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PREFACE

The Large Wind Tunnels Working Group (LaWs) of the Fluid Dynamics Panel of AGARD
has been helped considerably in its deliberations by a large number of non-member scientists
and engineers from the participating countries, who investigated particular problems, provided
specially-written papers, or took part in the discussions. This help was very much appreciated
by the members of the Group, and the information contained in the LaWs Papers, in particular,
has proved to be very valuable. However, the number of LaWs Papers is so large (over 130)
that it was not possible to publish them all or to include them in full in the Report of the
Group (AGARD Advisory Report 60 entitled "The Need for Large Wind Tunnels in Europe").
On the other hand, some of the LaWs Papers present substantial surveys of particular fields
and others describe possible options for future wind tunnels in detail. These papers supplement
the Report of the Group in essential respects. The Group decided, thereforê to publish a
selection of the LaWs Papers in AGARD Reports, so that they are generally available and can
be read in conjunction with the Report of the Group.

As a result, four AGARD Reports are being published, collecting a number of papers
together on subjects related to the design and operation of low-speed and transonic wind
tunnels, with particular reference to possible future large wind tunnels in Europe. There
are thus three further Reports in addition to the present Report. Their contents are listed
in Appendix I at the end of this Report.

Wherever appropriate, the individual papers have been edited by a member of the LaWs
Working Group. On behalf of the members of the LaWs Group, the undersigned wishes to
thank all those who helped the Group and especially the authors of the papers published
here.

D.Kuchemann
Chairman, LaWs Working Group

November 1972
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SOME CONSIDERATION S OF FUTURE LOW-SPEED TUNNEL S FOR EUROPE

by

A.Spence — RAE Farnborough
and

B.M.Spee - NLR Amsterdam

SUMMAR Y

At the request of the AGARD LaWs Working Group, two series of possible future low-speed windtunnels have
been studied. The first series are high-Reynolds-number tunnels having a product of working section width in
metres and maximum pressure in atmospheres kept constant at a value of 45, but including in addition a 60m
atmospheric tunnel. The second series comprises atmospheric tunnels of widths ranging from 8m to 25m, and
these are of more modest cost and generally lower capability than the first series. Very broad estimates of possible
capital and running costs are given as an indication of the scale of expenditure which might be involved; no
precise quotations have been obtained. Brief statements are made of the capabilities of the tunnels considered.

Each series in turn appears to offer attractive possibilities for future provision of low-speed tunnels in Europe.

1. INTRODUCTIO N

During the discussions of the AGARD LaWs Working Group, attention was given to Europe's needs for future
low-speed tunnels. In order to provide a basis for these discussions, the present authors were asked to study two
series of tunnels, to summarise their capabilities and to make cost estimates.

The first series studied consists of tunnels which could give high maximum Reynolds number, the value being
the same for each tunnel at any chosen Mach number up to 0.2. The product of the working section width in
metres and the maximum pressure in atmospheres is kept constant at a value of 45. But since there is a case for
requiring the maximum Reynolds number to increase as the maximum pressure decreases because one then has a
smaller range of Reynolds number (at constant Mach number) from which to extrapolate, a 60m atmospheric
tunnel was added to the series.

In view of the very high capital costs of this first series, some thought has been given to several possible
ways of reducing the cost, including

(a) shortening the air circuit

(b) using unconventional drives

(c) using reinforced concrete instead of steel for pressure shells

(d) using Eiffel type tunnels.

Also, a second series of tunnels has been studied, comprising atmospheric tunnels having working section
widths from 8m to 25m, which could meet some of the requirements at more modest costs.

The authors each made completely independent estimates of the capital costs. Their totals agreed to better than
15 per cent, though it is not expected that the absolute values are as accurate as that might suggest. Mean values of
the two estimates are given and it is believed that the orders of cost are correctly indicated. The figures given are
all based on 1971 price levels. Estimates have also been made of the running costs of each facility.
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2. THE FIRST SERIES; HIGH-REYNOLDS-NUMBE R TUNNEL S

2.1 Tunnels considered and their  capabilities

Conventional return-circuit tunnels have been studied covering a range of working size and pressure from
11.25m wide at 4 atmospheres to 45m and 60m wide at atmospheric pressure. In all cases the ratio of working
section width to height is 4:3.

In respect of four aircraft categories used by the LaWs Working Group in its studies, the capabilities of this
series of tunnels may be summarised as follows: —

1 For CTOL/RTOL aircraft with maximum lift coefficient < 4. These tunnels could give three times the Reynolds
number of tunnels currently proposed or under construction, for those cases which justify the extra cost of
utilising this extra capability or of needing the use of a larger model.

2 For RTOL/STOL aircraft with maximum lift coefficient between 4 and 8. The tunnels could give maximum
Reynolds numbers for this category of aircraft similar to those which can be reached in tunnels currently being
built or planned for Category 1 above. For example, an STOL model at CL = 8 , sized ;to limi t the tunnel
constraint effect on the angle of incidence to 2°, could be tested at a Reynolds number d'f about 6 millions at a
representative approach speed of 30 m/s.

3 For powered-lift aircraft with effective lift coefficients greater than 8. This series of tunnels can offer a greatly
enhanced capability (by a factor of about 6 on Reynolds number and of 2 to 6 on scale o'f model) over what is
currently available.

4 For rotary-winged aircraft. This category defines the power of each tunnel in the sgries as that required to
give a maximum speed of 130 m/s at atmospheric pressure. Rotors of diameter two-thirds of the working section
width could be tested at speeds from 130 m/s down to about 30 m/s. Lower speeds would require either a larger
tandem working section or the use of a smaller model.

The Reynolds numbers, available in these tunnels (based on a length of 0.1 times the; square root of the working
section area) are shown as a function of Mach number in Figures 1 and 2, and are compared with those of existing
and currently-planned tunnels.

2.2 Assumptions and Methods of Estimation

It has been assumed that the desirable standard of flow is similar to that intended in the RAE 5m tunnel or
the NLR 8m x 6m tunnel. Accordingly, tunnel shell surface areas are those for return-circuit tunnels with a
contraction ratio of about 8:1. Tunnel power factors have been taken from those of the above-mentioned tunnels
with reductions for the increased Reynolds numbers and for the smaller models in relation to working section size.

For the pressurised tunnels it is assumed that the pressure shells would be made of steel. Since hoop stress
largely determines the thickness required and this is proportional to the size and the pressure difference, the weight
of steel is thus proportional to the cube of the scale and to the pressure difference. The cost is taken to be
proportional to the weight, and therefore, based on the cost of the shell of the RAE 5m tunnel,

Shell cost (£M) = 20(P-1) (W/15)3

where P is the maximum pressure in atmospheres and W is the working section width in metres.

For the atmospheric tunnels, it is assumed that the shells would be made of reinforced concrete. One of the
authors (AS) made the drastic assumption that such a shell would cost i of'the price of a'f steel shell designed for
1 atmosphere differential pressure. The other (BMS) extrapolated from the value estimated for the NLR LST
8m x 6m, and since the two sets of estimates were in fair agreement if screens, corner varies and motor housing
were included, one can express the cost approximately by

Shell cost (£M) = 2.5 (W/15)3

but this is considered to be applicable only to tunnels larger than about 20rh:

As stated earlier, each tunnel is powered to give a top speed of 130 m/i'at atmospheric pressure because of
the requirements of rotor testing. The maximum speed at other pressures varies as follow|, depending on whether
or not the fan blade angle can be varied

Pressure (atm) 2 3 4
Fixed fan V(m/s) 92 75 65J
Variable fan V(m/s) 103 90 82
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Either set of speeds is considered adequate since it would be acceptable to reduce the pressure when needing
higher speeds for V/STOL transition work etc.

The costs of the main drive were estimated from a rough rule of £32K per megawatt. For the cooling and
temperature control system of pressurised tunnels, a figure of £2IK per megawatt has been used; in the case of
atmospheric tunnels, however, an air interchange system would suffice and a lower cost has been taken for this of
about £10K per megawatt.

Provision of pressurised air supplies becomes of major and increasing importance as the tunnel size increases,
both for pumping up the pressurised tunnels and for use in engine representation in models in all tunnels. It is
clear that pumping up the tunnels considered here would require impossibly large pumping capacity unless a large
store of air is provided. For the pressurised tunnels the costs for the air system correspond to assuming pumps
sufficient to fil l the tunnel to maximum pressure in 6 hours and storage of enough air for one fill . For the atmospheric
tunnels, a simple figure of about 4 to 5 per cent of the capital cost of the facility is taken for a model blowing air
system.

Additional costs other than those mentioned above are estimated to vary from about 20 per cent of the total
cost for an 11.25m, 4 atmosphere tunnel, to about 10 per cent for 45m and 60m atmospheric tunnels. This
final addition completes the estimate and leads to capital costs which are set out in the next section.

2.3 Main Characteristics and Capital Costs of High-Reynolds-Number Tunnels

Item

Max pressure (atm)

Working section (m)

Power factor at
130 m/s, 1 atm

Power for
130 m/s (MW)

Power for
200 m/s (MW)

Ai r mass to
fil l (Mkg)

Reynolds number*
for RTOL/STOLH- 106

Cost of shell
(% of total)

Estimated total
cost (£M)

Tunnel A

4

11.25 x 8.5

0.315

40

134

0.84

1.5 - 6.0

67

35

B

3

15 x 11.25

0.30

69

233

1.32

2.0 - 6.0

69

55

C

2>/2

18 x 13.5

0.295

96

324

1.73

2.4 - 6.0

71

70

D

2

22.5 x 17

0.285

147

496

2.23

3.0 - 6.0

73

90

E

1

45 x 34

0.26

530

1800

_

6.0

65

110

F

1

60 x 45

0.25

900

3040

—

8.0

75

225

*  The Reynolds numbers quoted are those for a model with a maximum lif t coefficient of about 8, sized to limi t
the tunnel constraint effect on the angle of incidence to 2°, and tested at a representative approach speed of
30 m/s. For an aspect ratio of 8, such a model would have a mean chord 0.08 times the square root of the cross-
sectional area of the working section.

Al l the costs are estimated for continuous running at a maximum speed of 130 m/s at atmospheric pressure;
the cost of the shells of the atmospheric tunnels as well as the cost of the drives of all the tunnels would increase
if the maximum speed were higher.

In these estimates, the costs of compressed air systems were based on the known cost of providing pumps for
the RAE 5m tunnel, together with a rough rule for storage vessels of £1 per pound of stored air. For tunnels A
to D, the amount of air stored and the rate of pumping appear sufficient for model blowing requirements and
engine simulation. Further study may well suggest that part of the flow should be compressed to a higher
pressure than the 22 bars to which half the flow for the RAE 5m tunnel can be pumped; it may also be desirable
to store some air at higher pressure. No allowance for this has been made in the cost estimates, but it seems un-
likely that it would have a major effect since, as shown in the Table below, the costs of the pumps and air
storage is estimated at only about 8% of the total capital cost of the whole facility.
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For the atmospheric tunnels E and F, the tunnel itself has no pumping requirement, and a simple crude
assumption of about 4 to 5 per cent of the total capital cost has been made for a model blowing system.

Costs of Air  Pumping for  High-Reynolds-Number Tunnels

Item

Pumping rate (kg/s)
Cost of pumps (£M)
Ai r stored (Mkg)
Cost of storage (£M)
Estimate of rate of

flow required for
model with internal
jet flap (kg/s)

Estimated total cost
of air system (£M)

Tunnel A

39
1.1

0.84
1.8

120

2.9

B

61
1.7

1.32
2.9

160

4.6

C

80
2.3

1.73
3.8

200

6.1

D

105
2.9

2.23
4.9

250

7.8

E

_
—
—
_

490

5

F

_
_
—
_

870

9

The cost estimates agree fairly well with NASA estimates given in LaWs Group Paper No. 19. There the
cost of a 150 ft x 75 ft atmospheric tunnel is about £60M. The working section area of this is the same as that
of a 37im x 28m tunnel, for which the methods of the present report would give £70M, but the latter tunnel would
have a longer circuit and a larger contraction ratio.

2.4 Running Costs of High-Reynolds-Number Tunnels

Estimates of running costs have been made, broadly on the lines used by Hill s in LaWs Group Paper No. 49
and in Section 8.6 of the LaWs Group Report. The main assumptions are as follows: —

1 Each tunnel is powered for continuous running at 130 m/s at atmospheric pressure.

2 Tunnel usage is divided 40 per cent to rotary wing aircraft and 60 per cent to fixed-wing aircraft of the
other three categories listed in Section 2.1. Since the latter are tested at lower tunnel speeds, the power used for
them is reduced more in atmospheric tunnels than in pressurised tunnels in which the pressure would be raised for
such tests. The ratio of mean power to maximum power has been taken to fall from 0.75 in a 4 atmosphere
tunnel to 0.375 in the atmospheric tunnels.

3 The maximum power has been taken to be the sum of the main drive power and the pumping power.

4 Since testing of rotary wing aircraft wil l not usually demand compressed air, but for other types of work
the pumps wil l require to run about twice the tunnel running hours for pressurised tunnels, the mean power
consumption of these tunnels has been taken to be the sum of the mean power of the main drive and the maximum
power of the pumps. For the atmospheric tunnels, a guess has been made that the average pumping power wil l be
about a quarter of the .maximum.

