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v . A Survey of the Three-Dimensional High Reynolds Number

Transonic Wind Tunnel

K. Takashima, H. Sawada, T. Aoki -

_National Aerospace Laboratory

1. Introduction

This report constitutes a summary of the results of surveys on

‘_ transonic wind tunnel facilities for high Reynolds number tests. The

“aircraft industry is a so-called high technology indostry, and the fact

that it is a very important technical field for Japan which aims

to be a technically advanced country is obvious. Clarification of the

aerodynamic_properties and precise predicting of the aerodynamic

perfomance of an alrcraft are the most mportant aspects in the

development of aircraft. However, evaluation of the aerodynam1c

. force acting on an aircraft is not so easy, although this depends on

each case. In particular, when the flow field in the vicinity of an
aircreft travelling' near the speed of sound is a t‘ransonic:A flow field
a formula wh1ch expresses the flow field would exh1b1t extreme non-
-11near1ty, and many researchers have devoted con51derab1e effort to _.
its solutlon o :

One method of studymg the aerodynaumc propertles of an a1rcraft

| would be a theoret1ca1 method 1n Wthh an analyt1ca1 model of the flow .

field is formulated using such a non-linear formular followed by

determlnatlon of varlous pronertles through solut1on of the formula

'Another method would be that in which the flow f1e1d is smulated ar‘d o

in wh1ch the propert1es of d1ff1cu1ty are. experlmentally determmed
Wind tunnel testing (1, 2) is the most widely used experimental method

of problem solving

"'Nmnhers in the margin indicate p_agihation in the foreign text"l
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In recent years, estimation of the aerodynamics of an
aircraft during transonic flight has -become possible by numerical

“solution through the marked development of computers, but the

flow models treat idealized potential flows or treat aircraft
configurations in extremely simplified forms. Thus, replacement
of wind tunnel tests with the Navier-Stokes equation which
expresses the actual flow on’actual configurations would be
impossible in the near future [3,4]. Rather, such numerical
methods complement wind tunnel tests and provide guidelines for
solution of problems when wind tunnel tests are difficult.

' Consequently, wind tunnel tests must be relied on to predict the

aerodynamics during high speed flight.

Thus, the significance of wind tunnel tests from the era of
the Wright brothers to the present has not been lost. To the

-contrary, its importance has increased. These days, wind tunnel

tests lasting thousands of hours are carried out for the
development of a new aircraft, and rcliance on wind tunnel test

data has increased. Thus, can the precise flight state be
reproduced in wind tunnel tests to the degree anticipated, and

can the aerodynamic properties of the aircraft be predicted?
While this varies with the case, the answer is not always yes.

The development of the method of similar flow fields using
wind tunnels clearly lags behind the marked development to date
of aircraft. The Mach number, which is a parameter illustrating
the effects of compressibility of air, has attracted considerable
interest when the phenomenon of high speed flow accompanying
increased aircraft speed must be studied. Of course, changes in

the flow field due to changes in the Mach number are marked, and
similarity in the flow field cannot be considered while
underrating the Mach number. As a result, while the similarity

‘of compressibility effects has been established at equal Mach

numbers, the similarity of the -other parameters, for instance,

/2



Reynolds number, which illustrates the viscosity or dimensional effect,

) ,has.beén dis:egarded. That is because it has been very difficult

" to produce similér Mach numbers and Reynolds numbers in flight

tests in wind tunnels, and because the similarity of the Reynolds

number in high speed air flow is less important than that of the Mach
number. . '

.The blame for underrating the similitude of the Reynolds

_ number is realized in the discovery ‘\of great differences between the

wind tunnel test results and flight test results in the
construction of the C-141 transport by the U.S. Air Force.

"Considerable expense and time were spent in modification of the

aircraft.

Many wind tunnel test Reynolds numbers at present are one

. order of magnitude lower than the numbers during actual flight,

and wind tunnel tests are impossible on large aircraft with
similar Reynolds number and Mach number. The necessity [5,6] of

 tests in which these two parameters are similar is explained in -

detail below, and this has been recognized in Europe and America,
especially in transonic regions. The means of implementation
have been evaluated in the United States and in AGARD countries
[7,8,9], and a wind tunnel (NTF, National Transonic Facility)'has

“already beeh constructed for this purpose in the United States.

First, we will explain the necessity of transonic, high

- Reynolds number tests while citing actual examples, followed by
- 'evaluation while introducing problems accompanying high Reynolds
" number tests and concrete proposals for their solution. Finally,

we will consider facilities in Japan which are suitable for high
Reynolds number transonic tests.

- 2, Necessity of High Reynolds Number Transonic Tests

2.1 On the Principle of Similarity




As is well known, since one flow of viscous fluid is
kineticéily similar to another flow, the Reynolds numbers must be

“identical. This signifies that the ratio between the force of

inertia and the viscous force of both fluids is identical.

Specifically,
{force of inertia\ - f[force of inertia\
\viscous force /1 \viscous force /1II

This means that the following formula

b i i .
[5i(du/dy) ~ W7 " a Reynolds Number

is a constant.

_ Furthermore, the ratio of forces due to the force of inertia
and pressure must also be equal for two fluids to maintain
similarity. " These-conditions would be automatically satisfied if
the Reynolds number were equal in steady fluids.

- Next, similitude of the Reynolds number alone is

insufficient in high speed air flow such as transonic flows,

and the principle of similitude of compressible fluids must also
be considered while considering the elastic force due to the

.compressibility of air. 1In short, the ratio between the force of

inertia and the elastic force must be equal in two tlows.

fSpecifically, _
. (force of inerti%) - (force of inertia)
I \elastic force /II

\ elastic force

; This means that the followiﬁg formula

ﬂ¥~”_V"z~ﬂ.2~ﬁ=m :
BC ES E &, Square of Mach Number

develops, and the Mach number must be maintained at a constant.



As a result,'identiéal values must be selected for the two
parameters of the Reynolds number and the Mach number in the

flight state for the flow of a transonic wind tunnel to resemble. .
the true flight state. ' o '

2.2 Sensitivity to Reynolds Number - .

Since the Reynolds number is a parameter of similitude /3
related to the viscosity, the phenomenon when a viscous flow
along thé’surface of a body plays an importaht role in ,
determination of the force and moment is sensitive to changes'in
the Reynolds number. There are many such cases, as illustrated
in table 2.1 [9]. The items illustrated in the table are divided
into two general cases. One is the case of dimensional effect
and the other is the case in which there is a strong correlation
between the viscous flow on the surface of a bbdy and the

‘external potential flow. Heat transfer (no problem in the '
© transonic region) and surface friction belong to the former,
.while the latter is a flow in which separation'occurs.
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');- - Ssurface friction can be extrapolated to a certain degree if
- _the flow is turbulent and if separation does not occur. While
vc0mmbn1y used, rdughness can be applied, thereby hastening the
boundary layer transition and resulting in comparatively reliable
drag data. However, in low Reynolds number tests, the turbulent
boundary layer on the flow side above the wing surface is
relatively thick, and there is interference with the shock.
- wave., Thus, estimations of the pitching moment coefficient would
be imprecise (refer to section 2,4,2),
Next; while separation and the accompanying drag increacses
etc. are very sénsitive to the Reynolds number, the state at a
. high'Reynolds number éannot be extrapolated at present as in the
case of the previous drag. Figure 2.1 illustrates a typical case
of the transonic flow around a wing, but the problem of
separation at a certain degree of the shock wave develops.

. ) AR . Uit
;) A _ﬁ_I .. _ Figure 2.1 Transonic flow
. Y : o T TIERY '
"'x‘\ \ . /'/ .
N M<~.l'/ M>1 - 1 shock wave
RN | OERR 3 2 boundary layer
. 3 point of reattachment
4 separation point
5 transition point

around wing

G fJite 2
50 MRS e

— et Se o e b b Vhe

2.3 Present State of Reynolds number Similarity in Wind
Tunnel ' ' /4
 Figure 2.2 [9] illustrates the state of similarity in the

_ Uhitéd States according to wind tunnels. While the material is
fairly old, the state of the wind tunnel is virtually unchanged.

) These'aircfaft planned in 1969 include the current jumbo jet as
well as large cargo planes and large supersonic aircraft. As



indicated in figure 2.2, the Reynolds number of tests in existing
wind tunnels is less than 1/10 the Reynolds number of transonic

| 'flight,’and the similarity is poor for the aforementioned

reasons.
(3
x 10
3180 - N
-". Bombers
360 |- :
3140 Transports
- .
120 -
Chord 100 ¥
Reynolds .
sumber g5l
Fighters
(1o} of .
{0} .
Existing tunnels
.20
° ] 1.0 L5

’ Mach number

. Figure 2.2 State of similarity of Reynolds number 1n wind
tunnels [9]

The conditions in Europe are the same as those in figure

‘2 2. Evaluations of these problems have been carried out for some
time in the AGARD countries [10].

_There are very few wind tunnels in Japan which are capable
of transonic testing of full-scale models. The only ones

  availab1e are the 2 m x 2 m wind tunnel at the National Aerospace

Laboratory (capable of Reynolds number of 2 x 106) and the 0.6 m

k‘O;G m wind tunnel (Reynolds number of 1.5 x 106) at Mitsubishi
Heavy Industries. This problem will be discussed in chapter 5.



2.4 Examples of Droblems Arlslng from leferences in

Reynolds Number

As previously indicated, the wind tunnel test Reynolds

number is one order of magnitude smaller than the flight Reynolds
number in the transonic region. Because of this, there are cases

in which the performance forecast in wind tunnel tests differs
greatly from actual performance in aircraft development, and

numerous problems have already developed. 'These are illustrated
in table 2 2 [9]. Typical examples in which the Reynolds nunber

effect has an influence on the 1nd1v1dual aerodynamlc propertles
_are explained below.

