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A Survey of the Three-Dimensional ~igh Reynolds Number 

Transonic Wind Tunnel 

)" 

1. Introduction 

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

"~ational Aerospace Laboratory 

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 industry, and the fact 

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

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

aerodynamic properties and precise predicting of the aerodynamic 

performance of an aircraft are the most important aspects in the 

development of aircraft. "However, evaluation of the aerodynamic 

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

each case. In p~rticular, tffien the flow field in the vicini tyof an 

aircraft travelling near the speed of sound is a transonic flow field, 

a formula which expresses the flow field would exhibit extreme n6n~ 

"linearity, and many researchers have devoted considerable effort to 

its solution. 

One method of studying the aerodynamic properties of an aircraft 

"would be a theoretical method in which an analytical model of the flow 

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

determination of various properties through solution of the formula. 
"" " 

Another met~od would be that in which the flow field is simulated, and 

in which the properties of di£ficulty are experimentally determined. 

Wind tunnel testing (1, 2) is the most widely used experimental method 

) of problem solving 

l'Nuqtbers in the m8;rgin indicate pagination in the for~ign text" 
1 
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In recent years, estimation of the aerodynamics of an 

aircraft during transonici 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 /2 

contrary, its importance has increased. These days, wind tunnel 
tests lasting thousands of hours are carried out for the 
development of a- ne'w aircraft, and rrJ'o~_ance on wind tunne;t 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 
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Reynolds number, which illustrates the viscosity or dimensional effect, 
. has be~n disiegarded. Th~t is because it has been very difficult 

to produce similar 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 

riumber 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 &~erica, 
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 been 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. Necessi ty of High Reynolds Number Tran'sonic Tests 

2.1 On the Principle of Similarity 

3 
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As is well known, since one flow of viscous fluid is 
.~ 

kinetically 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, 

inertia~ 
viscous force 

= ~orce of inertia~ 
viscous force III 

This means that the following formula 

~? . fJV~'l; . '~Vt 
J!Jl ~ dul d y) -/iVt - T Reynolds Number. 

is a constant. 

Furthermore, the ratio of forces due to the force of inertia 

and pressure 
similarity. 

the Reynolds 

must also be equal for two fluids to maintain 
These'conditions would be automatically satisfied if 
number were equal in steady fluids. 

Next, similitude of the Reynolds number alone is 

insufficient. in high speed air flaY.' 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. In short, the ratio between the force of 

~nertia and the elastic force must be equal in two flows • 
. Specifically, 

. (force of inertia\ 
~ elastic force 7 I 

= (force of inertia' 
elastic force lI1 

. This means that the following formula 

mv _PV2l 2 _,oV2 _ ~=~ 
El2 El2 E a· f ~ Square of Hach Number 

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

'4 
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As a result,· identical 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. 

2.2 Sensitivity to Reynolds Number 

Since the Reynolds number is a parameter of similitude 

related to the viscosity, the phenomenon when a viscous flow 

along the surface of a body plays an important 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 [9J. 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 body 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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, TABLE 2.1 PHENOMENON OF SENSITIVITY TO REYNOLDS NUMBER IN 

VARIOUS AIRCRAFT [9] 
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12 boundary layer-shock wave interaction 
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17 base flow and wake 18 base recirculating flow 
19 base drag 20 surface friction 
21 coarseness, drag of protuberance 
22 pressure fluctuation 23 eddy flO";v 
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26 bluff body 27 heat transfer 
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). Surface friction can be e~trapolated to a certain degree if 

) 

) 

the f16w is turbulent and if separation does not occur. While 
. commonly used, roughness can be applied, thereby hastening the 

boundary layer transition ~nd 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 increases 
etc. are very sensitive to the Reynolds number, the state at a 
high Reynolds number cannot 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 
ieparation at a certain degree of the shock wave develops. 

\ . .', . . ,·10.;"· 
..•. !. . 

'. . '-. _ -.L. 1 . _,... .". .. J~n 
........ •••. ,/.. \ooJ"':l!i'l 

......... M<l. /M>l : M<l 

..• / 
'.'. / 

/ 
I 
~{}·r#.5 

·~·--·M<·l··--_ .. -
- .. - .. --- ..... ~ 

Figure 2.1 Transonic flow 

around wing 
1 shock wave 
2 I:otmdary layer 
3 point of reattachment 
4 separation point 
5 transition point 

2.3 Present State of Reynolds number Similarity in Wind 

Tunnel 
Figure 2.2 [9] illustrates the state of similarity in the 

United States according to wind tunnels. While the material is 
fairly old, the state of the wind tunnel is virtually unchanged. 
These·aircraft planned in 1969 include the current jumbo jet as 

well as large cargo planes and large supersonic aircraft. As 
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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. 