5 The same electricity charges have been used as in LaWs Group Paper No. 49, ie a maximum demand charge
of £2500 per megawatt and a power consumption charge of £4.3 per megawatthour.

6 Again as in LaWs Group Paper No. 49 the costs of labour, materials and equipment are assumed to be £350K
for 1000 hr/yr of running, and £41 OK for 2000 hr/yr.

7 It has been assumed that the average rate of data recording is 5 polars/hr for all types of work.

These running cost estimates are set out in the following table, both for 1000 hr/yr and 2000 hr/yr of running
time and both including and excluding amortisation and interest on capital taken as a total of 10 per cent of the
estimated capital cost.
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Item

Max drive power (MW)
Factor to mean power
Mean drive power (MW)
Max pumping power (MW)
Power for max demand (MW)
Mean power used (MW)
Max demand cost £2500/MW
10 per cent of capital cost

I For 1000 hr/yr
Power charge, £4.3/MW hr
Labour etc.
Total (without interest etc)
Total (with interest etc)
Cost/polar (without interest)
Cost/polar (with interest)

II For 2000 hr/yr
Power charge, £4.3/MW hr
Labour etc.
Total (without interest, etc)
Total (with interest, etc)
Cost/polar (without interest)
Cost/polar (with interest)

Tunnel A

40
0.75
30
19
59
49

£ 147K
£3500K

£ 210K
£ 350K
£ 707K
£4200K
£ 141
£ 840

£ 420K
£ 410K
£ 977K
£4500K
£ 98
£ 450

B

69
0.625

43
30
99
73

£ 247K
£5500K

£ 314K
£ 350K
£ 911K
£6400K
£ 182
£1280

£ 628K
£ 410K
£1285K
£6800K
£ 128
£ 680

C

96
0.56
54
41
137
95

£ 342K
£7000K

£ 408K
£ 350K
£1100K
£8100K
£ 220
£1620

£ 816K
£ 410K
£1568K
£8600K
£ 157
£ 860

D

147
0.50
73
56

203
129

£ 510K
£ 9000K

£ 555K
£ 350K
£ 1415K
£10400K-
£ 283
£ 2080

£ 1110K
£ 410K
£ 2030K
£11000K
£ 203
£ 1100

E

530
0.375
200
37
567
209

£ 1410K
£11000K

£ 900K
£ 350K
£ 2660K
£13700K
£ 532
£ 2740

£ 1800K
£ 410K
£ 3620K
£14600K
£ 362
£ 1460

F

900
0.375
340
67
967
357

£ 2420K
£22500K

£ 1530K
£ 350K
£ 4300K
£26800K
£ 860
£ 5360

£ 3060K
£ 410K
£ 5890K
£28400K
£ 589
£ 2840

2.5 Possibilities for Reducing the Costs

Because of the very high costs of all the tunnels in this series, some consideration has been given to various
ways of reducing the costs of the tunnel shells and also of reducing the power requirements.

One possibility is to use reinforced concrete instead of steel in the construction of the shells of pressurised
tunnels. Very brief discussions with UK experts in the use of concrete have suggested that the construction of
a tunnel such as Tunnel B above is feasible and that the cost of the shell in reinforced concrete might be of the
order of three-quarters of that for a steel shell. This suggestion was based on 2 man-days of work and for a better
estimate a design study lasting about 3 months would be needed.

Another possibility is illustrated in Figure 3. This is based on two main ideas, first that the pressurised
tunnels might well spend three-quarters of their usage at atmospheric pressure and therefore perhaps could do
without the kind of access arrangements to the working section which are being provided in the RAE 5m tunnel;
second that the compressed air supplies envisaged could be used for boundary layer control in rapid diffusers. A
rather extreme circuit is shown in Figure 3 which keeps all its corners the same sizes as in the conventional
circuit, but has its first and second diffusers shortened by a factor of 4, and the rapid expansion after the third
corner by a factor of 2. If such a circuit could be made to work acceptably, the shell cost for a 15m, 3atm tunnel
could be reduced by about £15M, though this would be offset to some extent by greater development costs and
by the costs of the b.l.c. system. It is not clear how big the nett saving could be.

The high power requirements of the tunnels considered arise from the need to provide high speeds for
rotor testing. Some thought has been given to the possibility of reducing the power level. The authors believe
that, for a long time to come, it wil l be necessary to provide continuous running for V/STOL work, even more so
than for CTOL/RTOL work, and discussions about testing of rotary-wing aircraft suggest that, as a minimum, a slow,
controlled run-up and run-down are needed, leading to a total run time measured in minutes rather than seconds.
Brief consideration has therefore been given to a scheme in which an electric drive is sized to drive the tunnel
at a modest speed by means of a fan and the higher speeds are reached by use of stored compressed air applied to
the fan in the form of a jet flap. In the case of the pressurised tunnels, the cost estimates included an allowance
for storing sufficient air to fil l the tunnel to maximum pressure. First results suggest that this method could be
used to drive a 15m, 3atm tunnel for 3 minutes every hour at 130 m/s at atmospheric pressure, provided there was
an electric drive sufficient to drive the tunnel at half speed at three atmospheres and this required 26 MW instead of
69 MW. For atmospheric tunnels, the savings in drive power could lead to greater percentage reductions in the
overall capital costs than for pressurised tunnels, but this would be offset by the need for a large increase in
compressed air supply.
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It is sometimes suggested that for atmospheric tunnels, the Eiffel type would be considerably cheaper than a
return-circuit tunnel. The authors' experience suggests that for the same, good quality of flow and the same drive
power, 'the costs would be much the same even if the Eiffel tunnel has its diffuser divided so that it could be
shortened. It may be that the cost could be reduced by having less diffusion and a larger power requirement, but
we would not expect the cost reduction to be large.

2.6 Relative Merits of the Pressurised and the Atmospheric Tunnels

Although it is not possible to make any definite recommendations it seems desirable at this point to set out
some of the main differences between the pressurised and the atmospheric tunnels.

1 For a given maximum Reynolds number, the pressurised tunnel wil l be considerably cheaper both in capital
cost and in running cost.

2 The use of pressurisation gives a range of Reynolds number at constant Mach number, from which to
extrapolate towards full scale and the required maximum Reynolds number may therefore be lower. However,
it may not be safe to rely on this in all cases because of our limited ability to define Reynolds numbers above
which scale effect wil l be regular and understandable.

3 It is expected that the smaller models for the pressurised tunnels wil l generally be quicker and cheaper to
make in spite of the higher loading.

4 The large atmospheric tunnels offer the advantage of testing a larger range of full-scale hardware including real
engines and real aircraft, but such tests wil l usually have to wait until a later stage in the development of a project.

2.7 Concluding Remarks on the Series of High-Reynolds-Number Tunnels

1 It is clear that both the capital costs and the running costs of these tunnels are extremely high and that they
rise rapidly with increasing size.

2 In the opinion of the authors, tunnel A (11.25m, 4atm) is too small and that its high maximum pressure
would make for serious difficulties arising from model distortion.

3 Tunnel B (15m, 3atm) is the smallest and cheapest facility of this series which deserves serious consideration
if the high Reynolds numbers aimed at in this series are to be achieved.

4 Tunnel B is limited in its size and would not suffice to do much of the full-scale hardware testing discussed
in Section 2.6.

5 The use of reinforced concrete pressure shells and of unconventional circuits and drives should be studied
further as means of reducing the costs of these facilities.

3 THE SECOND SERIES: ATMOSPHERIC TUNNELS OF MORE MODEST COST

3.1 Cost Estimates

In view of the very high capital and running costs of the high-Reynolds-number tunnels discussed in Section 2,
some thought has been given to atmospheric tunnels of more modest size and cost and to the question of whether
these offer particular attractions in their capabilities. In this second series of windtunnels, the sizes of tunnel
considered range from 8m to 25m, with a height which is three quarters of the width. The assumptions are consistent
with those of Section 2:

1 Conventional return circuits with contraction ratio of 8:1.

2 Maximum speed 130m/sec, to satisfy conventional helicopter needs.

3 Tunnel shell constructed in reinforced concrete.

The main characteristics and costs of this series of windtunnels are given in the Table on page 1-7.

In the size range above 25m, it could be assumed that the mean thickness of concrete is proportional to the
linear scale and, therefore, the weight of concrete and the cost of the shell are proportional to the cube of the
scale. Below 25m, however, the mean thickness of concrete required is thought to be fairly constant and,
therefore, the shell cost varies with the square of the scale. At the same time the ratio of shell cost to total
cost falls from 0.46 for a 25m tunnel to about 0.24 for an 8m tunnel.
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On these bases, a consistent set of estimates was made, which is given in the Table below.

Main Characteristics and Capital Costs of Atmospheric Tunnels

Item

Working section (m)
Power factor (130m/s, 1 bar)
Power for 130m/s (MW)
Power for 200m/s (MW)
Reynolds number for RTOL/

STOL tests (+ 106)
Cost of shell (% of total)
Estimated total cost (£M)

Tunnel 1

8 x 6
0.33
22
75

1.05
24
5

2

10 x 7.5
0.325

33
112

1.3
28
6'/2

3

12 x 9
0.32
47
159

1.6
32
8'/2

4

14 x 10.5
0.31
61
207

1.85
34
11

5

16 x 12
0.30
78
264

2.1
37
13

6

18 x 13.5
0.295

96
325

2.4
40
15

7

20 x 15
0.29
117
380

2.6
42
18

8

25x18.75
0.28
177
600

3.3
46
25

It is worth noting that the total cost of the main drive motors and cooling system for the RAE 5m tunnel is
about £53K per MW. Taking half the cost for the cooling system, the drive and cooling costs for the above
atmospheric tunnels are about two-thirds of the costs of the tunnel shell when the top speed is 130 m/sec. If the
speed requirement were raised to 200 m/sec, the drive cost would be more than trebled and this would increase the
capital cost of any of the above tunnels by about 60% without allowing for the extra costs of the thicker tunnel
shell which would be needed.

Estimates of running costs have also been made, using the same assumptions as for the series of high-Reynolds-
number tunnels. These are given in the Table below.

Running Costs of Atmospheric Tunnels

Item

Max drive power (MW)
Factor to mean power
Mean drive power (MW)
Max pumping power (MW)
Power for max demand (MW)
Mean power used (MW)
Max demand cost, £2500/MW
10 per cent of capital cost

I For 1000 hr/yr
Power charge, £4.3/MW hr
Labour etc
Total (without interest etc)
Total (with interest etc)
Cost/polar (without interest)
Cost/polar (with interest)

II For 2000 hr/yr
Power charge
Labour charge
Total (without interest etc)
Total (with interest)
Cost/polar (without interest)
Cost/polar (with interest)

Tunnel 1

22
0.375

8
1

23
8

£ 58K
£ 500K

£ 35K
£ 350K
£ 443 K
£ 943 K
£ 89
£ 189

£ 70K
£ 410K
£ 538K
£1040K
£ 54
£ 104

2

33
0.375

12
2

35
12!/2

£ 87K
£ 650K

£ 54K
£ 350K
£ 491K
£1140K
£ 98
£ 228

£ 108K
£ 410K
£ 605K
£1260K
£ 60
£ 126

3 .

47
0.375

18
3

50
19

£ 125K
£ 850K

£ 82K
£ 350K
£ 557K
£1410K
£ 111
£ 282

£ 164K
£ 410K
£ 699K
£1550K
£ 70
£ 155

4

61
0.375

23
4

65
24

£ 162K
£1100K

£ 103K
£ 350K
£ 615K
£1715K
£ 123
£ 343

£ 206K
£ 410K
£ 778K
£1880K
£ 78
£ 188

5

78
0.375

29
5

83
30

£ 207K
£1300K

£ 129K
£ 350K
£ 686K
£1990K
£ 137
£ 398

£ 258K
£ 410K
£ 875K
£2180K
£ 88
£ 218

6

96
0.375

36
6

102
38

£ 255K
£1500K

£ 163K
£ 350K
£ 768K
£2270K
£ 154
£ 454

£ 326K
£ 410K
£ 991K
£2490K
£ 99
£ 249

7

117
0.375

44
7

124
46

£ 310K
£1800K

£ 198K
£ 350K
£ 858K
£2660K
£ 172
£ 532

£ 396K
£ 410K
£1116K
£2920K
£ 112
£ 292

8

177
0.375

66
11

188
69

£ 470K
£2500K

£ 296K
£ 350K
£1120K
£3620K
£ 224
£ 724

£ 592K
£ 410K
£1472K
£3970K
£ 147
£ 397

3.2 Capabilities of the Series of Atmospheric Tunnels

Tunnels 1 to 4 of the above series were included mainly in order to connect the series back to existing and
planned tunnels. They do not offer very significant advances over the latter.

Tunnels 6 to 8 (5 being a borderline case) are considered to offer very real advantages. Tunnel 6 (18m wide)
could provide for testing rotors of a size ( l l m diameter) sufficient for use on a demonstrator aircraft. Al l three
tunnels, to an increasing extent as size increases, could permit: —
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1 tests on experimental aircraft and other small aircraft,

2 tests on full-scale engines,

3 noise measurements covering a considerably larger field surrounding a model than are currently possible in
Europe.

Indeed, tunnels in this range are broadly equivalent to the NASA 40ft x 80ft tunnel, and the continuing usefulness
and pressure of work of this tunnel argue strongly in favour of the provision of a tunnel of at least similar
capability in Europe.

