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ABSTRACT 

Very simple and basic theoretical considerations will determine the de- 
sign features of an aerodynamic facility. 

Desired Speed/Mach Number range, flight altitudes, Reynolds No etc. will 
call for different tunnel requirements with regard to model size, tempe-
ratures, pressures and energy supply. 

For certain types of tests there will be special limitations which will 
be defined and discussed. 

Restrictions can be of an economic as well as of a physical nature. High 
temperature simulation, stability and flutter belong to this category. 

An attempt will be made to give a survey of expedient combinations of e-
quipment and devices for covering this vast area of aerodynamic testing. 

In the original planning of an aerodynamic facility it must be decided 
upon a long term stategy so that an optimum solution - with alternative 
development potentials - could be realized in stages. 

In such basic facilities, the objectives can easily be changed and acconi 
modated to comply with new strategies or R & D policies. 

* Managing Director, AB Rollab, Aviatest/Rollab, Stockholm, Sweden 
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INTRODUCTION 

The difficulties in providing test facilities which could cover all aspects 
of aerodynamic testing have been presented in a graph, where flight altitude 
versus Mach Number is demonstrated with parameter curves for constant pres-
sures and temperatures. This paper will only cover the subsonic, transonic 
and supersonic regimes. (Fig.1). 

Each aerodynamic facility can be defined by or related to one or more cha-
racteristic features. In the subsonic flow the Reynolds Number is a dominat-
ing parameter, in the transonic and supersonic fields the Mach No is the im-
portant parameter. 

Many tunnels are available today among others for aeronautical engineering, 
building aerodyanmics, meteorology, agriculture, automotive engineering etc. 
In order to have realistic conditions during testing, full scale Reyno1dg  
Numbers are generally desired. 

In order to understand fundamental physical phenomena water tunnels have 
been used as an introduction to a problem area. A flow visualization tech-
nique, developed for this medium, partly explains the success of this tun-
nel. (Fig.2). 

Subsonic facilities are vital instruments for testing difficult problems 
during the starting and landing of aircrafts under a variety of aggrevat-
ing conditions without risking lifes. 

The transonic range is characterized by the simultaneous presence of sub-
sonic and supPrsonic flows.. By means of such a definition the range can in 
principle extend from M = 0.3 to rather high "supersonic" Mach Numbers. 
Subsonic tunnels are thus taking over below 100 m/s and supersonic tun-
nels are taking over, when cheap and simple aerodynamic means of establish-
ing high transonic Mach Numbers are exhausted. Generally between M = 1.2 
and 1.4. 

In the transonic regime the experimental difficulties stem from the models-
sensitivity to blockage and the extreme slopes of Mach lines and shocks, 
which can cause disturbances on the models by reflections via the transo-
nic walls. This range is dominated by shock boundary layer interference 
problems, and test sections are still subject to subtle research and deve-
lopment works to improve the testing conditions. [1] 

In the lower supersonic Mach No range the slope of the Mach lines 
(sin a = 1/M) are changing rapidly with M, but near M = 4 the characteris-
tic lines are changing very little and so are the aerodynamic coefficients, 
which are flattening out at higher Mach Numbers. 

In the subsequent hypersonic Mach No range (N,FM2---7-  M) thermodynamic 
phenomena like heat transfer problems, real gas effects, ablation processes 
will dominate the picture. Here the Mach No is no more'a significant para- 
meter. 

If no preheating of the air is applied, condensation of the oxygen in the 
air will put a natural limit to the Mach No in the supersonic range ( a- 
tround M = 4.2). 
L_ 
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The so called TWIN TUNNEL CONCEPT, however, can accept a supersonic tunnel 
leg to start with and later on prepare for a separate transonic tunnel leg 
with a 50% larger test section than in the supersonic tunnel. The two tun-
nels finally being operated on a common air supply system, whereby the capa-
city of the air supply system and the financing can be adjusted according to 
the order and time schedule, in which the facility is going to be realized. 

The advantages when compared to older trisonic versions are: 

The transonic unit with the same test section size as in the trisonic 
tunnel can be designed for a much lower max pressure (4 atm). This 
pressure being determined by the maximum possible sting/balance forces. 

The weight of this transonic leg, especially when deprived of the 
heavy and expensive supersonic nozzle, also results in a reduced 
boundary layer at the entrance of the transonic test section. 

Only the separate variable supersonic tunnel leg, which now could 
be made much smaller than the conventional trisonic tunnel, must be 
designed for the high pressure, which is necessary for testing at 
high Mach numbers (without using ejectors). 

The supersonic nozzle system does not need a choke system or any 
transonic auxiliary systems. 

It will be ample of time for tests in the supersonic test section 
when operated on an air supply system planned for a 50% larger 
transonic tunnel (the test section area being 2.25 times larger). 

The control and data acquisition and reduction system could easily 
be shared. 

In fact two tunnels could be run in parallel roughly at the same cost as 
one combined trisonic facility. The operational flexibility and the bet-
ter financial options are obvious. 

The charging of large amounts of air in pressure vessels over night or 
between runs in order to make short intermittent "blow down" tests is 
naturally attractive from both an installation and from an operation 
point of view. The continously operating facility is far more expensive 
and vulnerable. 

With modern computer technique and instrumentation there is today little 
incentive in continuously operating tunnels. Already the installed power 
and the start up of large electric machines are creating special grid 
problems. Only in captive trajectory tests or in certain presssure mea-
suring tests time may still be a critical factor. 

SUBSONIC TUNNELS 

Design Consideration and Quality Requirements 

The ever increasing demand for high quality stems from the escalating effect 
that experimental and theoretical advancements mutually will have upon each 
other. 
L- 	 _J 
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In all these domaines, but specially in the subsonic and transonic ranges, 
the Reynolds No is an important parameter. A lot of expensive efforts have 
been made in these two ranges to reach realistic levels e.g. by pressurisa-
tion (Fig.3) and by applying cryogenic techniques. 

