e  used 
t h e  r o t a t i o n a l l y  symmetric ONERA C5 body, F igure  1 6 a ,  which has  
d isp lacement  e f f e c t s  which c a n  be r ep resen ted  i n  a known way by 

sources  and sin?cs a long  i t s  a x i s  of r o t a t i o n  [14] .  W e  t hen  
f i n d  t h e  fo l lowing  closed s o l u t i o n  f o r  t h e  model induced p o t e n t i a l .  

R 

where F ( 5 )  i s  t h e  cross s e c t i o n  area change and R is  t h e  l e n g t h  
of t h e  body. I f  w e  i n t roduce  

t h e  model t h i ckness  d i s t r i b u t i o n  d ( 5 )  as a geometr ic  q u a n t i t y  i n  
( 8 . 1 ) ,  t hen  w e  f i n d  from it af te r  p a r t i a l  i n t e g r a t i o n  t h e  easy  t o  
e v a l u a t e  formula 

(8 . 3 )  
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The t e r m  o u t s i d e  of t h e  i n t e g r a l  occurs  because t h e  
rear model d iameter  (d(R) w a s  n o t  made zero  i n  o r d e r  t o  s imula t e  
t h a t  model sphere.  

From t h e  t w o  v e l o c i t y  components ob ta ined  by d i f f e r e n t i a t i o n  / 4 7  

of  (8.3) w e  can c a l c u l a t e  as usual  t h e  s t a t i c  p r e s s u r e  and t h e  
i n t e r f e r e n c e  - f r e e  s t r e a m l i n e  course  everywhere i n  t h e  flow. 

I n  o r d e r  t o  r e p r e s e n t  t h e  i n f l u e n c e  of t h e  w a l l ,  w e  used t h e  
pane l  method d i scussed  i n  Chapter 5.2.2. 
a long  t h e  p a n e l s  w a s  determined i n  such a way us ing  Equation (6.3) so 
t h a t  a f t e r  s u p e r p o s i t i o n  w i t h  t h e  model induced flow f i e l d  (8 .3 ) ,  
t h e  k inemat ic  boundary condi t ion  

The s i n g u l a r i t y  i n t e n s i t y  

V I  - - - - a @ + & =  0 ar a n I  

i s  e x a c t l y  s a t i s f i e d  a long  t h e  c o n t r o l  s u r f a c e  (C5-body i n  t h e  
octagon tes t  sect ion wi th  non-deflected w a l l s )  . 

The r e su l - t i ng  u - d i s t r i b u t i o n  a t  t h e  p o i n t s  of  t h e  w a l l  p r e s s u r e  
s h a f t s  

t o g e t h e r  wi th  t h e  i n c i d e n t  flow Mach number Ma and t h e  va lues  
v = 0 (Equation 8.4) w e r e  then t h e  i n p u t  data  f o r  t h e  a d a p t a t i o n  
program "ADAPI" . The adapted w a l l  shape c a l c u l a t e d  wi th  ( s i n g l e  
s t e p )  method i n  a d d i t i o n  t o  the corresponding p r e s s u r e  d i s t r i b u t i o n  
w a s  t hen  compared wi th  t h e  exac t  i n t e r f e r e n c e  f r e e  v a r i a b l e s  ca lcu-  
l a t e d  from (8.3) as a check. 

I 

Figure  13 g i v e s  r e s u l t s  f o r  a tes t  s e c t i o n  w a l l  a t  M, = 0.7. 
The agreement of t h e  c a l c u l a t e d  w a l l  p r e s s u r e  d i s t r i b u t i o n s  is  
s a t i s f a c t o r y  o v e r a l l ,  even though t h e  extreme va lues  w e r e  n o t  
e x a c t l y  achieved.  The v a r i a t i o n  of  t h e  w a l l  d e f l e c t i o n s  c a l c u l a t e d  
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us ing  "ADAP1" ag ree  a lso q u i t e  w e l l  wi th  t h e  corresponding adapted  
contour  . T h e  somewhat, l a r g e r  d e v i a t i o n s  a t  t h e  end of t h e  

t e s t  sec t ion  are s t i l l  acceptab le  cons ide r ing  t h e  p a s t  t r ansduce r  

t o l e r a n c e  of 0.07 mm there.  Also, one can achieve  an improved /4  8 
r ep roduc t ion  by an e x a c t  de te rmina t ion  of  t h e  u - d i s t r i b u t i o n  
i n p u t  t o  i i ~ ~ ~ ~ l i i  ( 8 . 5 )  (more panels  f o r  r e p r e s e n t i n g  t h e  i n f l u e n c e  
of  t h e  w a l l ) .  

I 

Figure  14 shows t h e  t y p i c a l  convergence behavior  of  t h e  
des ign  method r ep resen ted  using va lues  f o r  t h e  a n a l y t i c a l  f low 
case d i scussed  above (Moo = 0.7) .  The accuracy E is  de f ined  by t h e  
mean r e l a t i v e  d e v i a t i o n  between t h e  a c t u a l  and nominal d i s t r i b u -  
t i o n  a t  t h e  i n d i v i d u a l  designed s t e p s  (see Figure  7 )  

(N = number of  c o n t r o l  p o i n t s ) .  

One can see t h e  cont inuous improvement of  t h e  designed w a l l  
contours .  The convergence r a n g e  decreases cont inuous ly  dur ing  t h e  
i t e r a t i o n .  This  phenomenon i s  t o  be a t t r i b u t e d  t o  t h e  e x i s t e n c e  o f  
harmonics i n  t h e  approximating uI d i s t r i b u t i o n .  
cussed i n  Chapter 5.2.1, t hese  c o n t r i b u t i o n s  can be found by 
i t e r a t i o n  us ing  an adapted design r u l e .  However, i n  p r a c t i c e  it 
has  been found t h a t  a l r eady  a f t e r  t h r e e  t o  f o u r  i t e r a t i o n  s t e p s ,  
t h e  designed w a l l  shape i s  s u f f i c i e n t  f o r  c a l c u l a t i n g  an a d a p t i v e  
contour  (see Chapter 8 . 3  and 9 )  . Therefore ,  no mod i f i ca t ion  t o  t h e  
des ign  r u l e  ( 5 . 1 1 )  w a s  necessary.  

As a l r eady  d i s -  
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8,3 R e s u l t  Comparison wi th  DFVLR Adaptat ion Program 

A s  a l r e a d y  mentioned i n  6 ,1 ,2 , t he  DFVLR has  t h e i r  own 

s i n g l e  s t e p  method based on t h e  F o u r i e r  method f o r  r e g u l a t i o n  of  

i t s  three-dimensional  adap t ive  tes t  s e c t i o n  (DAM),  I t  has  been 

used s u c c e s s f u l l y ,  The w a l l  con tours  c a l c u l a t e d  wi th  t h i s  program 

are t h e r e f o r e  "exper imenta l ly  v e r i f i e d "  and can be  used t o  tes t  

t h e  p r e s e n t  a d a p t a t i o n  a lgor i thm,  

The two flow cases  p o s t  c a l c u l a t e d  wi th  ADAPl from t h e  "DAM" 

a r e  shown i n  F igu res  15a and 15b t o g e t h e r  w i th  t h e  DFVLR r e f e r e n c e  

va lues  [7,  311. W e  show t h e  r e s u l t s  f o r  t h e  f i r s t  a d a p t a t i o n  

s t e p ,  t h a t  i s ,  the w a l l  d e f l e c t i o n s  and p r e s s u r e s  c a l c u l a t e d  based 

on w a l l  p r e s s u r e  d i s t r i b u t i o n s  measured f o r  aerodynamically s t r a i g h t  

wa l l s .  