Table 2.2 Problems due to Reynolds number effect which have
been discovered in flight tests [9]

Aircraft Problems v
C-141 Errors in forecasting the flow on the wing surface. These
: affected the stability, load and properties. Structural
reevaluation tests and modifications took one year and millions
of dollars.
F-111 Failure to forecast the interference effect of the transonic
' flow. Under-evaluation of resistance. Vast sums were used for
: redesign and modification. ' :
B-58 Unsuitable aerodynamic optlmlzat1on of transonic veloc1ty.
B-70 The acceleration margin at low transonic rates affected the
YF-12 flight ranges and handling, thereby redu01ng the effectlveness of
I, the aircraft. :
F-102 Error in emanation of transonic re51stance, resultlng in
: ‘replacement by F-106. Both aircraft are plagued by base
. resistance at transonic speeds.
Civilian Redesign was required in two types of Jet transports due to
aircraft

interference of the flow between the engines and the wind

| surfaces. In many cases, the pitching moment, -

drag and meximum llft presumptions were ambiguous.

' 2.4.1 Pressure Distribution on Wing Surface [11]

: Figure_2.3'illustrates the results acquired from the C-141

transport which are well known. ‘As illustrated in figurev(b),

- the ‘pressure distribution from wind tunnel‘test_:esults'differs

greatly from the flight test reshlts. In low Reynolds number

tests (wind tunnel tests), the relatively turbulent boundary

- layer is thick (proportional to (1/5) the Reynolds number), as



illust;ated in figure 2.4, and the position of the shock wave
“advances approximately 20% in comparison to high Reynolds number
tests due to interfeﬁence from external local supersonic regions.
This alters the pressure distribution, including a change of 11%
in the pitching moment. The result of this erroneous perfdrmance

forecast was a nine month delay in use of the aircraft,
reanalysis_of the structure and loading of ballast weight etc.

SUBCRITICAL PRESSURE DISTRIBUTION
M+0.75; 0y +-06°

=—=WIND TUNNEL [TRANSITION FIXED)
w=e==FULL-SCALE FLIGHT

L ¥4

{a)

SUPERCRITICAL PRESSURE DISTRIBUTION
. M+083; aym0°

———WIND TUNNEL (TRANSITION FIXED)
===~ FULL-SCALE FLIGHT

Figure 2.3 Differences in pressure distribution based on

Reynolds number [11]
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EFFECT OF BOUNCARY LAYER ON SHOCK-INDUCED SEPARATION

 winD TunnE
LOW REYNOLDS NUMBER |

FOCED TRANSITION

. FLIGHT
HIGH REYNOLDS NUMBER

RNATURAL TRANSITION

Figure 2.4 Effects of differences in the boundary layer in
wind tunnel tests and flight tests [11]

As séen'in figuré 2.3 (a), there is also a case
(subcritical) in which there is no effect due to differences in
Ehe Reynolds number. Thus, the phenomenon seen in figure 2.3 (b)
is not usually seen.

11
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w=0389 L] n= 0.637

% o'

P
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. Figure 2.5 Changes in pitching moment coefficient due to Reynolds
~ number M = 0.825, C; = 0.4 [12]
1. MAC standards ‘

2 4.2 P1tch1ng Moment Coefficient . /8
Flgure 2.5 [123 illustrates an example of change in the -
pitching moment coefficient Cp based on the Reynolds number. 'As
‘this figure indicates, the value of C  obtained by the technique
of fixed transition {use of roughness) which is used extensively
in wind tunnel tests at low Reynolds number is a_Value which
differs considerably from the value of'Cm obtained in flight
tests. 'HoWever,.cqnvergence to thevflight_test values couléd be
anticipated if the wind tunnel test Reynolds number could be
increased. o S '

The wind tunnel test Values based on the free tran51t10n

 method approach the walues of Cm of flight ‘tests more than the
values of Cm_obtalned by the fixed transition method but this is

S 12



because the boundary layer is_relatiﬁely thin due td free

transition; resulting in a more posterior location of the shock = .

‘wave than in the case of fixed transition. Sinde.the position of
the boundary layer transition shifts to the upstream side when
the Reynolds number increases, the results become identical with
those from fixed transition. It is impossible to determine
whether the free transition or fixed transition test method is

" the more precise simulation method when there is separation
~inducing a shock wave if there are no flight test results, in
-short,.if-there are no results from high Reynolds numbet tests.'

2.4.3 Position of Shock Wave

As previousiy stated, the position of the shock wave 6n the
'wing surface varies due tb differences in the Reynolds number or
- differences in the test method. Figure 2.6 [13] illustrates
- this. This figure illustrates the shift of the position of the .
.shock wave on the upper surface of two types of wings when the
boundary layer near the leading edge undergoes forced transition,
"the'angle of attack as well as thelMach number are’held_constant

and the Reynolds number is altered. The position of the shock
wave varies by 5 to 19% of the wing chord length when the

Reynolds number is altered from 2 x 105 to 84x'107g;'Such a
change in the position of the shock wave is'avpheﬁomenon seen
oniy-in Reynolds number ranges of 106 to'108,fand the virtual
absence of change in the position of thefshbck'wave'at other
Reynolds number ranges can be forecast from figure 2.6. '

13
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Figure 2.6 Change in position of shock wave due to Reynolds
number [13]

2.4.4 brag Coefficient

Figure 2.7 [14] illustrates changes in the drag coefficient

~of full-scale models based on the Reynolds number. In this
figure, the values of the drag coefficient Cp from the wind
tunnel test results differ considerably from the flight results.
The difference is very important in operations of aircraft, and
can lead to serious errors in calculated fuel consumption and
weight of the payload. Consequently, forecast of the Cp to high
precision (£ 0.0002) based on wind tunnel tests is required for
aircraft design and production [12]. In addition, the
extrapolated values of the wind tunnel test results from figure
2.7 virtually match the flight test results at Reynolds number of
(40 to 50) x 106. A Reynolds numbers of 40 x 106 (60 x 106
flight Reynolds number of Boeing 727) is used as the standard in
high Reynolds number tests since the change in Cp is slight at
higher Reynolds numbers, and that value is used in the
specifications [15] of the large AGARD wind tunnel.

14
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Figu;e 2.7 Effect of Reynolds number on drag coefficient

Figure 2.8 [9] illustrates the effects of the Reynolds
number on the drag coefficient of the fuselage to the rear of the
engine. The data are from a full-scale model in which
interference from the walls of the wind tunnel cannot be ignored,
but even if that is'excluded, presumption of the values of the
flight test data from the wind tunnel test results would be
difficult.

2.4.5 Lift Coefficient
The,effects of the Reynolds number on the lift coefficient
. are important not only in the case of cruising anticipated from
'figure 2.3 (b) but also in the case of high lift, although this
~is in low speed regions. At low Reynolds numbers, the boundary"
‘layer is a laminar flow, and differences arise because separation
is difficult at high Reynolds numbers due to the formation of a

turbulent boundary layer while separation readily occurs in

~regions of inverse pressure slope. /7

15
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Figure 2.8 Drag of fuselage behind the engine and
Reynolds number [9]

Figure 2.9 [12] illustrates the efﬁects of the Reynolds
'number on the incremental 1lift coefficient. The data from wind
“tunnel tests_fesemble the flight test data; excluding the middle
'stage figure of figure 2.9 (b), but that is not the case for the
middle stage figure (b). When the differencé.of the magnitude of
the figure is the:incremental lift coefficient; it corresponds to
10% of the cbefficiént of lift during landing;‘ An éircraft with
- a wing'larger than necessary would be designed and produced. A
10% reduction in the wing area of aircraft of the DC—lO, L-1011
class would signify a fuel reduction of 1.8 tons in a7flight_
between San Francisco and New York, and the payload could be

increased. 1In addition, the amount of reduction in one £light by

one aircraft, even if slight, would greétly reduce the amount of
fuel and the expense Qorld-wide considering the total'flight 7
" distance for the mean number of years of service of the aircraft
and the total amount of aircraft produced.

‘16
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Figure 2.9 Effect of-Reynolds number on incremental lift

coefficient [12] '

There are many cases in which the wind tunnel test data
cannot accurately forecast the flight test performance due to the
disagreement of Reynolds numbers as stated in this section.

There are thus cases in which the attendant problems simply must
be solved as well as cases in which unnecessarily extravagant
specifications result due to under-evaluation of performance. in
the former case, the necessity of considerable expense and time
for the solutions is clarified in table 2.2. 1In the case of
extravagant specifications, operations are usually continued with
waste so long as there are no repairs.

However, the Reynolds number of wind tunnel tests cannot be
increased easily to the same degree as the flight Reynolds
number, and there are problems such as the construction cost and
costs to maintain operations because the facilities are of large
scale, in addition to technical problems such as the load of a
" wind tunnel model (70 kg/mmz) [7)] and the energy for driving the

17
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wind_tunnel (electric motor of 10,000-0dd kilowatts). The next
chapter briefly explains the technical difficulties.

3. Problems in Acquisition of High Revnolds Numbers

The fact that a flbw field corresponding to a very large
Reynolds number (R 2.5 X 107)[16] must be produced in the wind
tunnel test section to precisely determine the aerodynamic
_ performance of aircraft to be developed in-wind tunnel tests was .
indicated in the previous section. However, there is still no
operating wind tunnelbwhich produces such flow fields (one is
under construction in the United States [17], and one is planned
in Europe [18].). In one concept, if a model installed in a wind
_ tunnel were made to full-scale dimensions, and if a uniform flow
of thé wind tunnel were produced at the flight velocity of an
actual aircraft, very reliable wind tunnel tests would be
possible if a wind tunnel capable of enclosing a full-scale model
were constructed since the Reynolds number of the flow field in
the test section would coincide with that of an actual aircraft

(the distortion 6f test data due to interference from the wind
Eunnel walls etc. should be contained within the experimental‘
accuracy.). .At low speeds, construction of a wind tunnel capable
of handling a full-scale model would be in the range of the '
possible, but at cruising transonic regions of actual transport,’
"production of such a large scale transonic wind tunnel would be
'impOSSible because of the drive energy required. Furthermore,
‘the production expense and time of the full-scale model would
have to be added, and the technical equipment for the
construction would also have to be large scale. This would be

. inconvenient and uneconomical in aircraft development. Research
has‘been conducted on wind tunnels capable of producing a flow
field with a high Reynolds number at a convenient size using
vsmall_power based on such a concept. The ejection type of wind

.. tunnel has long been used as the wind tunnel capable of

satisfying such requirements simply, but this type of wind tunnel
is inferior to the continuous circulation type wind tunnel in

18



terms of the capacity to produce data necessary for development,
and a wind tunnel for development must be approached [16]. Thus,
this chapter discusses only the continuous type wind tunnel. '

There are three methods, given below, of obtaining a flow
field with a high Reynolds number at low power [2].

