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ABSTRACT

Experimental investigation of transonic flow problems has always been an order of
magnitude more difficult than the experimental investigation of problems in subsonic
or‘supersonic flow. In the beginning, the generation of transonic flow in the wind
tunnel was itself a problem which was later overcome by the development of
ventilated wall wind tunnels. Though this development considerably improved the
understanding of transonic flow to enable satisfactory development of aerospace
vehicles at subcritical speeds, it was found that there were still many lacunae at
supercritical speeds in terms of inability to properly correct for wall interference
effects and inability to simulate flight Reynolds numbers. With the development of
shock-free airfoil by Pearcey and the possibility of efficient supercritical {light speeds,
the need to overcome these experimental difficulties become imminent. This paper
gives a brief account of the phenomenal progress that has taken place in recent years

in overcoming these experimental difficulties.

INTRODUCTION

N part 1!, the phenomenal progress that has

taken place in recent years in overcoming
many theoretical and computational difticulties
that plagued transonic flow studies for quite
some time was dealt with. Here. in part 11, the
experimental aspects of transonic flow inves-
tigation. which also posed many difficulties,
will be discussed. Some of these difficuluies
were overcome in the early fifties enabling
qualitative understanding of the transonic flow
phenomena through experiments in transonic
wind tunnels. There was. however, still con-
siderable lacuna and limitations in thesc facili-
ties because of which it was not possible to get
accurate quantitative data from these tunnels.
But. during the sixtics. there*was a lull in
further developments. since. as discussed in

part 1'. the possibility of sustained tlight at

supercritical speeds appeared remote. Howev-
er. the experimental demonstration of shock-
free airfoils by Pearcey- provided the impetus
for renewed vigorous cfforts not only on the
"theoretical and computational front as de-

scribed in part I, but also on the experimental
front as well. As a result of this renewed effort
there has been phenomenal progress in the
experimental field’. The main theme of this
paper is to highlight the recent developments
that have taken place. But to provide the
necessary background a brief discussion of the
status of this field prior to these developments
and the need for overcoming many of the then
prevailing limitations would be presented.

FARLIER STATUS OF THE FIELD

Because air is a compressible fluid, as the
velocity of air is Increased, not only 1s the
pressure decreased, but the density also de-
creases. For this reason (without gotag into 100
much detail) if there is sufficient pressure
difference across a flow channel, the velocity
reaches sonic value at the mimimum ¢ross
sectional arca (called thraat) and it would be
subsonic upstream of it and supersonic down-
stream of it That is why a supersonic nozzie
has a comvergent-divergent shape. A model
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hept i a comentional wind tunnel with solid
walls forms a throat at that section: even for
supersopic nozzle of Mach number close to
unity. Thus test Mach numbers in the neigh-
bourhood of one cannot be attained 1n solid-
walled tunnels. This phenomenon. called chok-
ing. can however be prevented 1n an open jet
tunnel (figure 1). but it provides shghtly
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unsteady flow and the power requirements are
higher. Apart from this, at subsonic speeds,
the solid wall and open jet boundaries generate
respectively higher and lower velocities over
the model relative to that obtained in free
thght. This interference due to boundaries is
rather high at transonic speeds. At low super-
sonic speeds, the shock emanating from the
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nose of the body reflects back from the
boundary (as shock in case of solid wall and
expansion wave in case of open boundary) on
to the model, and invalidates the results. Thus,
the interference produced by the solid wall
boundary and open jet free boundary are
opposite in character. Therefore, the develop-
ment during 1950°s of ventilated wall tunnels
(slotted or perforated which is between closed
and open jet test section) was the natural
course (figure 1). This prevented choking,
reduced interference and permitted transonic
testing. For a more detailed account of such
fransonic wind tunnels, one may refer to the
book by Goethert®. The development of these
tunnels contributed enormously to a better
understanding of transonic flow phenomena.

However, the interference though reduced
was still large enough and some interference
corrections to model data were needed. An
estimate of these corrections was obtained by
using, the same linear theory that was used in
subsonic tests in conventional tunnels but with
appropriate boundary conditions to represent
the ventilated walls. These boundary condi-
tions are

dh 52(,5
— + K = (} for slotted walls, (1)
dx ox dy
db 1 dp
and, «-—+ — —= 0 for perforated walls,

ax R dy (2)

where ¢ is the perturbation potential, the
gradient of which gives the perturbation veloc-
ity relative to free stream velocity, x s along
the wall and y is normal to the wall, K and R
are parameters which depend respectively on
the slot geometry and open arca rato of the
peiforated walls.