F igu re  15a shows t h e  comparison f o r  t h e  FFA model ( p a r a b o l i c  

s p i n d l e )  f o r  O 0  ang le  of  a t t a c k  and t h e  nominal i n c i d e n t  Mach num- 

b e r s  Mw = 0-5 ,  S ince  t h i s  is a f low w i t h  r o t a t i o n a l  symmetry, w e  

on ly  show t h e  w a l l  contour  and t h e  p r e s s u r e  d i s t r i b u t i o n  averaged 

i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n ,  A s  c an  be  seen ,  t h e  runs  

c a l c u l a t e d  wi th  ADAPl ag ree  w e l l  w i t h  t h e  corresponding r e f e r e n c e  d a t a ,  

The remaining s m a l l  d e v i a t i o n s  can be  a t t r i b u t e d  t o  t h e  a d d i t i o n a l  

p h y s i c a l  c o r r e c t i o n  o f  t h e  i n p u t  p r e s s u r e  measured va lues  i n  t h e  TUB 

method- (see  Chapter  7 ) -  The e f f e c t i v e  i n c i d e n t  f low Mach number i n  

t h i s  ca se  i s  found t o  b e  Mkor = 0,5036 (blockage 3 . 1 % ) ,  a va lue  /50  

where t h e  upstream of  t h e  model has  been removed, 

F igure  15b shows corresponding comparison c a l c u l a t i o n s  f o r  a 

wing-fuselage combination. This is  t h e  AGARD c a l i b r a t i o n  model 

B wi th  4 O  i nc idence  ang le  and Moo = 0,5* The r e f e r e n c e  va lues  a g a i n  

a r e  w e l l  reproduced., The Mach number c o r r e c t i o n  i s  now AM, = 0.006 

f o r  a blockage r a t i o  of  3,5%, 



The good agreement of t h e  c a l c u l a t e d  r e s u l t s  i n  both  flow 
cases t h e r e f o r e  c l e a r l y  v e r i f i e s  t h e  numerical  methods of w a l l  
a d a p t a t i o n  developed h e r e ,  (design a lgor i thm,  s i n g l e  s t e p  formula) . 

/51 

9 .  EXPERIMENTAL RESULTS 

9.1 Tested  Models 

Three models w e r e  made for  t e s t i n g  t h e  3-D adap t ive  t e s t  s e c t i o n .  

A r o t a t i o n a l l y  symmetric body, t h e  ONERA C5 c a l i b r a t i o n  model ,  
i s  used f o r  p r e s s u r e  measurement. I t  has  2 1  s t a t i c  p r e s s u r e  caps 
d i s t r i b u t e d  over t h e  e n t i r e  model l e n g t h  of  166.27 mm, F igure  16a .  
I ts  maximum diameter o f  2 4  mm leads t o  a blockage r a t i o  of 2 %  i n  t h e  
octagon tes t  s e c t i o n .  With t h i s  model, t h e  f i r s t  s u c c e s s f u l  3 D  
w a l l  a d a p t a t i o n  was achieved a t  t h e  TUB. [30] .  

The ZKP-F4 model, F igu re  16b, has  an Airbus- l ike  cross section 
wi th  a t r a n s s o n i c  wing (Span 1 2 0  mm).  I t  i s  designed f o r  
f o r c e  measurements which are performed wi th  a t h r e e  component 
ba lance  i n s t a l l e d  i n  t h e  fuse lage .  I ts  blockage i n  t h e  3 D  t e s t  
s e c t i o n  i s  1 . 2 % .  

F igu re  1 6 c  shows t h e  Canard c o n f i g u r a t i o n  used f o r  p r e s s u r e  and 
f o r c e  .measurements. The Del ta  shaped wing has an area which is  
about  4 t i m e s  l a r g e r  t han  t h e  F4 wing w i t h  t h e  same span of 1 2 0  mm 
( a s p e c t  r a t i o ,  2 .29)  . I n  t h i s  way one o b t a i n s  n o t  only much l a r g e r  
normal f o r c e s ,  b u t  a lso remarkable r i s k  d i f f e r e n c e s  between 
measurements f o r  s t r a i g h t  and adapted channel  w a l l s .  A l s o  l a r g e  
changes i n  t h e  moment v a r i a t i o n  produced by t h e  e f f e c t  of t h e  
Canard c o n t r o l  s u r f a c e ,  so  t h a t  t h e  model i s  e s p e c i a l l y  well s u i t e d  
as an i n d i c a t o r  f o r  w a l l  i n t e r f e r e n c e s .  

152  

The s t a t i c  p r e s s u r e  c a n  be measured from 1 0  p r e s s u r e  caps 
d i s t r i b u t e d  over  t h e  fuse l age .  The blockage of  t h e  model i s  1.3% 
i n  t h e  octagon test s e c t i o n .  

50 



9.2 C a l i b r a t i o n  of  t h e  3 D  T e s t  S e c t i o n  

Before i n s t a l l i n g  t h e  model, t h e  test s e c t i o n  has  t o  be cali-  
b r a t e d ,  t h a t  i s , t h e  p e r t u r b a t i o n  of  t h e  p a r a l l e l  basic flow due 
t o  t h e  w a l l  boundary l a y e r  has t o  be compensated f o r  by a 
p re l imina ry  d e f l e c t i o n  of  t h e  f l e x i b l e  w a l l s .  I n  t h e  case of  
t h e  octagon s e c t i o n ,  an a d d i t i o n a l  expansion w a s  necessary  i n  
o r d e r  t o  e q u a l i z e  t h e  displacement e f f e c t  of  t h e  model sphere .  

The r e s u l t i n g  (aerodynamically s t r a i g h t )  w a l l  contour  i s  
shown i n  F igure  1 7  f o r  an i n c i d e n t  Mach number of M, = 0.8. 
w e  are d e a l i n g  w i t h  a photographic p i c t u r e  of t h e  color monitor ,  
which is used f o r  t h e  g raph ic  r eco rd ing  o f  a d j u s t e d  w a l l  shapes 
du r ing  t h e  tes ts .  The d e f l e c t i o n s  are g iven  i n  mm. ( w a l l  1 -4  t o p ,  
w a l l  5-8 l o w e r  p a r t  of  t h e  image). The va lues  a r e  i n t e r p o l a t e d  
l i n e a r l y  a t  t h e  a c t u a t o r s  over t h e  t es t  s e c t i o n  l eng th .  