1l° faising the stagnation pressure.
" 2°using material with great molecular weignt as the

1nternal fluid.
‘ . 3° reducing the stagnation temperature. i _
When the ratio between the size of the model (typical wing chord
lengthja) and the size of the cross seetional area of the test
section /_;; Ayt cross sectional area of test section) is held
constant (the magnxtude of interference by the wind tunnel walls
- corresponds to a virtual constant.), the power required to
‘produce a flow w1th a mach number and Reynolds number set in a

given measurement section would be generally expressed as

Power - °< 'l_io;%f_ - ' -1

‘Here, v, Y, a and P rppresent the spec1flc heat ratlo of f1u1d in
the wind tunnel, the V1sc051ty coeff1c1ent, speed of sound and
pressure respectlvelv . The subscript 0 represents the various
quantities at the stagnation point. only air is considered as

_ the-flow in the wind tunnel since the discussion in this paper
centers on transonic wind tunnels. Furthermore, Y is virtually,
constantvwhen'the-gas used in the wind tuﬁnel is determined,.ahd
-Hg, ag become functions only of temperature; Thus; when the
temperatufe is held constant and only the stagnatioﬁ pressure Py
is eltered, the following relation is derived from equation (1).

Power o > =~ - ._ ' 2y
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Specifically, when the stagnation pressure is increased, the flow
. field of a prescribed Mach number and Reynolds number can be
" implemented in the test section with less power. - The dimensions
of the model must be reduced in inverse proportion to the
stagnation pressure in order to maintain the same Reynolds number
even when the stagnation pressure is raised. This reduction in
the model dimensions necessitates reduction in the dimensions of
the model struts. However, the stress within the model struts
and the model produced by the force of air to which the model is
subjected increases proportionally to the stagnation pressure.
For this reason, the model struts must be increased
proportionally to the model. Furthermore, the strength of the
model must be raised so that the amount of distortion of the
model itself does not increase. As a result, there would
naturally be an upper limit to the stagnation pressure.
FUrthérmore, when the stagnation pressure is raised, the problem
of requiring the wind path itself to be pressure resistant would
remain even if the force required to drive the wind tunnel were
reduced., Dynamic pressure below 200 kPa would be desirable in
wind tunnel tests of transport shapes [17]. There is a limit to
the rise of the stagnation pressure (Figure 3.1). .
Conversely, the following equation results when equation (1)
1s altered ma1nta1n1ng a constant stagnation pressure and
Atemperature.

2

rl . . deme e py -
Power = 37 4G C e, (3

. 'Here, M is the molecular wéight of the gas. 1In generai, the
'fyiscosity coefficient and specific heat ratio decrease when the
number of atoms constituting the molecules of the gas increases.
Thus, the molecular weight increases and the number of atoms
constituting the molecule often increase if a heavy gas is used,
" and the power required to drive the wind tunnel decreases
according to equation (3). As an example, if Freon-12 were used,
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the specific heat ratio would differ greatly from that of air, .
and its use would be inappropriate in tests of compressible flows
[1sj. ' ’

Conversely, the stagnation temperature and the viscosity
coefficient would change in the technique of reducing the .
stagnation temperature. Such changes could be approximated as
follows. '

. T w : . .
_ﬂofu. —7"—) 05 <w<1 @ '
Here, W4 and T4 are the viscosity coefficient and the temperature

at that time. Using this equation, equation (1) could be
transformed into' the following. ’

* Power T,15+20 (5)
Thus,lreduction'in.the stagnation temperature wbuid be an
feffective means of requiring little power to drive the wind
tunnel in order to produce a flow of prescribed mach number and
" Reynolds number. Figure'3.2 is used extensively to illustrate
thé effectiveness of this technique. This represents in graph
form changes'in various quantities at constant Mach number (1.0
_in'this case), constant stagnation pressure and constant wind
tunnel size. (cross sectional area of test section) when the
stagnation Eemperature iSrreduced using the value when the
stagnation temperature is 322°K as the standard.
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Figure 3.1 Dynamic pressure at various wind tunnel Reynolds
numbers [9]

The Reynolds number R is expressed as follows.

__ PMac
Re — (6)

Here, U, p, a and M represent the viscosity coefficient of gas in
the test section, the density, speed of sound and Mach number
respectively. Because of the constant Mach number and constant
size of the test section, M and ; are constants., Figure 3,2
indicates that P increases rapidly when the stagnation
temperature is reduced while p and a decrease. However, U
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decreases faster than a. Thus, a/M increases even if the /10

stagnation temperature decreases. Thus, R7¢ generally increases
when the stagnation temperature decreases. 1In this way,
effective means of obtaining a flow of high Reynolds number at
low power with reduction in the stagnation temperature are
anticipated to produce various technical problems accompanying
low temperatures, and practical application is not' anticipated

for a long time.

Test conditions and
drive power

- - "‘ 8»—
. Reynolds number
3 6 ’
B . Values
refalive o1 .
to 322K 4
1 2}~ Dynamic
ressure
P 7
N Power —
1 3 i ! ] 1

1 }
o 100 200 300 400 0 100 200 300 400

Stagnation temperature, K

Figure 3.2 Effects of temperature reduction on gas
properties, Reynolds number, dynamic pressure and wind
tunnel power [17]. (uniform flow mach number = 1.0, constant
stagnation pressure and size of the test section of the wind

tunnel.)

The next chapter introduces several new types of wind
tunnels, beginning with the cryogenic wind tunnel, which have
been considered for high Reynolds number testing.
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4. Wind Tunnel Models )
. 4.1 Cryogenic Wind Tunnel
The method of sufficiently reducing the temperature of gas

in a wind tunnel in order to acquire a flow with a high Reynolds
number was proposed by R. Smelt in 1945 [17]. However, its
implementétion has been prevented until recently because of
technical concerns involving wind tunnel operations at low
témperatures; In 1971, research into this type of wind tunnel
was conducted by NASA, and a small, low speed, cryogenic wind
tunnel was_produced'(Figure 4.1) [24]. A small, transonic,
cryogenic wind tunnel was then produced in 1973 (Figure 4.2)
"[25]. This is ﬁermed the 0.3 m transonic cryogenic wind tunnel.
At present, a large transonic cryogenic wind tunnel with a test
section having a 2.5 m x 2.5 m cross section is under
construction (NTF) (Figure 4.3) [17,20]. Conversely, in Europe,
a small transonic wind tunnel to begin operations in 1981 is
under construction in Holland (PETW (Figure 4.4). A large
transonic cryogenic wind tunnel with a test section of 1.95 m x
1.65 m is being plahned'based on the data obtained from this wind
tunnel (Figure 4.5) [18,22]. A low speed, large cryogenic wind
tunnel is under construction in Germany (Figure 4.6) [28]. A
small transonic wind tunnel with a measurement cross section of
0.15m x 0.35 m, which is scheduled to begin operations at the
"end of 1980, is under construction in France as well [21].

. Completion of a low speed cryogenic wind tunnel of 0.5 m x 0.5 m
':at Tsukuba University in Japan is planned for 1981 [26], and a
small, low speed, c:yogenic wind tunnel is in operation at
"Tsukuba UniVersity'(Figure'4.7) [27]. The wind tunnels mentioned
above are all continuous types, but intermittent type cryogdenic
wind tunnels have also been contrived. The temperature reduction
in the inducticn driven tunnel discussed in the next section has
been promoted by ONERA of France (Figure 4.8 [33], while the

- Douglas Aircraft Co. in the United States has been promoting work

on producing a cryogenic wind tunnel from a blowdown to
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atmosphere type wind tunnel with a test section croés section of
1.2m x 1.2 m. Operations are scheduled to begin in 1981 (Figqure

4.9) [23].
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Figure 4.1 NASA Langley low speed cryogenic wind tunnel [8]
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. Figure 4.6 West German 2.4 m low speed cryogenic_wind_tunnel
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Figure 4.7 Tsukuba University small cryogenic wind tunnel

~with 10 cm x 10 cm test section [27]

Figure 4.8 French transonic cryogenic wind tunnel (0.1l m x
0.1 m) (Induction Driven Type) [33]
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The advantages of a cryodenic wind tunnel are that the
dynamic pressure of a uniform flow can be reduced in comparison
to a normal temperature wind tunnel whose internal pressure has
been raised to acquire a prescribed Mach number and Reynolds
number, and that the energy demand to operate a wind tunnel can
be reduced (Figure 4.10) [17]. In particular, the ability to

—

29



reduce the dynamic pressure is very desirable since it enables
_the_strength'of the model, of the "sting" supporting it and the
-capaéity of the balance to be reduced. Furthermore, various /13
experiments are possible in a cryogenic wind tunnel since the
temperature and pressure of the air in the wind tunnel can be

controlled independently. For example, experiments are possible
in which one of the three parameters of the Mach number, Reynolds

_ number and dynamic pressure can be altered while the other two

are he;d constant. By means of this, the true Mach number effect

or Reynolds number effect can be determined (Figure 4.11).
.Conversely; the effect of gas diverging somewhat from ideal gas

‘can begin to appear since the gas in the wind tunnel is reduced

in temperature to the temperature near liquefaction. However,

the influence_of this effect on the test results has reportedly been
buried in conventional test.accuracy (Figures 4.12, 13) [17].