Chord 
Reynolds 
Clumber 

~80)\ lOs 

160 

10(0 

120 

o 

Transports 

.s 

BolI)bers 

;: . 

1.0 LS 

Mach number -, 

Figure 2.2 State of similarity of Reynolds number in wind 
tunnels [9] 

The conditions in Europe are the same as those in figure 

2.2. Evaluations of these pr.oblems 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 
available are the 2 m x 2 m wind tunnel at the National Aerospace 

Laboratory (capable of Reynolds number of 2 x 10 6) and the 0.6 m 

x 0.6 m wind tunnel (Reynolds number of 1.5 x 10 6) at Mitsubishi 
Heavy Industries. This problem will be discussed in chapter 5. 

8 
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2.4 Examples of Problems Arising from Differences in 

Reynolds Number: 

As prev'iously 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 perform.ance forecast in wind tunnel tests differs 
greatly fro~ actu~1 performance in aircraft development, and 

numerous problems have already developed. These are illustrated 

in table 2.2 [9]. 'l."ypical examples in which the Reynolds number 

effect has an influence on the individual aerodynamic properties 
are explained below. 

Table 2 .• 2 Prob1.ems due to Reynolds number effect which have 
been discovered in flight tests [9] 

Aircraft Problems 

C-14l Errors in forecasting the flow on the \~ing surface. 'Ihese 
affected the stability, load and properties. Structural 
reevaluation tests and modifications took one year and millions 
("IF no]] ars .. 

F-lll Failure to forecast the interference effect of the transonic 
flow. Under-evaluation of resistance. Vast SLm6 were used for 
redesign and m::xlJ(i_CCl~!~.~ .. _ . ___ . _____ ~ ___ , ____ -,--,-

B-S8 Unsuitable aerodynamic optimization of transonlc veloclty. 
B-70 The acceler,ation 'margin-aF-low--fr-ansonic-ratesaffec£ed-the 
YF-12 f11g t range andnanalmg-;l:nereoy reaucThg-ffie-efrectiveness of 

~O2 
the aircraft. . ' 
Error-Tn-erran~itiOn-of transonic resistance, resulting in 
replacement by F-106. Both aircraft are plagued by base 
resistance at transonic speeds. 

Civilian i Redesign was requIre<rIri-£WS-fypes of~ -trans:pJrts due to 
aircraft f interference of the flow between the engines and the wind 

surfaces. :In many cases, the pitching m:rnent, 
drag and maximum lift presumptions were ambiguous. 

. -.---. - -

2.4.1 Pressure Distribution on Wing Surface [11] /5 

Figure 2.3 illustrates the results acquired from the C-14l 

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

the'pre~sure distrib~tion from wind tunnel~est.~esults differs 

greatly from the flight test reiults. In low Reynolds number 

tests (wind tunnel tests), the relatively turbulent boundary 

layer is thick (proportional to (l/S) the Reynolds number), as 

9 



) illustrated in figure 2 •• , and the position of the shock wave 

advances approximately 20% in comparison to high Reynolds number 
tests due to interference from external local supersonic regions. 
Thi~ alters the pressure distribution, including a change of 11% 
in the pitching moment. The result of this erroneous performance 
forecast was a nine month delay in use of the aircraft, 
reanalysis of the structure and loading of ballast weight etc. 

) 

) 
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SUBCRITlCAL PRESSURE DISTRIBUTION 
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--WINO l1JNNa (TRANSITION FIXED) 
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o J .2 .• 3 .4 .!I .6 .7 .a .9 La 
lie 

(a) 

SUPERCR:TJCAL PRESSURE DISTRIBUTION 
",·o.s~; ","0' 

--WINO TUNNEL (TRANSITION rlXElll 
--fVlL-SCALE fUGHT 

·1.0 

.,8 

·0 .1 .2 ~ .4 ~ .6 .1 ..IS .3 LO 
"e 
(b) 