Here 

By means of t h e  s a m e  p re l iminary  ad jus tment  shown i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n ,  (the d e v i a t i o n  i n  t h e  sphere r eg ion  is- 
produced by t h e  missing n i n t h  a c t u a t o r  t e r m  a long  t h e  t o p  and 
lower w a l l )  w e  o b t a i n  an almost c o n s t a n t  p r e s s u r e  d i s t r i b u t i o n  
a t  least  i n  t h e  r eg ion  of t h e  model. Large d i f f e r e n c e s  occur  
a t  t h e  t es t  s e c t i o n  beginning be fo re  t h e  f i r s t  a c t u a t o r  because 
o f  r e s i d u a l  w a l l  boundary l aye r  i n f l u e n c e s .  They a lso occur  a t  
t h e  r e a r  p a r t  by t h e  n o t  exac t ly  compensated f o r  dis2lacement  
i n f l u e n c e  of t h e  sphere.  

I n  o r d e r  t o  a s s u r e  a r e l i a b l e  w a l l  a d a p t a t i o n  later on,  w e  
dec ided  t o  only  use t h e  w a l l  p r e s su res  measured between t h e  f i r s t  
and e i g h t h  a c t u a t o r  f o r  c a l c u l a t i n g  t h e  e x t e r n a l  f i e l d .  The o t h e r  
measured va lues  are i n  p l a c e  by an e x t r a p o l a t i o n  accord ing  t o  
Equation 7.10: 

/ 5 3  

51 



The a l s o  descr ibed cor rec t ion  of t h e  pressure  d i s t r i b u t i o n  

f o r  aerodynamically s t r a i g h t  t e s t  s e c t i o n  wa l l s  discussed i n  

Sect ion  7 did  n o t  seem t o  make sense  considering t h e  poor pressure  

measured values a t  t h e  two t e s t  s e c t i o n  ends discussed above, 

9.3 Measurement Resul t s  with t h e  Canard Model 

I n  t h i s  chapter  we w i l l  use t h e  example of s e l e c t e d  r e s u l t s  

f o r  the  Canard model t o  demonstrate t h e  high performance c a p a b i l i t y  

of t h e  adapt ive  octagon t e s t  s e c t i o n .  An extens ive  documentation 

of test  r e s u l t s  i s  obtained i n  [321. 

For t h e  t e s t  execut ion,  one important  f e a t u r e  was t h e  d e f i n i t i o n  

of a p r a c t i c a l  t runca t ion  c r i t e r i o n  f o r  wa l l  adaptat ion.  One poss ib le  

i n d i c a t o r  f o r  t h i s  i s  t h e  convergencebehavior of values measured 

on t h e  model, ( fo rces ,  p ressu res )  o r  a x i s  , t h e  change i n  t h e  ad jus ted  

wa l l  shape i n  following regu la t ion  s t e p s .  Of course,  eventua l ly  / 5 L  

cons tan t  wal l  contour a l s o  then leads  t o  cons tan t  model measured 

va lues ,  However, i n  t h e  l a s t  a n a l y s i s ,  removal of t h e  i n t e r -  

ferences i s  only requi red  i n  t h e  region of t h e  conf igura t ion  i n  t h e  

flow. Since t h e  wall-induced pe r tu rba t ions  towards t h e  mode de- 

creased (Moo < l ) ,  t h i s  has a  d i r e c t  inf luence  on t h e  accuracy l i m i t  

wi th which t h e  adapted wa l l  shape has t o  be de termined-(see  

Equation 3 - 4 ) ) .  This e f f e c t  i s  discussed i n  t h e  next  s e c t i o n  f o r  t h e  

s p e c i a l  case  of a  r o t a t i o n a l l y  symmetric flow. The es t imat ion  

obtained t h e r e  is too  "sharp" i n  p r a c t i c e ,  because a  poss ib le  

e x t i n c t i o n  of wa l l  i n t e r f e r e n c e s  i n  t h e  model region i s  no t  

considered, a  b a s i s  f o r  eva lua t ing  t h e  adjus ted  wa l l  d e f l e c t i o n ,  

w e  t he re fo re  use t h e  behavior of t h e  model measured va lues ,  

The t y p i c a l  sequence of wa l l  adapta t ion  i s  i l l u s t r a t e d  i n  

t h e  following t a b l e ,  



This  shows t h e  change i n  t h e  f o r c e s  measured on t h e  Canard Model 

a t  t h e  i n d i v i d u a l  a d a p t a t i o n  s t e p s  f o r  t h e  i n c i d e n t  flow cond i t i ons  

Moo = 0,7,  a = 4,54O The d i f f e r e n c e  i n  t h e  c o e f f i c i e n t s  from t h e  

second t o  t h e  t h i r d  w a l l  con tour  a l r e a d y  i s  w i t h i n  t h e  range of  

t h e  r ead ing  accuracy o f  t h e  ba lance  read ing ,  s o  t h a t  t h e  t e s t  s e c t i o n  

w a l l s  can be  cons idered  t o  b e  adapted.  

A s  a  check,  w e  compared t h e  measured w a l l  p r e s s u r e  d i s t r i b u t i o n  /55 

a f t e r  t h e  l a s t  r e g u l a t i o n  s t e p  wi th  t h o s e  c a l c u l a t e d  f o r  t h e  o u t e r  

f i e l d .  A s  d i s cus sed  i n  Chapter  3, they  have t o  ag ree  f o r  t h e  

adapted w a l l  con tour ,  For t h e  f low case  under c o n s i d e r a t i o n ,  a 

comparison l i k e  t h i s  i s  g iven  i n  F igu re  18 f o r  t h e  upper f l e x i b l e  

wal l .  For c l a r i t y  of t h e  w a l l  i n t e r f e r e n c e s ,  w e  a l s o  show t h e  

p r e s s u r e  d i s t r i b u t i o n  measured f o r  aerodynamically s t r a i g h t  w a l l s ,  

I t  can be s een ,  t h a t  t h e  t h i r d  w a l l  con tour  cana l so  be  cons idered  

t o  be  a lmost  adapted even i n  t h e  "s tr ictw sense .  The remaining 

p r e s s u r e  d i f f e r e n c e s  i n  t h e  f r o n t  a r e a  of t h e  model suspension 

appa ren t ly  are t r u n c a t i o n  e f f e c t s ,  which are caused by t h e  e f f e c t i v e  

sho r t en ing  o f  t h e  test  s e c t i o n  a long  t h e  s e c t i o n  between t h e  

f i r s t  and e i g h t h  a c t u a t o r  (see Chapter 9.2) , For t h e  two r e a r  a c t u a t o r s  

9 and 1 0 ,  w e  a l s o  d i d  n o t  c a l c u l a t e  any d e f l e c t i o n s ,  b u t  i n s t e a d  

r e t a i n e d  t h e  c o n s t a n t  p re l imina ry  adjustment  used f o r  t h e  p r e v a i l i n g  

i n c i d e n t  Mach number, 

Canard- ~ o d e l  

Pi 03 = 0.7, a = 4.54' 

C~ 

h 2 5  

A s  an example - f o r  t h e  w a l l  deformat ions  t o  be  a d j u s t e d ,  

F igu re  19 shows t h e  adapted contour  f o r  t h e  Canard model a t  

Moo = 0-8 and a= 8.04', The dominating i n f l u e n c e  of  t h e  downwind 

f i e l d  i s  e s p e c i a l l y  remarkable,  which r e q u i r e s  a  r e l a t i v e l y  l a r g e  

dropping o f  t h e  r e a r  test  s e c t i o n  c r o s s  s e c t i o n ,  ( e igh th  a c t u a t o r ) ,  
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The necessary  moving back o f  t h e  w a l l  shape i n  t h e  torward reg lo*  
does n o t  have any impor tan t  e f fec ts  on t h e  d a t a  measured on t h e  
model, as t h e  corresponding wind t u n n e l  tes ts  show. 