In ordér to reduce the temperature of the éas inside the
cryogenic wind tunnel to the temperature near the liquefaction
point and to maintain that temperature during operation,

LN, identical with that . in the wind tunnel, termed refrigerant,
is continuously injected in the air duct. By means of this, the
temperature of gas in the wind tunnel is maintained at a low |
point by the heat loss during evaporation of liquid. Of course,
“the mass'of>refrigerant injected in the air duct is exhausted at:
-a suitable point in the air duct, and the pressure in the air duct
is maintained at a constant. For this reason, operation of a
_continuous type cryogenic wind tunnel differs somewhat from that
-.'of 'a conventional wind tunnel. First, refrigerant is gradually
injected in the air duct while the blower is operated at low
speeds, At this time, the temperature of the gas exceeds the dew
point of liquid in the wind tunnel circuit, and it is reduced
near the limit at which measurement is possible by a dew-point

" thermometer (near -70°C). This is to prevent condensation of’
H,0 on the walls of the wind tunnel, on the wire mesh
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and on Ehé surface of the mode; from freezing. This operation is
Atérmed'"purging“.' Next, the temperature of the gas in the wind
_tunnel is reduced to the stagnation temperature scheduled in the
experiment while injecting large amounts of refrigerant. At this
time, excess gas is veﬂted in proportion to the amount of
refrigerant injected so that the pressure in the air duct does
not rise. This operation is termed "cool-down". Next, the

_ opérating speed of the blower is raised, and experiments are
conducted with the flow in the test section at the pre-set level
while adjusting the amounts of refrigerant injected and of
venting of'gas in the air duct. The temperature of gas in the
air duct would rise and be restored to the ambient temperature by
the heat generated in the air duct and the heat invading from the
ﬁalls if the supply of refrigerant were terminated and the blower
operated at the end of the éxperiment. This operation is termed
"warm-up". Next, air enters from the exhaust valve on the plenum
side while gas in the air duct is vented from the exhaust valve
on the stilling chamber side when the exhaust valves in the
plenum and stilling chamber are opened and the blower is operated
at.low speed, thereby replacing the gas in the air duct with

air. This operation is termed "reoxygenation". After this
operation, the blower is completely shut down (Figure 4,14).

The»differences in the cryogenic wind tunnel, in comparison
_to the continuous type wind tunnel which is operated at normal
'temperature, are that a refrigerant supply system and an exhaust
_gystem of gas in the air duct are added, and that the wind tunnel

- 'itself is thermally cut off from the atmosphere. 1In addition,

- liquid nitrogen is generally used as the refrigerant, and the gas
in the air duct also is nitrogen gas as a result (Figure 4.15).

In the éryogenic wind tunnel, the gas in the air duct and
" the surrounding atmosphere must be thermally isolated by heat
insulating material since the temperature of the gas in the wind
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tunnel (approximately 100°K) is far lower than the'temperature of
the surrounding atmosphere (approximately 300°K). Methods of
insulation include external insulation in which heat insuiating
material is affixed to the exterior of the wind tunnel body and
internal insulation in which it is affixed to the walls inside
the wind tunnel. Only the external insulation method is
practical at present (Figure 4.16). In external insulation, the
structural material itself is exposed to low-temperatures, oxygen
in the atmosphere invades the external heat insulating material -
and liquefies near the cold structures, resulting in 1ocalv

- excesses of oxygen and the danger of fire [29], but this method

is used extensively in small wind tunnels since it is simple.
Conversely, when external insulation is used in large cryogenic
wind tunnels, the structure itself must be cooled from normal

‘temperature to low temperatures, and large amounts of refrigeraht
are required. This is also undesirable due to the deformation
‘based on thermal change. For these reasons, internal insulation

is empioyed in large wind tunnels under construction and being

- planned (Figure 4.17).

Furthermore, since the material exposed. to gas in the wind

‘tunnel is at normal temperature before operations of the wind
, tuﬁnel'begin and is then exposed to temperatures down to-200°C

during operations, there are problems associated with contraction
of material due to heat changes. Special consideration must be
given to the struts of the model itself when the external
insulation method especially is employed. Figure 4.18
illustrates an example of the struts used in the NASA 0.3 m
temperatu;e cryogenic wind tunnel. Moreover, special measures
are required fot the observation'window (Figure 4.19), and
special measures are reguired in the‘case of schlieren
observation etc. 'Furthermore, the exhéust stack illustrated in
figure 4.20 is essential to'Safeiy discharge-nitrogen gas'from
the air duct to the atmosphere.
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As stated above, various special devices are required in a
cryogenic wind tunnel in comparison to a normal temperature wind
tunnel due to operations at low temperatures, but when the NTF
under construction at present by NASA, which has the capacity to
reproduce on the ground the“flow field of high Reynolds number
produced around the large transports currently operating, is
used, a flow field with a Reynolds number as in figure Q.Zl would

' be gégféved. Furthermore, the true Mach number effect,'Réanlds .

numbéfAéffect and effects due to changes in the dynamic pressute
could be studied in wind tunnel experiments, and cryogenic wind
tunnels have epochal capacities in terms of hydrodynamic research
and of aircraft development.
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Figure 4,18 Struts of wind tunnel [25] [0.3-m TCT]
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4.2 Induction Driven Tunnel (IDT)

This type of high speed wind tunnel was devised before World
War II [30]. The principle involves blowing a high speed jet in
the air duct, inducing a flow in the test section in which the
jet flows upward. The air duct is closed and the circulation

type is employed for maximum utilization of the
the jet when considering a large, high-pressure
this-time, gas in the air duct éorresponding to
jet blown into the air duct must, of course, be

kinetic energy of
test section. At
the mass of the

discharged into

the atmosphere. Figure 4.22 illustrates the principle of this
[31]. The fact that the site of discharge of gas in the air duct
has a great effect on the operating efficiency of the wind tunnel
when the flow in the test section exceeds a high subsonic rate
has recently been clarified [31]. Figure 4.23 illustrates the
improvements. Figure 4.24 illustrates the results of the
improvements by comparing the efficiency of this type of wind
tunnel constructed by NPL in the latter half of the 1940's with
the efficiency of the NASA, Ames Research Institute wind

tunnels. This type of large wind tunnel has materializgd through
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such improvements in efficiency. This type of wind tunnel has
been proposed as a large European wind tunnel of high Reynolds
number by ONERA in France, and a 1/10 scale pilot wind tunnel has
been constructed for research (T2) (Figure 4.25). This wind
tunnel has a closed air duct and appears to be a continuous type
wind tunnel, but the wind tunnel operation is terminated when the
tank supply a jet of gas through the air duct falls to a prescribed
preséﬁre. T2 is reported to have a running time of approximétely
30 seconds [32]. This is a long operating time in comparison to
the Ludwieg tube wind tunnel and the Evan wind tunnel which have
been cited at the same time as candidates for the large European
wind tunnel of high Reynolds number. This long operating time is
an advantage of this type. Furthermore, research into conversion
of the T7'2 wind tunnel, which is a prototype T2 wind tunnel, into

a cryogenic wind tunnel, has recently been carried out (Figure
4.8) [32].

4,3 Ludwieg Tube (LT)

The Ludwieg tube is a type of blowdown wind tunnel termed a tubular
wind tunnel which was‘proposed by the German, Ludwieg in 1955.
The Ludwieg tube is a strong candidate as a means of implementing
test facilities with a high Reynolds number [7,37,38,39,40]. Its
properties have been studied for several years at the National
Aerospace Laboratory also [41,42,43,44,63].
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4,3,1 Structure and Actuation Principles

Figure 4.26 illustrates the structure and actuation
principles. This figure illustrates the case of a subsonic flow
in the test section. There is a lona charge tube, as illustrated
at the bottom of the figure, and a rapid opening valve at tpe
bottom of the flow along with the usual constituent elements of a
wind tunnel such as a throat, test section and contraction
section at the bottom of the stream. The pressure regulation
valve and settling chamber seen in the blowdown type wind tunnel
are unnecessary upstream in the test section. When the rapid
opening valve is opened after storage of high-pressure gas in the
tube, the expansion wave begins to advance upstream from there,
providing motion to the gas and initiating the discharge of
gas. After valve opening, the speed of sound is reached in the
throat section in a very short period of time, and passage of the
expansion wave is subsequently impossible. The expansion wave /21
passing through the throat section before this is an expansion
wave of finite width, and it continues passage through the test
section and advances upstream through the long charge tube with a
fixed cross sectional area. A constant state involving pressure,
temperature, density and velocity is achieved in the region
following the transit of the expansion wave, and that state
persists until the expansion wave is reflected off the ¢lgsed end
of the charge tube and returns. This steady state ends with the
arrival of the expansion wave, and after the wave is reflected
again at the throat section and directed upstream, a separate,
new steady state is achieved, with this process repeated until the
pressure in the tube falls sufficiently, as illustrated in figure
4,26. High Reynolds number tests can be carried out due to high
pressure in the tube and some cooling concept (7, 40), but the steady
state used in the experiments is only the state achieved
initially. The subsequent state is wasted discharge of gas so
. long as some means of recovery is not employed.
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Figure 4,27 illustrates experiments using a small transonic
Ludwieg tube. The test section in this figure is a rectangle 360

mm high and 120 mm wide.
does not change to the cross

Since the charge tube cross section
sectional shape of the test section

merely through smooth contraction, contraction occurs after

expansion once. Furthermore,

-

timber blocks are filled in the

plenun chamber to prevent the starting time from becoming excessive.

This rupture disk structure is a double diaphragm type.
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Figure 4.28 Differences in recovery rates based on mach
number Mj in charge tube and changes in duration
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Figure 4.29 Starting time of Ludwieg tube [47]

4.3.2 Properties, Features

The properties of the flow obtained theoretically and the
experiment results are summarized below.

i) The state at the stagnation point in the steady state
obtained initially after passage of the expansion wave differs
from the air storage state [45]. It depends on the Mach number
(Mach number of the flow in the charge tube after passage of the
expansion wave) of the charge tube, and is illustrated in figure
4,28. 1In the figure, P represents the pressure, T the
temperature, P the density, the subscript 0 the air storage state
while the subscript s represents the state at the stagnation
point in the steady state.
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t is the duration of the steady state in the ideal case, and
it is somewhat dependent on the Mach number of the charge tube.