However, it must be noted that: —

1 the Reynolds numbers achieved in tunnels of this range are low compared with those of the first series
discussed in Section 2,

2 even in Tunnel 8 (25m), the largest RTOL/STOL model or aircraft which could be tested at a lif t coefficient
of 8 say, would be only about 13 or 14m span.

4 CONCLUDIN G REMARK S

In order to help in the deliberations of the AGARD LaWs Working Group, two series of low-speed tunnels
have been studied, their capabilities briefly surveyed, and estimates of both their capital costs and running costs
given. The cost data shown are based on the authors' own estimates and it should be appreciated that a more
detailed assessment would be needed to establish reliable cost information. In effect the conclusions are to be
found in the report of the LaWs Group.
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PROJECT STUDY OF A LARGE EUROPEAN TRANSONIC LUDWIEG TUBE WINDTUNNEL

*) ** ) **< )
by H. Ludwieg , H. Grauer-Carstensen , W. Lorenz-Meyer

Deutsche Forschungs- und Versuchsanstalt fii r Luft- und Raumfahrt e. V.

- Aerodynamische Versuchsanstalt Gottingen -
Institut fii r Stromungsmechanik

SUMMARY

A Study of a transonic L u d w i eg Tube windtunnel is presented. For a reliable extrapolation of wind-
tunnel measurements to full-scale flight conditions of modern aircraft, a realistic simulation of flight
R e y n o l ds Numbers at transonic speeds becomes increasingly important. It is shown, how the need
for a high R e y n o l ds Number experimental facility can be satisfied by a Ludwieg Tube tunnel. The
Ludwieg Tube is characterized by its unsurpassed simplicity which guarantees a high degree of reliability.
Design data, dimensions, and cost estimates for the described tube windtunnel are presented. The basic
facility characteristics are given in PART A and in a supplementary PART B , which adapts the tunnel
characteristics to the LaWs-Specifications.

NOTATION

a = V y R

tube

E

F

Ftube

M = —

m

N

Re = U O.I

Re -<L_f i
m n

R

T

U

V

o

Speed of sound

Diameter of the charge tube

Energy

Test section area

Cross section of charge
tube

Length of tube

M a ch Number

Mass

Mass rate

Power

Pressure

Dynamic pressure

R e y n o l ds Number

Unit R e y n o l ds Number

Gas constant
(= 287.1 Joule/kg grd)

Temperature

Velocity

Volume

Density
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Subscripts

O'

0"

1

01

02

03

CO

ad

Tunnel run time

Non-dimensional run time

Ratio of specific heats

Efficiency

Viscosity

Charge tube (tube 1)

Recovery tube (tube 2)

Free-stream conditions in
tube 1 behind expansion wave

Free-stream conditions in
tube 2 behind diffusor

Free-stream conditions
between contact surface
and shock

Stagnation conditions in tube 1
behind expansion wave

Stagnation conditions in tube 2
downstream of the diffusor

Stagnation conditions between
contact surface and shock

Free-stream conditions in
the test section

Adiabatic
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at

test

Atmospheric

Test section

comp

term

Compressor

Terminal conditions in the
charge tube

PART A

1. INTRODUCTION

In recent years, the need for transonic test facilities at very high R e y n o l ds Numbers was recognized
after it has been demonstrated, that data obtained from existing windtunnels can not be extrapolated to
full-scale flight conditions with sufficient reliability (see Ref. [2], [3]). Because of the extremely high
power requirements, a continuously running windtunnel does not appear to be feasible and one depends
on intermittently working tunnels with energy storage. Among other possibilities, a tube windtunnel, as
described first by L u d w i eg [1], is a suitable facility. Although all known windtunnel facilities of the
L u d w i eg -Tube-type have very short run times, it wil l be shown in this study, that also the LaWs-
requirements with a run time of about r = 10 seconds clean flow can be satisfied perfectly by a tube
windtunnel. A corresponding project proposal is outlined in the following.

2. GENERAL FACILITY REQUIREMENTS FOR A EUROPEAN TRANSONIC WINDTUNNEL

Projecting a transonic intermittent windtunnel, certain design data - such as M a ch Number range,
maximum R e y n o l ds Number, stagnation pressure, tunnel run time and utilization (number of tests
per hour) - are determined by the requirements of the prospective users. Principally, the stagnation
temperature can be chosen independently, in practice, however, its value is bound by the operating
principle of the tunnel if one wants to avoid expensive refrigeration. In order to determine the design
data mentioned above, the following requirements should be satisfied in the authors' opinion.

2.1 M a ch Number Range

The M a ch Number range should cover the entire transonic and the compressible subsonic range, i.e.
the M a ch Number should range from about Mm = 0 .3 to M 00= 1.4. But as M a ch Numbers higher
than 1. 3 make it necessary to provide a flexible nozzle upstream of the transonic test section, it seems
better to us, to restrict the M a ch Number range to MQQ = 1 .3 at the maximum.

2.2 R e y n o l ds Number Range

It should be possible to achieve a maximum R e y n o l ds Number (based on mean wing chord) of 30 to
40 Millio n at a reference M a ch Number of MQ-, = 1.0. This means a R e y n o l ds Number of 4 to 5xl08

based on V F (F = area of test section). In addition, the R e y n o l ds Number should be largely variable
by variation of the total pressure (see also SECTION 2. 3).

2.3 Stagnation Pressure

Admissible forces on models and model-supports put a restraint on the total pressures at maximum
R e y n o l ds Number [Ref. 6]. With regard to the fact that the projected windtunnel wil l be used mainly
for measurements on airplane models, it appears to be reasonable to limit the stagnation pressure to
values between 5 and 8 bar (1 bar = 1 0^ N/m^), or else to risk that the tunnel capability can not be utilized
fully . It should be possible, however, to run the tunnel at largely reduced stagnation pressure with good
flow quality. On the other hand the structure of the tunnel should be designed so that stagnation pressures
of 11 bars are feasible to achieve much higher R e y n o l ds Numbers on special models.

2.4 Tunnel Run Time

Rather than the actual running time r a relevant parameter is a scaled nondimensional run time
is defined (in the form of a reciprocal St.r 'ouhal Number) by

which

= r (D

Comparing windtunnels of different sizes (especially at equal stagnation pressures) the frequency of
disturbances (unsteadiness of the flow, model oscillations) is about inversely proportional to the tunnel
size. Thus, in order to eliminate the disturbances by a time averaging procedure, the test job requires
a certain value of ^ (and not T).
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The run time should be sufficiently long, so that at least a complete six- component polar or a complete
pressure distribution at fixed angle of attack can be measured with high accuracy during a single tunnel
run. It should also be possible to a certain extent to investigate unsteady aerodynamic phenomena.

In order to meet these requirements we feel that a value of 400 to 700 for "r is appropriate. For a
4. 5 x 4. 5 m^ tunnel this corresponds to an actual run time from 6 to 10 seconds.

From an economic point of view it is advantageous, if the tunnel can be operated with reduced run time.
Thus, times for starting and stopping the tunnel should be as short as possible in order to save storage
energy.

2. 5 Run Frequency

The run frequency, which wil l satisfy future needs for high R e y n o l ds Number transonic testing, can
hardly be predicted. As a tentative estimate, we feel, that a run frequency of 20 to 40 tunnel runs per
8 hour shift at maximum R e y n o l ds Number and transonic M a ch Numbers is entirely sufficient. It
should be mentioned that the run frequency can considerably be increased when tests are performed at
lower R e y n o l ds Numbers, low M a ch Numbers or reduced run time.

2.6 Stagnation Temperature

For the tunnel under consideration one should aim at a low stagnation temperature T . For fixed
R e y n o l ds Number, stagnation pressure, and scaled run time a simple calculation yields^that total
mass per tunnel run (m), total volume per tunnel run (V) and linear scale of the tunnel (vF) depend in
the following way on T01 :

^ , 0 . 76assuming that /U~TQJ

Thus, construction costs (~V) and operational costs (~ m) decrease more than proportional with the
stagnation temperature TQJ .

2 . 7 Flow Quality

Beside the LaWs-Pequirement, that the new tunnel should be substantially better than existing tunnels -
with the cleanest and quietest possible airstream - there are for an intermittent tunnel special require-
ments regarding the flow uniformity in time. Expecially the presence of velocity fluctuations with medium
frequencies (order 1 Hertz) would reduce the accuracy of force measurements if the test duration is of
the order 1 sec.

2.8 Economic Requirements

Apart from technical needs it is important for a tunnel of this size, to keep construction costs and operation
costs low. Also, the facility should be dependable in order to avoid deadlocks and easy to handle. A simple
construction is favourable if construction time shall be saved.

3. FULFILMENT OF THE REQUIREMENTS BY A TUBE WINDTUNNEL

The requirements with regard to M a ch Number range, maximum R e y n o l ds Number, stagnation
pressure and test duration (Sections 2. 1 to 2. 4) can be satisfied by a tube windtunnel if test section area,
storage pressure, diffusor cross section and tube length are chosen appropriately.

The simultaneous fulfilment of the two requirements regarding test duration (2 .4) and good flow quality
(2. 7) has to be discussed in some more detail. The operating principle of the tube tunnel, viz. the way
of accelerating the gas flow, yields initially a highly uniform flow. However, after starting the flow in
the tube, a time dependent boundary layer is formed on the wall of the tube, whose thickness increases
with time. The rate of growth of this boundary layer depends on the flow velocity, the M a ch Number,
the R e y n o l ds Number and the roughness of the tube wall. A certain time T\ after starting the tunnel,
the outer edge of this boundary layer wil l reach the axis of the tube near the nozzle entrance, where
reaching the tube axis means that time at which the first velocity fluctuations of the boundary layer reach
the axis. This time TI slightly differs from a time v  ̂ • marking that moment, at which the turbulent
boundary layer profile has been full y established-. at tj£ nozzle entrance. Experimental investigations of
E. P i l tz [7] show that 73 exceeds r\ by approximately 30$. Cautious estimates of the boundary layer
growth assuming a hydraulically smooth wall show, according to theoretical and experimental studies of
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P i l t z , that for a design tube M a ch Number of MI = 0. 3 the chosen running time (10s observation
time plus 1 s starting time) is well within 73- Al l this considerations, however, are related to the
velocity distribution within the charge tube upstream of the nozzle. It has to be discussed now which is
the influence of this velocity distribution on the velocity profile within the test section. If one assumes
for this purpose, that, at the end of the run time, the turbulent pipe flow following an 1/11 power law has
been full y established, one can compute the velocity distribution within the test section (for a test section
M a ch Number of MQQ = 0. 9) by assuming constant total pressure along each stream line during the
expansion through the nozzle. This assumption is certainly valid except for a very thin region close to the
wall, where a new boundary layer is formed, which exists in all types of tunnels and which has nothing to
do with the L u d w i eg tube principle .

The resulting velocity profile in the test section computed for the end of the observation time is presented
in Fig 3 in a normalized form and compared to the profile ahead of the nozzle, assuming, for simplicity,
a circular test section. The analysis shows, that the velocity distribution of a 63 $ core remains within
+ 0. 5 <f0 and that of a 90 <fa core within + 1. 0 <f<, of the mean velocity.

The real distribution wil l be even better since, f i r s t the full y developed turbulent profile of a flow
through a tube is fuller at high R e y n o l ds Numbers than described by the 1/11 power law and s e c o n d,
as cited above already, the fully developed profile ahead of the nozzle has not been established at the end
of the run time.

Another consequence of the continuous growth of the boundary layer is a slight change - linear with time -
of the stagnation pressure. In Ref. [7] , however, it is shown that for tube M a ch Numbers in the region
of Mj = 0. 2 to MI = 0.3 the time variation of the stagnation pressure becomes very small, apparently
due to compensation of opposing effects. More detailed estimates of the behaviour of the tube wall boun-
dary layer are given by E. B e c k er [8, 9].

The radiation of noise from the charge tube into the test section is - due to the low flow velocity in the
charge tube - insignificant and far below the unavoidable noise radiated from the boundary layer on nozzle
and test- section walls. » > t , ...

There are two more arguments in favour of a tube windtunnel. The unsteady expansion wave reduces the
stagnation temperature Tnibelow its value in the charge tube. The advantage of a low stagnation tempe-
rature was outlined in section (2 .6).

The requirements of dependability, littl e service, and simple construction (2. 8) are met in a perfect
way by the principle of the tube tunnel, as there are no moving parts except for the opening valve.

With regard to the requirement of low costs, two different systems must be distinguished. If construction
costs shall be saved, the first system is preferable. In this case, the tunnel blows into the open air. In
order to recharge the tunnel, the air must be compressed from atmospheric to charge pressure. The
second system, which keeps operating costs low, can be achieved by joining a pressure container at the
downstream end of the diffusor. This container can be a normal pressure vessel or a secondary tube as
it was used by A. We ise for his shock windtunnel. Both kinds of containers have advantages and dis-
advantages. We decided for a secondary tube. This tube is charged to a pressure just as high that the
tunnel can still be started. During the test, a shockwave travels from the diffusor exit to the end of the
tube and back, increasing thereby the pressure in the "recovery tube". To recharge the tunnel, the air
is pumped back from the "recovery tube" into the charge tube. The energy savings that can be achieved
in this way amount to 75 <fa - 80 <f0 when the tunnel is operated at maximum stagnation pressure. The
savings on compressor and air dryer systems make up for part of the additional costs of the "recovery
tube". Another argument in favour of the "recovery tube" is that it reduces the emission of noise into
the environment. Figure 1 gives an overall view of the proposed facility with an indication of the con-
struction groups.

