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1. Introduction

Validation datals2 from the Transonic Self-Streamlining Wind
Tunnel (TSWT), at The University of Southampton (U of 8), Englard,
has proved the feasibility of streamlining two-dimensional flexible
walls at low speeds and up to transonic speeds, the upper limit being
the speed where the flexible walls are just supercritical. At this
cordition, breakdown of the wall setting strategy is evident in that
convergence is neither as rapid nor as stable as for lower speeds,
and our wall streamlining criteria are not always campletely satis-
fied. At higher Mach numbers, supercritical flow extends 'through'
the flexible walls invalidating the linearised theory used to campute
the imaginary flowfields. However, supercritical flow at the walls
is not a major practical problem since the aerofoil shocks so far
observed, are locally normal to the flexible wall. Therefore, the
shock is not reflected and the wall itself supports the pressure rise
and prevents the flow direction change which might otherwise occur
with a ventilated test section. At Mach numbersapproaching unity
the shocks on the upper and lower surface of the aerofoil will move
towards the trailing edge and be oblique with respect to the flexible
.walls. For a 'streamlined' wall contour the oblique shocks will not
be reflected, however, in practice it may be necessary to adjust the
wall contour at the shock/wall impingement position to avoid reflection.
Therefore the only major step necessary to permit the extension of
two-dimensional testing into higher transonic speeds is the provision
of a rapid algoritlm to solve for mixed flow in the imaginary flow-
fields. This report outlines the status of two-dimensional high tran-
sonic testing in the Transonic Self-Streamlining Wind Tunnel, and in
particular, details the progress of adapting an algorithm, which solves
the Transonic Small Perturbation Equation, for predicting the imaginary
flowfields.



2. Background

In 1980 an attempt was made to adapt a time marching finite area algorithm
for use in the wall setting strategy of the TSWT. This effort by B. Mason was
submitted as a third year undergraduate project at the University of
Southampton in May 1983 and is entitled "Development of a Program for the
Flexible Wall Tunnel at Transonic Speeds.” The algorithm, original designed to
predict transonic flow with shocks in two-dimensional turbomachinery flow,
employed a time marching method developed initially by Denton.3 Due to the
problems encountered in the accuracy of shock placement (see Figure 1) and in
the practical application of the algorithm to the wall setting strategy, the
time marching method proved to be unsuitable for the needs of the TSWT.
However, Mason did conclude that any future wall setting strateqgy for high
transonic speeds would need to make an allowance for boundary layer growth at
the flexible wall due to shock/boundary layer interaction.

Extensive attempts to modify an existing, locally written compressible
subsonic streamline curvature algorithm followed, without success. However,
the Royal Aircraft Establishment (RAE), Farnborough, provided Fortran listings
of a numerical method that appeared to be suitable for the TSWI. Work relating
to the adaptation of this method to our needs, and the validation of the
resulting code, forms the subject of this report.



3. Transonic Small Perturbation Software

The software provided by RAE, Farnborough, was designed to predict two—
dimensional irrotational flow past lifting aerofoils in wind tunnels.? 1t
was planned to utilise the free air option of the software in order to
compute the imaginary flowfields of the TSWT. Once installed and run on the
TSWT computer (DEC PDP 11/34) it became apparent that an algorithm requiring
less memory with faster run times would be required for practical testing.
Therefore, it was decided to employ a less refined algorithm which was
developed by Albone® for free air applications only. This reduced memory
requirements from 25.5K to 22.5K words, thereby reducing run times 18
sec/iteration to 10 sec/iteration as no overlay structure was required. The
software was provided again by RAE, Farnborough.