A detailed review of this classical method of
estimating the interfercnce corrections was
given by Garner et af and Pindzola and Lo°.
The various methods adopted in practice to
determine the parameters K and R arc
summarised in ref. 7. References 8, 9 and 10
give additional information on this subject.
Though these methods were reasonably ac-
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ceptable for tests at subcritical speeds, they
were not considered good enough to provide
accurate data at supercritical speeds as would
be explained in the next section.

Further the model Reynolds number that
could be obtained was well below the tlight
Reynolds number, but were high enough to
enable extrapolation of drag data to {light
Reynolds number for subscritical speeds. But
as will be seen in the next section, this
Reynolds number capability was not sufficient
to simulate proper flow at supercritical speeds.

NEED FOR FURTHER DEVELOPMENTS

In this section we shall bring out 1nade-
quacies of the then existing facihities and test
techniques to meet the objective of obtaining
accurate data at supercritical speeds so that
one can have a better appreciation of the great
progress that has taken place in the recent past
to overcome these drawbacks.

a) Limitations of interference corrections based
on linear theory

The parameters K and R used in classical
linear theory of wall interference are affected
by wall boundary layer'"’?, whose develop-
ment depends on the pressure field induced by
the model. Hence it is not possible to deter-
mine these parameters with any certainty. In
view of this, the estimation of wall interfer-
ence, though reasonably acceptable at subscri-
tical speeds, was found to be inadequate at
supercritical speeds. In fact, the results
obtained on a supercritical airfoil’ in a 2-D
slotted tunnel of 8% open arca ratio (a value
considered satisfactory from lincar theory)
were so distorted that it could not be matched
with mterference frec results tor any M. and

. «. These studics showed that the open area

ratio of the walls had an enormous cliects on
the pressure distribution on the model (e
figurc 2} and an open area ratio i the range of
2-2.3% gave distortion-free results (not neces-
satily interference free), The eapertence with
perforated walls™ has abo been similar.
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Theretore it became essential that one had
to find new means of overcoming this wall
interference problem 10 generate accurate
data, particularly at supercritical speeds.

0 M=0 767, a22% 2% OAR NAL (WITHOUT GRID)
+ M20 763,025 3% DAR NAL (WITH GRID)

X MrQO783,72% 89%0AR NAL (WITH GRID)
¢ M*0.763,L0 1586, ARA

b) Effect of non-simulation of flight Reynolds
numbers

The effect of the non-simulation of flight
Reynolds number on the qualitative flow over
an airfoil at subcritical and supercritical condi
tions 1s shown in figure 3. In most cases, ai
artificial roughness (minimum required) i
incorporated near the leading edge of the
model to make the boundary layer just turbu
lent but not add excessive drag due to pro-
tuberance of the roughness. The displacement
etfect of the boundary layer is higher at the
lower model Reynolds number compared to
that at flight Reynolds number.

At subcritical speeds, the qualitiative flow
pattern does not however alter much and
methods have been developed to extrapolate
: the results obtained at model Reynolds num-

0.4 BGK AEROFOIL ber to thight conditions. On the other hand. as

' can be seen from the figure, at supercritical
Figure 2. Elfcct of open arca raton on €, distnibution.  speeds at which shocks occur on the surface of
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Figure 3. Qualitative clfect of non-simuliation of thght Reynolds number on flow pattern,
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the body—Dbecause of shockwave boundary
layer interaction—the qualitative flow pattern
itself changes. The shock occurs considerably
farther upstrecam on the model compared to
that under flight conditions. Therefore, there
will be a large effect on the quantitative data as
seen from figure 4 (from ref. 15) which shows
the comparison of the pressure distribution on
the wing of C. 141 in flight compared with
model data. No methods exist for applying
these large corrections. Therefore 1t 1S neces-
sary to simulate in wind tunnels, high Reynolds
number close to the flight values.

The various developments that have taken
place in recent times to overcome the wall
interference problem and obtain flight
Reynolds number in Wind tunnels are de-
scribed in the next section.