Figure 2.3 Differences in pressure distribution based on 
Reynolds number [11] 
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UTECT ~ BOUNDARY LAYER ON SHOCK-iNDUCED SEPARATION 
..... " 

WI'IO TUNNEl. 
LOW·R£YNOI.DS NU~aER I 

,.rSHOCIC 

nxtci TRANSITION 

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

As seen' in figure 2.3 (a), there is also a case 

(subcritical) in which there is no effect due to differences in 
the Reynolds number. Thus, the phenomenon seen in figure 2.3 (b) 
is not usually seen. 
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Figure 2 •. 5 Changes in pitching moment coefficient due to Reynolds 

number M = 0.825, CL = 0.4 [12] 

1. MAC standards 

2.4 •. 2 Pitching Moment Coefficient 

Figure 2.5 [12] illustrates an example of change in the 

pitching moment coefficient Cm based on the,Reynolds number. ,As 
this figure indicates, the value of Cm obtained by the technique 
of fixed transition (use of ~oughness) which is used extensi~ely 
in wind tunnel tests at low Reynolds number is a value which 

differs considerabl.yfrom the value of Cm obtained in flight 
tests. However, convergence to the flight test values could be 

anticipated if the wind tunnel test Reynolds number could be 

increased. 

The wind tunnel test values based on the free transition 

method approach the '\1alues of Cm of flight 'tests more than the 

values of Sa obtained by the fixed transition method, but this is 

- 12 
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) because ~he boundary layer is relatively thin due to free 

transition, resulting in a more posterior location of the shock 

wave than in the case of fixed transition. Since 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 

inducin~ a sho~k wave if there are no flight test results, in 
short, if there are no results from high Reynolds number tests. 

2.4.3 Position of Shock Wave 

As previously stated, the position of the shock wave on the 

wing surface varies due to 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 the Mach number ar~ held constant 

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

) 

Reynolds number is'a1tered from 2 x 10 6 to 8 x 107 • Such a: 
change in the position of the shock wa've is a phenomenon seen 

oniYin Reynolds number ranges of 10 6 to 108 , and the virtual 
, , 

absence of change in the position of the shock 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 Drag 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 Co 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 CD 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 10 6• A Reynolds numbers of 40 x 10 6 (60 x 106 

flight Reynolds number of Boeing 727) is used as the standard in 

high Reynolds number tests since the change in CD 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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Figure 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 fro~ 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 

~s in low speed regions. At low Reynolds numbers, the boundary 
layer is a laminar flow, arid 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. 
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Figure 2.9 [12] illustrates the effects of the Reynolds 

number on the incremental lift coefficient. The data from wind 
tunnel tests resemble the flight test data, excluding the middle 
'stage figure of figure 2.9 (b), but that is not th~ case for the 

middle stage figure (b). When the dif£ereric~ of the magnitude of 

the figure is the incremental lift coefficient, it corresponds to 

10% pf the coefficient of lift during landing. An aircraft with 

a wing larger than necessary would be designed and produced. A 

10% reduction in the wing area of aircraft,of' the DC-10, L-10ll 
class would signify a fuel reduction of 1.8 tons in a flight 
between San Francisco and New York, and the payload could be 

increased. In addition, the amount of reduction in one flight by 

one aircraft, even if slight, would greatly reduce the amount of 

fuel and the expense'world-wide considering the ,total flight 

distance f6r the mean number of years of service of the aircraft 
and the total amount of aircraft produced. 
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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. In 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/mm2) [7] and the energy for driving the 

17 

18 



) 

) 

) 

wind tunnel (electric motor of 10,000-odd kilowatts). The next 

chapter briefly explains the technical difficulties. 

3. Problems in Acquisition of High Reynolds Numbers 

The fact that a flow field co~responding to a very large 

Reynolds number (Rc ~ 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 tunnel which 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 the 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 of test data due to interference from the wind 

tunnel 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 

small 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 appr.oached [l6]~ Thus, 

this 6hapter 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]. 

1° raising the stagnation pressure~ 

2° using material with great molecular weight as the 
inteinalfluid. 