In engine development work correct Reynolds Numbers are equally important 
as realistic temperatures. 

The high temperatures at higher Mach Numbers (Fig.4) will make the design 
of an engine test facility complicated and expensive. 

During the planning of basic resources for expedient aeronautical facili-
ties the optimum use of possible options and future development potentials 
must be carefully considered. . 

TYPICAL DESIGN FEATURES 

Some design features in aeronautical test facilities covering the speed 
range up to M = 4 can be derived from fundamental theoretical considera-
tions. They will also help to explain certain traits in the envelopes of 
wind tunnels. (Fig.5). 

From Table 1 some characteristic changes of the typical design parameters 
for different wind tunnels are demonstrated. 

Specially emphasized are the ever increasing demand (at increasing speed) 
for higher driving pressure ratios (i.e. for power). At higher supersonic 
Mach Numbers the more slender nozzles and the rapid change in the area 
ratio A1  /AS 

 (test section area/sonic throat area) are other typical fea-
tures . 

 

The consequence of this rapid change in area ratio (Fig.6) at higher Mach 
Numbers is that the settling chamber (from being 10 times larger than 
A1— AS 

near to M = 1.0) can be about the same size as the test section 
when operating near to M = 4.0. This is a good reason for making the hyper-
sonic range starting up with axisymmetric nozzles below rather than above 
Mach No. 4.0. 

Another reason being that at higher Mach Numbers (M = 5, Al/As  = 25) the 
two dimensional nozzles are sensitive to secondary flow phenomena, which 
are accentuated-further due to sealing difficulties and the tiny slot-shaped 
minimum throat. In an axisymmetric nozzle, however, the boundary layer is 
spreading out uniformly in the nozzle. Another advantage is that the axi-
symmetric nozzle is much shorter than the two-dimensional version. 

In the past many trisonic tunnels have taken care of the testing of models 
in the subsonic, transonic and supersonic ranges. A separate transonic test 
section, however, can much better match the size of a smaller supersonic 
test section with only one model ideally accommodated to the size of each , 
test section. 

The trisonic concept is a compromise offering poor testing conditions in 
the transonic regime and a too large test section in the supersonic regime. 

L 
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6 	During 100 years the tunnel design has bee improved thanks to developments 
in many areas. Diffusor half angles have been reduced to safe values (-2,3). 
Larger contraction ratios. bettr honeycombs and the introduction of expedi-
ent gauzes have improved flow quality and turbulence level. 

Computer methods for the profiling of the contraction units have made design 
and manufacturing easy. Experimental results are positive. Thanks to mew 
traversing-measuring methods corner eddies have been discovered and remedied 
by using a uniform contraction (i.e. constant aspect ratios through the en-
tire contraction unit). 

By all these measures flow quality has been improved and typical figures 
are: 

Total pressure ±APO 	within 0,2 percent of the 
variations 	dynamic pressure 

Static pressure 	tAP 	within 0,2 percent of the 
variations 	dynamic pressure 

Angularity 

Temperature 

Turbulence: 

t 0.06° 
± 0.12

0 
 

in the vertical direction 	(1/1000) 
in the horisontal direction (2/1000) 

1 C 

Longitudinal 
components 	RMS/ u/U < 0,05 percent 

Lateral 
components 	RMS/ u/U < 0.1 percent 

Computerized data acquisition systems, model manufacturing by NC machines, 
advanced strain-gauge balances and measuring techniques have made the test-
ing faster, better and easier. As in all physical experiments an error ana-
lysis will tell, if the individual accuracies in a measuring sequence are 
in harmony with one another, so that excessivly expensive equipment not is 
purchased in vane. The most important development trend is, however,coupled 
to the tunnel concepts proper. 

As a consequence of the "Prandtl School" open test section tunnels of the 
"Catingen type" were in common use around 1927. 

The closed test section was already used at an early stage and is still 
the dominant version for high quality aeronautical development. 

During the last 30 years slotted walls have been used as a compromise bet-
ween open and closed tunnels (compare Brown Bovery paper 1942 by Darrieux). 
The method must be supported by empirical evidence, and the optimum value 
of open area depends on the current type of test. 

The recently (1983) invented "adapted wall" system [2] is the only which 
can produce experimental data according to the first principle (i.e. with-
out using empirical corrections). 

_J 
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Calibration and Corrections 

Reference pressures which could be affected by model attitude variations 
are placed upstream of the test section (in the downstream end of the con- 
traction unit). 

The drag of calibration rakes, traversing gears etc. should be so small 
that they do not contribute to a change of the natural free stream flow 
pattern. The same goes for attitude mechanisms, which very often are dete- 
riorating a basically good quality free stream. 

The turbulence level is measured by the classical sphere tests or by hot 
wire anemometry. Relevant frequencies are in this context higher than 5 Hz. 
It may therefore be important to have the resonance frequency of the sphere 
under control. The turbulence factor: 

T.F. = 385.000/Rc  = Rc(in free air)/Rc(in wind tunnel) 

is important to know in order to relate future tests in the tunnel to the 
natural turbulence conditions. 

A tunnel wall correction due to inferference e.g. between the boundary of 
the tunnel air stream and the down wash of a lifting airfoil has to be 
made. 

The corrections according to Glauert are of the following type: 

ACD = (t) SC
L/8A 

Aa = (±) 57.3 • SC /8A where 

( t) is referring to closed and open trhoat tunnels respecti-
vely. 

A cross sectional area of jet 

S airfoil surface.  

CL  lift coefficient 

ACD 
drag correction 

Aa angle of attack 

An horisonal Buoyancy correction is 
along the tunnel walls. That will 
section, if no angular corrections 
rection would be: 

made due to the boundary layer growth 
cause a presssure drop along the test 
of the walls are made. The buoyancy cor- 

Model volume times dp/dx. 