RECENT DEVELOPMENTS
Estimation of ventilated wall interference:

A recent development to overcome the
uncertainty in the wall boundary condition of
the linear theory is to make pressure measure-
ments close to the wall surface and use this
data as the wall boundary condition for asses-
sing the interference effects. At present the
linear theory continues to be used. the justi-
fication being that the wall is far enough from
the mode) and perturbations at the wall are
small enough for lincar theory to be applicable.
In this method, thec model is represented by

-1.2
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singularities whose strength depend on the
force or pressure data taken on the model.
Then, 1n effect, the distribution of wall sing-
ularities i1s obtained to satisfy the measured
wall pressure data. The induced interference
flow field at model location, due to these
singularities at the wall, 13 then determined.
Based on this, corrections to {ree stream
velocity, angle of attack etc are determined.
The question of proper and adequate singular-
ity representation for the model, particularly
for three-dimensional models of the aircraft
type, is presently receiving attention. An over-
view of these methods is given in ref. 16.
Extending this approach using nonlinear trans-
onic theory is also being attempted'’.

Adaptive wind tunnels:

Another approach to the tunnel wall interfe-
rence problem is to eliminate 1t by adapting the
walls of the tunnel under each model flow con-
dition such that the stream hines close to the
wall correspond to unconfined interference flow
over the model. The general idea of using adaptive
(using flexible) walls for reducing interference
was thought of'™ ' in the early 1940s at the
National Physical Laboratory, U.K. But the
shaping of walls was carried out to match with
the stream lines based on linear theory using
model representation by singularities. Because
of limitations and uncertainties of linear theory
and proper model representation, this
approach did not gain much acceptance at that

WIND TUNNEL {transition fixed)

—==w=w— FULL-SCALE FLIGHT
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time. However, the siteation has now com-
pletely changed and this approach 15 pow
considerced very promising and much progress
has in fact taken place. There are two main
reasons for this change in attitude. The first s
the principle put forward by Ferrt and
Baronti=" and Sears™' (figure §), independent-
ly. that by comparing the measured flow
variables at the walls of adaptive wind tunnels
with the computed flow variables over the
exterior contour of the walls and iteratively
modifyving the shape of the walls until the two
match. one would be contouring the walls to
match with the streamlines of the ntinite
interference free flow field over the model. Itis
rather important to note that, in this approach,
no mformation on the flow over the model (not
even the forces acting) is needed. The second
rcason is the development of nonlinear poten-
tial flow methods used to compute transonic
flow over the exterior contour using the now
availlable fast powerful digital computers. This
1s a good example 1n which computation and
expeniment have been blended to push the
Tronticrs of the ficld. The only imitation of this
approach is that the shock on the model should
not reach the wall. There are two reasons for
this himitation. First, if the shocks reach the
wall, then the irrotational  potential  flow
method used for computing the eaterndl flow
would not be strictly speaking vahd., Perhaps

the more important point 1s that it would be
very difficult to ncorporate i the adapuve
wall teachnique. sudden changes in the flow
directton across the shock: in ecneral the shock
could be oblique.

Broadly speaking, there are two approaches
to adapuvely modify the effective stream lines
near the wall. One of them is to make the solid
walls tlexible so that they can be contoured as
required. The other approach is to have
ventilated wall test section whose plenum is
divided 1mto many segments and alter the
stream lines near the wall by controlling the
flow field in the vicinity of walls through
suction or blowing from the various segments.
Ref. 22 which deals with the use of computers
in adaptive wall wind tunnels gives a good
summary of the various adaptive wind tunnels
that are existing in the world. In the case of
adaptive wind tunnels using ventilated walls
with segmented suction or blowing. two flow
measurements near the wall would have to be
carried out. in place of the wall pressure and
displacement data obtained in case of solid
flexible walls. These flow measurements could
be either the magnitude of the velocity and its
direction at one surface near the wall surround-
ing the model or the x component of the
veloaity along two surface surrounding the
model or some other equivalent measure-
ments. Apart from details, the principle is the

rw (X,8) OF THE ADAPTIVE WALL IS

ITERATIVELY ADJUSTED TO COINCIDE

P (X,0) WITH THE STREAM LINES OF THE
— INFINITE FLOW BY MAKING 9,
X {MEASURED ON INSIDE OF THE WALL)

EQUAL TO py) (COMPUTED FOR

FICTIYTIOUS EXTERNAL FLOW)

Figure 5. Punaiple o adatne wall techmque.
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same viz making the wall streamlines to match
with the unconfined infinite free stream flow.