3° reducing the stagnation temperature. 
When the ratio between the size of the model (typical wing chord 

length c) and the size of the cross sectional area of the test 

section ~AW' AW: cross sectional area of test section) is held 
constant (the magnitude of interference by the wind tunnel walls 
corresponds to a virtual constant.), the power required to 

proQuce a flow with a mach number and Reynolds number set in a 

=> given measurement section would be generally expressed as 

) 

: 2 S 
'. JliJ ao 

&wer·oc T Po (1) 

·Here, y,P, a and Prepresent the specific heat ratio of fluid in 

the wind tunnel, the viscosity coefficienti speed ~f sound and 

pressure respectively~ . 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 

constant when the gas used in the wind tunnel is determined, arid 

- PO, aO become functions only of temperature. Thus~ when the 
temperature is held constant and only the stagnation pressure Po 
is altered, the fo~lowing relation is derived from equation (1). 

1 
oc -Power Po (2) 
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), Specifically, when the stagnation pressure is increased, the flow 

field of a prescribed Mach number and Reynolds number ca~.~e 

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. 

F~rthermore, when the stagnation pressure is r~ised, 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). 

J 

Conversely, the following equation results when equation (1) 

is altered 'maintaining a constant stagriation pressure and 
temperature. 

r'2 
Power oc AP2 • J.ll 

" 
- i 
(3) 

Here, M is the molecular weight of the gas. In general, the 
. yiscosity 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 ~unnel 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 

[19]. 

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. 

Po=p (~)CI.f 
• l' • 

0.5 <w,<l (4) , 

Here, P* and T* are the viscosity coefficient and the temperature 

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

Power oc To1.s+24> (5) 

Thus," reduction in the stagnation temperature would be an 

effective means of requiring little power to drive the wind 
tunnel in order to produce a flow of presbribed mach number and 

"Reynolds number. Figure 3.2 is used extensively to illustrate 

the effectiveness of this technique. This represents in graph 

form changes in various quantities at constarit Mach number (1.0" 

in "this case), constant stagnation pressure and constant wind 
tunnel size (cross sectional area of test section) when the 
stagnation temperature is reduced using the value when the 
stag~ation temperature is 322°K as the s~andard. 
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The Reynolds number R; is expressed as follows. 

Rc= pMac 
Jl 

(6) 

Here, ~, 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 11ach 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 ~ and a decrease. However, ~ 
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decreases faster than a. Thus, a~ increases even if the 

stagnation temperature decreases. Thus, R-c generally increases 
when the stagnation temperature decreases. In 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. 

'. - ""'. .. .:-io}~ .. ). 

• GaS properties I Test condillons and 
- - drIve power 

~ .. , (,- p 8 . 
".-

31- \ ' , . 6
1 , r Reynolds number 
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relative 

T 
4 
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I Power! 

I "'! I I I , , 
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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. Smel tin. 1945 [17]. However, its 

implementation has been prevented until recently because of 

technical concerns involving wind tunnel operations at low 

temperatures. 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 termed 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 operatio.ns 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 
~.65 m is being planned 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 
0.15 m 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 

~mall, low speed, cryogenic wind tunnel is in operation at 

) 

'Tsukuba University (Figure 4.7) [27]. The wind tunnels mentioned 
above are all continuous types, but intermittent type cryogenic 
wind tunnels have also been contrived. The temperature reduction 
in the induction 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 Statei has been promoting work 

on producing a cryogenic wind tunnel from a blowdown to 
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4.9) [23]. 

wind tunnel with a test section cross section of 
Operations are scheduled to begin in 1981 (Figure 
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Figure 4.2 0.3 m transonic cryogenic wind tunnel [17] 
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The advantages of a cryogenic 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 
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reduce the dynamic pressure is_ very desirable since it enables 

the strength of the model, of the "sting" supporting it and the 

. capacity of the balance to be reduced. Furthermore, various 
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 held 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 bas reportedly been 

buried in conventional test accuracy (Figures 4.12, 13) [17]. 
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) and on the surface of the mode~ from freezing. This operation is 

termed "purging ll • 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 /14 

time, excess gas is vented in prop~rtion to the amount of 

refrigerant injected so that the pressure in the air duct does 
not rise. This operation is termed IIcool-downll. Next, the 

operating 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 refr igerant 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 
walls if the supply of refrigerant were terminated and the blower 

operated at the end of the experiment. This operation is termed 
"warm-upll. 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 ~hamber 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 IIreoxygenation ll • 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 
system of gas in the air duct are added, and ~hat the wind tunnel 

itself is thermally cut off from the atmosphere. In 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 cryogenic 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 i~ the wind 
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tunnel (approximately 10QoK) is far lower than the temperature of 

the surrounding atmosphere (approximately 300 0 K). Methods of 

insul~tion include external insulation in whichh~at insulating 
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 local 

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

is used extensively in small wind tunnels since it is simple. 