4. EVALUATIO N AND SPECIFICATION OF THE REGIME OF OPERATION OF THE TUNNEL

In the preceding sections, crucial reasons for selecting the L u d w i e g - T u be concept to meet the data
requirements were outlined. The most important aerodynamic design data which were selected in close
agreement with LaWs-Specifications are summarized below. They are valid for a test section M a ch
Number of MOO = 1 . 0. The data are followed by an example of the computational procedures utilized in
deriving the geometric tunnel parameters.

4. 1 Project Data

R e y n o l ds Number (based on 0. 1 F) Re = 4 6 - 10

Stagnation pressure pQ1 = 7.0 bar

Dimensionless run time T" = 700

M a ch Number range MOD = 0-3 to 1.3
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The determination of the tunnel geometry requires further the knowledge of the tube M a ch Number Mj
and the air temperature in the charge tube prior to the start of the tunnel

Tube M a ch Number Mj = 0 . 3

Temperature in the charge tube TQ = 308 K

The notation used in the following sections is shown in Figure 2. The slight deviation from the termino-
logy commonly used, results from the L u d w i eg - Tube concept.

4 .2 Tube M a ch Number

The ratio of test section area F to tube cross section F ĝ can be obtained for a given tube M a ch
Number and a test-section M a ch Number of M^ = 1.0 from standard gasdynamic flow tables. Here

01 Ui °™ U™
F/F. . = — - - - (M, = 0 . 3) / — - 22. (M = 1) = 0.4914

tube POI a01 1 p01 a01 co

The area ratio allows the computation of the tube M a ch Number for a given test section M a ch Number
with the aid of the following equation

p • U p • U
0 .4914-— - — (M ) = — - - — = f (M, (M )) (2)

P o l' a01 °° P0l 'a01 ' °°

Figure 4 shows the variation of the tube M a ch Number with M^ •

4. 3 Stagnation Temperature

The specified storage temperature of T' = 308 K is somewhat arbitrary, however, this temperature
represents an upper limit , which is reached under unfavourable weather conditions which affect the
cooling and drying processes.

The ratio of stagnation temperature TQ! to storage temperature TQ is for the L u d w i e g - T u be tunnel
a function of the tube Mach Number Mj

-
T01 1 + " M 1_5̂  = _ t _ L_ (3)
T1 v 1 2T0 (1 +^-1 Mj r

Figure 4 shows the variation of stagnation temperature TQJ (in Centigrades) with MQQ.

4. 4 Pressure Range

The maximum stagnation pressure was, selected to be poj = 7. 0 bar. The relation between charge and
stagnation pressure for a L u d w i eg -Tube tunnel is

^P01 1 +*^ - M* y- 1

£7- = 1 .!- M 2 j  <4)

Equation (4) allows the calculation of the charge pressure corresponding to (POl)max at Mco = 1- 0:

PO = 10 bar.

The stagnation pressure that can be achieved with this charge pressure is plotted in Figure 5 as function
of MQQ. The lower limit in stagnation pressure results from the requirement of being able to start the
tunnel. The minimum stagnation pressure at MQJ, = 1.0 is, assuming atmospheric exhaust (Case 1) and
a well designed diffusor, p01 min = 1 .5 bar. The corresponding charge pressure ist pQ = 2. 12 bar. The
latter determines the lower boundary of the stagnation pressure range. Also plotted in Fig. 5 ist the
range of dynamic pressure q^,.
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4. 5 R e y n o l ds Number, Test Section Area and Tube Diameter

With the aid of the design R e y n o l ds Number of Remax = 46 • 10̂  one can now easily determine the
test section area F. At a M a ch Number of M^ = 1 .0 (T0i = 279 K, poi = 7. 0 bar), the unit R e y n o l ds
Number is Rem = 109. 5 • 106 m -1.

This results in a test section area of

' *° ' Re = 4 .2 m (5)

The R e y n o l ds Number range of the tunnel is shown in Figure 6. The characteristic length here is
1/10. vF. At higher M a ch Numbers, 1 /12.vF is sometimes used. The R e y n o l ds Number range
corresponding to the latter is indicated by the dashed line.

Tube cross section area and tube diameter can now be derived from the known test section area F and
the ratio F/Ftube.

F. , = F / 0.49139 = 35.898m2 - fc-Dt, = 6 . 7 6m
tube ' tube

4. 6 Run Time, Charge Tube Length

The actual run time r can be determined from the given dimensionless run time f .

T = r • F / U = 9.61 s
CO

The length of the charge tube L^ corresponding to a given T may be obtained with the aid of

5 + 5 M
L l  = T ' a6 ' 10 + 6M l

 (6)

For a tube M a ch Number of Mj = 0.3, ag = 351.8 m/s and T = 9. 61 s, the charge tube length be-
comes : LI = 1862 m.

Fig. 7 shows the actual run time  ̂ versus test section M a ch Number MQQ.

5. ENERGY - AND POWER - REQUIREMENTS

In considering the energy requirement of the tunnel, which is essentially given by the necessity to gene-
rate compressed air and move it into the charge tube, one must destinguish between two cases (see
SECTION 3)

Case 1 The tunnel discharges downstream of the diffusor into the atmosphere, thereby wasting
the energy still present in the air. The air consumption is identical to the amount going
through the test section. The compressor recharges the charge tube by taking in air from
the atmosphere.

Case 2 The air is discharged downstream of the diffusor into a second tube (recovery tube).
During this process, a shock wave travels into the tube whose length L,  ̂ is dependent on
the desired run time T . Here, one has a closed system with energy losses essentially
restricted to the total pressure losses occuring in the test section and diffusor. The com-
pressor has to pump a certain amount of air from the recovery tube back to the charge
tube.

The determination of energy and power requirements makes it necessary to consider mass flow and
pressure ratios for both cases.

Case 1 The mass flow through the test section during a run is

m. = p U F • T. (7)test oo co
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Figure 8 gives an indication of the rate of mass flow through the tunnel. If one assumes 3 runs per hour,
the air corresponding to mtest must be replaced within 20 minutes. This requires a compressor mass
flow rate of

m = m. J12QO [kg/s] (8)comp test' i « =/ J

During a run, the charge pressure drops theoretically to 0. 5 p'g (Eqn. (4)). However, considering un-

avoidable losses due to leaks, the pressure will . Under maximum conditions, drop further to about
Pterm = 4. 5 bar. The compressor must increase the pressure during the recharging process from
Pterm to PO • Tne amount of energy per second required during the recharging period is, assuming
single intercooling during compression,

dE /dt = _ 2L T . R . m
' -

.
ad' y - 1 at comp I p

Ell

Assuming now a linear increase of charge pressure with time, one obtains by integration

3y- 1 3y- 1

E „ I-?*. T . R . m f - PJ*—. ̂ (A  ̂ -(!*2EHL) 2*  ) - l ] (10)
r.y-1 at test [ pQ -Pterm 3y- 1 Pftt pat J

The power, N, to be installed depends on the final pressure ratio Po/Pat
 ant^ *ne rate of mass flow

N = •'- r T ' R ' m j ( ) - 1 f (11)71 y- 1 at comp I p J

The following table lists the performance data (efficiency of compression r\ = 0.8) for Case 1 at
M~ = 0 .8 and M~ = 1.0

M
CO

0. 8

1. 0

mtes t

kg

277 50 0

284 50 0

m
comp

kg/ s

231.  0

237.  0

E

kWh

18 20 0

18 70 0

N

kW

65 80 0

67 50 0

Case 2 The addition of the second tube does not affect the test section flow. It serves only to reduce
the energy consumption. Its treatment was, therefore, postponed up til l now. Nevertheless, the determi-
nation of the pressure ratio and the mass flow makes it necessary, to consider briefly the conditions in
the recovery tube.

Subsequent to the start of the tunnel (opening of the quick opening valve), three distinct areas exist in
the second tube (Fig. 2 ):

a) Upstream of the Shockwave : The air is at rest under the conditions (PQ, TQ )
set prior to the start of the tunnel.

b) Immediately downstream of the Shockwave : The shock has caused an increase in total
pressure and total temperature. The following equations allow a determination of the stagna-
tion conditions in this regime.

T03 _ 1 +^i~ M3 (12)
T" v- 1 2

0 <1 - V M3 '

p03 _ r
1 +V M 3 ^  ̂ (13)
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c) Immediately downstream of the diffusor : The flow through the test section of a windtunnel
does not effect its total enthalpy. Accordingly, one may write for stagnation temperature
and speed of sound Tg2 = TQJ and a02 = agj respectively.

The tube M a ch Number M2 can be derived from standard gasdynamic tables with the
stream density P2 U% /pQ2 a02 as mPut< where P2 13% follows directly from the mass flow
mtest an^ *ne chosen area of the secondary tube while po2 can be computed by means of the
total pressure losses in the test section using the simple relation

"02
P02

A jump in temperature separates this area c) from area b). Velocity and static pressure
remain unchanged in going from b) to c). Tube M a ch Number and total pressure change
at the contact surface according to the following relations

M2M = -—————.—-^—=-— (16)
J r^r\\ '

0
T02

02

Thus, all changes in conditions at the two boundaries are known. The tube length L,2 rnay now be
derived from

25 - 4M2

L 2 O ' ' 10 ( 5 - MJ
«J

The known run time T ensures the correspondence of L^ and L2-

Now the calculation of energy consumption and power requirement is given for a test section M a ch
Number of Mm =0.8.

P02
Pressure loss in the test section: - = 0.819 - *• p „ = 5. 76 bar

from Eqn. (15) Mg = 0.361

" (16) Mg = 0.318

(17) pQ3 = 5. 64 bar

" (13) p» = 3. 32 bar

" (18) L- = 1781 m
tt

Thus, both the pressure in the recovery tube prior to the start of the tunnel (which is equal to the mini-
mum starting pressure) pg, and the tube length L2 are known.

During a run, the pressure in the recovery tube increases according to Eqn. (13) while the pressure in
tube 1 decreases according to Eqn. (4). After the run, the pressure in tube 2 is, in the present example,
higher than in the charge tube. It is possible, therefore, that, during a pressure equalization process,
a part of the air m^est flows back into the charge tube. The system pressure after equalization is

p = 6. 64 bar* m

The amount of air, remaining to be transfered back to the charge tube, is

Am = 239 900 kg

The compressor must now pump this amount from 2 to 1 ; the pressure in 1 increases during this process
while the pressure in 2 drops. The pump energy can be determined from
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t
• R • T / ( " ... ) - 1 m • dt (19)

J I PQ (t) J comp
0

The pressure ratio is comprised of two time-dependent pressures. Assuming a linear variation of the
pressures ( t j = 20 min), one obtains by means of graphic integration for the pump energy required at
Mm = 0 .8 (T? = 0.8).

E = 3980 kWh

The corresponding calculation for M = 1 .0 yields

E = 4440 kWh

The power, N, to be installed is determined by the maximum pressure ratio

1 2v f Pn 2y 1
N = - — f— • R • T • m • (—£-) - 1 }  (20)

Tt y - 1 comp { p" max j

This pressure ratio wil l occur at M,.,-, = 1 .0 and the calculation for these conditions yields

N = 29 100 kW

The following table lists the performance data (efficiency of compression T? = 0.8) for Case 2 at
MQO = 0. 8 and 1. 0. The data in parenthesis are for Case 1.

M m E N
oo comp

kg/s kWh kW

0.8 200 3 980

(231) (18 200)

1.0 208 4 440 29 100

(237) (18 700) (67 500)

The results of the preceding computations are summarized in APPENDIX 1 .

6. DESCRIPTION OF THE PROPOSED PLANT

6. 1 Survey of the Plant

Characteristic of a L u d w i eg Tube (Fig. 1) is the longcharge tube (1). After opening a valve, a flow is
established from the charge tube through the nozzle into the test section (2) and further into the open air
(or into a second tube). For a L u d wi eg Tube, no moving parts or regulating devices are required to
maintain constant flow conditions after starting.

For L u d w i eg Tubes operating at subsonic and transonic speeds the outlet valve is suitably located
downstream of the test section in order not to impair the flow uniformity by any disturbing devices.

With this arrangement of the outlet valve, the pressure within the test section is - between runs - the
same as in the pressure tube. In order to enter the test section, the pressure must be released. If
frequent access to the test section is necessary a test section isolation valve should be provided upstream
of the test section, so that only the test section has to be discharged while the remaining energy in the
pressure tube is saved.

The high pressure air supply is provided by a compressor plant (3). The air enters the tube at the end
opposite of the test section. For large facilities, 'the whole compressor plant wil l be located at this
place.
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The buildings (4) with installations for signal handling, data acquisition and processing and operation
control are close to the test section.

In the following sections it wil l be outlined, how a L u d w i eg Tube with the dimensions given in
APPENDIX 1 can be realized.

6. 2 Proposed Construction Elements

In order not to depend on mere estimations concerning the technical realization of the plant, a number of
manufactures with special practice in the field have been asked to issue specified proposals to solve the
different problems. In view of the restrictions under which the present study had to be accomplished only
rough schemes could be established. Previous experience with the consulting companies let expect, that
only proposals were made which render possible the solution of remaining detail problems.