The level of the ground floor is generally horizontal so the B.L. correc-
tions have to be made on the other surfaces. From a flow angularity point 
of view it is, however, not sufficient to let only the corner fillets in 
an octagonal section Dope with this compensation. 
L 
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Computerized (panel) methods for the calculation of any type of wings have 
improved the means to get correlations with refined results. The progress 
stems to a large extent from the improved accuracies in manufacturing of 
models by means of NC machines. 

In the ambition to increase the Reynolds No (pVL/p), the speed tends to go 
up. With increasing speed (V) another ratio will be of considerable signi-
ficance i.e. WC, where C = speed of sound. This ratio is proportional to 
the inertia force/elastic force in the fluid, and as such the ratio serves 
as a criterion of similarity for high velocity flaw. 

The correction for compretibility in a pitot - static tube for a compres-
sible fluid is 1/ V1 + (?4 /4) which amounts to 1% at about 100 m/s. 

In the Olauert - Prandtl approach it could be shown that a body in a com-
pressible flow is equivalent to a thicker body in an incompressible flow, 2  
and that the ratio between the two thicknesses would be equal to the V1 - M ._ 
For an airfoil this also holds for the thickness, camber and angle of att-
ack, so the lift coefficient of an airfoil at high Mach No would be 

CL  (M) = CL(0)/ V1 - M2  . 

Practical/Econcinic Aspects 

Smaller wind tunnels have mainly from an economic point of view open test 
sections. The performance would have been better with a closed test section 
and a conical diffusor. 

Speed could in this way have been increased by 40 to 100% with the same 
power. 

An asymmetric location of an open tunnel without return ducting can cause 
severe deterioration of the flow pattern Targe outdoor or indoor obstacles 
can have the same bad influence on the velocity distribution. 

To avoid dust and paper to be moved around in the laboratory a closed cir-
cuit with corner vanes is a natural though expensive improvement. 

For smaller and medium sized low speed tunnels a vertical i.e. a so called 
up and over type of tunnel is preferred to the horizontal or race track tun-
nel: 

Better accessibility (from both sides) 
Symmetrical flow (with regard to roll) 
Occupies a small floor or ground area 

For atmospheric High Reynolds No tunnels in which temperatures are determi-
ned by the ambient temperature and possible cooling arrangements (max 50°C) 
the optimum choice must be made between size, pressure and speed for ob-
taining high Reynolds No at a reasonable cost. 

The wind tunnel cost (C) when geometry, speed (V) and pressure (p) are 
constant is proportional to the linear scale raised to the 1.7 power: 
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CL/CS = (DL
/DS

)1.7 where 

D = A typical linear dimension 

L = Targe tunnel 

S = Small tunnel 

Fran Fig.7 it is clear that the most expensive way of achieving high Rey-
nolds No is to increase the size partly because tat will rapidly increase 
the area and the power is proportional to .00L/Ds/.. 

An increase of speed and a moderate increase of pressure will, hoever, be 
very cost effective. [Though the power is proportional to (VL/VS) ]. Fig.8. 

The cost effectiveness with regard to a pressure increase depends upon the 
type of design layout which will be chosen. 

Fran a structure stability and from weight economy point of view it is a 
great advantage for subsonic wind tunnels to chose sections, which are very 
near to circular (Fig.3). 

Quasi circular [1] and Quasi Square test sections are thus attractive alter-
natives. They can - specially at moderate sizes - preferably be of the up 
and over type and give good flow conditions in corner vanes, transition 
parts and at the test section proper. 

The most economic way to reach high Reynolds No is by applying moderate pres-
sures in the tunnel (2 - 2.5 atmospheres). Here again the quasi circular sec-
tions will be the optimum design from a structure point of view. 

A rapid pressurization and access to the test section is essential. An ordi-
nary "diver" technique has been suggested for making changes on models bet-
ween tests. The new technique will allow model service between runs without 
depressurization of the entire tunnel or the test section. That can be done 
by entrance arrangements similar to pressure sluices in hyperbaric chambers. 
Thanks to moderate pressure differences, short exposure times at elevated 
pressures and low frequencies between overpressure exposures, the physical 
strains are very low, when compared to the conditions normally prevailing 
for divers. (2 atmospheres equivalent to 10 m diving depth). 

With only one permanent test section it is possible to work with different 
test equipment mounted on one or, if necessary, several exchangeable turn-
tables. In this way bulky exchangeable test sections could be omitted. 

With regard to pressure the cost differences due to an increase in pressure 
from 1 to 2 atmospheres is of rather small influence, since stiffness and 
buckling criteria already at atmospheric -conditions will-determine the struc- 

ture, which thus can stand moderate overpressure. 

A doubling of the pressure from atmospheric would approximately result in a 
10% cost increase and that certainly pays off. A further pressure increase 
means that deformations of slots, tunnel operation, handling etc. rapidly 
will grow more and more difficult. 

L 
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TRANSONIC TESTING 

In the subsonic regime starting and landing conditions for aircrafts are 
of a major concern. Low speed and transonic manoeuvrability is also impor-
tant fields of investigation. 

Compressibility effects start at speeds long before Mach No 1.0 locally ap- 
pears on the wing. On thick wings Mc  could be 0.6 but on air intake lips 
it can occur already at Mc  = 0.4. 

When in a tunnel with solid walls Mach No. 1.0 is approached, a model bloc-
kage of 1% will already create choked conditions in the test section at 
M
b =0.89. At M = 0.95 a model blockage of 0,2% will choke the test sec-
tion. This higR sensitivity to blockage (Fig.6) is reduced by the intro- 
duction of ventilated walls - slotted on the subsonic side and perforated 
(or combined with slots) on the supersonic side. In the transonic range 
above M = 1.00 it is desirable to have a variable porosity, so that the 
open area increases from 2% near to M = 1.00 to 8.5% at M = 1.2. 