Conversely, whenOexternal insulation is used in large cryogenic 

wind tunnels, the structure itself must be cooled from normal 
temperature to low temperatures, and large amounts of refrigerant 
are required. This is also undesirable due to the deformation 
based on thermal change. For these reasons, internal insulation 
is employed 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 opera~i6ns of the wind 
tunnel 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 itselfowhen the external 

insulation method especially is employed. Figure 4.18 
illustrates an example of the struts used in the NASA 0.3 m 

temperature cryogenic wind tunnel. Moreover, special measures 

are required for the observation window (Figure 4.19), and 

special measures are required in the case of schlieren 

obs~rvation etc. Furthermore, the exhaust stack illustrated in 
° ° 

figure 4.20 is essential to safely disch~rge nitrogen gas from 

the air duct to the atmosphere. 
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As stated above, various special devices are iequired 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 p~esent by NASA, which has the capacity to 

reproduce on the ground the-flow field of high Reynolds number 

produced around the large transports currently operatin~, is 

used, a flow field with a Reynolds number as in figure 4.21 would 
-- .. - .. ~ . 

be achieved. Furthermore, the true Mach number effect, Reynolds 

number effect and effects due to changes in the dynamic pressure 

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 4.10 Power required to produce a flow field 

corresponding to RC = 50 x 10 6 at M = 1 in the test section 
[17] 
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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 kinetic energy of 

the jet when considering a large, high-pressure test section. At 

this time, gas in the air duct corresponding to the mass of the 

jet blown into the air duct must, of course, be 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 materialized 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 /20 

tank supply a jet of gas through the air duct falls to a prescribed 
-

pressure. T2 is reported to have a running time of approximately 

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 T'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 blowdo\<m wind tunnel tenned a tuhular 
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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1 Section A 
2 Section B 
3 Section C 
4 tillber block 
5 charge tube 
6 oonnecting tube 
7 contraction cone 
8 test section 
9 plenum chamber 
10 merlel 
11 second throat 
12 plenU!Il blF'ed tube - complete 
13 intermediate chamber 
14 rupture disk (structllr,ll m.embra.ne) 
15 ball valve 
16 flap 
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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 long charge tube, as illustrated 
at the bottom of the figure, and a rapid opening valve at t~e 
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 ~lowdown type wind tQ~nel 

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 v~ry short period of time, and passage of the 
expansion wave is subsequently impossible. The expansion wave 
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 closed 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. Since the charge tube cross section 

) 

) 

does not change to the cross sectional shape of the test section 

merely through smooth contraction, contraction occurs after 

expans ion once. Fur thermor e , timber blocks are fIlled in the 

plenum 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 Ml in charge tube and changes in duration 
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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 [451. 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. In the figure, P represents the pressure, T the 
temperature, P the density, the subscript 0 the air storage stale 

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 to' 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 EeT 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 t~me is required to obtain a transonj~ 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, 
liowever, it influences the gas and model. 
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Figure 4.32 Disturbance of flow in Ludwieg tube [54] 

(a) fluctuations in sidewall pressure in test section 

(b) fluctuations in rate of collection 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]. For example, 

the boundary layer in the charge tube changes while intensely 

dependent on the Mach number M1 of the charge tube, as 

i~1u~trqted in figure 4.30, and chronological changes in the 

stagnation pressure occur due to this, as illustrated in figure 

4.31. 

/2: 
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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 \,li th a high Reynolds number. Since there is no 

valve or blower etc. upstream in the test section in the Ludwieg 
tube, turbulence 1evel is believed to be slight. In 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 4.34 (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 ~~ 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 

2.4 m x 3.0 m (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 ~ith 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 

la~ge 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]. Its 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 

identical 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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Figure 4.35 Principle of Evans Clean Tunnel [62] 

The locus of the piston which completely eliminates the 

reflected wave is equal to the locus of the fluid particles 

accelerated by the incident expansion wave. In this case, either 

the locus of the piston 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 /26 

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 vo~ume 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 Ml is usually 0.1 to 0.3. 