6.2.1 Charge Tube and Test Section

The charge tube is 1862 m long and 6. 76 m in diameter. There are no special requirements on the tube,
except that its inner suface should be hydraulically smooth, which can be achieved by coating the other-
wise untreated surface.

Furthermore, the tube should be protected against sunlight by a light roofing in order to avoid non uni-
form heating of the tube and a resulting temperature gradient within the stored air. For details see
APPENDIX 2.

The test section unit consists of the following elements :

Nozzle and test section isolation valve,
Transonic test section,
Model mount,
Quick opening outlet valve,
Choke.

A view of this unit is given in Fig. 9. Its length in 68. 9 m. The nozzle entrance is directly attached to
the end of the charge tube.

A predominant facility requirement is, to comply with static requirements as well as with aerodynamic
needs (as simulation range and transonic properties) and operational demands (as quick achievement of
steady flow conditions). The entire unit between storage tube and outlet valve downstream of the model
mount is normally at operating pressure of max. 10 bars.

7Consequently the structure is subject to axial forces of more than 3 • 10' N. To avoid expensive force
transmitting constructious, the structure had to be designed in a way that the stress flux is not disrupted.
Al l elements of the unit are therefore placed inside of a continuous tube to guarantee a simple stress
flux.

A fixed nozzle connects pressure tube and transonic test section. Supersonic test M a ch Number up to
MQP = 1 .3 can be achieved by wall suction and variation of wall angles.

The test section isolation valve at the end of the nozzle allows access to the test section with high pressure
in the charge tube and makes it possible to conserve large amounts of energy. The isolation valve is de-
signed in a way that the flow is not impaired when the valve is in its open position.

The test section is not quadratic but a dodecagon (ref. to Fig. 10). By this means the dead volume be-
tween test section walls and surrounding pressure tube can be minimized. This is important to keep the
tunnel starting time as short as possible. Also, pressure loads on the test section walls are easier to
handle. The single wall elements are smaller and can be manufactured more easily and at less expense.
The inclination angle of the twelve wall elements is adjustable and the permeability of the perforated
walls can be varied.

The entire wall structure is self supporting. It can be moved 5. 5 m upstream and the mounted model
becomes accessible from a working platform which is shifted under the model through a door in the
surrounding pressure tube (Fig. 10).

The model mount has to withstand forces up to 3 • 10̂  N. It is supported by a separate foundation, which
is independent on the rest of the tunnel structure. An hydraulic cylinder carries the dead weight of the
model mount; the angle of attack of the model is varied by means of a second cylinder. The position of
the centre of motion of the model can be varied, too.

The independent foundation of the model mount minimizes the transmission of vibrations from the tunnel
structure onto the model.
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The fixpoint of the facility is located at the housing of the outlet valve. This outlet valve is driven by the
pressure difference between charge and atmospheric pressure. Opening times of less than one second
can thus be obtained easily. The test M a ch Number can be preselected by setting the limi t plug position.
Suction rate -at the test section walls may be adjusted by means of a group of special throttle valves.

The outlet valve is integrated into the central body of the choke. The choke allows to run the tunnel at
low stagnation pressure and therefore extends the range of R e y n o l ds Number of the facility.

The outblow of the tunnel is axisymmetric. Thus there is no objection to the attachment of another storage
tube downstream of the diffuser, a "recovery tube". The operating principle of the recovery tube is the
same as that of the L ud wie g Tube.

Al l units were designed under consideration of present day technologies in spite of the extreme facility
dimensions.

6 .2 .2 Compressed Ai r Supply

Pumping power requirements for a facility with only one tube are very high. Nevertheless, pumping power
requirements can be matched by approved standard compressors, which meet the requirement of high
reliability of the plant.

It is suggested to utilize sets of two or three independently driven motorpump units. The units can be
connected in series or parallel in order to obtain partial load operation with good effeciency. The use 6f
separate compressor units favour multi stage air cooling for high thermic efficiency. The use of separate
motors facilitates operation of the plant.

Utilization of electric power has been assumed although under certain conditions other kinds of driving
power may be advantageous. The pressure ratios of the single compressor units are chosen so that iden-
tical motors may be used. Details are listed in APPENDIX 2.

Before the pressurized air is filled into the charge tube, it must be cooled and desiccated. Coolers have
been offered together with the compressor plants (see APPENDIX 2). A quotation for a desiccating plant
is given in APPENDIX 2.

6.3 Estimate of Costs

6.3.1 Construction Costs

In order to estimate the construction costs of the suggested facility, two different groups of construction
elements must be distinguished.

First, there are those elements of the plant whose design data, dimensions, and characteristics are
determined solely by aerodynamic and operational requirements. Only for these elements definite offers
can be obtained. Examples are the charge tube, the test section and the compressor plant.

On the other hand there are elements whose design depends to a high extent on climatic and geologic
conditions of the construction site. For this group of elements only tentative cost estimates can be given.
Here we have the costs for cooling water supply, for land acquisition, foundations and buildings. The
signal handling equipment depends very much on individual needs and conceptions and can, therefore,
only poorly be estimated, too.

For the first category, the following offers have been submitted (APPENDIX 2).

1. Charge tube 26.0Mio. DM
2. Test section 25. 0 Mio. DM
3. Compressor plant 11.5 Mio. DM

62. 5 Mio. DM

These costs are valid for a facility with one tube only. For a facility with charge tube and recovery tube
the costs for the recovery tube must be added, i.e. an amount about equal to the costs of the charge tube.
The costs for the compressor plant, on the otherhand, wil l be reduced in this case, so that a total increase
of about 20. 0 Mio. DM wil l result.

Regarding the costs of the elements of the second category the following figures are considered to give
the correct magnitude :
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1. Buildings and foundations 11 Mio. DM
2. Land acquisition 3 Mio. DM
3. Cooling water supply 1 Mio. DM
4. Data acquisition equipment 5 Mio. DM

20 Mio. DM

The following analysis of the expected standing charges are therefore based on total costs of 80 Mi. DM
for a one tube facility or 100 Mio. DM respectively for a facility with two tubes.

6 .3 .2 Standing Charges

After a detailed estimate of the construction costs we wil l now briefly consider the standing charges.

From a business point of view, both, operating expenses and capital costs, are part of the standing
charges.

Frequently only operating costs are considered at installations funded by the government. Since this
gives important distortions of the calculation, both kind of costs are taken into account in the present
study.

Operating costs : The operating costs of a windtunnel facility consist in essence of three parts

- labour costs
- power charges
- materials (new equipment, repairs, replacements etc. )

The expenses depend strongly on the frequency and mode of operation. In a paper by R. H i l l s [10],
e.g., it is suggested to take a productivity of 5000 polars per year at maximum R e y n o l ds Number
(six-component force measurements, pressure distribution measurements and miscellaneous tasks).
It should be possible to achieve this productivity with a staff of 100 people of different qualification in a
single shift plus some overtime (about 2000 h occupation time of the tunnel) [10].

Based on the German labour conditions, one must consider an average salary of about DM 25. 000,-- p. a.
for every employee.

Concerning electricity costs, it is common practice of the German power companies to make a maximum
demand charge based on the maximum power taken during any quarter of an hour during the year (DM/MW
and year) and a mega-watt-hour charge for the actual power consumed (DM/MWh).

But a well balanced relation between the maximum demand charge and the actual power charge, which is
normally subject to an individual contract with the power company, leads to an average power charge of
DM 120, - /MWh (including maximum demand charge) based on present day prices.

The material costs under the operating conditions considered can amount to as much as DM 1. 5 Mio.
(according to H i l l s [10]).

Capital costs : The capital costs are determined by the amount of investment and consist of depreciation
and running interest. The capital costs are independent of the operating conditions.

The depreciations are established so, that after ten years the tunnel wil l be written off (i. e. 10 $ p. a.),
and the rate of interest is fixed at a value of 8 <fo p. a.

Al l costs are based on a productivity of 5000 polars per year and related to a single polar.

The two cases of tunnel design, which were described in detail in the previous sections, are regarded in
the following tables.

For Case 1 the construction costs amount to DM 80. Mio. ; for Case 2 the construction costs amount to
DM 100. Mio. ; however, the higher amount of investment yields, compared to Case 1 an essential reduc-
tion in power charges.

The comparison of costs shows that, at the specified operating conditions (5000 polars per year at maxi-
mum R e y n o l ds Number) Case 2 is to be preferred in spite of the higher initial investment. (APPENDIX3).

Changes in operating conditions, however, (e.g., only a small part of the total productivity is done under
maximum conditions or the number of polars is substantially decreased) can change the superiority of
Case 2.
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7. CONCLUSIONS

This paper presents a review of the basic requirements that are to be satisfied by a common European
transonic windtunnel. It is shown in turn that all the requirements can be satisfied perfectly by a
L u d w i eg Tube tunnel. Subsequently, a project proposal is given for a L u d w ie g Tube, that can be
operated in the Mach Number range from M^, = 0. 3 to Mm = 1 .3 at a maximum R e y n o l ds Number
(based on mean wing chord) of 40 Million , with a stagnation pressure of 7 bar. The tunnel run time is
10 sec. The tunnel has a test section area of 4. 2 x 4. 2 m^, a charge tube of 1860 m length and 6. 76 m
diameter. The tunnel blows either into the open air (Case 1) or into a recovery tube of about the same
size as the charge tube (Case 2). In Case 2, the recovery tube is charged just so much, that the tunnel
can still be started. The pressure at the diffusor exit remains constant during the ful l run time, when
a shock wave travels along the recovery tube and back according to the principle of the tube tunnel.

The alternative Case 1 has the advantage of lower construction costs while Case 2 provides essential
savings in operating costs. The energy costs, which are, for a tunnel of this size, the main portion of
the operating costs, can be reduced by about 75 $ to 80 $ when Case 2 is utilized. Part of the additional
construction costs for the recovery tube are made up for by savings in the compressor and air dryer
system. Another advantage of Case 2 is, that noise emitted into the environment is effectively damped
without additional expenses for an exhaust silencer.

A L u d w i eg Tube of the described type is characterized by its simple construction which guarantees
high reliability and a flow free of low frequency oscillations. Except for a simple quick opening valve
- for which there are no special demands concerning the time law of the opening process - there are no
moving parts that could cause failure. Stagnation pressure and temperature are kept constant without
regulation merely by utilizing the principle of the L u d w i eg Tube. None of the tunnel components goes
beyond present day technology or require special developing effort. There is no need for a demonstrator
tunnel because every desired information can be delivered by existing L u d w i eg Tubes.

Finally, an estimate of construction and operating costs, based on specified bids of leading companies,
is given.

PART B

8. PRELIMINARY REMARKS

During the course of the discussion on LaWs Paper No. 98 (PART A) at Rome, the authors were asked
by the LaWs-Group to reinvestigate the development of instationary boundary layer in the charge tube
behind the expansion wave and, as there is a claim for a very clean flow within the test section, to reduce
the tube M a ch Number if necessary.

Furthermore, the design data should be adapted to the final specifications stated by the Group, in order
to facilitate comparisons between different options.

9. ADAPTION OF DESIGN DATA TO BASIC LAWS-SPECIFICATIONS AND INFLUENCE OF
REDUCTION OF TUBE MACH NUMBER

Independent of the driving mechanism of a tunnel, the run time and the utilization, for a proper tunnel
design it is necessary to fix at least three parameters of which only two are independent. These para-
meters are the R e y n o l ds Number, the stagnation pressure, and the test section area.

During several LaWs-Meetings (Farnborough, Jan. 6 - 7 , and Porz-Wahn, Mai 9 - 10, 1972) specifi-
cations were discussed but not stated. The proposal for a L u d w i eg Tube windtunnel as outlined in
PART A was based on these first estimates, and the derived performance data are summarized in
APPENDIX 1.

Specifications were stated at the Rome Meeting of the Group (July, 5 - 7, 1972) :

C

R e y n o l ds Number Re = 40 • 10
(based on 0. 1 <\/F~' at M^ » 0. 9)

Stagnation pressure (normal) PQJ = 7 bars

Stagnation pressure (maximum) pgi * 11 bars

M a ch Number capability Moo < 1.3

Number of runs per hour n = 5 h

Run time (clean flow) T = 10 s

Test section : rectangular, aspect ratio 4 . 2 :5



2-14

,At the end of September, 1972, data were communicated by R. H i l l s , which were claimed to be the
final specifications of the Group, and which state

Stagnation pressure P01 = 6 bars

Test section area F = 4 . 2 m x 5m

In the following, we refer to these data as the final specification.

Further, to obtain very small influences of the tube wall boundary layer on the test section flow, the
tube M a ch Number is reduced from Mj = 0.3 to Mj = 0 .2.

Although the flow quality which can be achieved with a tube M a ch Number of M j = 0. 3 seems full y
sufficient in our opinion (see PART A ; Fig. 3) we would like to give some estimates on the improvements
obtainable by decreasing the tube M a ch Number to M j = 0. 2. A computation as given in PART A,
SECTION 3, based on the same assumptions, yields a velocity profile in the test section with relative
velocity variations of less than + 0. 25 $ within 67 $ and less than + 0. 5 $ within 92 <f0 of the test section
diameter (Fig. 11) . These deviations, however, do not occur until towards the end of the run time.