One of the difficulties to establish M = 1.2 or higher Mach numbers by 
means of suction through a progressively increasing porosity upstream 
the testing area is generally that the transition length has been chosen 
too short. The result has therefore been an over expansion with no possi-
bility to get an extinction of the compressing waves forming at the end 
of the transition part. An expensive solution to this problem is to in-
troduce a short flexible nozzle upstream the transonic test section. 

It could be cheaper to make the transition part longer and combine it 
with a device, which could allow the Mach No to increase stepwise (in 
2 or more steps) so that higher Mach Numbers than M = 1.2 can be obtained, 
without loosing too much air by ventilation through the transonic walls. 
That procedure will make it easier to overbridge the Mach No range 1.2 - 
- 1.4, which otherwise will be leapfrogged in a transonic test section, 
where Mach No are obtained by plenum suction only. 

On the supersonic side of the transonic range there is another limitation 
caused by the shockwave from the model which after reflecting on the ven-
tilated walls can impinge on the model or the sting. In order to improve 
the conditions for overlapping tests in the transonic and supersonic 
test sections (and assuming that the same models can be used in the two 
test sections) the height of the transonic test section should preferably 
be 50% larger than the supersonic test section. 

The total head applied in transonic test sections is, due to possible 
stresses on models and stings limited to 400 kPa. In supersonic tunnels, 
however, the maximum pressure is generally determined by the starting 
conditions at the maximum Mach No. (Say near 10 atm. at M = 4.0). 

From a cost and manufacturing point of view there are several advantages 
in splitting up a facility into two separate tunnel legs (Fig.9) instead 
of using one single trisonic tunnel. 

The so called Twin Tunnel System Facility is attractive with regard to 
utilisation, accessibility and performance. 

L 
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For aerodynamic testing in the subsonic 
ture is generally of a minor importance 
high Reynolds No must be considered. 

Reynolds No is proportional to speed, pressure, linear dimension and visco-
sity. 

. 
As a result the Reynolds No goes up with the temperature T1.

104  . The requi- 
red power (E), however, is reduced according to E Re • T 	Despite high 
complexity and costs the cryogenic technique has already been applied [3] 
and seriously considered in other projects [4] for obtaining full scale 
Reynolds numbers. 

The very need for such Reynolds numbers is still under dispute despite on 
heavy argument, which originated from discrepancies between wind tunnel 
tests and and test flight experiences with a C141 aircraft. Though the Rey-
nolds No interest should be focused to the subsonic regime (starting and 
landing conditions, high lift devices etc.) the large and exotic cryogenic 
facility projects are today primarily transonic facilities. 

The cost estimation of a cryogenic high Reynolds No tunnel alternative is 
complex and depends very much on the technical solution and the local cost 
of liquid nitrogen. [5] 

SUPERSONIC TUNNELS 

The aerodynamic testing in the supersonic range is primarily devoted to 
research and development of aircrafts, missiles and power plants. 

In the early days each Mach No required a separate nozzle, In 1940 - 50th 
several methods were developed for making possible a continuous variation 
of the Mach No by means of variable Mach No nozzles. (Fig.10). 

Most of these devices are of the mechanical type. The simplest and at the 
same time most accurate version Fig.10E) is the single-jack system, which 
lately has been provided with a Boundary Layer compensation Jack, which 
can be used separately for trimming purposes. The slotted or ventilated 
nozzle, however, is subject to an artificial expansion in an axisymmetric 
geometrically fixed nozzle by aerodynamic means only. (Fig.10F). 

The variable Mach No in combination with rapid advances in measuring and 
computer techniques increased tremendously the speed of collecting data. 

During the last 30 years, the testing techniques, strain-gauge balances, 
pressure measuring techniques and model manufacturing have improved the 
overall quality and accuracy of the experimental results. 

It is imperative to dry the air so that no water condensation shocks 
can take place during the expansion in the nozzles. In some ejector tun-
nels preheating (Fig.11) of the air has been used instead of using large 
drier beds of Silicagel or activated aluminum. In blow down facilities 
compact driers are installed downstream the compressors. (Sometimes com-
bined with a pre-cooler for a rough separation of water). 

and transonic domains, the tempera-
. This is not true, however, if very 
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In a unique blow down facility at VOLVO-FLYGMOTOR AB in Trcllhan3an, Sweden, 
(Fig.12), water is used to chase the air out of a huge (11.000 m ) rock 
chamber (height 4 m). The rock chamber is 90 m below sea level. During the 
summer, when the water is about 20°C the partial water vapour pressure is 
slightly too high but in winter acceptable ( 0,4g/kg air). The conclusion 
is, that a rock chamber of the same kind should rather be about 240 to 320m 
down in order to avoid condensation problems (water vapour partial pressure 
being the same as above). 

In supersoic tunnels the noise level is usually high. Even if the noise le-
vel in the settling chamber can be reduced by cascading arrangements in the 
valve diffusor, it is not possibe to get rid of the noise generated in the 
boundary layers of the supersonic nozzle. At higher Mach No this noise 
source is dominating. 

An important design feature for the few flexible wall tunnels, which can 
change Mach No during testing, is the sealing of the flexible nozzles to-
wards the sidewalls. 

It is very important, that the seals are properly designed and mounted in 
order to get a good Mach No distribution. 

In many tunnels it can take 20 minutes (between two runs) to change from 
one Mach No to another. In the single screw semiflexible wall nozzles 
(Fig.10E) the entire Mach No range can be covered within 10 seconds. The 
variation of the Mach No can be very useful, when e.g. studying hysteresis 
effects in air intakes and during flutter tests. 

The slender nozzle types generally have good starting load characteris-
tics. With a variable Mach No nozzle the start can take place at a low 
Mach No, so the high model loads at high Mach No are avoided (Fig.13). 