The n e x t  exper imenta l  proof of  t h e  high q u a l i t y  of t h e  w a l l  
a d a p t a t i o n  i s  shown i n  F igu re  20 .  

p o l a r  measured a t  M, 

adapted  test  s e c t i o n  r o l e s .  For comparison, w e  show also t h e  
measured p o l a r s  i n  t h e  adapt ive  p r o f i l e  T2 of t h e  ONERA and t h e  

p o l a r s  ob ta ined  a t  t h e  "DAM" for  t h e  model. 

I t  shows t h e  p i t c h  moment 
= 0.7 f o r  t h e  Canard model f o r  s t r a i g h t  and 

/ 5 6  

These measured va lues  can be cons idered  t o  be f r e e  of i n t e r -  
f e r e n c e  because of t h e  very s m a l l  blockage r a t io s  (DAM 0.06 %, T 2  , 

0 . 1 8 % ) .  The T2 t unne l  w a s  adapted according t o  t h e  method developed 
by Wedemeyer (see Chapter 10). The very a c c u r a t e  r ep roduc t ion  
of t h e  i n t e r f e r e n c e  - f r e e  moment v a r i a t i o n  i n  t h e  octagon t e s t  
s e c t i o n  i s  e s p e c i a l l y  remarkable, because t h e  p o l a r  i n d i c a t e s  
s t r o n g  w a l l  i n t e r f e r e n c e s  f o r  s t r a i g h t  w a l l s .  A corresponding 
comparison f o r  t h e  C A ( a )  and CA(Cw) p o l a r  i s  given i n  [ 321 .  

I n  o r d e r  t o  determine t h e  adap t ive  w a l l  shape,  t h e  pane l  method 
w a s  used f o r  a l l  tests performed<- (Program "ADAP1") . The average 
c a l c u l a t i o n  t i m e  p e r  adaptation s t e p  w a s  45 seconds i n  t h e  wind 
t u n n e l  computer H P  1000F. I n  o r d e r  t o  a d j u s t  t h e  t es t  s e c t i o n  w a l l s ,  
i n  g e n e r a l  1 - 2  i n t e r m e d i a t e  s t e p s  w e r e  r equ i r ed .  The a d a p t a t i o n  
w a s  always s t a r t e d  wi th  aerodynamically s t r a i g h t  w a l l s  i n  o r d e r  t o  
demonstrate  t h e  w a l l  i n t e r f e r e n c e .  I t  w a s  only a t  t h e  i n c i d e n t  
Mach number M, = 0.95 t h a t  o s c i l l a t i n g  w a l l  contours  occurred  a t  
h i g h e r  i nc idence  ang le s  o f  t h e  Canard model, so t h a t  a r e l i ab l l e  
a d a p t a t i o n  could n o t  be reached. This  unfavorable  r e g u l a t i o n  behavior  
w a s  c e r t a i n l y  a t t r i b u t a b l e  t o  t h e  very 2oor flow q u a l i t y  i n  t h e  t es t  
s e c t i o n  f o r  f l o w  near  t h e  speed of  sound ( t u r b u l e n t  s e p a r a t i o n  i n  t h e  
nozz le )  . 

/57 
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On t h e  o t h e r  hand, t h e  measured w a l l  p r e s s u r e  d i s t r i b u t i o n  
showed local  supersonic  zones f o r  aerodynamically s t r a i g h t  w a l l s .  
This  means t h a t  t h e  contour  determined wi th  t h e  pane l  method could  
have been wrong. An a d d i t i o n a l  c a l c u l a t i o n  wi th  t h e  TSP a d a p t a t i o n  
program indeed showed somewhat d i f f e r e n t  d e f l e c t i o n s  as  i s  shown 
i n  F i g u r e  2 1  f o r  t h e  upper and l o w e r  test s e c t i o n  w a l l .  

A f t e r  improving t h e  f l o w  q u a l i t y  i n  t h e  tes t  s e c t i o n  
w e  wish t o  examinewithexperiments  t o  what e x t e n t  t h e s e  d i f f e r e n c e s  
a f f e c t  t h e  model flow. 

9 .4  In f luence  of  t h e  Wall Contour Inaccurac i e s  on t h e  F loo r  
on t h e  Model 

I n  t h i s  chap te r  w e  w i l l  est imate how a c c u r a t e l y  t h e  test  s e c t i o n  
w a l l s  have t o  be a d j u s t e d  i n  order  t o  reduce remaining i n t e r f e r e n c e s  
i n  t h e  model measured v a l u e s  through a s p e c i f i e d  amount. For  
c l a r i t y ,  w e  w i l l  i n v e s t i g a t e  on ly  t h e  e f f e c t s  of  p e r t u r b a t i o n s  
i n  t h e  adapted w a l l  contour  which has  r o t a t i o n a l  symmetry 

The p e r t u r b a t i o n  flow induced i n s i d e  t h e  t es t  s e c t i o n  then  sa t i s f ies  
t h e  two-dimensional p o t e n t i a l  equat ion  

(9.3) 
B 2 4 x x  + r 1 4 r  + @ r r  = 0 , B 2  = 1 - M m 2 >  0 

wi th  t h e  boundary c o n d i t i o n  

(91.4) 

The s o l u t i o n  i s  (see Chapter 5.2.1) 
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For t h e  p e r t u r b a t i o n  speed along t h e  tunne l  a x i s  r + 0 
and t h e r e f o r e  i n  t h e  r eg ion  of t h e  model i n  t h e  f low w e  have 

The comparison (9 .6 )  and (9 .2 )  shows t h a t  t h e  w a l l  contour  
p e r t u r b a t i o n s  decay towards t h e  center of t h e  t u n n e l ,  and 
t h e  damping f a c t o r  i s  given by 

X 
Because of I l ( X )  b z  f o r  X .a 0 /13/, w e  f i n d  

and from t h i s  

where A S  i s  t h e  m i n i m u r n  path t r ansduce r  p r e p a r a t i o n .  

U s e  of t h e  Pa r seva l  equat ion / 3 3 /  

L 
E A n  2 6 * J 6 h 2 ( x ) d x d  2.C' 

0 
f o r  

b h ( x ) l  Q C 

(9.10) 

(9 .11 )  

f i n a l l y  g i v e s  t h e  s imple e s t ima t ion  

2 /2L' ( 9 . 1 2 )  
l u ( x , O ) l  4 - E B 2 K  
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If the maximum permissible remaining interference in the model 

region is given by 

(9.13) 

then from (9.11) and (9.12) we obtain a tolerable contour error 
of 

f X 1 I  e J -2 E: 

It can be seen that the adapted wall shape has to be adjusted 

more precisely with increasing incident flow mach number, which 

is physically understandable. 

