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T 

SUMMARY 

The original flexible top and bottom walls of the Transonic 

Self Streamlining Wind Tunnel (TSWT), at the University of 

Southampton, have been replaced with new walls featuring a larger 

number of static pressure tappings and detailed mechanical improvements. 

This report outlines the streamlining method, results, and conclusions of a 

series of tests aimed at defining sets of "aerodynamically straight" wall 

contours for the new flexible walls. This procedure is a necessary prelude 

to model te::;ting. The quality of data* obtained compares favourably with 

the r'al'rociynamically straight" data obtained with the old walls. No 

operational difficulties were experienced with the new walls. 

* Quality of data is measured in terms of residual variations in the Mach 
number distributions along the centreline of the flexible walls. 
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1. Introduetion 

Validation data 1,2,3 from the Transonic Self-Streamlining Wind 

Tunnel (TSWT), at the University of Southampton, has proved the notion 

that adjusting the top and bottom flexible impervious walls to unloaded 

streamlines allows the simulation of infinite flow around two-dimensional 

models. The iterative process of contouring the walls towards streamlines 

depends on the magnitude of the flow disturbances caused by the model 

within the test section, and also on computations of imaginary flowfields 

I!xtending from the flexible walls to infinity. Both quantities depend upon 

the displacements of the walls from straight. Therefore a prerequisite of 

T~WT model tests is the determination of straight wall contours. The aim 

of straight wall contours is to diverge the two flexible walls from 

geometrically straight, in order to absorb the growth of the displacement 

thickness of the boundary layers on all four walls of the empty test section. 

The divergence results in a constant centreline Mach number along the 

walls of the empty test section equal to the reference value. Wall contours 

derived in this way are described as "aerodynamically straight". In the 

streamlining of the walls around a model it has become practice that wall 

displacements be referenced to the appropriate "aerodynamically straight" 

wall contours. The TSWT has approximately constant stagnation 

conditions close to atmospheric and in these circumstances the contours are 

weak functions of air speed. The practice is to regard the contours as 

functions of reference Mach number. 

This report outlines the streamlining method used, results, and 

conclusions of a series of tests aimed at defining sets of "aerodynamically 

straight" wall contours over a range of Mach number for the recently 

installed new flexible walls of the TSWT. Initial results from wind-on wall 

deflection tests are also reported. 

2. ~~xperimentall\1ct~od 

The TSWT test section is a nominal 6 inches square in cross section 

and has impervious flexible top and bottom walls 44 inches in length, each 

fitted with 20 motorised screw-jacks. The sidewalls are rigid and non 



porous. Statie pressures arc measured at each jack position on each flexible 

wall (except at Jack 20), allowing the local Mach number to be calculated 

and adjusted by means of jack movement. The tunnel has a closed circuit 

with induced drive, using dried air at atmospheric stagnation conditions in 

the test section (see Figure 1 for diagram of test section). The tunnel 

reference Mach number (M.,,) is derived from the settling chamber 

stagnation pressure and the centre-sidewall reference static orifice 

positioned level with the anchor point of the flexible walls. 

The original flexible walls were in operational use for over 6 years, 

by which time signs of wear had become obvious. The new flexible walls, 

which have recently been installed, have an improved jack/wall swinging 

link mechanism to eliminate some weaknesses which had become apparent 

in the flexures hitherto used to join the jack pushrods to the wall stiffeners. 

The weaknesses included occasional flexure cracking and limited slipping 

of flexure end-fixings. Wall position is measured by monitoring pushrod 

movement, therefore uncontrolled free play between the pushrods and wall 

is most undesirable. Figure 2 shows the design of the jack/wall link 

mechanism now in use. The opportunity was taken to provide an increased 

number of static pressure orifices on the new walls (5 per jack position) to 

improve the three-dimensional research capability of the tunnel. 