The numerical method, in which the TSP equation is solved, is a

6 and of Krupp.7 The flow is

modification of the work of Murman and Cole
treated as isentropic and irrotational, so that shocks should be weak.
Strictly, the perturbations to the main-stream flow caused by the presence
of the aerofoil should be small, and the main stream Mach number should be
close to unity. 1In practice for free air it was found, that RAE TSP
solutions for aerofoils with non-blunt leading edges compared favorably with
those obtained by solving the exact equation for the velocity potential,8
even when the perturbations were far fram small and the free-stream Mach
numbers were as low as 0.6 (see Figures 2 and 3). However, it was expected
that TSWT application of the TSP method would provide a much less severe
test, as typical wall shapes would be 'represented' by aerofoils with sharp
leading edges and small thickness/chord ratios. The only serious
limitations of the TSP method in relation to its application to TSWT is that
it is confined to freestream Mach numbers below unity.

The RAE method involves transforming the infinite flowfield plane into
a finite square plane and a uniform rectangular finite-difference mesh is
superimposed on the transformed plane. The disturbance potential is
computed with the aid of successive line over-relaxation, at points formed
by the intersection of mesh lines. Therefore, the computing mesh is
indepéndent of aerofoil geometry, the only ‘real' aerofoil data being
required is the aerofoil slope at computing points in the x direction.

-3 -



4. Adaptation of TSP Software for TSWT

4.1. Test Case

The RAE software assumed a few library functions that were not
available on the DEC PDP 11/34. The necessary alterations, mainly to
the computing mesh setting-up procedure, allowed comparison of RAE TSP
results with those obtained at Southampton (see Figure 4). The reasons
for the discrepancies in shock position and pressures at the foot of
the shock are unknown. It was thought that the alterations to the soft-
ware coupled with a change of hardware would have little or no effect
on solutions. However, as a 'converged' solution was obtained after
300 iterations on the PDP 11/34 (1 hour), which was a vast improvement
on the time marching method, development of this version of the TSP
software to the TSWT continued.

4.2. software Alterations

The RAE method divides the computing mesh into four regions
(see Figure 5), new values for the scaled perturbation potential for
points of each region being camputed once per iteration. The iteration
cycle campleted by resetting the boundary conditions and modifying the
internal points by an amount proportional to the change in circulation
fram the previous iteration. However for TSWT applications the aerofoil
'representing' the wall shape would be symmetrical and at zero incidence,
hence without circulation. This allowed the deletion of the modification
to scaled perturbation potential fram the software, whilst reducing the
camputing mesh to three regions (see Figure 6). The other major altera-
tion was to create a uniform concentration of mesh points over the aero-
foil, instead of having a concentration at the leading edge where the
gradients are largest, as accuracy in the prediction of shock location
was of paramount importance for TSWI applications, whilst there is no
equivalence to the leading edge activity. It may becawe necessary to
concentrate points around the expected shock position. The above
alterations coupled with many minor ones reduced the required memory
of the TSP software for TSWT applications to 15K words and reduced run

time to 4 sec/fine mesh iteration.



5. Validation of TSP Method for TSWT Applications

5.1. Run 184

Initial validation of the U of S TSP software used existing data
from an earlier run of the test section at an appropriately high Mach number
(Run 184). For this run the aerofoil being tested was a NACA 0012-64
section at 4.0° incidence with a freestream Mach number of 0.8862. At this
condition supercritical flow had reached both flexible walls but the
existing wall setting strategy had contoured the walls to what it declared
to be 'streamlined' shapes. This was believed to be reasonable since there
was fair agreement with the pressure distribution on the aerofoil tested in
TSWT and the data derived independently in a conventional slotted test
section (see Figure 7). It should be noted that no allowance was made by
the wall setting strategy for wall boundary layer thickening due to shock
interaction. Mason did experiment in making crude provision for wall
boundary layer growth for Run 184 with some success. Therefore 'exact'
agreement of Run 184 data with results obtained from the TSP method was not
expected. Also it would not be expected to predict the rise in Mach number
just downstream of the shock exhibited by the top wall of Run 184 (see
Figure 1) as this was due to choking of the flow between the thickening
model wake and the wall boundary layer. Initial validation of the TSP
method was oconfined to the top wall of Run 184, as this was a more critical
case than the bottom wall.

5.2. Wall Representation

During early validation of the TSP method the top was represented
in the software by an aerofoil incorporating a 'closer' scheme or by an
aerofoil with a 'open' (blunt) trailing edge. Later work included an
aerofoil with an ‘open' extension. The various geometries are illustrated

on Figure 8.