Quantitatively, for example, for M, = 0.7.4,~ = 0.006 ( a  E 8 3  mm, 
A S  = 35 mnn, L = 400 m m ) '  we have the accuracy requirement 

1 6 h ( x ) l  6 5 * 6 u  = 0.03 mm (9.15) 

which at least has a realistic order of magnitude. 

10. A NEW METHOD FOR TESTING 3-D MODELS IN WIi\iD TUNNELS 
WITH TWO FLEXIBLE WALLS 

10.1 Introduction 

Wind tunnels with two adaptive walls have been used for about 

ten years successfully for profile tests /4/.  Therefore it is 

natural to also use these test facilities for testing three- 
dimensional models. Even though in this case one cannot achieve 

a completely interference free flow field in the test section 

by deflecting the upper and lower tunnel wall (for example, 

matching of porosity) one can attempt to at least reduce wall 

interferences in the model region. 
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This agrees with the idea that in order to avoid blocking 

effects it should be sufficient to produce a stream tube with 

the same cross-sectional area variation as is used for a complete 

three-dimensional wall adaptation. As Wedemeyer demonstrated with 

a numerical simulation, the resulting symmetric wall shape removes 

exactly the blocking speed oh the tunnel axis /24/ .  

Based on this result, he developed a single step adaptation 

method. With it, by super position of one deflection and an 

opposite deflection of the two flexible test section walls, 

one can bring about an interference-free flow along the tunnel 

access ( x ,  y = z ,  O ) ,  Figure 22. 
angle are assumed.) The wall induced perturbation speeds u w ( x ,  'z, h 0) 
blocking and v w ( X 9  2' 0) (downwind) to be compensated for are 
then calculated using a singularity representation of the channel 

flow from the previously adjusted upper and lower wall contour 

and the prevailing pressure distributions there /25/. 

(Symmetric models without slip 

h 

The first experimental testing of this adaptation method 

was performed in the adaptive profile tunnels of the TUB and 

the ONERA/CERT / 4 / .  A body of rotation at Oo incidence angle and 

a Canard model which produces lift (see Chapter 9) were tested. 

The pressure distribution measured along the top side of the body 

of revolution also agreed very well at high subsonic flow Mach 

numbers (M, = 0 . 8 4 )  
values. 
to essentially remove the blocking effect with a two-dimensional 

wall adaptation. In the more general case of flows with lift 

it was also possible to achieve 

speed, see Figure 20. 

with the corresponding interference-free 

This then confirms the possibility of already being abbe 

a reduction of the perturbation 

Based on the very low blocking ratios of 0.18% assumed, 

these results, hewever, only qive conditional conclusions about 

the quality of the wall deflections calculated with the Wedemeyer 
program. 

5% 



Independent of t h i s ,  a theoret ical  a n a l y s i s  of t h e  a d a p t a t i o n  
method i n  gene ra l  leads t o  t h e  conclus ion  o f  an i n c r e a s e  i n  t h e  
remaining i n t e r f e r e n c e s  wi th  inc reas ing  model i nc idence  angle .  
This  i s  p r i m a r i l y  due t o  t h e  f a c t ,  t h a t  t h e  w a l l  i n f l u e n c e  i s  
removed independent of t h e  ac tua l  p o s i t i o n  of t h e  i n v e s t i g a t e d  
model, always a long  t h e  tunnel  a x i s .  

I n  o r d e r  t o  overcome t h i s  advantage,  w e  w i l l  now in t roduce  
a new a d a p t a t i o n  method based on t h e  3 - i ~  s i n g l e  s t e p  method, 
wi th  which it is  p o s s i b l e  to  do t h e  fo l lowing  

(1) t o  e x a c t l y  determine the w a l l  i n f l u e n c e  i n  t h e  tes t  
s e c t i o n ;  

( 2 )  w i th  which one can achieve an i n t e r k r e n c e - f r e e  flow 
along t h e  model a x i s .  

The c a l c u l a t i o n  o f  t h e  i n t e r f e r e n c e s  and t h e  r e q u i r e d  w a l l  
d isplacement  w i l l  be  descr ibed  i n  t h e  fo l lowing  s e c t i o n s .  

1 0 . 2  Determination of Wall I n t e r f e r e n c e s  i n  t h e  2-D T e s t  Sec t ion  

The w a l l  induced p e r t u r b a t i o n  speeds are  ob ta ined  immediately 
by us ing  t h e  g e n e r a l  r e p r e s e n t a t i o n  formula (6 .15)  f o r  t h e  w a l l  
dependent p o t e n t i a l ,  de r ived  wi th in  t h e  framework o f  t h e  s i n g l e  
s t e p  method 

(10.1) 
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where the control surface S again corresponds to the test 
1 

section geometry, Figure 22. 

The normal speed distribution v is then determined in a I 
known way by the variation of the upper and lower flexible walls 
and the two fixed side walls ( V I  = 0) . 
mined within the framework of an outer field calculation based 

on the measured wall pressure distribution '(see Chapter 5 ) .  

It is assumed that a measurement of the static pressure along 

the central lines of the two flexible walls and along the 

side wall is sufficient. 

The VA-component is deter- 

By differentiation of the relationship (10.1) we can then 

directly determine the perturbation speeds in the test section 

(10.2) 

without any assumptions about the model-induced flow field 

(Chapter 6.1.2) directly from the measured wall pressures and 

the previously adjusted wall contour. 

This procedure has the following advantages compared with 

the Wedemeyer procedure discussed above: 

a calculation of the channel inner flow is not required. 

In this way, we avoid assumptions about the model-induced 
perturbations. The division into model effect in a 
symmetric displacement and asymmetric lift effect for 

6 0  



high model incidence angles used in this method of 

Wedemeyer is certainly only approximately valid. 

The case of already deflected test section walls does not 

require any special calculations. 
on the other hand, the measured wall pressure distribution 

always has to be "corrected" on (aerodynamically) straight walls. 

In the Wedemeyer method 

10.3 Calculation of the Adapted Wall Shape 

10.3.1 Fundamental Remarks 

By the deformation of the upper and lower flexible walls, 

the three-dimensional model flow in the test section is super- 

imposed with a two-dimensional flow field. Let us assume 

small (additional) deflections 

(upper wall ) 

( 1 0 . 3 )  

(lower wall) 

Then the induced velocity field again can be assumed to be 

irrotat-ional. 

the following 
The corresponding potential+(x,y) then satisfies - 
linear differential equation for subsonic flow- 

with the boundary conditions defined by (10.3). 