A prerequisite of all tests is the determination of "aerodynamically 

straight"' wall contours. As a starting point the top and bottom flexible 

walls were manually set to geometrically straight contours, parallel to 

each other and to a pair of test section backbones. When run in this 

condition the centreline Mach number distribution along the flexible walls 

are, of course, non uniform due to growth of wall boundary layers. Figure 3 

shows an example of the magnitude of the effect at a reference Mach 

number of 0.63. Towards the downstream end of the test section the 

centreline ~ach number has risen tojust over 0.7. 

"Aerodynamically straight" streamlining diverges the two flexible 

walls in order to absorb the growth of the displacement thickness of the 

boundary layer on all four walls of the empty test section. The divergence 

is a function of Reynolds number and Mach number. In the TSWT the two 

vary together because of the atmospheric stagnation conditions. The 
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determination of "aerodynamically straight" wall contours in tunnels 

which have the provision for variable stagnation conditions would be a 

more complex procedure. 

The variation of "aerodynamically straight" wall contours is, in 

principle. a continuous function of (in the case of the TSWT) reference 

Mach numher. In past tests2,:l,4, however, it was found that the variations 

of wall contours were a rather weak (unction of reference Mach number and 

it is adequate to determine only a few "aerodynamically straight" wall 

contours and to designate each to a band of reference Mach number. 

The maximum nominal reference Mach number at which 

"aerodynamicaLly straight" wall contours were achieved. during the tests 

under discussion in this report, was 0.8. Streamlining at higher reference 

Mach numhers was not possible due to a temporary reduction in the 

pressure of the dried air supply (from 300 to 150 p.s.i.). Past TSWT tests4, 

lIsing the original flexible walls, have achieved satisfactory 

"w.'r(ulyrlllmically straight" wall contours for reference Mach numbers up to 

0.94. The sensitivity of Mach number to flow area, coupled with 

consequences of the weaknesses in the flexure design, prevented 

streamlining at Mach numbers higher than 0.94. It is possible that the 

new flexihle walls of the TSWT with their modified jack/wall link 

mechanism may allow "aerodynamically straight" streamlining at higher 

speeds. "Aerodynamically straight" streamlining of the new flexible walls, 

:\t reference Mach numbers above 0.8, will commence once the dried air 

supply pressure has been returned to its original value (timetabled for the 

latter half of this year). 

:J. "AerodynamicaLly Straight" Wall Adjustment Strategy 

The normal streamlining of the flexible walls around a 

two dimensional model is achieved by using Judd's predictive wall 

adjustment strategy5.6. However for "aerodynamically straight" 

streamlining the old "imbalance" wall adjustment strategy was used. This 

strategy uses the simple rule that, in subsonic flow, the Mach number at a 

point on the wall will be reduced by moving the wall locally away from the 
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test section centreline, and vice-versa. The movement of a jack is made 

proportioinal to the difference between the local (centreline) and reference 

Mach numbers. Employment of this "imbalance" strategy resulted in 

satisfactory "aerodynamically straight" wall contours from geometrically 

straight contours after not more than 10 streamlining iterations.* Once 

the first set of "aerodynamically straight" wall contours was found the 

number of iterations required to produce the next set at another Mach 

number was significantly reduced if streamlining was initiated from the 

previous "aerodynamically straight" wall contour (as opposed to the 

~eometrically straight contour>. The relationship between the wall 

movement (Oy inches) and the desired change of local Mach number (8M) 

which was used with this test section varied from 

8 
-y = 0.8 to 
oM 

o 
-L = 0.1 
oM 

the value being reduced with Mach number error. In an attempt to reduce 

the number of iterations required to produce a satisfactory contour, the 

value of oy/8M was chosen by the tunnel operator at the start of each 

streamlining iteration. However if one value of 8y/8M is to be used, then 

0.4 inches is recommended as this leads to satisfactory wall contours within 

an acceptable number of streamlining iterations. 