5.3. Relaxation and Convergence Parameters

The rate of convergence to an 'acceptable' solution is accelerated
by adopting the standard technique of successive line over-relaxation. The
relaxation parameter value being varied according to whether the equation is
hyperbolic or elliptic and whether coarse of fine mesh calculations are
being performed. The relaxation parameter values suggested by Albone? for
typical aerofoils when applied to aerofoils 'representing' the top wall of
Run 184 resulted in non~convergence. This problem was rectified by
adjusting the relaxation values until optimum values resulting in
convergence were obtained for this application.

After each iteration the maximum change in scaled perturbation
potential on the aerofoil surface is calculated, convergence being achieved
when the s value is considered suitably small, this value being known as
the convergence parameter. For Run 184 the convergence parameter was taken
to be the value that obtained results that were no more than +0.05%
different from results obtained using the convergence parameter suggested by
Albone.? This reduction is thought to be reasonable when the accuracy of
data acquisition of the TSWI' is considered, and has the effect of reducing
the required number of iterations by more than two thirds. As the wall
shape of Run 184 is thought to be fairly 'typical' for high transonic
testing, the relaxation and convergence parameters of Run 184 should be
applicable to a wide range of tests involving supercritical flow at the

walls.

5.4. Validation Results

Whilst confident validation using existing data is not possible, it
appears that the TSP method offer real potential for TSWI applications (see
Table 1 and Figures 9, 10, 11).

Encouragement can be gained from the following:-
a) Solutions obtained from the various aerofoils 'representing' the

wall shape do no differ significantly.



b) Consistent prediction of shock location being downstream of the
experimental position reinforces the view that an allowance should be made
for wall boundary layer growth due to shock impingement. Experimental
evidence indicates that the predicted shock would move upstream if such an
allowance was made.

c) The iterative nature of the streamlining cycle demands that run
times for computing the imaginary flowfields should be short. Present TSP
computing times of 3 to 6 minutes with this tunnel/computer combination are
more than adequate for practical testing.

It should be noted that the chord of the aerofoil 'representing'
the wall contour will be at least 44", whilst the chord of the aerofoil
being tested will be in the region of 4". Therefore a small error in shock
location relative to chord in the imaginary flow calculation may become
significant when compared to the actual shock position of the aerofoil being
tested. Therefore concentration of mesh points around the expected shock

position may be necessary for our application of the TSP method.

5.5 Mach Number Range

The intended range of application of the TSP method for TSWT
purposes is from when the walls first become supercritical, to free-stream
Mach numbers just below unity. For the top wall contour set for Run 184 the
former condition is predicted by the TSP method to be reached when the free-
stream Mach number is just 0.82. Therefore, as Run 184 wall shape is
thought to be fairly 'typical' for high transonic testing the likely Mach
number operational range of the TSP method is from about 0.8 to 1.0.
Converged solutions for this wall have been obtained for Mach numbers up to
0.95 when an aerofoil with a 'closer' scheme has represented the wall and
0.92 for an ‘open' aerofoil. The computing times at these Mach numbers were
15 and 25 minutes respectively, experiences suggesting an inverse Mach
number/iteration relationship.

Attempts to achieve convergence at higher Mach numbers by adjusting the
relaxation parameters during computation have failed. This may not prove to
be a problem in practice, since the streamlined wall shapes at Mach numbers
approaching unity are likely to be significantly different from those of Run
184.°



6. Prediction of Wall Boundary layers

It has become apparent that the extension of two~-dimensional testing
into high transonic speeds not only requires the provision of a rapid
algorithm to solve for mixed flows in the imaginary flowfields, but the
prediction of wall boundary layer growth due to shock impingement is also
necessary.