( x , h )  = v ( x , h )  = : v o ( x )  

- a 4  ( x , O )  = v ( x , O )  = : V J X )  
a Y  

(10.4) 

(10.5) 



The wall displacements h, (x)  and h u ( x )  ~ will then have to be 

determined so that the speeds wliich result from (10.4,5) 

(10.6) 

will compensate for the wall interferences (10.2) as much 

as possible in the model region 

! = rnin ( u w  + u )  I 
Model 1 (10.7) 

The components in the span direction w 
not be directly reduced. In the following we will therefore 

assume symmetric models without slip angle. 

can apparently 
W 

For the practical application of the 2-D wall adaptation, 
the physical requirements (10.7) however, have to be formulated 

so that the specified values of u and v will lead to an explicit 
calculation of the wall deflections boo() and h " ( x )  . The 

condition which makes sense for this case is the following 
-~ 

(10.8) 

where 

h 
(10.9) Y , ( X )  = - x t a n a  + 2 

62 



is the model axis (Figure 2 2 ) .  

In the next section we will first calculate the adapted 

wall shape for the special case cx = 0 (model with no incidence). 

10.3.2 Model at Oo Incidence Angle 

For a = 0 we wish to exactly cancel the interferences along 

the tunnel axis by deflecting the two-flexible test section walls 

accordinq to (10.81 

i (Blockage) 
(10.10) 

h !  h (Downwind) 
v(x,,) = - v w ( x , p o )  

In order to calculate the required displacement paths 
h o f x ) ,  hu(x)we will start with the boundary value problem 

(10.4,5) and wish to establish an analytical relationship between 
U ( X , $ ,  h v ( x , $  h and V O ( X ) 9  v u ( x )  

For this purpose we will transform (10.4,5) using the usual 

coordinate transformation 

x = s  

1 (10.11) 
y = p 

into the equivalent incompressible flow problem- 

(10.12) 
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% 

By introducing the stream function Y k , n )  

(10.13) 

it follows that 

o o  i 6 < + 0 0  ; e o  \< n 6 8 h  
% + ?  = o ;  

rln 

(10.14) 

% 5 1 
Y(5,O) = - - J 

B - 0 0  

vu(t)dt = - - h ( 5 )  8 U  

The Dirichlet problem (10.14) occurs in a similar form also in 

connection with two-dimensional wall interference correction 

procedures, so that we can derive the solution from the appropriate 
references /26,27/. For the speeds induced along the tunnel axis 

we obtain the following clear relationships /26/  

(10.15) 

A reverse transformation into the x,y-plane, because of 

(10 .16)  

gives the following coupled integral equations for calculating 

the adaptive wall shape 



(10.17) 

The numerical solution of (10.17) poses no difficulties and then 

immediately leads to the desired deflections by subsequent integra- 

tion of vu and vo . 

As expected, in order to compensate for the blocking speed, 

one requires a wall deformation which is symmetric with respect to 

the tunnel action (cross-section change). In the case of models 

with lift, in addition one has to displace the test section cross- 

section parallel in the rear region (asymmetric deflection). 

As already mentioned in Section 10.1, this result was already 

achieved before by Wedemeyer /25/. However, his calculation of 

the adapted wall contour in the form of a series expansion is 

less favorable than the exact solution (10.17). 

10.3.3 Models with Incidence 

With increasing incidence angle a the models move away 

from the tunnel central line. Therefore it is more accurate 

to remove the wall interferences along the model axis (see 

(10.8.9) ) .  The calculation of the deflections required for 

this can then be done in many ways. 

With bound.ary value problem (10.14) in general, a relation- 
ship is established between a wall contour charige and the subsequent 

induced velocities in the test section. As Mokry shows, it can 

be solved in closed form by separating the variables (Fourier 

method) /27/  
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where ai and b. are the Fourier coefficients from the (formal) 
expansions for h o ( c )  and h u ( E )  . In order to determine these 

constant desired wall displacements, apparently one can again 

1- 

prescribe - 3 v  and - a$ along the symmetry axis or any other line 
a c  arl 

in the tunnel. 
within the framework of a study paper /28/. 

This procedure for example has been investigated 

On the other hand, one can start with the exact relationships 
(10.17) for a = 0 and from this obtain an approximate solution 
for a and 0 using a Taylor series expansion for U ( X , Y , ( x ) ) l  

V ( X , Y M ( X ) )  - 
~ 

h u ( x ,  2 )  5 * * *  
x 2 t a n 2 a  

2 Y Y  
t 

h p 2 x 2 t a n 2 a  - 2 u x x  ( x ,  7 )  ... 

and in order to replace the derivatives with respect to y one uses 

the equations 

2 B U X + V  = o  

u - v x = o  

Y 

Y 

(continuity) 

(irrotationality) 

(10.20) 
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For a = 0 (10.23) of course reduces to solution (10.17). 
The number of terms to be considered for a 0 has to be determined 
by experiment. The linear equation system which approximates 

(10.23) always has the form 

(10.24) 

- >  - >  C i i  + D V 2  = - v W  

and can easily be solved by inversion 

(10.25)  

11. SUMI4ARIES 

The ever increasing requirements for quality of wind tunnel 

results in high subsonic flows led to the development of so-called 
"adaptive" test sections around 1970. One uses the natural idea 

of removing the cause of wall interferences by matching the test 
section walls through the side ways unlimited model flow. 

After the use of this new technology for profile tests, 

in 1979 we started building three-dimensional adaptive test sections. 

Out of the three realized designs, the special construction features 

of the octagon test section with eight flexible walls has been 

discussed in detail which was built at the TU Berlin. 

After this, we gave a detailed discussion of the newly 

developed numerical methods for 3-D wall adaptation developed here. 

Starting with conventional iteration adaptation methods, we first 

investigate the three-dimensional design path (cuter field calcula- 
tion) which has to be solved at each regulation step. Using a 
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simple perturbation calculation, the ill-posedness of this 

inverse problem is demonstrated. 

method developed to solve this problem. In this, the desired 

wall shape is calculated directly from the prescribed pressure 

distribution, but instead by stepwise modification of an initial 

contour. 
a design rule from the difference between the actual and nominal 
pressure distribution. Each of the actual values can be determined 

with the panel or the TSP method as desired. 

task can be solved numerically without problems and in the linear 
case can be reduced to a simple matrix vector multiplication. 

The design method therefore does not only allow a simple check 

of the calculated wall deflections, but has addition numerical 

advantages. 

Then we introduced the design 

The required geometric changes are determined using 

The post calculation 

Use of the iteration wall adaptation method with the prescribed 

outer field calculation method in 1982 gave the basic functional 

proof of the octagon test section. But in order to regulate the 

eight flexible walls, in general more than ten intermediate steps 

were necessary even after matching up the regulation factor which 

determines conversion. 

In order to make a systematic investig8tion of the adaptation 

behavior, we performed a numerical simulation. The wall pressure 

distribution in the individual regulation steps is not determined 

by a wind tunnel test, but using physically reasonable assumptions 

about the given wall contour, This numerical study did not only 

verify the experimental results, but also shows that even if one 

uses an optimum regulation factor, one can not achieve fast 

conversions. 