1. Discussion of Results 

1.1 "AerodY'l:amically Straight" Tests 

1.1.1 Summary of He suits 

"Aerodynamically straight" wall contours for the new flexible walls 

were determined at reference Mach numbers of 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 

* One streamlining iteration comprises of measuring the local Mach 
numbers at all jack positions on both walls, then moving all jacks in 
response to the local errors. 
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(contours A. B, C, D, E and F respectively). The quality of streamlining is 

summarised by the standard deviation (0) of the wall centreline Mach 

number errors existing at the first 18 measuring points (first 18 jacks) on 

each wall. Wall adjustments were continued until the standard deviation 

values oflhe two walls were small and approximately equal, typically lying 

in the band of 0.0005 to 0.0035. The standard deviations afl~ weighted by 

the reference Mach number, and the quality of the streamlining of a pair of 

walls is then summarised by the average weighted standard deviation (oav) 

given by:-

o = 
<w 2M . .., 

where OT, ()/J are respectively the top and bottom wall standard deviations. 

Table 1 summarises the "aerodynamically straight" performance of 

the new flexible walls, whilst the Mach number distributions along the 

walls for each of the contours is shown in Figure 4. Typical 

"aerodynamically straight" wall displacements from the geometrically 

straight contours are illustrated in Figure 5. 

1.1.2 Comparison of "Aerodynamically Straight" Performance of 

Original and New Flexible Walls 

Table 2 compares "aerodynamically straight" data for reference 

Mach numbers of 0.7 and 0.8 obtained by:-

1) Wolf - using the original flexible walls early m their 

operational life (December 1981). 

2) Lewis (A) - using the original flexible walls towards the end 

of their operational life (August 1984). 

3) Lewis (B) - using the new flexible walls (December 1985). 

Comparison of Wolf with Lewis (A) data indicates the extent of 

deterioration in performance of the original walls during their operational 
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life. The Lewis (B) data indicates that the "aerodynamically straight" 

performance of the new flexible walls compares favourably with the initial 

performance of the original walls. The improvedjack/wall link mechanism 

now in use should significantly increase the operational life of the new 

walls in terms of the rate of deterioration of the standard deviation in wall 

centreline Mach number. 

1.1.3 The Consequence of using Contours Outside their Designated 

Mach Number Band 

The data in Figure 6 demonstrates that the "aerodynamically 

straight" wall contours are a weak function of reference Mach number. 

Therefore the consequence of using one of the contours at a reference Mach 

number outside its designated band of validity is not serious. For example 

the A contour (derived for Mach 0.3) when run at Mach 0.7 showed an 

average weighted standard deviation value (oav) of 0.0048, which compares 

quite well with the value of 0.0037 obtained with contour E (derived for 

Mach 0.7). 

1.1 A ~;xperimental and Predicted "Aerodynamically Straight" Wall 

Contours 

The "aerodynamically straight" wall divergence absorbs the growth 

of displacement thickness of the boundary layer on all four walls of the 

empty test section. This is demonstrated in Figure 7, where discrepancies 

between total wall movement from geometrically straight and predicted 

values are small; the predicted values are 4 times the boundary layer 

displacement thickness for one wall. The displacement thickness was 

computed by the following 2 methods:-

1) a numerical solution of the Von Karman momentum 

integral equation for a turbulent boundary layer (TSWT BL 

Program). 

2) RAE Lag Entrainment turbulent boundary layer program 

(RAE BL Program). 
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As expected similar boundary layer displacement thickness 

distributions are computed by either method for this simple case. 

".1.5 Future Tests 

The errors revealed in Table 1 are thought to be quite acceptable for 

use with TSWT. The "aerodynamically straight" wall contours will be used 

when necessary as a starting point for streamlining with a model present. 

Table 3 shows the designated band of reference Mach number for each 

contour. At present it is thought that three-dimensional model testing 

demands a finer definition of "aerodynamically straight" wall contours 

than two-dimensional testing. Therefore a116 contours may be required for 

three dimensional model tests, whilst only 3 contours (D, E, F) will be used 

during two dimensional model tests. 