The flexible wall tunnel is perhaps ideally
suited for 2-D testing and the ventilated wall
test section with segmented suction is probably
simpler for 3-D testing. But as given in ref. 22,
quite a variety of adaptive wall wind tunnels
are in existence. Table 1 taken from ref. 22
gives a list of the various tunnels and their
general characteristics. The use of thick-walled
rubber tube supported and deformed by a set
of 64 jacks as an adaptive 3-D test section
(figure 6) is one example of the many ingenious
techniques that are being tried. It should be
mentioned that due to 3-D reflief, the per-
turbation velocities near the wall are much less
in 3-D testing compared to 2-D testing. There-
fore, for using adaptive wall technique for 3-D

— L il

gl

testing, a need for improving the resolution ot
instruments which measure the flow conditions
near the wall 1s being felt.

It may be mentioned that the principle of
adaptive wall wind tunnel 1s strictly speaking
valid only when the test section length is
infinite, but finite length test sections do not
introduce too much error. Also, effect of finite
Iength of the test section can be taken imnto
account.

The use of adaptive wall wind tunnel, apart
from reducing or nearly eliminating interfer-
ence, also permits much bigger models to be
tested. Thus the Reynolds number capability
of the tunnel also gets considerably increased.
A spin-off from this aeronautical development
is that this principle has been used in an
automotive wind tunnel, where good results

Table 1  Adaptive wall wind tunnels
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2-D Test sections:
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Test section dimensions [cm] and characteristics

e
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Cross-Sect. L. Walls No, of Controls
AEDC 1 foot 30.5x30.5 95 perforated global + local
CALSPAN 1 foot 30.5x25.4 142  perforated 104 8 Plen. Ch. Comp.
NASA Ames | I13x25cm 13 x25 74  slotted 10 4+ 10 Plen. Ch, Comp.
NASA Ames 1 2 feet 61 x 61 153  slotted 16+ 16 Plen. Ch. Comp.
NASA Langley 30 cm 36 x36 144  flexible 19+ 19 Jacks
ONERA S$4 LCh 18 cm I8 x18 75 flexible 10+ 10 Jacks
CERT (ONERA} T2 40 ¢cm 37 %39 132 flexible 16+ 16 Jacks
SOUTHAMPTON Umyv. 6x12 in 15.2 x 30.5 107  flexible 15+ 15 Jacks
SOUTHAMPTON Univ. 6 1n 15.2x15.2 112 flexible 19+ 19 Jacks
T.U. Berlin 15 cm 15 x15 69  {lexible 8 + 8 Jacks
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T

3-D Test sections:
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Test section dimensions {cm} and characteristics

- ]

el

No. of Controls

Cross-Sect. L. Walls

AEDC/CALSPAN 30.5x30.5 95 4 perforated 64 wall segments
NASA Ames | 13 x25 74 2 slott., 2 sol. 44 Plen. Ch. Comp.
SOUTHAMPTON Umyv. 15.2x152 147 2 flex., 2 sol. 40 Jacks

T.U. Berlin 1S x18 83 8 flexible 78 Jacks
Sverdrup 30.5 x 61 245 <12 flex. slats 204 Jacks

Wright Aer. Lab, 24 x24 130 2 rodwalls, 2 sol. 180 Jacks

DFVLR Géttingen 80 diam. 240 rubber tube 64 Jacks
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Figure 6. Sketch of adaptive rubber tube test section.

have been obtained on automobile models

having tunnel blockages of the order of 30%
(ref. 23).

Simulation of flight Reynolds number—Cryoge-
nic tunnel

The enormous gap in Reynolds number
between that needed and that which existed
until recently is indicated in figure 7 (from ref.
3). The Reynolds number is pVL/u or pMalL/
u, where p is the density, V is the velocity, L 1s
the characteristic length, u the viscosity of the
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Figure 7. Reynolds number GAP (NTF excluded).

medium, M is the Mach number and a 1s the
speed of sound. Mach number simulation
being even more primary, only the remaining
parameters affect the Reynolds number.
Since the cost of tunnel varies as L°,
increasing the size of the tunnel beyond a
certain limit makes it prohibitively expensive,
also inconvenient for operation. Therefore, the
one important parameter by which the
Reynolds number can be increased is to In-
crease the density of the fluid medium. There
are essentially two approaches to increase the
density p; one is to increase the pressure P, the
other is to decrease the temperature T {pop/
7). A brief review of the many studies that
were made during 1970s using both these
approaches has been given by Murthy®.
The development®® of Ludweg tube, the
Evans clean tunnel, hydraulic driven tunnel etc
which were” all different approaches to the
essential idea of operating at high pressures
proved to be not too successful mainly for the
following reason. Ambient temperature being
the same, and Mach number being the same,
increasing p by increasing p, increases the
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dynamic head proportionately. Hence model
loads also increase. The strength of the model
and excessive aeroelastic deflection of model
limits on the maximum operating pressure to
about 5-10 atmospheres. So extension of
Reynolds number capability by this approach is
Iimits the maximum operating pressure 1o
these facilities was the short duration of test
time—much less than a second.