With an angle of attack mechanism, which is combined with a roll mecha-
nism any combinations of lift and side forces can be arranged e.g. for 
6 component balance or pressure measuring models. 

The angle of attack mechanism can. also be used for calibration devices 
'(rakes, angularity probes, pneumatic balances etc.). 

The sting can be exchanged by a hollow cylinder with a variable nozzle 
for varying and measuring mass flows through air intakes. 

Assuming that there is no blockage (Fig. 14) the expected starting con-
ditions for any of the trisonic tunnels would be as per Fig.15. 

In order to keep the models within the test rhombus the Mach No range, 
planform and attitude angles must be known. A typical model length to test 
section height (L/H) versus Mach No curve is shown in Fig.16. 

Thermodynamic Tests 

In supersonic tunnels which specially are devoted to thermodynamic tests 
(turbojet engines, ramjets etc.) several superimposed requirements must 
be considered: 
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• The static temperature (rc) goes down linearly with an increasing flight 
altitude (H up to 11 fans Thereafter the temperature Ts  is assumed con-
stant for ahother 10 km. 

▪ In order to obtain the equivalent static temperatures in the test sec- 
tion of the wind tunnel the Total temperature T must be established in 
the settling chamber and acoomodated to the Mach No which is required 
in the test section: 

T
0 
 /T
S 
 = [1 + M

2 
(K - 1)12] 	(fig.4 and 17) 

. The pressure variation (Ps) with flight altitude (H in km) is changing 
as in Fig.18. 

. The isentropic pressure ratio (Pn/Pc) over the supersonic nozzle will 
give
. 
 necessary total head in the settlingchamber in order to reach the 

wanted pressure (Ps) at the flight altitude (H). (Fig.19). 

PO
/PS 
	

im 
0".S1  

%KiK'l 
■ (1 + Mg (K 	

1) /2]K/K'l 

In the supersonic range the aerodynamic conditions for testing are very 
neat and simple. For research and development on powerplants, when combus-
tion processes are involved, there are many difficulties which all can be 
referred to the Reynolds Number under true flight conditions: 

Operation of Flame holders 
Heat transfer problems 
Mixing processes 
Evaporation 
Ignition 
Combustion 
Extinction 
Cooling etc. 

In all these tests the correct simulation of tempeartures and flight al-
titudes is of a primary importance. 

A simple method to obtain correct temperature simultation is by a oombus-
tion heater installed upstream or in the settling chanter. By oxygen injec-
tion upstream the combustion zone it is possible to have the same oxygen 
content after the combustion as in normal air. This is naturally impor-
tant, if the test object further downstream will need the oxygen for its 
operation in the test section. 

It is also possible to control the total temperature by mixing cold air 
with air passing a preheater of a matrix type. Heat exchangers or direct 
electric heating elements are other possibilities. 

In most cases it is necessary to install suction devices downstream the 
test section for simulating different flight altitudes. For this purpose 
ejectors (driven by air, hot water or steam) or vacuum spheres, rock vac-
cum chambers, vacuum pumps or similar can be used. 
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CONCLUDING REMARKS 

Most of the wind tunnels of today have been in operation for more than 30 
years. Therefore the planning today of wind tunnels for the next period of 
30 years should consider: 

That the highest tunnel quality should be required from the start of a pro-
ject because wind tunnel equipment cannot easily be changed afterwards. An-
cillary equipment, however, can more easily be improved or exchanged at a 
later occasion. 

Wind tunnel resources for research and development will improve the know 
how and also contribute to the general education in the aeronautical field. 

This way of building up a high competence level is profitable not only if 
the interest is focused on national industrial activities but also when pur-
chasing advanced equipment abroad. 
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Mach Number 
Range 

Pressure 
Ratio for 
Operation 

Nozzle 
Slenderness 
Ratio LN/H 

Test 
Section 
Size L/H 

Area Ratios 
A
0
/A

1 A1/AS 

Subsonic — 1 Contraction 2.25 9 (5.8 	- 	2.0) 
0 	- 0.3 Unit 

L/H0  — 1.2 

Transonic 1.1 	- 	1.5 Transition 2.25 12 1.6 	- 	1.03 
0.3 	- 	1.2 or nozzle (1.12) 

(1.4) 1 	- 	2.8 
(4.0) 

Supersonic 1.5 	- 	9 5 - 	7.2 0.6 	- 	4.0 12 	- 	1 1.06 	- 	9.0 
1.3 	- 	3.8 (15) (12.8) 

(4.2) 

Hypersonic 10 * 4* 4.0 * 1 * + 12.8 * 
4 	 ► 

INDICT 

0 = Settling Chamber 	1 = Test Section 
S = Sonic Throat 	A = Atmospheric 

Table 1 The Variation of Characteristic Design 
Parameters in the Trisonic Mach No Range 
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Fig.1 Flight Altitude versus Mach No (M) at Constant 
Temperature (T0) and Total Pressure (P0) 
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Fig.2 Flaw Vizualisai_ion Tunnel (Test Section Size 300 mm x 300mm) 

_J 



I

EA-1 1125 FIRST A.S.A.T. CONFERENCE 

14-16 May 1985 I CAIRO 

A
l 
= 36 m2 

. 5 .....,.... 
;11 ' 

, 	1  
s... . . .......,,..------ i 	: 1 

0.___ i 
MO RIM 	-I4%,  

h...WIW./ ...WIWI. 
• 

117 m. 