In a further theoretical analysis, the allowable regulation 

range finally was determined exactly. It is found that the 

iteration 3-D wall adaptation method diverges :theoretically for 

all regulation factors. The conversions found in practical 

6 9  



wind tunnel tests or in numerical simulations are only caused by 

the (inaccurate) numerical approximation of the boundary 

conditions! 

On the otherhand, using the relationships derived during 

the simulation for the channel inner flow, we were able to 

establish a basic formula for the wall dependent perturbation 

potential in the subsonic case. This allows a calculation of 

the interferences in the test section based on the known wall 

contour and the prevailing pressure distribution. A representa- 

tion of the model flow is not required, 

Use of this formula leads directly to a single step 

adaptation method. The calculation of the adapted wall contour 

from the wind tunnel measured values is then possibly based on 

a simple,,linear relationship. As a comparison with the iteration 

.method shows, the single step formula is found formally by 

replacing the constant regulation factor by a matrix which 

considers the incident flow mach number and the test section 

geometry, In the case of flow near the speed of sound or 

very large wall interferences, the assumptions used in this 

formulation, however, only apply approximately, so that in these 

cases several adaptation steps may be necessary. 

An experimental kesting of the single step adaptation method 

in the octagon test section then clearing confirms the assumed 

fast conversions, The wall contour in general was already 

adapted after two regulation steps in general. We use the 

change in the data measured on the model as the truncation 

criterion. The high quality of the adjusted wall shape is 

demonstrated as an example for a tested model (Canard configura- 

tion) for a incident Mach number M, = 0.7 using interference- 
free comparison measurements. 



The outer field calculation required in any adaptation 

step was always performed using the subsonic panel method 

during the testing, in order to save calculation time. It 

was only in one flow case, where the local supersonic regions 

extended to the test section walls, that one could not achieve 

a reliable adaptation. A comparison calaulation with the 

TSP program then resulted in a somewhat different wall 

deflection for the first adaptation step- After improvement 

of the poor flow quality which occurs for incident flow near 

the speed of sound in the model test section, one should 

then perform a complete wall adaptation with the TSP method. 

At the conclusion of this paper we then developed a new 

method for testing three-dimensional models in wind tunnels 

with two flexible walls. By using the already mentioned 

general representation formula for the wall dependent 

perturbation pokBntia1,one can then calculate the interferences 

in the test section without any additional assumptions about 

the model induced flow field. It is shown that by aikuitable 

deflection of the upper and lower flexible walls, one can always 

remove the perturbation speeds along the model axis. The adapted 

wall shape for models with incidence is then determined from a 

series expansion from the deflections for '"a = 0 . 
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13. APPENDIX 

13.1 Calculation of the Influence Coefficients 

Using the abbreviation 

the following is obtained for the influence coefficients 

(Formulas (5.31) and (5.36) ) in the body-fixed (x,y,z)- 

coordinate system, Figure 9 

a - a --> . 
i , y  ay @ i j  + ni,r a z  @ i j  = ni "oij = n - a 

A i j  - ani + i j  

The calculation of ' 9 i j '  is done however, in the panel-related 

9 z')lin the most simple system ( X I ,  Y '  way - i  

+ b  + a  

-b -a 
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The reverse transformation into the body-fixed coordinates 

is then given by 

Depending on the distance between the target point P and 

the induced panel, after this three different formula collections 

are used for the perturbation speeds. The range of validity 

was limited as follows according to a suggestion by Hess and 

Smith /17/ (see Figure above) 

121 d 6 2.45 exact formulas 

2.45 < IX ” I  - 4 4 d 
multipole expansion up to including 
quadrupole term 

source approximation 
IY”I  - > 4 

d 

In the first two cases, the already mentioned transformation 

into the panel coordinate system is required. Exact formulas: 

With the abbreviations 

1 
1 7 I F  ( x ’ - a ) 2  + (y’+b)2 + z 1 2 )  

1 1 IF ( x ’ + a ) 2  + ( y ’ + b l 2  + z n 2 )  7 

d = 

e = 
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1 
f = {F ( x ' - a ) 2  + ( y ' - b ) 2  + z t 2 1  2 

1 
9 = (7 ( x ' + a ) 2  + ( y ' - b ) 2  + z I 2 1  -2 

1 

1 
B 

We find 

1 y ' + b + d  y ' + b + e  
ax' ' @  

( x ' , y ' , z ' )  = 4AB { I n  jiT3 - ' n  y'-b+g} 
r.., 

a 4  
I (O,O,O) = 0 .  ax 

a @  
I (O,O,O) = 0 .  a Y  

1 (O,O,O) = '2 az' 

Multipole expansion: 

Since the coordinate origin is at the panel center of 
gravity, no dipole term results. With the separation 
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it fo l lows  t h a t  

1 1  5 ( a x 1 ) 2 + ( B 2 b y 1 ) 2  
r0 

7 -2B' 

Source approximation: 

I n  t h e  body-fixed r e fe rence  system w e  assume t h a t  t h e  
2,) and panel  c e n t e r  of g r a v i t y  has  the  c o o r d i n a t e s  ( X ,  , y o  

t h e  t a r g e t  p o i n t  i s  given by ( x , y , z ) .  

Using 

w e  f i n d  t h a t  

Y o - Y  

r O 3  
a +  1 - ( x , y , z )  = - a Y  CI 7 6 7  c 4 a b  - 3 
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Influence coefficients A i j  for Ma ->1 ( B  ->O) 

FGr MoD - > I  the upstream and downstream effects of the induced 
panels vanish. The speeds induced in the circmferential direction 

are 

1 
a @  (O,O,O) = 7 az' 

13.2 Analytical Investigation of the Conversions of the 

Iterative Wall Adaptation Method 

We will start with the iteration scheme (3.3) 

) n  = I,?, ... (13.1) 

and we will define the increments 

(13.2) 
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The purpose of the following analysis is to establish a re- 

cursion formula for the . 

(13.3) 

Using relationships (6.12)-(6.14) we then find 

and from this 

(13.5) 

(13.3) and (13.5) give the important intermediate result 

n = l,Z, ... 
The iteration rule (13.6) apparently can be carried out exactly 

uniquely when the free constant in the solution collection of 

A' is suppressed, i.e. we only consider the subspace 

This additional assumption amounts to v ( n ) r ~  R,' because Gf 

(13.2). This only means that out of the first incident number 
of solutions v A  [Su I ('+ I] "physically correct" solution 
has to be taken (see Chapter 5.1). 

N -> ( n + l )  E F ? ~ ~  = R-CE' C=konst., e = ( 1 , 1 ,  ... , l ) ,  n = 1,2,..: 6vI 
A 

v A  [s 4 ( n+ '3 
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Since A' of the subspace R o l  can be inverted, using the 
A 

abbreviation A ' (  = A '  from (13.6) we find the desired recursion 
relationship RO' 

n = l , Z ,  ... 

with which one can then investigate the conversion pro9erties 

of (13.1). Because of 

then according to a well known mathematical theorem /16/, 

(13.1) converges. Then the following estimation applies for 

the spectral radius of the iteration matrix G = E - ~ i i - 1  

c(G) = max l h i l  < 1 
I g k N - I  

(13.9) 

The Eigen values of G are 

h i  = 1 - Kpi , i = 1 ,  ..., N - 1  (13.10) 

A 

are the Eigen values of A '  . where ui = ';T 1 
1 

According to the theorem of Gerschgorin /16/ we have the 

following inequality for the u' i  

1 1 
I u i  - 7 I' 7 , i = I, ..., N - 1  (13.11) 

(This follows from (6.6), (6.81, (6.9) and the fact that the 

V i ,  are also Eigen values of A ) .  