Once the tunnel's dried air supply has been returned to its original 

value of 300 p.s.i. "aerodynamically straight" streamlining will commence 

for reference Mach numbers greater than 0.8. 

4.2 Wind-On Wall Deflection Tests 

Conventional TSWT control software relies on the position of the 

flexible walls remaining unchanged between the wind-on and wind-off 

stages of streamlining. However during some high subsonic 

two dimensional model tests4 using the original flexible walls, wind-on 

wall deflections (at jack positions) of up to 0.015 inch were experienced 

compared with their wind-ofT positions. The wall deflection was almost 

always towards the tunnel axis indicating a greater plenum chamber 

pressure than test section pressure. If ignored, wind-on wall deflections of 

such a magnitude are likely to have a significant effect on the quality of 

streamlining. Therefore the wind-on wall deflections of the new walls were 

measured. The test procedure was to continuously monitor wall position at 

the 20 jack positions on each wall during the wind-on stage of a 

streamlining iteration. Empty test section results were highly 

encouraging as no wind-on wall deflections were recorded. Wall deflection 

tests with a model installed in the test section provide a much more severe 

test case. However initial low speed (M,,, not greater than 0.8) 

two dimensional model tests indicate no significant wind-on wall 
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movement. Therefore it can be concluded that the new flexible walls have 

improved the wind-on wall deflection performance of the tunnel. 

1.3 Some Cautionary Notes 

1.3.1 Repeatability of "Aerodynamically Straight" Performance 

It has been found that the quality of the results shown in Table 1 

cannot always be repeated if for any reason the walls have been moved by 

their jacks a substantial distance away from straight and are then returned 

to one of the straight contour sets. However, if the wall setting procedure is 

repeated or the necessary wall movements are small then reasonable 

repeatability can be achieved. At present the reason for this is not fully 

1I nderstood. 

1.3.2 "Aerodynamically Straight" Wall Contours with Centreline 

Curvature 

By changing the streamlining procedure it is possible to derive 

"aerodynamically straight" wall contours that fulfill the standard deviation 

criteria but do not diverge symmetrically from geometrically straight. 

~'igure 8 shows a wall contour derived by Neal* that produces centreline 

Mach number standard deviation values for the top and bottom walls of 

0.0016 and 0.0012 respectively at a reference Mach number of 0.6, despite 

top wall displacements between jacks 2 and 9 being negative (that is, 

towards the tunnel centreline) with respect to geometrically straight. The 

contour was produced by using a larger oy/oM value for the bottom wall 

than for the top wall during initial streamlining iterations and then using 

equal values during the final iterations. While this contour does absorb the 

test section boundary layer displacement thickness (see Figure 9), it should 

not be used as "aerodynamically straight" since the tunnel centreline is 

curved. The data on Figure 8 suggests a curvature of about 0.1 inches over 

a 20 inch length of test section. Approximating this to an arc it is easy to 

show that the curvature of the centreline will induce a camber angle of just 

1: G. Neal - Research Assistant, Department of Aeronautics and 
Astronautics, University of Southampton, U.K. (NASA Grant 
NSG-7172) 
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over 0.1 degrees over the chord of a typical aerofoil model. Therefore 

during "aerodynamically straight" streamlining it is recommended that 

wall displacements be carefully monitored to minimise the effect, 

otherwise there could be questions on the validity of later claims for the 

quality of streamlining around a model because of uncertainty in the 

effects of induced camber and on angle of attack. 

4.3.:1 Off-Centre "Aerodynamically Straight" Performance of the New 

Flexihle Walls 

The indications of the row of pressure orifices along the centreline 

of each wall were used in setting the walls, and the performance figures so 

far presented are for these orifices. The flexible walls have a total of 5 rows 

of orifices (95 tappings per wall in total - jacks 20 do not have pressure 

tappings) and it is found that the standard deviations in wall Mach number 

along off centre rows is higher than along the centreline (see Table 4 and 

Figure 10*). The most likely reason is waviness in the walls and a 

monitoring device, designed to be bolted onto the side of the test section in 

place of the usual sidewall to show defects in wall shape, is presently being 

manufactured. When completed, investigations will commence aimed at 

identifying the reason for large variations in wall Mach number across the 

width of the test section. 