Fig.3 A quasi-circular Test Section Wind 
Tunnel (7m x 6m) suitable for pres-
surization according to S.O. Bidder 

I 



FIRST A.S.A.T. CONFERENCE 

14-16 May 1985 i CAIRO EA-1 126 

  

■■u■■■■■■■ 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■••••■■■•111111111■■■111■•■■•1111■■•••11111•••■•• •••• 

11111•11111111111111111M111•1111111111111111111111111111M1111111111111111111111•11ME 

111111111•11111111111111•1011111111111111111111111111111111•11111M1111111111111111111111•11•112111  
wmmnnmmmummsoumummnnnmmmmmwAwn 

mu•■••■■•■•■•omm••r 

N,12 
x= 1,40 

■n■■■m•■■■■•■o•w•u 
■■111•■■11■■11•■■111•11•■•/4■• ■111111■■•■•••••••11• ■•■• 

••••••■•••11••■■•■•A■•• 
■■11111111111■■■1111111■111■■ ■■111■•••111111••11111■•11• 

ornimissimmumummummmummunummingsm 
MIIIIMIII11111111•111111111111111111111111•11110•11111M•1111111111111•111111W11  

+ 
2 

■•111■■• 
5 

4 

3 

2 

1 

0 

■•••1111111111111••11111111■•M■11•• ■1111■••■■■■■■■■■■■R•■■ ■MIll 
■■■■■■■■11■■■ 11■111111110■■• ■■ ■111111111■■I■II■•E■ ■■MI 
■•11111■•1111■■11■■■111• ■■• ■•11■•111■■111111■ ■••■ ■••21■■111111111111111 

■■ 
■■■■■ 

■■ 
1111111■■•■•■ 

■111■•■11•■ 

111■■■■■■■■■ ■1111■■■■ 
111111■•■■ 

11111■ 11■■■ 
•11111111111111111111111111111111•11111111MIIMMIIIIIIIIIIIIIIIMMWAILIIMMIME • ■I■ME11■111•1111■■ 

■11111•••NI•■MA• ■■■••■■I■I•■II■• 

1■11•■ 
■••■1111111111 

■ ■■111 

■11•■■ ■II•••■•••■ 11111111•11•1110111•1111111111111110•11111111•11111111•1111111111W111111111111111111=11111111 ■■11••I•IIM■•N■■ •■■■ ■•••11 
111■■■1111■ •1111■11■•••1111■•• ■111111111111111111• 1111111111111111111111111111111111M11111111MMIMMIIMIN111111111111111•11111111111M 1111111111•1111111111111111111111111111111111111111•111111111111111•11VAMMIIIIIIIIIIMMIUMM 

■1111.A■■ 

■11,I••IIM■III■•IIIII 

■■•••• 

•■•■I•■••■•■■

■•••■■■••■•••1111■11■ 

IIIIII■EMINI 

■•I■ ■•• 

•1■111■• ■••■■■■•■■■■■■■■•■ ■•111111■111■11•■ ■■1111•■•• ■11■•••• 
1111M1111111111111111•11111111111111•11111111111111111111011111111111111111111111111111111M1111111111111•• 
MINSIIIIIIIIIMMIMIIIIIM11111111111111M11111111111111111111101111111111•111MMIIIIIII 

■• 

■■••■ 
■■•11111■••11• 

• 11■■ ■•• 
■■•11■•■■■ 

■■1111111111■•■M••■ 
►1••• 11111W11111•11111011111111•111111111111111/111•11MMINIIIIIIMI1111111111111111111111111EM ■1111111111• II■■•I1• ■11111•1111•111•2■• ■••••• ■••• ■ ■•■•111111■ ■•111•• ■■ 

■•■•■■■■■■•■2■• 
■■■■■■•■•■■■•■•/21•• 

■••• 
■11111111■ 
■■•• 111111111111111111111111111111111111111PM111111111111MMIIIIIIMMEIMINIM ■ 

■1111111■•111■■11••■•■IIIIIIIIMIN 
■■••••••••■•• N 

■1111111111• ■111■•■ ■■ ■11111111■■•■•■•■•■IIIIII•• ■11■11■1111■•1111■•11 ■• ■• ■• ■■•MM11■ ■• ■M■ ■■■ ■ ■■11111111••1• ■■111■••■ ■■■ 

■■11•11111111111■ 

1111■■11•11■ 

■■■■■■ 

■•11••111111■■ 

■1111■• ■ 
■11111•■ ••••111111111•1•11111111111111111•111111111111•111MMIIIIIIMMIIIM•11111•11111 111111111111111••••••••••••••••••••11111111111111111111111111111111•11111111111111111111M1111 111111111111111••1111•11111111• 

■■••111•111•• ■ ■11111■•11• 

■•■•■•IN 

■111111111111 

■•111■■11■ ■ 111■ ■• 11■ 1111111■•111■11111111111111111■ ■ ■■■ 
•■■•••1111111111•11111111■•111111115111■11■11■••1■1111111111 111111•■■■O■■MM ■■111111■111■11■■•I ■■11111111■■ 11•■■■■■•■■■■•■•• ■■■ 111111111• 11111111■■ ■1111111111■ ■ ■■ 

Nossommimmumiwa messmumumemansmimiTh 
0 
	

1 
	

2 
	

3 
	

4 M 5 

Fig.4 TbtAl/Static Temperature Ratio (T0/T) versus Mach No (M) 

L. 



I EA-1 	1271 FIRST A.S.A.T. CONFERENCE 

14-16 May 1985 , CAIRO 

 

SA • Mach tw•ntiaer 	Rom Rsynnido momober 

PA 	Adnloinn1 P 	 

PO 	Tofol Hood in SePiling Chamber 

PS 	Nou• Exit Pmsann. 

Me Mech....1~ 	len lloponnh nonnoor 

pA  o A•ila•• INOMMO 	 Mow Fie. 

. % • ~el 14~1 b 	p • bon. Mogan. le 
Se•n.• Che..1... 	 lool &.N.. 