The existing wall setting strategy references the wall displacements to
'aerodynamically straight' contours? and assumes that the imaginary
flowfields over the 'straight' contours are undisturbed. Variations in wall
boundary layer displacement thickness are calculated but are not employed by
the wall setting strategy. The calculations use a numerical solution of the
Von Karman Momentum Integral equation for a turbulent boundary layer and
predicts the ratio of boundary layer displacement thickness across the shock
to be in the region of 1.2 for the top wall of Run 184 (see Figure 12). For
the same conditions values predicted by the more modern Green? and Reshotko
and Tucker'0 methods are in the region of 1.4 to 1.5. Therefore the
existing method for calculating wall boundary layer displacement thickness
is considered inadequate for adoption into any future wali setting strategy

designed for high transonic testing.

Green's” method for predicting the behaviour of turbulent lavers in
two-dimensional and axi-symmetric, adiabatic compressible flow takes account
of the influence of the upstream flow history on the turbulent stresses.
The method employs the momentum integral equation, the entrainment equation
and an equation for the streamwise rate of change of entrainment
coefficient. The accuracy of the method in flow at constant pressure is
ensured by its derivation, but the available experimental data does not
enable its accuracy in flow with strong pressure gradients to be assessed
with any finality. However, as the main virtue of the method is its speed
and that it takes account of longitudinal surface curvature, it is intended
to use the method in the wall streamlining strategies used in high subsonic
testing. Prediction of wall boundary layers for TSWI purposes should be
within its capabilities. The software has already been installed in the
computer and the run time for a typical case is twenty seconds (see Figure
12).



7. Proposed Future Work

Present high transonic data obtained fram the TSWT is inadequate
for further validation of the TSP method. Therefore to allow high
speed operation of the tumnel and hence further validation, it will
be necessary to:-

a) incorporate the TSP software into the existing control software
of the TSWT.

b) utilise Green's method for predicting the develomment of wall
boundary layer in the wall setting strategy, in order to make an allow-
ance for wall boundary layer growth due to shock impingement.

Implementation of the above will allow further high speed valida-
tion testing, which is planned to cammence in late 1983. During further
validation it may become necessary to increase the concentration of
mesh points around the expected shock position in order to increase the
accuracy of shock location predicted by the TSP method.



8. Concluding Remarks

Initial validation suggests that the TSP algorithm does offer
real potential in extending the two—dimensional operational range of
the TSWT into higher transonic speeds. Prediction of the wall boundary
layer growth due to shock impingement should allow further progress.

-10 -
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Type of Wall Convergence Max. Coarse Fine Mesh Iterations Camputing Approximate

Representation Parameter Mesh Iterations | required for Con- Time Position of
vergence Shock Relative

to Run 184 Data

Aerofoil with 0.0001 45 31 3 mins 1" downstream

'Closer' Scheme

Aerofoil with . "

' ' Trailing 0.00007 70 17 2.5 mins 1.5" downstream

Edge

Aerofoil with

'Open' Exten-— 0.00007 70 73 6 mins 1.2" downstream

sion

Table 1: Validation Results of Run 184 (M, = 0.8862)



MACH NO

_£l_

FIG. 1 VALIDATION OF TIME MARCHING PROGRAM

MACH NO.= B,8862 ® EXISTING EXP. DATA C(RUN 1840
: 1,28 X JIME MARCHING RESULTS
B
1.18 - =
~ X
X
1.98 —
- * = *
¥ X |
.90 x X X XX
» X * # » » »
i x x®x X oxw, ¥ o x % %
s.60
-
0.70-
9.0~
] 1 ! 1 LU I ) ! 1 ! ! | | 1 i 1 I ! | |
8.8 4.8 8.8 12.8 16.8 20.8 24.9 28.8 32.8 2.8 4.8 44.8

MACH NO. DISTRIBUTION ALONG TOP WALL



© 0 © RAE TSP solution

'"Exact' solution
(Bauer, Garabedian ard Korn)

Fig.2: Comparison of calculated pressure distributions
RAE 2822 M,=0725, a=1-00°

- 14



-0

Fig. 3:

® 0 0 RAE TSP solution

—_— 'Exact’ Solution
(Bauer, Garabedian and Korn)