The above considerations show that a decrease of the tube M a ch Number yields a considerable improve-
ment of the spatial uniformity of the velocity within the test section. The tube M a ch Number has thus
been assumed to be

Tube M a ch Number Mj = 0 .2

Al l these informations now form the basis for a new computation. The results for pgj = 6 bar as well as
for pQ1 = 7 bar are summarized in APPENDIX 1.

Regarding the costs quoted in PART A , the following should be noted.

The claim for a rectangular test section gives an increase of the costs of this part of the
tunnel. But a realistic estimate of the costs can be made only after a new engineering
study, which is not available at present time.

The fcompressor plant wil l change essentially, according to new requirements caused by
the recovery tube. Since the total power decreases, the price wil l decrease, too.

The price for the charge tube depends on the steel consumption only. Taking the original
prices quoted in the report, it is possible to get anew price estimate by means of the
factor f

L p0 D 2
f = — — ( — )

L l  PUI Dl '

where L is the tube length, pg the charge pressure, D the tube diameter and the
subscript 1 means the characteristics of the already quoted tube.

The following table gives the factor f for the cases considered.

p.. 6 bar 7 bar

f 1.50 1.26

The diameter of the recovery tube can be chosen independently of the M a ch Number
within the charge tube and therefore gives no increase in price.
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APPENDIX 1 Results of the
with Recovery

Gasdynamic Calculation for the L u d w i eg Tube
Tube

a.) Design Parameters

R e y n o l ds Number
(based on 0. 1 V F
Dimensionless run time

Total run time

Storage temperature

M a ch Number range

Number of test per hour

Tube M a ch Number

Stagnation pressure

3) Derived Parameters

Test section area

Charge pressure

Run time

Diameter, tube 1

Diameter, tube 2

Length, tube 1

Length, tube 2

Energy consumption each test

Power requirement

Design concept
given in PART A

at MQO
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T
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Mco
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Dl
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L l
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N
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0.3 - 1.3

3

0.3

7.0

17.64

10

9.61

6. 76

6.76

1. 862

1. 781

4 440

29 100

Design concept according to
LaWs-Specifications (PART

0.9

40 • 106

-

11

308

0 . 3 - 1.

5

0.2

6.0

20.5

7.7

-

8. 76

8.00

2.073

2 023

4 600

55 100

3

7. 0

14.9

8.9

-

7.46

7.00

2.073

2 020

3 800

45 500

B)

-

-

s

K

h"1

-

bar

2
m

bar

s

m

m

m

m

kWh

kW

APPENDIX 2 Quotations for Charge Tube, Test Section, and High Pressure Ai r Supply

I. Charge Tube

(Turbo Lufttechnik GmbH., Zweibriicken, Quotation No. 65168)

Design Data : Length of cylindrical tube

Inner diameter

Thickness of wall

Distance of supports

Max. operating pressure

1 780 m

6. 76 m

mm24.5

49

10

m

bar

Extent of Quotation : Tube, propping belts, supports, protection roof over total length, freight and
assembling costs, conservation..

Estimated Costs : ca. 26. 000. 000,-- DM

II . Test Section

(Hausammann + Isler, Consulting Engineers, Zurich, Quotation of May 31, 1972)

2Design Data: Area of test section 17.6

Diameter of test section (Dodecagon) 4. 7

Total length
(nozzle entrance to choke exit)

Max. operating pressure

Weight ca.

Extent of Quotation : Corresponding to Fig. 9 and 10

Estimated Costs :

m

m

68.9 m

10 bar

1 6000 Mp

ca. 25.000.000,-- DM
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III . High Pressure Air Supply

(Assuming tunnel without recovery tube)

III . A Version 1 (2 Units)

(DEMAG AG. , Duisburg, Quotation No. 9181/5786

Low Pressure High Pressure

Design Data: Compressors 1 x Ax 600 - 8V8 1 x Ax 250 - 8V8

Intake mass rate 240 240 kg/s
Q

Intake volume 716 700 236 500 m /h

Intake pressure 1.0 3.2 bar

Outlet pressure 3.3 9.9 bar

Outlet temperature 146 161 °C

Revolutions 3 000 4 700 rpm

Power requirements 32 600 32 700 kW
3

Cooling water requirements 5 400 m /h

Cooling water temperature 20 C

Extent of Quotation : 2 compressors plus accessories, 2 electric motors of 36 MW each,
2 transmissions, lubricating oil supply, air filter, coolers, connecting pipers.

Estimated costs : ca. 10. 000. 000,-- DM

III . B Version 2 (3 Units)

(GUTEHOFFNUNGSHUTTE AG. , Sterkrade, Quotation m 72/10 181a)

Low Pressure High Pressure

Design Data: Compressors 2 x Agr 12/12L 1 x Agr 11/7L
(in parallel)

3
Intake mass 350 000 each 700 000 Nm /h

Intake pressure 0.98 bar

Outlet pressure 9.8 bar

Outlet temperature (cooled) ca. 30 C

Revolutions 3 000 3 000 rpm

Power requirements 67 800 kW

Power of motors 27 000 27 000 kW

Extent of Quotation : 3 compressors plus accessories, 3 electric motors of 27 MW each, coolers,
connecting piper, transformer.

Estimated Costs : ca. 13. 500. 000,-- DM

IV . Air Desiccation Unit

(SILICA GEL GES. , Berlin, Quotation No. 8012)

Design Data: Mass rate 230 kg/s

Operating pressure 4 . 5- 10 bar

Max. intake temperature 30 C

Intake humidity saturated

Outlet humidity (dew-point at 1 bar) -40 C

Operating capacity 5 h

Regeneration time 10 h

Construction 5 adsorbers in parallel

Length 14 m

Diameter 2.8 m
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Extent of Quotation : 5 adsorbers incl. regeneration units, fillin g with Silica Gel KC-desiccating
pebbles, assembling costs, thermic isolation, motors.

Estimated Costs : 1.400. 000,-- DM

APPENDIX 3 Standing Charges (Operating Costs and Capital Costs) of the
L u d w i eg Tube Facility Proposed in PART A

Kind of Charge

Operating costs : Labour costs

Power charge

Materials

Total operating costs :

Capital costs : Depreciation

Interest

Total capital costs

Total standing charges

unit charge

DM 25.000,-- /
man and year

DM 120, --/MWh

D,M 1. 5 Mio. p. a.

10% p. a.

8 % p. a.

Case

expense
jer polar

0.02
man, year

18. 7 MWh

-

-

-

-

-

1

costs per
polar

500,--

2 .240, --

300,--

3. 040,--

1.600,--

1.280,--

2.880,--

5.920,--

Case 2

expense
per polar

0.02
man, year

4. 5 MWh

--

-

-

-

costs per
polar

500,--

540,--

300,--

1.340,--

2.000,--

1. 600,--

3.600,--

4.940,--
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Fig. 9 : Project: Test-Section of L u d w i eg Tube

SCHMTT »A
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THE DEVELOPMENT OP A N EFFICIEN T AND ECONOMICAL SYSTEM FOR THE GENERATION OF QUIE T
TRANSONIC FLOWS SUITABL E FOR MODEL TESTIN G A T HIG H REYNOLDS NUMBER

P.  fr .  Pug h

Royal  Aircraf t  Establishment ,  Bedford ,  Englan d

SUMMARY

Curren t  wor k o n th e developmen t  o f  th e ECT driv e syste m i s reviewed .  I t  i s  show n tha t  thi s i s a
particularl y economica l  an d effectiv e mean s o f  providin g a  radica l  improvemen t  i n th e Reynold s number s
at  whic h transonic ,  wind-tunne l  test s ca n b e performed .  Experimenta l  trial s whic h confirme d th e practica -
bilit y  o f  th e essentia l  feature s o f  thi s syste m ar e described ,  an d th e problem s o f  optimisin g th e desig n
of  a  particula r  wind-tunne l  ar e discussed .

NOTATION

(se e als o Fi g 10 )

a initia l  acousti c spee d i n ai r  i n charg e tub e

A/

C pressur e coefficien t  base d o n rm s valu e o f  fluctuatin g componen t  o f  th e test-sectio n
stati c pressur e an d th e dynami c pressur e o f  th e flo w throug h th e test-sectio n

F.  cross-sectiona l  are a o f  charg e tub e

L. J lengt h o f  charg e tub e

M..  Mac h numbe r  o f  flo w i n charg e tub e

M Mac h numbe r  o f  flo w throug h test-sectio n

p .  stagnatio n pressur e o f  flo w throug h th e test-sectio n

Ap pressur e chang e effecte d b y par t  o f  expansio n wav e

Ap^  tota l  pressur e chang e du e t o eithe r  th e expansio n o r  th e compressio n wav e

Ap pressur e chang e effecte d b y par t  o f  compressio n wav e

A A.
Apr  »  Ap r  et c pea k t o pea k amplitud e o f  disturbance s o f  stagnatio n pressur e du e t o imperfec t  wav e

1 2  cancellatio n

R maximu m usabl e Reynold s numbe r  (se e sectio n 5 )

TQ initia l  temperatur e o f  ai r  i n th e charg e tub e

t  tim e elapse d sinc e star t  o f  ru n

* e tim e a t  whic h th e hea d o f  th e expansio n wav e passe s a  statio n i n th e tub e

t ^  tim e a t  whic h th e pisto n i s release d

T)  energ y efficienc y a s define d i n sectio n 1
6

TI  mas s efficiency ,  a s define d i n sectio n 1

T duratio n o f  stead y flo w throug h th e test-sectio n

TO tim e taken ,  a t  star t  o f  th e run ,  t o establis h stead y flo w i n th e teat-sectio n

1 INTRODUCTION

The nee d fo r  transoni c wind-tunnel s givin g muc h highe r  Reynold s number s tha n ca n b e attaine d i n exis -
tin g facilitie s i s no w firml y established 1 .  Ther e ca n b e littl e doub t  tha t  suc h ne w tunnel s wil l  b e buil t
durin g th e nex t  decade ,  providin g tha t  efficien t  an d economica l  driv e system s ar e used .

The exten t  o f  th e improve d performanc e tha t  i s  require d ha s bee n extensivel y debated 1' 2.  I t  clearl y
depend s upo n th e anticipate d natur e o f  th e workloa d o f  th e facility .  Thi s repor t  concentrate s upo n th e
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specificatio n prepare d b y th e LaWs group ,  althoug h i t  shoul d b e note d tha t  th e genera l  consideration s ar e
equall y applicabl e t o th e desig n o f  les s ambitiou s facilitie s -  suc h a s migh t  b e buil t  a s demonstrato r
facilitie s o r  t o serv e som e form s o f  researc h an d development .  Th e LaWs grou p specificatio n call s fo r  a
Reynold s number ,  base d o n 0. 1 V  test-sectio n area ,  o f  kO  x  10 °  a t  a  tes t  Mac h numbe r  (M̂ )  o f  0. 9 an d a
rectangula r  test-sectio n whos e dimension s ar e 5 m x  4.2m .  Fo r  a  stagnatio n temperatur e o f  25°C ,  thi s cor -
respond s t o a  stagnatio n pressur e o f  6  atm .  Th e maximu m Mac h numbe r  i s 1.3 5 an d run a o f  10 s duratio n ar e
require d a t  M^  =  0.9 .

Unhappily ,  straightforwar d increase s i n th e siz e o f  existin g conventiona l  continuousl y runnin g wind -
tunnel s yield s solution s whic h ar e quit e unacceptabl e bot h a s regard s capita l  cos t  an d pea k powe r  demand .
For  exampl e a  wind-tunne l  wit h atmospheri c stagnatio n pressur e o f  th e siz e require d t o mee t  th e LaWs grou p
specificatio n woul d cos t  aroun d £54001 1 an d nee d a  powe r  suppl y o f  abou t  6000M1V.  Thes e astronomica l  fig -
ure s ca n b e reduce d b y increasin g pressur e rathe r  tha n siz e a s a  mean s o f  attainin g highe r  Reynold s num-
bers .  However ,  ther e ar e limit s t o th e pressure s whic h ca n b e use d an d th e mos t  economica l  desig n o f  con -
tinuousl y runnin g win d tunne l  o f  thi s performanc e may cos t  aroun d £150 M an d may requir e a  powe r  suppl y o f
ci  round .  1  OOOMW,

Thus,  th e desig n o f  larg e win d tunnel s ha s reache d th e en d o f  on e stag e o f  it s development .  One
roa d i s blocke d b y exorbitan t  runnin g an d capita l  costs .  Some for m o f  store d energ y syste m (intermitten t
operation )  ,  i n whic h energ y i s pu t  int o stor e a t  a  modes t  rat e an d suddenl y release d ove r  a  shor t  perio d
i s necessar y i f  th e pea k powe r  demand s (and ,  hence ,  runnin g costs )  ar e t o b e kep t  withi n tolerabl e limit s
Fortunately ,  th e las t  decade ,  o r  so ,  ha s see n dramati c advance s i n experimenta l  techniques .  I n particula r
th e rat e a t  whic h aerodynami c dat a ca n b e acquire d ha s greatl y increased .  Thus ,  despit e th e tendenc y
toward s mor e comple x an d demandin g experiments ,  th e utilisatio n an d amoun t  o f  testin g i n on e yea r  coul d b e
about  th e sam e i n a n intermitten t  tunne l  a s i n existin g continuou s win d tunnels 1 »3 .