OES11 IRISSUM 
--1!=a1IMILWW 

ril I 
IMMINIII 

ANEW ~MI 
APOIlli /pa 

• 
La 1-21 
	

20 
	

20 	 1.0 
M 

PERFORMANCE ENVELOPE SVMS00 TOTAL HEAD (Po/PA) 
VERSUS MACH NO (M) AT CONSTANT REYNOLDS mocRe) 

IIII11 RI 
111111111.11 
IM 

/111 
11/1141 rogrimen 

111111111611111  
1AVIDA11111 

maim 1111 
1111111katlii 
1111:11111!!! 
%11111Igr' 
PIM 

170 	300 
W Nt 

PERFORMANCE. ENVELOPE symsoo TOTAL MEAD (P"0/PA) 
VERSUS MASS FLOP RAT! (V EG/S) AT CONSTANT RE 
AND M 

%A 12 

10 

3 

0 

114 
110 

10 

3 

0 

0 	50 

Fig.5 Typical Supersonic Performance of a Trisonic Tunnel 
(Test Section Size 500 mm x 500 mm ) 

L 	 _J 



FIRST A.S.A.T. CONFERENCE 

14-16 May 1985 r CAIRO EA-1 123 

  

SNIDE 	 6111M•••••••••••••••••••••21::Mill slab .... r_ 
, 	Li 

, 

• " • r 	_. 
, 

!;■- 
— 

7----4 F,2=..- 
quims 

"12  
R--. 	• 1-. 	• 

VEINS.. 

• ____49.86 
. 	. 	. 	. 	r , 	, 

	

Fii_r 	c 1 i , 
antis=1111 

. 
4 	I I 

-. 	Lthl  4.-  
-: 	 -. H 

, 

hci--  .iti - 

i   . 
,-1-,;!!- 	, 

, 	-, 
1 . 

t-I [ 	1 t , .... •. h 1_,:•• - w. • 

3«.....abb 
---1  - • ;Ir,--1.1 i=---  

--j-P T.---LITriL'Hi.H. i .ILI 
----, - 

rt_, ,, rAlniiiedi -7 

_. 	,c, 

.__ 
4- ,-. ,-riw,_•13 '._ . - . 11 L7711- ', 

r 
u  

upung  MINI 
11:.:ff.1
"

1

0

:
ianr
3..a:
r

1.an
1..li.11

En
' 	.1
hi
1

ak.rr
°.
ei..
rm. 

- 	, 4 
t-  1

Ea

13 1.82..E.1 
D 
	L 	- 

BEE 	a0. urnEiE
.m.4
. 
1  nR

g

E

r
nE 

 

f

..
ang"" i 

 I...n.a
I 
 
 

rt 
 

•1 
0.80 
	 0.90 

	 1.0 

1420 

1-015 

1.010 

1.005 

1.000 

1420 

1415 

1410 

1405 

1400 

Fig.6 Area Ratio (A/As) versus Mach No 1M) 



• 

	

■•1, 	 

•	 
■ 	 

10 

20 

30 

40 

Re =.0 x P x V x L 
is referred to the tunnel diameter (L 

A typical chord for a half model arrow wing 

Re x 10 -6  

50 

is 0.2 x D 

Re x 106/0.2D 

10 

= D) 

0 

4 

6 

8 

w.ai 

• 11•21•••1•18 MMMMMMMM ONO 
OW OMNI 	  

•••••■•••••■••••• MMMMM a/il/WM/ I 	  
••••••• 	  
	 WA 	

ION 	II' 	  
	 IP'.. 	

OM 	  
•••••••••• ••••••••••• 	  
MEOW ••Il MMMMM ••••••11119 	  
•••••••••• MMMM•/.•••••■•••/. 	  MO/ 	 MAW: 	  
•• 	 •• 	  •••■■• 	 W. 	

• 
0 •••• MEW 	IPA 	••• 
•••/•••••• 	 

• 11 	
••/

1•••••••••••11•••••• JEW •••••••A 
■ 	  

rI 

	.\N 	 01101 	
••• 	 1A/MO•11•611/4 	 'A 	11 
••• 	W/A•••04•1•••11 	 On • OEM 0 WI MMMMMM sommalsn 	 tk 	 on • 	ransoms 	 Imam No • 	 anwemar... ea to EN ■■ ....„ ■• IIII••••■•1•••••• EWA 	  

	

•••••WA 	 • 	  4:1 1.;% 
• IOW  	II 	WA•••••••• 	  ■ S 	 11••••••■••••••■•••• 0 ••••11111 

	

••••••••••••• 	, 	 a 	ea ■ .N. 111/1••••/s••••••■••• 	 WA 	1•11111•••11 	••••••• 

	

W0•••//1•••1•111111/1•••••11••••• MMMMM 1111111/PA••••11111 MUUMUU, 	 	iminme•W•Amin••••••■•••11frA 	•1111•4•• MMMMMM lin 	 A. 
Ca 0 	a••••• a I MMMMMMM Inlavraimilinal.11."  A 	•11110M SNOW 	 0 • ••=1/11••111 MMMMMM I' 	ANY ••••• 	 .0 CO C) • 	SOU 	 1141AIII• MMMMM 11•44 ...I. IMAM EY. 	 a. ,...'s 	,... I• 0 	  

	

awn 	  
vJ  

	

WI 	
 MO 	 

MOM 1 
MIN ta IMAMS eV • 	 

le■ 	 CO 	 mummesalwaumwas C) 	  
mammy 
NAM A s V  

....- aa ....--• OHM 	MIS •=1111•1111•4•111111111411111 
A.. /MUMS MMMMM 	 •• 	IAN. 	 