Comparison of calculated pressure distributions

RAE 2822, M,=0-725,d =2-62°
-15 -



*A
1.4 a®
S & % *
- aty . # a R A RAE TSP RESULTS
il X U OF 8 TSP RESULTS
1.8 "
- A
8.8
-
x
- X
Xy
8.4 ad4 X
i %
0.2 x X <
_ X X
X x X/C
I T 1 1T 1T 1 T *i ! T L 1 | )
.ﬁl 8.125 e.258 ..375 e.500 §os 8.758 0.87% 1.008
- x x
x
x x
8.2 x
x X
x
9.4~ * x X

FIG 4 COMPARISON OF TSP TEST CASES

LRAE 2822,M=8.725,d=2.862)

- 16 -



b=P
2N-+1

Region

2N

Region

Region

N+2

Aerofoil Slit | (Z=0) N-+1

N-1

'@

Region

}...__.____._.__.._._L..._..._.._._.______

—|N || [

L+1
L+2

2L

FIG. 5

9
]
4=-|‘b

$=0

} Coarse Mesh

P = Normalised Circulation
¢ = Perturbation Potential

} Fine Mesh

RAE COMPUTING PLANE (Z - X)

- 17 -

2L+1



$=0 ; $=0
AX /
- +| / \ N+]
Az} | | N

I | N-1
| : }
|

_ R . ' R . I R 3

¢ =0 _ egion @ l egion @ ' egion @ /¢
[ ' 4
I ' 4
I ! 3
| I 2
[ollels |
112{3{4{5 — | Aerofoil Slit{ (Z=10) i 1 e PLj2L+]
-1 +|
It! 2128 } Coarse Mesh
¢ = Perturbation Potential
YEI _ ;8 } Fine Mesh
FIG. 6 UNIVERSITY OF SOUTHAMPTON COMPUTING PLANE (Z - X)

<18 -



—Gl—

-1.0- Upper surface

-1.0- Lower surface
© NASA results
Run 184 results
-095- -0-5"
Cp Cp
(]
¥ . ! 1 L} 1 ! 1 i ) !
20 40 60 80 100 20 40 60 80 100
percent chord percent chord

p of
4
'I
0.5- 0.5"?

FIG, 7: COMPARISON OF NASA AND RUN 184 PRESSURE DATA FOR NACA 0012-64 SECTION
AT 4° INCIDENCE, M, =0.886



Wall
Displacement
from
Aerodynamic
Straight (y)

FIG.

oll 44"

I 0.305" \L
: Y )
—= Distance along wall(x) ?
0.0815"

Jack 1 Jack 19

Y
44" 54 0"
...... -,

I Oll 44"

44" 50"

8 TOP WALL REPRESENTATION OF RUN 184

- 20 -

Top Wall Contour

Aerofoil with
'Closer' Scheme

Aerofoil with
'Open' Trailing
Edge (1e. no

"Closer")

Aerofoil with
'Open’ Extension




FIG. 9 VALIDATION OF WALL TSP PROGRAM

MACH NO.= ©.8862 ® EXISTING EXP. DATA C(RUN 184)

X JSP RESULTS (WITH CLOSER)
'.a-

g’ X
T 4
(37
3 »
1.18 - x
1.08 -
l -— *
N 1 ‘(
T‘ X 'x
8.00~ » X Xk X Xx x
* x o x x Ex foox XX X X X g X XA o
- b
X Xy Jx
0.08 —
0.78 -
.00 -
| L I L L DL . DAL At DL L L . D L L L L L DL L L B
9.8 4.8 8.8 12.8 16.8 28.8 24.8 28.8 82.9 28.8 4.8 4.8

MACH NO. DISTRIBUTION ALONG TOP WALL TNCHES



- a2 -

MACH NO.

FIG.