Whil e intermitten t  operatio n i s a  necessar y conditio n o f  th e achievemen t  o f  acceptabl e cost s i t  i s
n°* i  ln . lts f lf > sufficient .  Store d energ y system s ar e les s efficien t  tha n continuousl y operatin g system s
performin g th e sam e function .  The y suffe r  fro m conversio n losse s i e energ y ca n b e dissipated ,  bu t  neve r
created ,  durin g it s inpu t  t o storag e an d it s subsequen t  releas e an d use .  Accordingly ,  lo w efficiencie s
can largel y offse t  th e benefit s o f  energ y storag e (i n th e reductio n o f  pea k powe r  demand )  whic h the n ceas e
t o b e commensurat e wit h th e reduction s i n usefu l  testin g time .  Also ,  th e capita l  cos t  o f  a  win d tunne l  i s
strongl y influence d b y th e amoun t  o f  steel-wor k require d fo r  construction .  Thi s is ,  i n turn ,  closel y rela -
te d t o th e quantit y o f  ai r  tha t  ca n b e store d withi n th e circuit .  Indeed ,  fo r  a  give n standar d an d typ e o f
pressur e vesse l  design ,  th e weigh t  o f  stee l  use d i s approximatel y proportiona l  t o th e maximu m mas s o f  ai r
tha t  ca n b e stored .  Thus ,  i f  th e capita l  cos t  i s t o b e minimised ,  th e win d tunne l  desig n mus t  b e suc h tha t
a.i ars e proportio n ° f  th e ai r  tha t  oa n b e store d withi n it s  circui t  i s  passe d throug h th e test-sectio n
withi n th e usefu l  run-time .  I t  mus t  b e note d tha t  th e relevan t  quantit y o f  store d ai r  i s  no t  th e mas s
actuall y store d withi n th e win d tunnel ,  bu t  i s  th e mas s o f  ai r  tha t  coul d b e store d i f  eaohTectio n o f  th e
win d tunne l  wa s simultaneousl y charge d wit h ai r  a t  th e maximu m pressur e whic h i s attaine d i n tha t  sectio n
at  an y tim e durin g th e operatin g cycle ,  i e th e maximu m workin g pressur e o f  tha t  section .  I t  i s  th e maxi -
mum workin g pressure s tha t  determine s th e structura l  strength s and ,  hence ,  th e weight s o f  stee l  use d
Thus tw o efficiencie s ca n b e defined ,  eac h o f  whic h mus t  b e hig h i f  th e desig n i s t o b e economical .
fli f  ̂ i  a n energ y (o r  drive )  efficienc y (T,,, )  ca n b e define d a s th e rati o o f  th e minimu m energ y neede d t o
driv e th e ai r  throug h th e test-sectio n an d th e tota l  energ y actuall y expende d i n performin g a%un.  Thi s
wil l  b e relate d t o th e runnin g cost s o f  th e tunnel .  I t  shoul d b e note d tha t  th e minimurelergyTequire d
flow nthr̂ Y?h rS? a f°° ia *ed ™"h drivin g th e ai r  throug h th e test-sectio n durin g th e tbo e fS -  whic h th e
flo w throug h th e test-sectio n i s stead y (i e th e perio d durin g whic h aerodynami c dat a ca n b e acquired) ;
energ y expende d whil e startin g an d stoppin g th e flo w i s energ y wasted .  Secondly ,  a  mas s efficienc y ( n )
can b e used .  Thi s i s  th e rati o o f  th e mas s o f  ai r  tha t  flow s throug h th e test-sectio n during '  th e stead y
par t  o f  a  ru n t o th e tota l  mas s o f  ai r  containe d i n th e win d tunne l  whe n eac h sectio n i s charge d t o it s
maximum workin g pressure .  Thi s efficienc y wil l  b e relate d t o th e capita l  cos t  o f  th e tunnel .  Thu s a
satisfactor y desig n mus t  hav e hig h value s o f  T ^  an d r, e,  giv e a n adequat e ru n duratio n (T )  an d mus t  no t
generat e aerodynami c nois e withi n th e test-section .

tunnel1"*^ J ^T ̂ "l̂ f  "pon two forms of short-duration wind tunnel namely the blowdown wind
tunnel, which is a well established device for smaller scale testing, and the Ludwies tube? which has bf>en
both ofT £ f°r/U?ef°nic testi*S <«« 0. Unfortunately, J' their original̂  simpS? foms
soecilLati'on t?"" +T tunnel have poor energy efficiencies. For example! in designs to the'LawT
specification, air must be pumped through a pressure ratio of at least 6 from atmosphere into the high
pressure storage vessel (the charge tube or the storage bottles); whereas a pressure r™±orf,  typicSly

aiout 0?06. 1S re<1 malntain fl°W thr°Ugh the teat-secti°n during a run. Thus, T,e'can£ot Seed

°f theSG f0m3 °f anort-duration facilities emerged as further study identi-

" .
th e temperatur e variation s induce d b y sudde n change s i n pressur e i n bot h th e ai r  storag e a

Revnold s numbe r  iT ^  ̂  ?  S*? 8 oha »bef  oau se difficultie s i n maintainin g a n acceptabl y constan ti^f^i^iin rsSquis ie&i:Ti:^^T e:
ouli be deveioped °n ̂  *— aua-

^"SH?Hff̂ HS:55^Ĥ " -l-~"78-t f is is

The followin g section s o f  thi s pape r  firs t  outlin e th e operatin g principle s o f  a n EOT.  A  desig n t o
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th e LaWs specificatio n i s the n described ;  followe d b y a  resum e o f  recen t  experimenta l  wor k whic h ha s con -
firme d bot h th e practicabilit y  o f  th e mutua l  wav e cancellatio n tha t  i s a  basi c featur e o f  th e ECT an d als o
th e absenc e o f  nois e generate d b y th e driv e system .  Th e performance s o f  th e ECT,  L T an d L T an d RT system s
ar e the n compared .  Finally ,  som e comment s ar e made o n th e developmen t  o f  optimu m design s o f  win d tunnels .

2 THE ECT DRIV E SYSTEM

2. 1 Principle s o f  operatio n

I n th e ECT,  th e settlin g chambe r  o f  a  conventiona l  win d tunne l  i s  extende d a s a  lon g tube .  Ai r  i s
allowe d t o settl e quietl y i n thi s tub e befor e th e star t  o f  a  run ,  durin g whic h i t  i s  pushe d throug h th e
test-sectio n b y movin g a  pisto n alon g th e tube .  Downstrea m o f  th e test-section ,  th e ai r  i s  decelerate d i n
a conventional ,  high-efficiency ,  diffuse r  an d returne d unde r  pressur e t o th e upstrea m sid e o f  th e piston ,
thu s givin g a  driv e efficienc y simila r  t o tha t  o f  a  continuousl y runnin g tunnel .  I f  th e flo w wer e starte d
by merel y acceleratin g th e piston ,  a  compressio n wav e woul d trave l  dow n th e tub e an d b e reflecte d fro m th e
contractio n sectio n onl y t o b e reflecte d agai n .fro m th e piston ,  continuin g i n thi s manne r  unti l  th e pres -
sur e ha d attaine d th e steady-stat e condition .  Durin g thi s period ,  muc h o f  th e pisto n trave l  tim e woul d b e
wasted .  Thi s i s avoide d b y a  controlle d openin g o f  a  valv e a t  th e en d o f  th e diffuser ,  whic h allow s ai r
t o escap e int o th e retur n circui t  an d thereb y start s a n expansio n wav e travellin g toward s th e piston .  B y
suitabl e timing ,  thi s expansio n wav e reache s th e pisto n whe n th e pisto n i s started .  Th e expansio n an d
compressio n wave s the n mutuall y cance l  s o tha t  unifor m flo w i s maintaine d throughou t  th e trave l  o f  th e
pisto n alon g th e tube .  Virtuall y  al l  th e ai r  originall y  containe d i n th e tub e i s exhauste d throug h th e
test-sectio n an d provide s usabl e testin g tim e thu s ensurin g a  hig h mas s efficiency .  Thi s proces s i s illus -
trate d b y th e v;av e diagra m include d i n Fi g (2) .

A convenien t  wa y o f  movin g th e pisto n i s t o mak e us e o f  th e pressurise d ai r  withi n th e circui t  t o
operat e a  grou p o f  counterbalancin g (o r  "driving" )  piston s whic h ar e mechanicall y connecte d t o th e mai n
piston .  I f  thes e piston s dra w ai r  fro m suitabl e point s i n th e mai n tube ,  the y als o functio n a s a  boundar y
laye r  blee d syste m whic h obviate s th e tempora l  an d spatia l  variation s i n th e flo w int o th e nozzl e tha t
ofte n limit s th e performanc e o f  Ludwie g tubes .  Th e avoidanc e o f  trouble s du e t o th e growt h o f  th e boundar y
laye r  withi n th e mai n (o r  charge )  tub e i s greatl y helpe d als o b y th e fac t  tha t  th e ru n tim e i s governe d b y
th e volum e o f  th e mai n tub e rathe r  than ,  a s i n a  Ludwie g tube ,  b y it s length .  Thus ,  i t  i s  practicabl e fo r
th e mai n tub e o f  a n ECT t o b e shor t  an d o f  a  comparativel y larg e diameter ,  a s compare d t o th e charg e tub e
of  a  Ludwie g tube .  Thus ,  no t  onl y doe s th e boundar y laye r  occup y a  smalle r  fractio n o f  th e diamete r  o f  th e
tub e bu t  also-th e large r  contractio n ratios ,  consequen t  upo n th e large r  diameters ,  ar e mor e effectiv e i n
thinnin g dow n thi s boundar y laye r  prio r  t o th e entr y t o th e test-section .  Accordingly ,  th e ECT i s wel l
adapte d t o providin g flow s o f  th e require d duratio n an d qualit y a t  a n acceptabl e cos t  an d wit h a  tolerabl e
peak powe r  demand .

2. 2 A  desig n t o th e LaWs specificatio n

A desig n t o mee t  th e LaWs grou p functiona l  requirement s i s illustrate d i n Fi g (3) .  I n this ,  th e con -
tractio n rati o betwee n th e charg e tub e an d th e test-sectio n i s 8:1 .  Th e charg e tub e ha s a  diamete r  o f
14.5 m an d i s 270 m long .  Th e maximu m spee d o f  th e pisto n i s 25.5m/sec ,  whic h correspond s t o soni c spee d a t
th e test-section .  A t  a  test-sectio n Mac h numbe r  (M.,, )  o f  0.9 ,  th e pisto n traverse s th e tub e a t  a  maximu m
spee d o f  25.2m/sec .

As note d i n th e proceedin g section ,  th e attainmen t  o f  stead y flo w require s tha t  eac h ru n i s initiate d
by a  controlle d openin g o f  th e valv e downstrea m o f  th e test-section ,  whereb y a n expansio n wav e i s generated .
Thi s travel s toward s th e pisto n an d establishe s th e flo w i n th e workin g sectio n an d i n th e tube .  Mutua l
cancellatio n o f  th e expansio n an d compressio n wave s i s possibl e throug h th e matchin g o f  th e valv e openin g
and pisto n motio n b y suitabl e time-laws .  Then ,  b y startin g th e pisto n a t  th e moment  whe n th e hea d o f  th e
expansio n wav e arrive s a t  th e piston ,  th e tw o wave s cance l  eac h othe r  out .  Durin g th e subsequen t  trave l  o f
th e pisto n alon g th e charg e tub e unifor m flow s ar e maintaine d i n th e tub e an d i n th e test-section .

The expansio n wav e reduce s th e pressur e an d th e temperatur e o f  th e ai r  i n th e mai n tube .  T o hav e a
stagnatio n pressur e (p o1)  o f  6  at m i n th e test-sectio n a t  M̂ ,  =  0.9 ,  th e initia l  pressur e (p o

1)  o f  th e ai r
i n th e charg e tub e mus t  b e 6. 6 atm .  Th e reductio n i n temperatur e (o f  abou t  8°C )  increase s th e uni t  Reynold s
number  o f  th e flo w i n th e test-section .  Th e require d Reynold s numbe r  (R d)  o f  4 0 x  10 °  ca n the n b e achieve d
i n a  test-sectio n o f  th e siz e 4.86 m x  4.00m .

The cycli c change s i n pressur e an d temperatur e (onc e pe r  run )  ar e smal l  enoug h i n thi s schem e no t  t o
caus e an y significan t  structura l  fatigu e problem s a s migh t  b e th e cas e i f  a  smalle r  contractio n rati o wer e
used .