It is represented in the figure in the ratio to 2 tg, the time
for reciprocation through the charge tube at the speed of sound.

ii) The duration of the steady state is short, usually on
the order of 10~1 seconds. Since the duration of the steady
state is determined by the length of the charge tube (dependent
somewhat on the Mach number in the charge tube), a very long
charge tube would be required to obtain a long duration, and one
which is 2 km in length is being planned [46]. A short
experimental period is undesirable in wind tunnels for the
development of aircraft requiring the production of large amounts
of data. An improved method is ECT discussed subsequently.

iii) The starting time until acquisition of a steady state
has been studied experimentally [47,48] and in calculations
[43,49,50]. Calculations have also been carried out in cases of
porous walls as in the transonic test section. The starting time
is affected by the Mach number of the test section, and the

Longest starting time is required to obtain a transonic flow.
Figure 4.29 illustrates an experimental example based on three

types of test sections at subsonic, transonic and supersonic
speeds. The starting time is shorter when a rapid opening valve
(a £film in this case) is present upstream in the test section,

however, it influences the gas and model.
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Figure 4.30 Development of boundary layer in charge tube
[44]
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(a) fluctuations in sidewall pressure in test section

(b) fluctuations in rate of ccllection body

iv) The steadiness of the steady state is not very -good
This is because the so-called free mode is used without any devices
such as valves which control steadiness, in contrast to the
blowdown type wind tunnel. The cause of loss of steadiness is
the development of the boundary layer ([51,52,53].
the boundary layer in the charge tube changes while intensely
dependent on the Mach number M; of the charge tube, as
illustrated in figure 4.30, and chronological changes in the

stagnation pressure occur due to this, as illustrated in figure

) 4,31.

For example,

51



The most serious problem is steadiness in the test section,
and there are also cases of change in the Mach number in a very

short time during tests [42].

Turbulence in the air flow is an important property in test
equipment with a high Reynolds number. Since there is no
valve or blower etc. upstream in the test section in the Ludwieg
tube, turbulence level is believed to be slight. 1In comparison test results
involving disturbance of the flow through pilot wind tunnels such
as the ECT with a similar structure (refer to section 4.4) or the
induction driven tunnel (IDT) discussed in section 4.2 [54], the
amount of fluctuation of static pressure in the test section is
greater than with other types. Figure 4.32 (a) is a plot with
the ordinate being the rms value of the amount of fluctuation in
the sidewall pressure of the test section divided by the square
root of the relative zone width, which changes non-dimensionally
with dynamic pressure, while the abscissa is non-dimensional
frequency. Figure 4.32 (b) is a plot of the vertical velocity
fluctuation of the collection body upstream in the test section.

v) The energy loss is great. As stated previously, the
high-pressure air stored in the tube which can be used in the
tests is the air required to maintain the steady state initially
obtained, and the air whose discharge continues after termination
of that state is wasted. Immediate closure of the rapid opening
valve after termination of the initial steady state, or
installation of a pressure recovery tube of identical length as
that of the charge tube at the downstream end have been
considered as proposed improvements to recover energy in the form
of pressure. The energy utilization rate of 4.5% in the absence
of such a recovery tube can be raised to 29.2% through its use
[46].
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vi) The structure is very simple. The number of devices is
less than with other types of wind tunnels, and the rapid opening
valve is the only complex constituent element. Consequently,
construction is also easy, and the frequency of breakdowns is low
while repairs are easy.

4.3.3 Some Examples

A comparatively large Ludwieg tube is at the NASA Marshall
Space Center. The test section has a diameter of 813 mm (32
inches) while the charge tube has a diameter of 1.32 m (52
inches) and length of 119 m (390 feet) [39]. It is capable of
testing at Mach number of 0.2 to 2.0. There is an experimental
time lag of 0.35 to 0.45 seconds in the transonic region, and
experimental results have been issued [55].
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Figure 4.33 Ludwieg tubes of three sonic speeds at Rumanian
NISTC [56].
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Figure 4,34 (b) Large Ludwieg tube fitted with recovery tube
(top) and test section (bottom) [46]

The Ludwieg tube recently reported by the Rumanian Science
and Technology Center (NISTC) is large. There are three types of
test sections for subsonic use, supersonic use and transonic use.
The test section is 300 mm x 400 mm during transonic experiments.
The charge tube has a diameter of 900 mm and length of 170 mm
(refer to figure 4.33) [56].

In addition, a Ludwieg tube with a charge tube 700 mm in
diameter and 75 m in length is under construction at the Chinese
Institute of Science, Dynamic Research Center, and there are
similar plans underway in India [58].

The very large Ludwieg tube planned by AEDC in 1971 with a
2.4mx 3.0m (8" x 10 ') test section and a charge tube with a
3.9 m (12.8') diameter and 500 m (1,660') length would have been
capable of transonic testing at a Reynolds number of 40 x 106
[7,59]. While illustrated in figure 4.34 (a), it was not

constructed due to budgetary concerns.
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In Europe as well, AGARD has planned construc=:.on of a large
transonic wind tunnel, and the Ludwieg tube fitted with a
recovery tube was presented in 1972 as a candidate [15,46]. This
would have a total length of 4.17 km, as illustrated in figure
4,34 (b), but it appears to have been cancelled in the project
stage. -

The Ludwieg tube has a simple structure, as indicated
previously, and is easily capable of testing ranging from
transonic to supersonic testing, and has been used [60], but as a

large facility of which amount of energy consumption and data production are
important, Ludwieg tube is not a good candidate. Rather, it should be used
as a simple test device.

4.4 Evans Clean Tunnel (ECT/RTT)

The Evans Clean Tunnel (ECT) was proposed in 1971 by Evans
[62]. 1Its principle is illustrated in figure 4.35. The
composition of the entire wind tunnel is virtually identical with
that of the LT discussed in section 4.3, but the upstream edge of
the charge tube has a piston installed rather than a sealed edge.
The plug valve at the downstream edge of the diffusor is closed,
and the entire wind tunnel is charged to a certain pressure.
Next, an expansion wave is propagated when the plug valve is
rapidly opened, and air within the wind tunnel begins to be
discharged. When choking of the flow occurs in the throat
section, an expansion wave of finite wavelength is propagated
upstream in the charge tube. The aforementioned is absolutely
jidentical with the principle of the LT. The piston pushes from
the instant that the tip of the expansion wave reaches the
upstream edge of the charge tube (piston surface), generating a
compression wave and completely eliminating the reflected wave.
This is the principle of the Evans Clean Tunnel. Figure 4.36
illustrates a wave propagation figure.
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The locus of the piston which completely eliminates the
reflected wave is equal to the locus of the fluid particles
accelerated by the imcident expansion wave. In this case, either
the locus of the pisteon is prepared so as to match the waveform
of the given expansion wave, or the piston locus is given and the
waveform of the expansion wave is prepared so as to match it.

After the tail of the expansion wave reaches the surface of
the piston, the piston functions at a constant rate, and a steady
flow is maintained in the test section until the piston reaches
the downstream edge of the charge tube, specifically the nozzle
inlet. The duration of this steady flow is determined by the
length of the charge tube in the case of LT, while it is
determined by the volume of the charge tube in this case. Figure

4,37 illustrates a simple comparison of the durations of the ECT

and LT. The duration of ECT is 5.8 to 2.6 times longer than that .
- of LT since the charge tube Mach number M, is usually 0.1 to_0.3.
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Operation of the ECT is efficient in terms of energy and air

) 7 mass (Figure 4.38)

1.5

1.0

D D) o.s}

throat

Figure 4,36 Wave propagation figure
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Experiments were carried out using the device illustrated in
figure 4.39 to illustrate the utility of the wave elimination
which is the essential feature of ECT [64,65]. The piston is
operated solely by the pressure differential acting on it without
specific control of piston movement. The compression wave
produced by movement of the piston is measured, and a cam plate
is designed to produce a waveform of the expansion wave to match
this.

Figure 4,40 illustrates the results of wave elimination. The /27

optimum timing of piston release is the instant when the tip of
the expansion wave reaches the piston surface. Even when wave

) s0



) : elimination is best, pressure fluctuation of 11% (6.4 mmHg)

) remains. This fluctuation is due to piston overshoot.
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In addition, experiments were carried out using the device
approximating the proposed example illustrated after the piston
drive method (Figure 4.41) [66]. 1In this drive method, four wire
ropes from the center of the main piston are individually linked
with small drive pistons via pulleys. Thus, acceleration of the
main piston assists the air actuator.

Figure 4.42 illustrates the results of wave elimination.
The optimum case is achieved through the cam designed point, and
the mean square value of fluctuation of the stagnation pressure
is 0.26%. This is a marked improvement in comparison to the
previous experiments. Numerous aerodynamic tests have been /2!
conducted in this wind tunnel. Figure 4.43 illustrates a
proposed example of design to conform to the requirements of the
LaWs group. The compression flow ratio was 8 while the test
section was 4.86 m x 4 m. The charge tube was charged to 6.6
atmospheres pressure in order to achieve a stagnation pressure of
6 atmospheres when the mach number in the test section is 0.9.
The valves used were plug valves or digital valves.
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Figure 4.41 ECT pilot wind tunnel [65]
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Figure 4.44 illustrates the project at RAE Bedford.

In the

full-scale model, the Reynolds number could be 16 x 106, and the

test section is 1.26 m x 1.12 m.
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The greatest problem in operation of the ECT is control of
operation of the main piston or of the aperture of the exhaust
valve so as to completely eliminate the wave. The control system
is complex since these methods of control vary depending on the
Mach number of the uniform flow or on the test model. Because of
this, the method in which the solid piston is replaced by fluid
(Reservoir and Tube Tunnel or RTT) has been considered [67]. As
illustrated in figure 4.45, this method requires a reservoir and
orifice at the tip upstream in the charge tube, and it is used as
a method of increasing the duration of steady flow in shock wind
tunnels [68]. The optimum aperture ratio of the orifice is a
function of the Mach number of the charge tube [63]. 'In the RTT
method, the case in which the aperture ratio of the orifice is
altered periodically [71] is superior to the case in which it is
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constant [69, 70]. 1In this case, the orifice control system is
simpler than the piston control system of ECT. However, RTT is
less efficient than ECT in terms of mass by the portion of air
mass charged in the reservoir.