1.28
i.ll-J

1.80 -

-

ﬂ
0.0

0.08

®
X % x x x xExx e w

1@ VALIDATION OF WALL TSP PROGRAM

MACH NOC.= B,8862 % EXISTING EXP. DATA CRUN 184

X JSP RESULTS (NO CLOSERD
AN

x
x X 50 Fng 3¢ 3¢ WK X KR X X KX X M 3¢ 3¢ JF

»
o omx
R

xxx

1 1
e.0

T
“.

| ! 1 1 ] I

LK UL 1 !
8.8 12.9 16.8

2.9 24.0

1 1 ! ! J 1 !
2.8

MACH NO. DISTRIBUTION ALONG TOP WALL



_sz_

FIG. 11 VALIDATION OF WALL TSP PROGRAM

MACH NO.

.00

=
X X X X % ¥y 5 % »
XX xx x %

MACH NO.= 0. 8862

B EXISTING EXP. DATA CRUN 1840

X ISP RESULTS COPEN EXTENSIOND

J 1 J ! J I J 1 { J I J I J
4.8 .8 12.9 16.8 2.0 24.8 2%.9 2.8

MACH NO. DISTRIBUTION ALONG TOP WALL



-bz_

B.L. DISPLACEMENT THICKNESS

FIG.

12 COMPARISON OF B.L. CALCULATIONS

CRUN 184 — TOP WALL)D
® EXISTING TSWT METHOD

9.12 -
% BREENS METHOD
.18
X

- b9
9.90 x x » *
-89 X

»
- X »
=
b3
9,00
x X *
- " X o »
=
E
3 »

9.84 - x : x'

- x * X

* =

8.82 "
T TrT T T T T T T T T T T T

9.8 4.8 8.8 12.8 10.8 20.9 24.9 2.8 2.8 36.9 49.9 4.9

DISTANCE ALONG TEST SECTION C(INCHES)D



1. Report No. 2. Government Accession No. 73. Reci;;ie“n;'_slca.n;l;); No.

NASA CR-3785

4, Title and Subtitle T 7 T 5. Repbrr'trDiate

THE STATUS OF ANALYTICAL PREPARATION FOR TWO-DIMENSIONAL March 1984

TESTING AT HIGH TRANSONIC SPEEDS IN THE UNIVERSITY OF 6. Performing Organization Code
SOUTHAMPTON TRANSONIC SELF-STREAMLINING WIND TUNNEL

7. Author(s) 8. Performing Organization Report No.
M. C. Lewis

10. Work Unit No.

9. P.erformin'g Organization Name and Address
University of Southampton

Department of Aeronautics and Astronautics 11. Contract or Grant No.
S09 - 5NH - Hants NSG-7172
Hampshire, England

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address

National Aeronautics and Space Administration Contractor Report
Washington, D.C. 20546 14. Sponsoring Agency Code
505-31-53-10

15. Supplementary Notes
Langley Technical Monitor: Charles L. Ladson

16. Abstract

Validation data from the Transonic Self-Streamlining Wind Tunnel,
at The University of Southampton, England, has proved the feasibility of
streamlining two-dimensional flexible walls at low speeds and up to
transonic speeds, the upper limit being the speed where the flexible
walls are just supercritical. At this condition, breakdown of the wall
setting strategy is evident in that convergence is neither as rapid nor
as stable as for lower speeds, and our wall streamlining criteria are
not always completely satisfied. The only major step necessary to
permit the extension of two-dimensional testing into higher transonic
speeds is the provision of a rapid algorithm to solve for mixed flow in
the imaginary flowfields. This report outlines the status of two-
dimensional high transonic testing in the Transonic Self-Streamlining
Wind Tunnel and, in particular, details the progress of adapting an
algorithm, which solves the Transonic Small Perturbation Equation, for
predicting the imaginary flowfields.

17. Key Words (Suggested by Author(s)) ] 18. Distribution Statement
Agrodynamlcs Unclassified - Unlimited
Airfoils
Transonic Wind Tunnels Star Category - 02

Adaptive Wall Wind Tunnels

19. Security Classif. (of this report) 20. Security Classif. {of this page) 21. No. of Pages P
Unclassified Unclassified 27 A03
t-30° For sale by the National Technical information Service, Springfield. Virginia 22161

NASA-Langley, 198