From (13.11) we find Re(ui ) 'O and therefore the following 

conversion theorem follows. 



L e t  UM = R e ( u ~ )  + i I m ( u ~ )  be t h e  Eigen va lue  of i'l 
w i t h  t h e  smallest real  p a r t .  Then t h e  i t e r a t i o n  procedure (13.1) 
converges e x a c t l y  f o r  a l l  K with 

0 < K < 2Re(uM) (13.12) 

Proof: 

From (13.10) it fo l lows  t h a t  

2KRe( v ) - K 2  

I i l  
R e h i )  1 v- + K 2  v 2  = 1 - 2 K  

and t h e r e f o r e  because of 

l h i I 2 <  1 < = >  PKRe(vi) - K 2  > 0 , i = l , . . . , N - l  (13.13) 

t h e  theorem i s  immediately proven. 

The m a t r i x  i s  a d i s c r e t e  f o r m  of t h e  i n t e g r a l  o p e r a t o r  
(6.3) ( r e s t r i c t e d  t o  t h e  p a r t i a l  space  of t h e  f u n c t i o n s  which 

are  n o t  c o n s t a n t  on S ) .  One then has  t o  ask  how VM and 
t h e r e f o r e  t h e  magnitude of t h e  p e r m i s s i b l e  r e g u l a t i o n  range 

2 R e ( v ~ )  depends on t h e  s e l e c t e d  panel ing .  

F r o m  l i t e r a t u r e  w e  can d e r i v e  t h e  g e n e r a l  f a c t  t h a t  
Fredholm i n t e g r a l  equat ions  of t h e  second k ind  have an i n f i n i t e  
number of Eigen va lues ,  which can ait; t h e  m o s t  accumblate a t  t h e  
o r i g i n  /20/. I n  o u r  case t h e  Eigen values (6.3) a r e  a l so  res t r ic ted 
( e s t i m a t i o n  (13.11) a p p l i e s  also f o r  t h e  cont inuous o p e r a t o r )  - 
Therefore  they  have t o  have an  accumulation p o i n t  (theorem of  
Bolzano-Weierstrass).  Therefore w e  have 

(13.14) 



and therefore using (13.12) we find 

K - ->  O for N - >  03 (13.15) 

The conversion of the iteration method (13.1) deteriorates 
as tne accuracy of the inner and outer field calculation increases. 

It even fails completely in the case of infinitely fine paneling! 

The "conversions" found during practical wind tunnel testing 

or during numerical simulation therefore XeonlY caused by the 

inaccurate numerical approximation of the boundary conditions! 
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Figure 1. Flow Regicns for  32 Model F l o w .  

Key: 1) c o n t r o l  s u r f a c e  S .  
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Figure 2. Iteration Wall Adaptation-Diagram. 

Key: 1) outer field calculation; 2) wall displacement; 
3) new; 4) yes; 5) no. 
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F i g u r e  3 .  Calspan Pipe: Velocity Measurement System. 
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Figure  4 .  Octagon T e s t  Sec t ion  w i t h  Canard Model. 

F i g u r e  5. E x t e r n a l  V i e w o f t h e  Octagon T e s t  Sec t ion .  
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6=0 

Figure 6, Three-Dimensional Design Task in the Subsonic 
Case. 
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F i g u r e  7. Design Methods. 

Key: 1) input data ;  2) iteration starting values; 3 )  initial 
contour; 4 )  yes; 5) no; 6) design; 7) post calculation; 
8 )  design cycle. 

90 



Figure 8. Deafgn Rile .  
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Figure 9. Paneling of C o n t r o l  Surface. 
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Figure 10. 
Key: 1) regulation factor K; 2) iterations. 

Convergence of Iteration Wall Adaptation. 
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Figure  11. Subsonic Programming System. 
Key: 1) d e f i n i t i o n  of surface p o i n t s ;  2)  panel inq  of control 

su r face ;  3 )  panel  coord ina tes ;  4 )  determina t ion  of i n f l u e n c e  
c o e f f i c i e n t s ;  5)  c o n t r o l  p o i n t s ;  6 )  measured va lues ;  
7 )  component if; 8 )  adapted va lues ;  9 )  c a l c u l a t i o n  of 
t h e  adapted w a l l  shape. 
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Figure 13. 

Key: 1) pressure; 2) adaptive; 3) single step method; 
Analytical Test Case C5-Body. 

4 )  wall contour: 5 )  wall position. 
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Figure 1 4 .  Convergence of Design Method. 
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Figure 15a. FFA-Model. 

Key: 1) wall deflection; 2) w a l l  position; 3) pressure coefficients. 

M,= 0.4994 
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Figure 15b. AGB-Model 3.5%. 

Key: 1) wall contours: 2) wall position: 3 )  pressure distribution. 

M,=0.4998 (Mkor=0.5060) a =4' 
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Figure  16 .  

I I 

a )  Onera C a l i b r a t i o n  Model C5. 

b)  ZKP F4-Model. 

c) Canard Model. 

LOO 



Figure  17. Preliminary Adjustment of Walls (Moo = 0.8). 
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Figure 18. Canard Model. 
Key: 1) pressure coefficient; 2 )  wall position; 3 )  flat wall; 

4) adapted wall (3rd WK!; 51 outer field (adapted wall). 

M,= 0.7 . _ _  a = - &.S t0  
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Figure  19. Adaptive Wall Contour ,  Canard Model. Moo = 0.8, a = 8.04 
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M, = 0.7 Figure  20. Canard Model. 
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Figure 21. Canard Model. 

Key: 1) deflection; 2 )  wall position; 3) lower wall; 
4) upper wall. 

M,=0.95; a=3.6lo 
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Flexible Walls. 

K e y :  1) control s u r f a c e .  1 0 6  1 



POSTSCRIPT 

This work was done during my activity as a scientific 

worker at the Institute for Aerodynamics in Space Flight at 

the Technical University Berlin, 

I would like to thank Professor Ganzer for scientific 

advice and his interest during the writing of the paper. 

I was stimulated by Professor Renner and Barche and 

thank them for carrying out my examination. 

I would like to thank the members of the working group 

of Professor Ganzer for their collaboration and the friendly 

working atmosphere. 

107 



VITAE 

Rainer Rebstock 

born in 

May 1982 

After Winter 
Semester 72/73 

May 1975 

October 1979 

November 1979 - 
March 1986 

Lower schools 

Mathematical natural gymnasium 

Abitur 

Study of Mathematics and Physics at 
the TU Berlin 

Preliminary Diploma Examination 

Diploma 

Scientific employee at the Institute for 
Aerodynahkcs and Space Flight at the TU Berlin 