57 

- - • - - - - - -- - - - ---- -y;o-



) ) 

=) 

) 

Operation of the ECT is efficient in terms of energy and air 
mass (Figure 4.38) 
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Figure 4.36 Wave propagation figure 
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Figure 4.38 Comparison of efficiency [65] (RT: recovery 

tube) 

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

remains. This fluctuation is due to piston overshoot • 
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Figure 4.39 Conceptual figure of test device [65] 
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Figure 4.40 Test results of wave elimination [65] 
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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]. In 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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In the Figure 4.44 illustrates the project at RAE Bedford. 

full-scale model, the Reynolds number could be 16 x 10 6 , 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]. In 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. 
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" Figure 4.45 Figure of ~ and T at 

optimum aperture ratio [63] 

I shock plate 
2 particle locus 
3 weak reflected wave 
4 incident expansion wave 
5 reservoir 
6 charge tube 
7 test section 
8 orifice 

5 l,. 6 117-" 7 ~u 
Ii\. ~ 

=J 

\) 

7-
fIl~(} ____ 

\ 
tIl« 8 

4.5 Wind Tunnels using Hydrauljc Power etc. 

4.5.1 Concepts of Hydraulic 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 COI/2·PV 3
) 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. In 
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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Hydraulic driven tunsonic tunnel medin, the laWs specification 

L Tnt section 21 m2 7. Gates for control and damp In, 

2. Upstream shut-off valve 8. Air stonge 

3. Downstream shut-orr and choke val~e 9 Bellows 

4. Outlet diffuser 10. DISplacement compensatIOn and drying bed 

5. Return leg (twehe In total) 11. Water supply 

6. Water storage: 12. Au supply 

Air {~ 
Staron, volume:, lrutlal pressure 700 kPa 

Useful run volume, constant pressure 600 kPa 

StoPPIn& yolume, end pressure 700 kPa 

Walu {: 

Stal1ln& volume:, Inillal pressure SO kPa 

Run pcnod. pressure nse fro'll 180 kPa to 400 kPa 

StoPpml volume, end pressure 410 kPa 

100 kPa G 1 bar 

Figure 4.47 Large wind tunnel utilizing the hydraulic 
pressure differential [73] 
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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 u: 

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 intermi ttent 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 
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. An 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. In 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 
N1'F (U. S. ) EIW (E).Irope) 

test section (m) 2.5 x 2.5 1.95 x 1.65 
Mach number 0.2 to 1 2 0.15 to 1.35 
Peak Reynolds number , 120 x lOb 40 x 106 

Designed Reynolds number (120 x 106) 25 x 106 

Wind tunnel internal pressure 1 to 9 1 to 4.5 
output of rotor for blower (MW) 97 3 37 
LN2 tank 1,136.5m 1,200 tons 
I.N2 prcx1uction plant unknown 120 tons/day 
data prcx1uction 8,000 polar curves/year 5,000 polar curves/year. 
operational date 1983 unknown 

The wind tunnel construction projects in socialist countries 
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 10 6), 
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 
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experiments must be conducted early, considering the preliminary 

stage. 

First, a determination of the basic specifi 'lt~,'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 the 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 

performance, 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 to 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 cOIT~enced soon. 

5.2 Basic Specifications of High Reynolds Number Wind Tunnel 

There are two factors which have a great influence on the 

scale and type of wind tunnel, leaving aside cost. One is the /33 
. 

_ ~~ximum Reynolds number ar.d the other is the productivity of data. 
Even if the Mach number 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 10 6 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 ~indtunnel for testing wings which is 

~rrently in operation: and this 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 perf>ormance 'Would enable to compare test results 

with other test results obtaioed in foreign 1yind tunnels, and would be 

useful is raising the technolo.,gy of wind tunnel experiments. 

Achievement of a max==mum 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 considex data productivity. Since aerodynamic 

-~ data on actual configurat~ons are usually expressed by polar 
-" 

) 

curves, the amount of data ~roduced 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 operating expense per polar curve have 
been evaluated [16]. 

The most modern type ~f high speed instrumentation system is 

used, of course, to raise ~he data production. Usually, 15 

seconds of ' :runll'ing 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 iif a high speed instrumentation system 

is used. One polar curve tconstitutes data based on 10 points of 

angles of attack in the case ~ pressure distribution test, and 60 
seconds of running ::iIme are required. The time required for 

setting and adjustment of the flow during each instrumentation 

period is also nepded, ~nd 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 pressure tests) through running time of four 

bours 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 rnaxiIm.nn 
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 

A1though 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 lv-hich 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 cryogenic wind tunnels) or the 

running time becomes very long (conventional interm~ttent wind tunnels), but 

some wind tunnels, such as the Ludwieg tube, do not vary greatly their performance. 