= ’

HE ,/' Figure 4.45 Figure of £ and T at
5 /// optimum aperture ratio [63]
o 1 shock plate

2 particle lccus
3 weak reflected wave
4 incident expansion wave

5 reservoir

6 charge tube
7 test section
8 orifice

4.5 Wind Tunnels using Hydraulic Power etc. /30

4.5.1 Concepts of Hvdraulic Power Use and Energy to
Drive Wind Tunnels

Enormous amounts of energy are required to drive wind
tunnels in high Reynolds number tests, as explained in chapter 3.
Cryogenic wind tunnels reduce the energy demand through reduction
of the wind speed, but other wind tunnels store high-pressure air
and achieve great air flows ("1/2+#v®) for short periods of time
through air release. However, when storing energy as high-
pressure air, the easiest storage and best efficiency are
obtained at high pressure, low capacity. Since the flow required
for transonic wind tunnels is a flow of low pressure ratio and
large flow rate, the high-pressure air storage method poses
defects. This is different from the case of supersonic wind
tunnels and ultra-sonic wind tunnels.
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One compromise proposal has been the method in which a gas
turbine is operated without direct utilization of released air.
The axial flow blower linked to this turbine would then be driven
for several minutes to serve as the source of power for the
circulation type wind tunnel. Of course, use of a combustion
device to produce high temperature air in the fan of a so-called
jet engine which spins a turbine involves the same method.

The use of hydraulic power in energy storage has also been
considered, in which the required amount of water would be stored
at a high site using a small capacity pump or excess power at
night followed by release of this to drive a turbine or a blower
directly, thereby accelerating the air flow in a wind tunnel.
This method would be very effective in a mountainous region. 1In
concrete terms, there is the method using a hydraulic turbine and
the method of direct utilization of the hydraulic pressure
differential.

4.5.2 Utilization of Hvdraulic Turbine

According to calculations [72], the potential energy of
water stored in a spherical tank of 200 foot diameter at a height
of 1,000 feet would drive a 50,000 horsepower turbine for
approximately 15 minutes. It could be used as the power source
for a semi-continuous wind tunnel. The output of a pump required
to pump the water would constitute 7% of the turbine for driving
the wind tunnel, and this would be used in continuous operation.
Natual conditions would have to be used due to the great expense
in construction of such a high tower and such a large tank.

For example, a water storage pond at the top of a mountain
is used as the power source of the wind tunnel in the French
ONERA facilities, and this method should be considered for Japan,
which is rich in water.
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The revolution speed of a large hydraulic turbine such as is
used in a large wind tunnel is low, and it matches the
requirements of the blower for a wind tunnel. Furthermore, the
speed of a hydraulic turbine can be closely controlled near the
designed degree, and control of the speed can be precisely
implemented especially by the shock type Pelton turbine (used at
ONERA) in the case of high lift, moderate output. Such
properties are absent in moderate lift, high output Francis
turbines, but the requirements on the turbine side can be reduced
using a variable pitch blower.

4.5.3 Direct Utilization of the Hydraulic Pressure
Differential
This is based on the same principle as that of a gas flow

rate meter, and a conceptual figure is illustrated in figure 4.46
[16].

There is an top and bottom tank, both of which are partially
filled with water. The two tanks are linked by one tube. When
the valve downstream in the test section is opened, high-pressure
air stored at the top of the bottom tank passes through the wind
tunnel, enabling a desired flow to be achieved. The R3 tank is a
tank for partial storage of the air which passed through the test
section. In actual use, a piston is used to completely isolate
the air and water, and a small model has been constructed in
France,
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Figure 4.46 Figure of the principle in the model using the
hydraulic pressure differential [16]
Figure 4.47 illustrates a vertical type large transonic wind /31
tunnel designed in Sweden where there are site conditions

favorable for this type of wind tunnel, but a horizontal wind
tunnel has also been considered [73].
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Figure 4.47 Large wind tunnel utilizing the hydraulic
Pressure differential [73]



)

The aforementioned explanations have involved various new
types of wind tunnels. In addition, there is the conventional
closed circuit type wind tunnel operating at normal temperature and
pressure, and the intermittent blowdown type wind tunnel.
Consequently, high Reynolds number transonic wind tunnels can o
broadly differentiated into the following four types: (i) The
normal temperature, high pressure closed circuit type (conventional
type), (ii) The normal temperature, high pressure intermittent
type (conventional type, induction type, Ludwieg tube, Evans
Clean Tunnel), (iii) The cryogenic high pressure closed circuit type
and (iv) The normal temperature, high pressure semi-continuous
type (hydraulic type). There is also an example using a modified
conventional intermittent blowdown type wind tunnel as a
cryogenic intermittent wind tunnel [23], but this was judged to
be exceptional. The types of wind tunnels suitable for Japan are
examined in the next chapter.

5. The Case of Japan /32

5.1 Conditions in Various Countries and Conditions in Japan

The cryogenic high pressure circulation type wind tunnel
discussed in section 4.1 is the principal type used at present.
That is because this type of wind tunnel uses less energy than
other types, and because the model load due to aerodynamics is
low. BAn additional reason is that the amount of data produced is
far higher than that based on the intermittent type of wind
tunnel. The high Reynolds number test facilities in Europe and
the United States are all of this type. 1In the United States,
the NTF (National Transonic Facility) began operations in 1982,
The decision to proceed with a cryogenic type of ETW (European
Transonic Windtunnel), which is a joint project of various
European countries, was made in 1977, and a 1/7 scale pilot wind
tunnel (PETW) is currently under construction in Holland. The
date of construction of the ETW is unclear, but construction
would take four years ([22]. Table 5.1 illustrates the various
specifications of the NTF and ETW. .
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TABLE 5.1 NTF AND ETW

NIF (U.S.) ETW (Europe)
test section (m) 2.5 x 2.5 1.95 x 1.65
Mach number 0.2 to 162 0.15 to6l.35
Peak Reynolds number 0120 x 10 6 40 x 106
Designed Reynolds number (120 x 10%) . 25 x 10
Wind tunnel internal pressure 1 to 9 1 to 4.5
output of motor for blower (MW) 97 3 37
LN, tank 1,136.5m 1,200 tons
IN, production plant unknown 120 tons/day
data production 8,000 polar curves/year 5,000 polar curves/year -
operational date 1983 unknown

The wind tunnel construction projects in socialist countrie
are unknown,

In Japan, joint construction with other countries is nearly
impossible because of circumstances including the site of
construction and means of communications since there are no
advanced countries nearby, in contrast with Europe. Conversely,
there are signs of the development of an aircraft industry, and
it will be an industry of future emphasis in Japan. Since wind
tunnels constitute an indispensable facility for the development
of aircraft, wind tunnels of the same level of performance as
those in Europe and the United States are essential [74,75].

A two-dimensional wind tunnel operating since 1979 by the
National Aerospace Laboratory has served as the high Reynolds
number test facility in Japan [76,77]. This is a transonic wind
tunnel for testing only the wing section, which is one element of
an actual aircraft, at high Reynolds number (peak of 40 x 108),
but it is incapable of testing full-scale configurations at high
Reynolds numbers.

Thus, construction of a three-dimensional wind tunnel
independently by Japan is necessary, considering the
aforementioned circumstances. An example of the construction
period would be 1986-89 in literature [75], but preparatory

S
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experiments must be conducted early, considering the preliminary .

stage.

First, a determination of the basic specifi'it:i.ns,
including the peak Reynolds number, must be made, leaving aside
the structure, in construction of such a large wind tunnel. A
pilot wind tunnel of thé determined type would be constructed
after evaluation of the principal specifications and type of wind
tunnel in accordance with that, and the design data, including
per formance, etc., would be determined using this, followed by
construction of the full-scale wind tunnel. The duration of this
sequence could be shortened by using the data from various
advanced countries in this procedure, but the preliminary period
in Japan would have %o be four to five years, and three to four
years would be necessary for wind tunnel construction,
considering that research and development into cryogenic wind
tunnels using liquid nitrogen began in the United States in 1971,
and considering the research [78] which has been conducted from
various aspects. The technical disparity involving aircraft
between Japan and Europe-America would become even wider if work
is not commenced soccn.

5.2 Basic Svecifications of High Reynolds Number Wind Tunnel

There are two f£actors which have a great influence on the
scale and type of wind tunnel, leaving aside cost. One is the /33

maximum Reynolds number and the other is the productivity of data.
Even if the Mach numbker range were to vary somewhat, there would

not be a major effect so long as the tests are in the transonic

region.

First, we will consider the maximum Reynolds number. At least,
testing at a Reynolds number of 40 x 106 is essential

- considering the explanation in chapter 2 and the performance of

NTF and of ETW (table 5.1). This number is the peak Reynolds
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number of NAL two-dimensional wind tunnel for testing wings which is
vcurrently in operation, and rhis Reynolds number is needed to make relation
with various other data. In addition, the acquisition of the
same level of performance as that of wind tunnels in Europe and
the United States would be very useful when carrying out joint
international development of aircraft. Furthermore, acquisition
of the same level of performance would enable to compare test results
with other test results obtainmed in foreign wind tunnels, and would be

useful is raising the technolegy of wind tunnel experiments.

Achievement of a maxZmum Reynolds number would be achieved
through enlargement of wind tunnels, raising the pressure,
lowering the temperature or through combinations of these. It is
one important point in the selection of the type of wind tunnel,
and it is evaluated in section 5.3.

We will next consider data productivity. Since aerodynamic
data on actual configurations are usually expressed by polar
curves, the amount of data produced can be determined by the
number of polar curves. Data productivity is emphasized in the NTF
and ETW projects, and the number of polar curves acquired
annually as well as the aperating expense per polar curve have
been evaluated [16].

The most modern type ©f high speed instrumentation system is
used, of course, to raise ‘the data production. Usually, 15
seconds of ° runping time are required if one polar curve is
composed of data with 20 points of angles of attack in a six
component force test and Zf a high speed instrumentation system
is used. One polar curve wconstitutes data based on 10 points of

angles of attack in the case aZ pressure distribution test, and 60

seconds of running timme are required. The time required for

setting and adjustment of the flow during each instrumentation
period is also needed, and in the ETW project, for example, 30
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polar curves are produced daily in running time of 30 minutes
daily. The continuous type 2 m x 2 m transonic wind tunnel of
the National Aerospace Laboratory produces 10 to 15 polar curves
{half as many in Dpressure tests) through running time of four

hours daily, and while " for the pressure test data which are produced in
the intermittent two-dimensional wind tunnel for high Reynolds
number tests, one polar curve would be produced at the maximum
Reynolds number test state.