5. Conclusions 

l) The new flexible walls exhibit no operational difficulties of a 

mechanical nature. 

2) For reference Mach numhers up to 0.8, "aerodynamically straight" wall 

contours have been determined which will be suitable for 

two dimensional testing. 

* See Figure 2 for relative positions of pressure orifices (1), (2) and (3) 
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:1) Care must be taken to ensure that a straight test section centreline 

exists after setting the walls "aerodynamically straight". 

4) Variations of wall Mach numocrs across the width of the test section 

seem higher than necessary. Action is needed to identify the reason. 

5) Further work is necessary to define "aerodynamically straight" wall 

contours for reference Mach numbers above 0.8. 
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Table 1: "Aerodynamically Straight" Performance of New Flexible Walls 

--

Standard Deviation of 
Local Mach Number 

Reference (Wall Centreline) Average Weighted 
Contour Mach Number Standard Deviation 

(M.t)j 
Top Wall 

(unu ) 

Bottom 
(aT) Wall (aB) 

A 0.3 0.0007 0.0017 0.0040 

B 0.4 0.0014 0.0015 0.0036 
-. 

C 0.5 0.0012 0.0020 0.0032 
-- f-----

D 0.6 0.0014 0.0024 0.0032 
f--. 

E 0.7 0.0023 0.0029 0.0037 

F 0.8 0.0029 0.0031 0.0037 

11 



Table 2: Comparison of "Aerodynamically Straight" Performance of Original and New Flexible Walls 

I Standard Deviation 

Flexible I 
of Local Mach Number 

Average Weighted I Reference Author of (Wall Centreline) 

Mach Number Wall Data Standard Deviation ; 

(Moo) (OUI') 
I 

I 

Top Wall (or) Bottom Wall (OB) 

..... 
IV Wolf 0.0021 0.0023 0.0031 

Original 

0.7 Lewis (A) 0.0030 0.0036 0.0047 

New Lewis (B) 0.0023 0.0029 0.0037 

Wolf 0.0023 0.0027 0.0031 
Original 

0.8 Lewis (A) 0.0031 0.0048 0.0049 

New Lewis (B) 0.0029 0.0031 0.0037 



(on tour 

--.----
A 

B 

( 
----

---.. 
o 
E 

F 
----

--

Table 3: Designated Mach Number Band for 

"Aerodynamically Straight"Wall Contours 

Designated Reference Mach Number Band 

Two-Dimensional Model Tests Three-Dimensional Model Tests 

- up to 0.35 

- 0.35 to 0.45 

- 0.45 to 0.55 

below 0.65 0.55 to 0.65 

0.65 to 0.75 0.65 to 0.75 

above 0.75 above 0.75 
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Table 4: Off-Centre "Aerodynamically Straight" Performance 

of the New Flexible Walls 

Avera3e Weighted 
Standar Deviation (oav) 

Reference 
Contour Mach Number Off-Centre Centreline (Moo) 

Orifice (1) Orifice (2) Orifice (3) 

A 0.3 0.0155 0.0115 0.0040 

B 0.4 0.0135 0.0095 0.0036 

C 0.5 0.0141 0.0102 0.0032 
1------.- -.-------

D 0.6 0.0195 0.0134 0.0032 
'------- -

E 0.7 0.0183 0.0125 0.0037 
-----
F 0.8 0.0166 0.0114 0.0037 

'-------

Note:- See Figure 2 for relative positions of pressure orifices (1), (2) and (3) 
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Figure 7:- Total Wall Movement of "Aerodynamically Straight" Contour D 
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