• • V MMMNI ,4„'"" 	  ••11/INII••• Au 	AINOW1 	111•••••1 	  V A•11•11111 	 ERNI MMMMM 101•111••• 	IMMO co ••• OS •WAI•••••11111 	  •••0/1•M 1/A•• MAIM 	WM 	•••••••••Il I 	  

• 111•1/AIAW 	 MAW 41, mo 4 .0111 
1 	

II NW 	  anwralsw:esawawan 
noweatr-watowar e• 	

• 

•••MWAII.••■ 	A 
	NN 	 OEM IM. ".. a 	  1111 	Olt 0) EMMY. 	  ••• ••••••••■•:•••••••1•14•111 	AO. ••/1111111/AMM•••■•••••■••• 	 ON 0 ••111/11 

IV 11W/IWWWA•••••■••■••••••11•• 
Mil ■ ••••1 0 A11•••••••• 	V" 	 11=111/••• 

•••■•/4 	 AIIIIIIMS Cb 
	  ••••••••• .11••• 

WI 	 r 	• 
	 0•1111111Wd•••• .."‘• 
	la •••••• 'ANSON -■ 

EWA 

Os./ 

	

W•1•1110 4 	  	Mgd1 	 111141•••■••11 11••• 	  
••• MMMMMMMMMMMMMM ••••••■••ASO 	  

1•111 	  	111//•1 	
IV 

AMMO 	 IIII ••••••••••••••••• NEWS, 1 	 1111111W• 	••••••••••1■•••••11• 	 •1111111111 	 / 	 1/11••••■SAW.MW1 	 a 	 =NI 	W 	 •■ MI 	 All••••1/1 	 J.11 	 •11/1••••••■••••10 	 • 11111111111•11 MMMMMMMMM =AS 	  

	

MISS 	 ••••••111 	
EWA 

	 MAWS 	 VII M 	 11111111•111 	  •1111••••••••■■••• 	 	 111113•111/ 	  • 	 '••• 	 	 II•/•• M 	 /11111, 	  	 AMAMI 	 MI 	 1&111 	 •••••••••••••■•••■•11/1 	 MIAOW 	   	/WWII 	 III'■ 	 UN MINIM HISINIIINSIIII/ •1111••11 	  IMMIll MMMMMMM 1111 .11411111•14IM 	 • 	 OM 	 ..111•11•• 	 WIENER/A M 	 WARN 	 .41•••■••••••• 	MI 	 ••••••••M■•• 	14••►•••1 	 •••••••• 1 	AMID 	 WA MMMMM ••••••••VA 	 All 	 11•••••••••1•1111 	WM •1110/• 	II 	 

•••■■• 
	•111/41•11 
OM AMIE 
••• •••• 

wl 	 

	

n•••• 	 
•• • • 
• • • • 
••• • 
• • 

• WO 

• • 

• NW MMMMMM  VAIllaWralalle Nag- 
a 	 •I 	 1110•1•811111111.1111111•111MWM11111111.111 	  WM. 	 Ilra 

• 01/".1111••1 
• M I 	WA 	WIEN...1 • 	 Cr 	 WNW 	  
	•1•••••■•••••••• 	  IBM 	"11111Wiar ONSWIP. 	  • I  

	1W
11••••/ 	 

■•••
11 
 116. 

	MFlifina •■■AIMISO•I•f 	 
111=•711/••• 

lanamaimainallw IIIINDPW.1111 

INA Id 

••■•■1111•4111 

U. 

4 MMMMMMM •••••11111 	 
	■ 	  
••■••

A
•••111 

1 SNOWS/AM 	 

	

•••••■ 	  
■ 	  6 6 

MIN 	

11••••■ ••••• • • MMMMMM • 

MI 

	

r 	 

	

WA 	 
WON 

ON I 	1/ 	 

	

1••••••• 	 	■ •••••• 	 

.W 

WAD 
	1••••111 

M 11•••••1.11•• 
•••111 INA MMMMM 
•••1111 
a•••11 UMW 	 

WANWINOWO 
	Ufa 	  

ANS 

We 

	I 

WWI... MEM • 

011a•M•111111. 

••• 

IAN 

••■• 
• NONA 

4114541 

FIRST A.S.A.T. CONFERENCE 

14-16 May 1985 I CAIRO 

    

    

 

EA-1 129 

 

    

    

r 

   

2 	3 4 5 6 7 	.8 	9 D m 

TUNNEL SIZE (DIAMETER) 
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Fig.8 Reynolds No (Re) per m versus Speed op at Content 
Pressure (P) and Power (E) for a 26 m Subsonic Tunnel L 
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PRESSURE VESSEL 

VxVOLUME M3  

pxPRESSURE BAR 	peTOTAL HEAD 

PxPOWERxCONST x a RUN TIME 

MACH NO 	TEST SECTION 	COSTx.CONST x 15 

RANGE 	SIZE 	CODE 	bxCOST OF TRI- 

SONIC TVM500 

TVM 1200 
1.60 	0.40M+4.20 1200+1200 	TVM 1200 	3.1•b 

30 
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a • POWER FOR TVM500 TUNNEL s, 	 b • COST OF TRISONIC TVM500 TUNNEL 

Fig.9 The ROLLAS Twin Tunnel System 
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MINARD NOZZLE - 

D 	 MULTI-JACK SEMI-FLEXIBLE NOZZLE 

MAIN JACK 	 NOOK SCUMMY LAYKIII JACK 

• 
• SINGLE -JACK SEMI-FLEXIBLE NOZZLE 

VENTILATED NOZZLE 

Fig.10 Variable Mach No Nozzles design concepts 
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Fig.11 Minimum Total Temperature (T ) to avoid water 
condensation shocks at a gi n Mach No (M) 
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Fig.12 A unique air storage system 

At Volvo - Flygmotor AB, Trollhattan 
Sweden, a magazine for compressed 
air is blasted out of the solid rock 
at a depth of 90 m (295ft) below the 
ground. This magazine has a capacity 
of 130 tons of air and use the near-
by river for supplying water for main-
taining constant pressure while the 
air is =sated in wind tunnels, com-
bustion rigs or during ram tests on 
full scale engines during ram tests at 
supersonic flight conditions. 
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Fig.18 Pressure (PH) decrease versus flight altitude (H kin) 
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