In general, there are cases in which testing involving 10
seconds of running time using the intermittent type wind tunnel
would be impermissible considering the extent of data productivity
since the data productivity the intermittent type wind tunnel is
1/2 to 1/6 that of the continuous type wind tunnel [7].

However, daily production of 20 polar curves (pressure
tests) would be possible even with the intermittent type wind
tunnel if the high speed instrumentation system is used, or if
high-speed setting and adjustment- of the flow is implemented
[16].

5.3 Selection of the Type of Wind Tunnel

Although the most suitable type of wind tunnel from among the various
types discussed in chapter four would depend on the objectives of
use of the wind tunnel and with the site conditions, etc. when
considering three-dimensional high Reynolds number wind tunnels,
the principal items which should be evaluated are as cited below. )

(a) performance at designed test conditions (including flow
quality)

(b) possible testing range

(c) performance at test conditions outside of the designed
test conditions

(d) convenience and safety of use

(e) construction costs

74 (f) operating and maintenance costs



) (operating energy costs, maintenance costs, production costs of test
models etc.)

The meaning of (c) is, for example, the case of low Reynolds number
operation of high Reynolds number wind tunnel then, testing becomes generally
very simple (normal temperature operation of crycgenic wind tunnels) or the
running time becomes very long (conventional intermittent wind tunnels), but
some wind tunnels, such as the Ludwieg tube, do not vary greatly their performance.
Ttem (d) is convenience and safety during wind tunnel experiments, and this
includes ease of model replacement, use of conventional instrumentation as well

as ease and safety of starting or terminating of blow (29).

Table 5.2 illustrates the aforementioned properties in the various types
of wind tunnels. Figure 5.1 (a) (b) (18), which used the construction costs

_:Lnd operating energy costs during planning of the ETW project, was also consulted.

As table 5.2 indicates, the advantages and disadvantages involving maximum
Reynolds number achieved, ease of use, safety in use and model production costs
etc. are determined by utilizing either the cryogenic type or normal temperature
type. TFurthermore, it can be considered that table 5.2 shows the classifications
based on differences in the mode of driving the gas, excluding type 1, and the
dfive methods in types 2 through 8 using cryogenic gas have also been considered
(type 1 is a cryogenic gas using the drive method of type 2). An example would
be the intermittent blowdown type cryogenic wind tunnel (8,23) discussed in
chapter 4. "Proliferation of uncertain items" in %able 5.2 is the tunnel with
few experimental results in contrast to the complexity of the facilities, and it /3h

signifies a long preliminary period involving tests based on pilot wind tunnels etc.
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TABLE 5.2 COMPARISON OF VARIOUS TYPES OF WIND TUNNELS
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B n R e} x a a a a x x
Ekx 3 arv ¥ a x Fa x Fay (o] x x
R F - B K x a a o] (o] a a a
] o} ] 13 (@] a a Ja [ay faY A A i
FHEADOD 5 & x o) o) a s a o a :
26 #1 O R, & K&, x H0 '
27 &2 ﬂowquzlnyliﬁﬂﬁfiﬁinﬂ"ﬂ:‘d)f'ﬁn l
1 number
2 model type
3 cryogenic continuous closed-circuilt
4 conventional type continuwous closed-circuit
5 conventional type intermittent closed-circuit
6 induction driven tunnel, IDT
7 Ludwieg tube LT
8 Evans Clean Tunnel ECT
9 hydraulic turbine semi-continuous closed-circuit
10 utilization of hydraulic pressure
11 gas used 12 cryogenic nitrogen
13 normal temperature air 14 same as at left
15 peak Reynolds number attained 16 scale of wind tunnel
17 data production (running time) 18 off design performance
19 convenience in use 20 safety
21 construction costs 22 operating energy
23 repairs, maintenance 24 model production

25 proliferation of uncertain items
26 MNote 1. 0 good, A permissible, X poor _
27 DNote 2. Flow quality was omitted since there is no definite conclusion.
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Figure 5.1 Construction costs (a) and energy demand (b) (18)
D
The most suitable wind tunnel types for given conditions could be selected
using table 5.2. Actually, trade-offs must be made using more precise figures,
but in the case of Japan, when considering a three-dimensional high Reynolds
number transonic wind tunnel with maximum Reynolds number of L40 x 106 and Mach
numbers of 0.2 to 1.2, the author believesthat the tunnel candidate which is
used to development of aircraft would be the following three types.
(1) cryogenic, continuous closed circuit type
(2) nhydraulic turbine continuous closed circuit type
(3) conventional continuous closed circuit type. /35
In order to minimize the operating energy, the pressure loss of the flow passage:
must be reduced as much as possible in candidates (2) and (3).

)

6. Conclusions

(i



The features of varicus types of wind tunnels have been
described, reconfirming the necessity of transonic, high
Reynolds number tests. In addition, the items requiring
verification have been illustrated in the case of the high Reynolds

number wind tunnel construction in Japan. An ‘evaluation organization must

be drawn up as soon as possible because of the prolonged preliminary period.

78



REFERENCES

1) Pope, A.M.S.: Wind Tunnel Testing, John
Wiley & Sons, Inc., New York (1961/10).

2) Pankhurst, R. C. and Holder, D. W.: Wind
Tunnel Technique, Sir Isaac Pitmann &
Sons Ltd., London, (1952).

3) Dayman, B. Jr. and Fiore, A, W.: Aerody-
namic Testing and Simulation: Saving Lives,
Time, and Money, Astro. & Aero., Vol. 12,
No. 6 (1974/6).

N. Hirose: Prospects of Calculated Aerodynamics, qournal of
the Japan Society for Aeronautical and Space Sciences, Vol.
28, No. 318 (July, 1980)

5) Heppe, R. R. et al.: New Aeronautical ra-
cilities We Need Them Now, Astro. and
Aero., Vol. 6, No. 3 (1968/3).

6) Lukasiewicz, J.: The Need for Developing
a High Reynolds Number Transomc Wind
Tunnel in the US., Astro. and Aero., Vol. .
9,No. 4 (1971/4).

7) Whitfield, J. D. et al.: High Reynolds
Number Transonic Wind Tunnels Blow-
down or Ludwieg Tube?, AGARD CP-83-
71, Paper No. 29 (1971/8).

8) Kilgore, R. H. et al.: The Cryogenic Wind
Tunnel Concept for High Reynolds Num-
ber Testing, NASA TN D-7762 (1976).

9) Jones,J.L.: The Transonic Reynolds Num-
ber Problem, NASA CP-2009, pp. 1 ~ 18
(1977). :

10) Lukasiewicz, J. (ed): Aerodynamic Test

‘ Simulation: Lessons from the Past and
Future Prospects, AGARD R603 (1972/
12).

11) Loving, D. L.: Wind Tunnel-Flight Correla-
tion of Shock Induced Separated Flow,
NASA TN D-3580 (1966). '

12) Jones, J. L.: Problems of Flow Simulation
in Wind Tunnels, AIAA Paper No. 69-660

(1969/6).
13) Igoe, W. B. and Baals, D. D.: Reynolds

Number Requirements for Vald Testing at
Transonic Specds, AGARD CP-83-71, Paper
No. 5 (1971/8).

79



80

14)

15)

16)

17)

18)

19)

20)

21

Racpke, R, G.: The High Reynolds Num-
ber Transomic Wind Tunnel HIRT Proposed
as Part of the National Aeronautical Facili-
ties Program, AIAA Paper No. 72-1035
(1972/9).

Kichemane, D. (ed): Problems of Wind
Tumnnel Design and Testing, AGARD R-600
(1973/12).

Hils, R.: The Need for a Large Transonic
Wind Tunmnel in Europe: A Summary of the
Report of an AGARD Working Group

(L2 Ws), ATAA Paper No. 74-630 (1974).
Kilgore, R. A.: Development of the Cryo-

genic Tunnel Concept and Application to
the US. National Transonic Facihity,
AGARD-AG-240, Paper No. 2 (1980).
Hartzuiker, J. P.: Towards New Transonic
Wind Tunnels, AGARD-AG-240, Paper No.
3 (£980).

Treon S. L. and Hofstetter, W. R.: On the
Use of Freem-12 for Increasing Reynolds
Nuomber in Wind Tunnel Testing of Three-

.Dimensional Aircraft Models at Subcntical

and Supercritical Mach Numbers, AGARD
CP-83, Paper No. 27 (1971).

Igoe, W. B.z TCharactenstics and Status of
the US. National Transonic Facility,
AGARD-LS-111, Paper No. 17 (1980).
Luneau, Y., Rochas, N. and Kiurrmann,
C.: Preliminzry Study of the Injection Pro-
cess of LN in a Cryogenic Wind Tunnel,
1st Int. Symp. on Cryogenic Wind Tunnels,
Paper No. 14 {1979).

22)

23)

24)

25)

Hzrtzuxkul J. P. and North, R. J.: The
Europeann Transonic Wind Tunnel ETW,
AGARDHLS-111, Paper No. 16, (1980).
Cadwell, 3. D.: Progress Report oa the
Douglas Aircraft Company Four-Foot
Cryogenic Wind Tunnel, AGARD-LS-111,
Paper Na. 18 (1980).

Goodyer, M. J. and Kilgore, R. A.: The
High Reynolds Number Cryogemic Wind
Tunnel, ATAA Paper No. 72-995 (1972).
Kilgore, R.. A.: Design Features and Opera-
tional Charactenstics of the Langley Pilot
Transonic Cryogenic Tunnel, NASA TM
X 72012 (1974).



25,

28)

29)

30)

31)

32)

33)

N. Yoshisawa: Private communication.
27. I. Rawashima, M. Tani, N. Yoshisawa: On Cryogenic Wind Tunnel
Operations, Shock Engineering Symposium, pp. 196-202 (1980)

DFVLR-Nachnchten, Heft 31 (November
1980), pp.9 ~ 10.

Voth, R. O. and Strobridge, T. R.: Cryo-
genic Design and Safety Review NASA-
Langley Research Center 0.3 Meter Tran-
sonic Cryogenic Tunnel, NBSIR 77-857
(1977).

Knowler, A. E. and Holder, D. W.* Effici-
ency of High-Speed Wind Tunnels of the
Induction Type, ARC R. & M. No. 2448
(19549).