On the other hand, increasing the density by
reducing the temperature, reduces the velocity
V also since V is proportional to 70 (figure 8).
Therefore the dynamic head which 1s prop-
ortional to gV does not change. Therefore the
high Reynolds number can be obtained with-
out increasing the model loads. Also the power
needed to drive the tunnel, proportional to
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Figure 8. Effcct of temperature reduction ™, = 1 {eonstant
stagnation pressure and tunncl size).
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pV?, actually reduces somewhat. It should be
noted that though V decreases with tempera-
ture, pV increases with temperature as T,
Hence Reynolds number, which depends on
pV, increases with decrease of temperature. It
may be noted that reducing the temperature
reduces p also. Hence it has a beneficial effect
in further increasing the Reynolds number. On
the whole, as can be seen from figure 8, the use
of cryogenic temperature can increase the
Reynolds number capability by an order of
magnitude.

This concept of obtaining high Reynolds
number by reducing the gas temperature was
successfully demonstrated® - “° through the use
of cryogenic nitrogen as the working medum,
in the pilot low speed and transonic tunnels at

NASA Langly Research Cenire. As a result,
the development of a 2.5 meter cryogenic
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Table 2 N.T.F. Faclity

Test section: 2.5 mX 2.5 m (Slotted walls)
Test gas: Nitrogen and air

Max. pressure: 130 psi

Mimn. temperature: Minus 320°F (-195°)
Max. Horse Power: 126000

Speed range: 83 to 850 mph

Max. Mach number: 1.2

Max. Reynolds number: 120 x {0°

]

tunnel, as a national transoni¢ facility was
taken up in United States and has just been
commissioned. Brief particulars of this facility
are given in table 2. figure 9 shows the general
layout of this tunnel. This tunnel with the
capability to vary the tempetature and pressure
independently provides an unique opportunity
to study the effects of Reynolds number and
dynamic¢ pressure (acro elastic etfects) inde-
pendently (figure 10). It can be seen that full
scale Reynolds number can be achieved.

Though the cryogenic concept is simple In
principle, practical utilization of 1t in the
national transonic tunnel required solution to
many technical problems, such as good internal
insulation for the tunnel, the access to the
model without having to purge the tunnel
circuit of nitrogen medium; design of models
and instrumentation to Operate at cryogenic
temperatures etc. Details on these aspects are
contained in references 27 and 28. The success-
ful development of this facility is indeed a
technical marvel. This facility would be of
immense value not only to generate data on
specific projects but also in furthering the
frontiers of knowledge in high Reynolds num-
ber transonic flow. It may be mentioned that
there are plans to build a similar, though
slightly smaller, cryogenic transonic wind tun-
nel in Europe also.
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ANNOUNCEMENTS

NATIONAL DOWN’S SYNDROME CONGRESS

This Congress will be held at the Institute of
Genetics Hospital for Genetic Diseases, Osmanta
University, Hyderabad, during 8-10 September
1987. Abstracts of papers are invited on Education-
al, Psychosocial and Biomedical aspects. The last
date for receipt of abstracts is 30th May 1987.

Further particulars may be had from: P. Usha

Rani, Clinical Psychologist and Organizing Secret-
ary, National Down’s Syndrome Congress, Institute
of Genetics, Hospital for Genetic Diseases, Osma-
nia University, Begumpet, Hyderabad 500 016.

TECHNICAL INFORMATION ON NICKEL AND ITS APPLICATIONS

Nickel Development Institute, Canada and Zinc
Development Association, London have joined
hands to provide technical information on nickel
and its applications to industries in India and
neighbouring countsies from now on. The needful
information will be serviced by the Indian Lead Zinc

Information Centre, the Indian Branch of Zinc
Development Association, Londoa. For details
please contact: Indian Lead Zinc Information Cen-
tre, B-6/7, Shopping Centre, Safdarjung Enclave,
New Delhi 110 029,