Item (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 tenninating 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 

~nd 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. Furthermore, 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 

drive 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 blow down type cryogenic wind tunnel (8,23) discussed in 

chapter 4. "Proliferation of uncertain items" in "table 5.2 is the tunnel with 

few experimental results in contrast to the complexity of the facilities, and it /34 

signifies a long preliminary period involving tests based on pilot wind tunnels etc. 

) 
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15 
16 
17 
18 
19 
20 
2l 
22 
23 
24 
25 

TABLE 5.2 COMPARISON OF VARIOUS TYPES OF WIND TUNNELS 

1 Z fJ I l.I 2 Ii=:; 3 Ih 4 5 6 h 7 

2 ~ ~ 1~~iUf1'!tt lit ;I< ~ .t< ;I< ~ 
~'.11 IDT J"-~I:"-1n IR'·"'-;l.Ii\r.~ J!<;.fJ' -1:"...-

~ r,c (!1) If[ r.n~a;'{lfl 7 LT ECT ~ ,,! ~Hjl ~ 

11 tllll~t$: 12llinll:.il B htzY.~~ . Lifa] Ir.. Fo1 t£. Fo1 t£. M t£. f"1 t£. 

f1x! IH. " " I ",Xli 0 fj, fj, 6. fj, fj, 6. 

Ill. 11 Jill ~ 0 x fj, 6. x 6. x 
7"-,!t~tt 0 0 x x x x 0 (.t!/iJ1i/'Ol) 
:t7J;-",,,"'-11Ati 0 0 0 0 x 0 0 

6!J1J1:. tt!flJ~ x 0 0 0 0 0 0 

~ !: 11 x 0 0 0 0 0 0 

Q n R 0 x 6. 6. fj, fj, x 

ilf.Cx~"'-¥ 6. x fj, x fj, 0 x 

Q. 'iT • ~ x fj, fj, 0 0 fj, fj, 

~ ~ !:t ~ 0 fj, fj, 6. fj, fj, fj, 

~ltliUJl()O)~~ x 0 0 6. fj, fj, 0 

26 ttl 0 ~. 6. Iff;, x !'1P 
27 tt2 nOWqu.hty'H,a:'''~~f.lI'''~\O)"C'1iro 

1 number 
2 model type 
3 cryogenic continuous closed-circuit 
4 conventional type continuous closed-circuit 
5 conventional type intermittent closed-circuit 
6 induction driven tunnel, IDT 
7 Illdwieg tube LT 
8 Evans Clean TUnnel :ocT 
9 hydraulic turbine semi-continuous closed-circuit 
10 utilization of hydraulic pressure 
11 gas used 
13 normal temperature air 
15 peak Reynolds number attained 
17 data prcx1uction (running time) 
19 convenience in use 
21 construction costs 
23 repairs, maintenance 
25 proliferation of uncertain items 

12 cryogenic nitrogen 
14 same as at left 
16 scale of wind tunnel 
18 off design performance 
20 safety 
22 operating energy 
24 merlel prcx1uction 

('I 8 

J!<;.£EflllII 

r.'I t£. 

fj, 

x 

6. 

0 

0 

0 
x 

x 

fj, 

fj, 

fj, 

26 Nbte 1. 0 good, ~ permissible, x poor 
27 lbte 2. FlQol quality was omitted since there is no definite conclusion. 
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Figure 5.1 Construction costs (a) and energy demand (b) (18) 

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 40 x 106 and MaCh 

numbers of 0.2 to 1.2, the author believes that the tunnel candidate which is 

used to development of aircraft would be the following three types. 

(1) cryogenic, con~inuous closed circuit type 

(2) hydraulic turbine continuous closed circuit type 

(3) conventional continuous closed circuit type. 

In order to minimize the operating energy, the pressure loss of the flow passag~~ 

must be reduced as much as possible in candidates (2) and (3). 

) 
6. Conclusions 
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The features of various types of wind tunnels have been 
described, reconfirming the necessity of transonic, high 

Reynolds number tests. In addition, the items requiring 
ver ification have been illustrated in the case of the high Reynolds 

number wind tunnel constructlon in Japan. An -evaluation organization must 

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