Mubhlstein, L., Petioff, D. N. and Jilic, D.:
Experimental Evaluation of an Inyector
System for Powering a High Reynolds Num-
ber Transonic Wind Tunnel, AIAA Paper

No. 74-632 (1974).
Michel, R., Mignosi, A. and Quémard, C.:

The Induction Driven Tunnel T2 at ONERA-
CERT: Flow Qualities, Testing Techniques
and Examples of Results, AIAA Paper No.
78-767 (1978).

Michel, R.: The Development of a Cryoge-
nic Wind Tunnel Dnven by Induction:
Flow Control and Instrumentation Studies
in a Pilot Faclity at ONERA/CERT,
AGARD-LS-111 Paper No. 13 (1980).

34)

35)

36)

37)

38)

39)

40)

Kilgore, R. A., Adcok, J. B. and Rey, E. I.:
Simulation of Flight Test Conditions in the
Langley Pilot Transonic Cryogenic Tunnel, -
NASA TN D-7811 (1974).

Howell, R. R. and Mckinney, L. W.: The
US. 2.5-Meter Cryogenic High Reynolds
Number Tunnel, NASA CP-2009, pp. 27 ~
51 (1976).

Kilgore, R. A.: Cryogemic Wind Tunnel
Technology, NASA CP-2009, pp. 53 ~ 63
(1976).

Ludwieg, H.: Tube Wind Tunnel a Special
Type of Blowdown Wind Tunnel, AGARD
Rep. 143 (1957). .
Davis, J. W.: A Shock Tube Technique for
Producing Subsonic, Transonic, and Super-
sonic Flows with Extremely High Reynolds
Numbers, AIAA Paper No. 68-18 (1968/1).
Felix, A. R.. MSFC High Reynolds Number
Tube Tunnel, AGARD CP-83-71 Paper No.
30.

Lorentz-Meyer, W.: Parametric Investiga-
tion of the Large Transonic Ludwieg Tube
Wind Tunnel, DFVLR 251 74A22 (1974/
4).

81



)

- KLugsf:;h;‘gg' K;\IE:}?H + T. Boki: Properties of Transonic
e ation :
42 KTRE4ﬁl'h!Jan6ary,119?%)Aerospace Laboratory Technical Report
. I..udvayigg ;‘It?geegfa%ﬁ: On the Properties of the 120 mmx 360 mm
Transonic T“O_Dimessl_‘latlona; Aerospace Laboratory and
Lab ’ mensional Wing Tests, National Aerospace
- baboratory Technical Memorandum TM-383, (June, 1979)
43) Takashima, K.: On the Starting Process ot
a Transonic Ludwieg Tube Wind Tunnel,
Trans. Japan Soc. Aero. Space Sci., Vol.
22, No. 58 (1980).

44, K. Takashima, N. Hara + T. Aoki: Visualization of Air Flow
in Ludwieg Tube by Laser Holographic Interferometer,
tilggé?nal Aerospace Laboratory Technical Report TR-609, (May,

45) Cable, A. J., Cox, R. N.: The Ludwieg Pres-

46)
47)
48)
49)
50)

51)

52)

82

sure-tube Supersonic Wind Tunnel, The
Acero. Quart. Vol. 14, Part 2 (1963/5).
Grauer-Carstensen, H. et al.: Scme Aspects
Important to the Design and Performance
of a Large Transonic Ludwieg Tube Wind
Tunnel, DFVLR 251 73A09 (1973/3).
Davis, J. W., Gwin, H.S.: Feasibility Studies
of a Short Duration High Reynolds Num-
ber Tube Wind Tunnel, NASA TM X-53571
(1968).
Starr, R. F. and Schueler, C. J.: Experi-
mental Studies of a Ludwieg Tube High
Reynolds Number Transonuc Tunnel, AIAA

Paper No. 73-212,(1973). .
Shope, F. L.: Mathematical Model for the

Starting Process of a Transonic Ludwieg
Tube Wind Tunncl, J. Aircraft, Vol. 14,
No. 6 (1977).

Warmbrod, J. D.: A Theoretical and Ex-
perimental Study of Unsteady Flow Pro-
cess in a Ludwieg Tube Wind Tunnel, NASA
TN D-5469 (1969).

Becker, E.: Das Anwachsen der Grenz-
schicht in und Hinter Einer Expansions-
welle, Ing-Arch., Part XXV, Heft 3 (1957).
Mirels, H.: Boundary Layer Bahund Shock
or Thin Expansion Wave Moving into Sta-
tionary Fluid, NACA TN 3712 (1956).

53)

54)

55)

56)

Piltz, E.: Boundary Layer Effects on Pres-
sure Variations in Ludwieg Tubes, AIAA

J.Vol. 10, No. 8 (1972).

Pugh, P. G., Grauer-Carstensen, H., Quemard,
C.: An Investigation of the Quality of the

Flow Generated by Three Types of Wind

Tunnel (Ludwieg Tube, Evans Clean Tun-

nel and Injector Dnven Tunnel) AGARD

AG 240, pp. 1-1 ~ 1-23 (1979/11).

Davis, J. W, and Graham, R. F.: High Rey-

nolds Number Expenmental Data for Fore-

body Axial Force, AIAA J., Vol. 11, No. 3

(1973).

Dumitrescu, L. Z.: A Large-Scale Aerody-

namic Test Faciity Combining the Shock

and Ludwieg Tube Concepts, Shock Tubes

and Waves, Magnes Press, Hebrew Unuv.,

Jerusalem (1980).



)' 57. Fu-Hsing Tsien: Private Communication

$8) Srinivas, K.: Pnivate Communication.

N 60) Hendershot, K. C. and Drzewiecki, R. F.:
Techniques Used for the Investioatnor; of
59) Pankhurst, R. C. (¢d): Large Wind Tunnels: Aerodynamic Loads Induced on ao Rocket-
Required Charactonstics and the Perform. Powered Vehicle duning Deployment of an
ance of Vanous Types of Transonic Facilt Extendible Nozzle, Proc. AIAA 9th Aero
ty, AGARD R-615 (1974). Testing Conf,, Arlington (1976).

61. K. Takashima: On Experiments using Ludwieg Tube, Journal of
the Japan Society for Aeronautical and Space Sciences, Vol.
25, No. 286, (November, 1977).

62) Evans, J. Y. G.: A Scheme for a Quiet
Transonic Flow Suitable for Model Testing
at High Reynolds Number, RAE TR 71112
(1971/5).
63. T. Aoki, K. Takashima: Prolongation of Duration of Ludwieg

Tube by Reservoir-Orifice Method, National Aerospace
Laboratory Technical Report TR-612, (May, 1980)

) 64) Pugh, P. G.: Experimental Trials of a Novel 66) Pugh, P.G., Beckett, W. A. and Gell, T. G.
(ECT) Dnve System for a Transonic Wind The ECT Dnve System: A Demonstration
Tunnel, RAE TR 71208 (1971/10). of its Practicability and Utility, AGARD-

65) Pugh, P. G.: The Development of an Effi- CP-174 (1976/3).

cient and Economical Systern for the 67) Lukasiewicz, J.: A Cntical Review of De-
Generation of Quiet Transonic Flows Suit- velopment of Expenimental Methods in
able for Model Testing at High Reynolds High-Speed Aerodynamics, Prog. Aero.
Number, AGARD-R-600 (1973f12). Sci,, Vol. 14 (1973), pp. 1 ~ 26.

68. G. Kamimoto: Instrumentation in Shock Tube, Journal of the
Japan Society for Aeronautical and Space Sciences, Vol. 11,
No. 117, pp. 18-25 {(October, 1963).

69) Barbour, N. M. and Imrie, B. W.: A Reser-
voir/Orifice Technique for Extending the
Useful Running Time of a Ludwieg Tube,
Modern Developments in Shock Tube Re-

sca.lrch, Proc. 10th Int. Shock Tube Symp.
(1975), pp- 252 ~ 259.

70. H. Matsuo, S. Kawagoe, K. Nishizaki, N. Kondo: Prolongation
) of the Duration of Uniform Flow in a Ludwieg Tube by the
Reservoir-Orifice Method (First Report, In the case of
Uniform Orifice of Aperture Area), Transaction of the Japan
Society of Mechanical Engineers, Vol. 44, No. 381, pp. 1581-
1587, (May, 1978)



Y r Ay
~ 71. H. Matsuo, S. Kawagoe, K. Nishizaki, N. Kondo: Prolongation
of the Duration of Uniform Flow in a Ludwieg Tube by the
. Reservoir-Orifice Method (Second Report, In the case of
Variable Orifice of Aperture Area), Transaction of the Japan
Society of Mechanical Engineers, Vol. 45, No. 391, pp. 323-
330, (March, 1978)
72) Baals, D. D. and Stokes, G. M.: A Facility
Concept for High Reynolds Number Test-
ing at Transonic Speeds, AGARD CP-83-71
Paper No. 28 (1971/8).
73) Nelander, C. and Onerby, B: Application
of the Gasometer Storage Concept to a
Transonic Wind Tunnel Meetang the LAWs
Specification, AGARD R-615, Paper No. 3
(1974/6).
-~ “' 4. Choki Koso Bunkakai: Survey Data Collection concerning
,“ Current Circumstances and Prospects for Aerospace
) Technology, Aircraft-Electronic Technical Examination
- Committee, National Aerospace Technical Committee,
Nt (November, 1980)
75. Choki Koso Iinkai: 1979 Survey Report on Long-Term Plans
{gggyract), Japan Aerospace Industrial Committee, (March,
:) 76. H. Endo: On Two-Pimensional Wind tunnels, Journal of the
Japan Society for Aeronautical and Space Sciences Vol. 26,

No. 299, (December, 1978).

77. Kuki Rikigaku Dainibu, The Second Aerodynamics Division: Structure
and Properties of thke Two-Dimensional Transonic Wind Tunnel of the
National Aerospace Laboratory, National Aerospace Laboratory Technical
Memorandum TR-647, (March, 1981)

78) Tuttle, M. H. and Kilgore, R. A.: Cryogenic
Wind Tunnels — A Sclected, Annotated Bi-
bliography, NASA TM 80168 (1979 10).

85



End of Document