Downstrea m o f  th e test-section ,  th e ai r  passe s throug h a  secon d throat .  Th e flo w throug h thi s i s
choke d (a t  soni c speed )  durin g a  ru n s o tha t  repeatabilit y  an d constanc y o f  th e Mac h numbe r  M̂ ,  i s  assured ,
and s o tha t  aerodynami c noise ,  whic h may b e generate d i n th e diffuse r  o r  i n th e exhaus t  valve ,  canno t  b e
transmitte d t o th e test-section .  Th e secon d throa t  i s followe d b y a  conventiona l  diffuse r  i n whic h th e ai r
i s decelerate d wit h th e minimu m los s o f  energy .  Th e ai r  the n passe s th e exhaus t  valv e an d enter s th e retur n
circui t  whic h lead s t o th e upstrea m sid e o f  th e piston .  Th e differenc e i n pressur e acros s th e piston ,  whic h
i s neede d t o sustai n th e flow ,  wil l  b e somewha t  les s tha n i n a  conventiona l  win d tunne l  circui t  becaus e o f
th e absenc e o f  coolers ,  screens ,  etc .  On th e basi s o f  experienc e wit h larg e conventiona l  win d tunnels ,
includin g som e specially-devised ,  large-scal e experiment s i n th e RAE 3f t  x  3f t  win d tunnel9 ,  th e stagnatio n
pressur e rati o (p )  i s  estimate d a s 1.1 0 fo r  M^  =  0. 9 an d a s 1.1 5 fo r  M., ,  =  1.35 .  Thus ,  th e maximu m pressur e
differenc e acros s th e pisto n wil l  b e 1.6 5 at m fo r  a  Mac h numbe r  o f  0. 9 an d p o1 =  6. 0 atm .  Durin g th e star -
tin g proces s thi s wil l  fal l  t o 0.5 5 atm .  Correspondin g value s fo r  M =  1.3 5 an d th e sam e stagnatio n pressur e
ar e 1.8 8 at m an d 0.8 0 atm .

The drivin g pistons ,  use d t o counterbalanc e th e loa d o n th e mai n piston ,  ar e connecte d t o th e latte r
by cable s an d pulleys .  Thes e drivin g piston s hav e a  near-vacuu m o n th e opposit e face ,  s o tha t  th e forc e
produce d i s proportiona l  t o th e stagnatio n pressure .  I n thi s way ,  th e pressur e rati o acros s th e mai n
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pisto n i s determine d b y th e geometr y o f  th e syste m an d i s independen t  o f  th e stagnatio n pressure .

The forc e neede d t o balanc e th e pressur e loa d o n th e mai n pisto n i s highe r  a t  th e star t  tha n durin g
th e stead y run .  Th e driv e tube s ca n b e size d s o tha t  th e pisto n i s i n balanc e prio r  t o a  run .  Restric -
tion s i n th e for m o f  conventiona l  throttle s ar e buil t  int o th e upstrea m end s o f  th e driv e tube s s o that ,
as th e mai n pisto n an d th e driv e piston s accelerat e an d ai r  i s  draw n int o th e driv e tubes ,  th e pressur e
actin g o n th e driv e piston s fall s progressively .  B y suitabl e sizin g o f  th e restrictors ,  thi s fal l  i n
pressur e ca n b e made jus t  sufficien t  t o brin g th e mai n pisto n int o balanc e durin g th e ru n also .

A design ,  whic h i s o f  ECT typ e an d i n whic h th e ai r  fo r  th e driv e piston s i s draw n fro m th e charg e
tube ,  use s 9  driv e tubes ,  eac h havin g a  diamete r  o f  1.88m .  Thes e ar e equall y space d aroun d th e peripher y
of  th e mai n tube .  A  meri t  o f  thi s arrangemen t  i s tha t  th e combine d cross-sectiona l  are a o f  th e driv e
tubes ,  an d henc e th e pressur e ratio ,  ca n b e matche d t o th e minimu m rati o neede d t o sustai n flo w a t  th e
chose n valu e o f  M*, .  I n thi s design ,  al l  9  piston s ar e operativ e fo r  M, ,  =  1.35 ;  bu t  fo r  M̂ ,  =  0.9 ,  3  o f  th e
tube s ar e rendere d inoperativ e (thes e tube s wil l  b e space d a t  120 °  t o eac h other) .  Fin e adjustment s t o
th e pressur e rati o ca n b e made b y smal l  change s t o th e flo w restriotor s o n th e activ e tubes .  B y drawin g
ai r  fo r  th e driv e cylinder s fro m th e charg e tube ,  th e driv e tube s ar e kep t  smal l  an d a n effectiv e boundary -
laye r  blee d syste m i s provided .

I n orde r  t o mee t  th e LaWs requiremen t  tha t  th e airstrea m shoul d b e quie t  an d stead y throughou t  th e
run ,  i t  i s  essentia l  tha t  th e boundar y laye r  o n th e wall s o f  th e test-sectio n shoul d b e thi n an d shoul d
not  gro w significantl y durin g a  run .  Simila r  requirement s ar e als o necessar y t o obtai n sensibl y constan t
wal l  interferenc e effect s throughou t  a  run .  Th e ECT schem e i s wel l  suite d t o fulfi l  thes e requirements ,
mainl y becaus e th e airspee d i n th e charg e tub e i s lo w (an d th e contractio n rati o i s high )  an d partl y
becaus e a n effectiv e boundary-laye r  blee d i s incorporated .  I n th e propose d design ,  th e maximu m thicknes s
of  th e boundary-laye r  a t  th e beginnin g o f  th e contractio n (a t  th e en d o f  th e run )  i s estimate d t o b e 0.8 m
and th e maximu m displacemen t  thicknes s 0.1m .  Th e innermos t  60fi  o f  th e tota l  boundar y laye r  i s remove d b y
th e blee d actio n o f  th e driv e tubes .  Th e remainin g boundar y laye r  i s greatl y thinne d dow n whe n th e ai r
passe s throug h th e contraction .  I n th e workin g section ,  opposit e t o th e model ,  th e displacemen t  thicknes s
of  th e boundar y laye r  i s estimate d t o gro w fro m 0.012 m t o 0.0124 m durin g a  ru n withou t  bleed ,  an d t o 0.0122 m
wit h bleed .  Th e variatio n durin g a  ru n o f  thi s boundary-laye r  thicknes s i s thu s kep t  belo w 2%.

Precaution s ar e take n t o avoi d secondar y flow s an d t o preven t  ai r  fro m th e boundar y laye r  i n th e
charg e tub e bein g swep t  u p b y th e pisto n an d pushe d ahea d o f  i t  i n th e middl e o f  th e charg e tube .  A  ga p i s
lef t  betwee n th e oute r  edg e o f  th e pisto n an d th e wall s o f  th e charg e tub e (durin g a  run) .  I t  i s  estimate d
tha t  a  ga p o f  betwee n 0.04 m an d 0.06 m wil l  suffic e fo r  thi s purpose .

The mai n pisto n ca n b e comparativel y light ,  an d a  feasibl e targe t  fo r  th e weigh t  o f  th e pisto n i s
considere d t o b e abou t  20000Kg .  Th e achievemen t  o f  a  ligh t  pisto n i s aide d b y th e fac t  tha t  th e highes t
pressur e differenc e acros s th e pisto n i s onl y a  smal l  fractio n o f  th e stagnatio n pressur e an d als o b y th e
lon g wavelengt h o f  th e expansio n wave ,  whic h allow s th e us e o f  a  dome d piston .  Th e pisto n i s supporte d b y
wheel s runnin g o n rail s  whic h ar e mounte d o n th e inne r  surfac e o f  th e charg e tube .

Thre e importan t  consequence s ste m fro m th e smallnes s o f  th e weigh t  o f  th e pisto n compare d t o th e
aerodynami c force s actin g upo n it .

Firstly ,  th e frictiona l  forces ,  tendin g t o retar d th e piston ,  ar e ver y smal l  compare d wit h th e air -
loads .  Thus ,  th e pressur e o f  th e ai r  i n th e charg e tub e i s ver y insensitiv e t o variation s i n thes e fric -
tiona l  forces .

Secondly ,  thi s featur e ease s th e tas k o f  arrangin g fo r  th e mutua l  cancellatio n o f  th e expansio n an d
compressio n wave s a t  th e beginnin g o f  th e run .  Th e responsivenes s o f  th e pisto n t o change s i n airload s i s
suc h tha t  ther e i s a  favourabl e interactio n betwee n th e expansio n wav e an d th e motio n o f  th e piston .  An y
deviatio n o f  th e pisto n acceleratio n fro m th e correc t  time-la w call s int o pla y larg e pressur e force s ten -
din g t o restor e th e pisto n motio n t o th e correc t  form. \

Thirdly ,  thi s featur e obviate s an y tendenc y fo r  th e pisto n t o oscillat e durin g it s trave l  alon g th e
tube .  Th e variatio n o f  th e pressur e load s wit h pisto n motio n provide s essentiall y  dampin g force s and ,
sinc e th e weigh t  i s smal l  compare d wit h thes e airloads ,  th e produc t  o f  th e stiffnes s an d inerti a constant s
i s relativel y smal l  an d oscillator y motio n i s prevented .

Bot h th e compressio n an d th e expansio n wave s ar e wea k s o tha t  th e highes t  precisio n i n matchin g th e
two waveform s i s no t  necessar y i n orde r  t o achiev e satisfactor y constanc y o f  th e stagnatio n pressur e durin g
a run .  I t  is ,  therefore ,  no t  necessar y t o provid e fo r  ver y hig h rate s o f  openin g o f  th e valv e o r  extrem e
acceleration s o f  th e piston .  Th e minimu m tim e require d t o establis h a  stead y flo w i n th e test-sectio n wil l
limi t  usefu l  reduction s o f  th e tim e take n t o ope n th e valv e t o littl e les s tha n th e 2  se c propose d i n thi s
design .  Thi s implie s a n averag e pisto n acceleratio n of ,  a t  most ,  13m/sec 2 i e 1.3g ,  whic h i s relativel y
modest .  Simila r  acceleration s o f  a  plu g exhaus t  valv e ar e needed .  Contro l  o f  th e acceleratio n o f  th e pis -
to n i s facilitate d b y a n actuato r  whic h operate s durin g th e firs t  20 m o f  travel .  Th e maximu m forc e require d
fro m th e accelerato r  wil l  no t  excee d twic e th e weigh t  o f  th e piston .

Uniformit y o f  th e flo w i n th e retur n circui t  i s  no t  importan t  s o tha t  thi s componen t  ca n b e route d
wit h econom y an d engineerin g convenienc e a s primar y considerations .  I t  ca n b e smalle r  an d o f  a  simple r  an d
cheape r  constructio n tha n i n conventiona l  win d tunnels .  Fo r  larg e win d tunnel s lik e th e propose d design ,
reductio n o f  it s  length ,  compatabilit y  wit h suitabl e design s o f  exhaus t  valves ,  an d lan d cost s wil l  favou r
eithe r  annula r  o r  multipl e retur n circui t  designs .  (Fo r  smalle r  win d tunnel s th e availabilit y o f  standar d
component s an d th e possibilit y  o f  sho p fabricatio n wil l  favou r  a  single,'separat e retur n circuit 10) .  I n th e
annula r  desig n o f  th e propose d win d tunne l  th e overal l  diamete r  o f  th e complet e pressur e vesse l  i s 19.9 m
and it s tota l  lengt h i s 350m.  Th e pressur e load s o n th e wall s o f  th e charg e tub e ar e relativel y small ,
unidirectional ,  an d favourabl e t o th e us e o f  relativel y lightweigh t  construction .  Initia l  desig n studie s
show tha t  th e dimensiona l  tolerance s require d i n norma l  code s o f  practis e fo r  pressur e vessel s ar e adequat e
bot h fo r  th e charg e tub e an d fo r  th e remainde r  o f  th e circuit .
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Severa l  differen t  design s ar e possibl e fo r  th e valve .  A  plu g valv e ha s th e meri t  that ,  durin g th e
openin g a t  th e star t  o f  a  run ,  inerti a load s ar e oppose d b y th e pressur e loads .  Thi s facilitate s accurat e
contro l  o f  th e valv e opening .  Alternatively ,  a  desig n coul d b e base d o n th e "digital "  valve s whic h hav e
recentl y foun d favou r  fo r  compute r  controlle d systems 11.  Thes e compris e a n arra y o f  smal l  valve s o f
variou s sizes ,  chose n s o tha t  an y flo w area ,  withi n th e rang e o f  th e device ,  may b e obtaine d b y openin g a
selectio n o f  th e smal l  valves .  B y choosin g th e size s t o b e som e varian t  o f  a  binar y series ,  quantisatio n
error s ca n b e kep t  small .  Fo r  th e presen t  applicatio n les s tha n 1 0 smal l  valve s woul d provid e adequat e
resolution .  Contro l  o f  suc h a  devic e involve s onl y th e timin g o f  th e rapi d openin g an d closur e o f  smal l
valve s o f  lo w inerti a an d no t  th e precis e contro l  o f  th e tim e la w o f  eac h openin g o r  closure .

When th e mai n pisto n approache s th e downstrea m en d o f  th e charg e tube ,  th e driv e piston s pas s a
portin g arrangemen t  i n th e driv e tubes ,  whic h allow s hig h pressur e ai r  t o by-pas s th e driv e pistons ,  thu s
unbalancin g th e loa d o n th e mai n pisto n an d causin g i t  t o decelerat e quickly .  Some furthe r  deceleratio n
may als o b e accomplishe d b y mechanica l  system s whic h mus t  b e provide d fo r  emergenc y us e also .  Th e mas s o f
ai r  i n th e circui t  i s  muc h large r  tha n tha t  o f  th e pisto n an d it s inerti a tend s t o reaccelerat e th e piston .
Thi s i s prevente d b y closin g th e exhaus t  valv e an d b y th e provisio n o f  non-retur n valve s i n th e mai n pisto n
itself ,  whic h ope n unde r  'an y reversa l  o f  th e pressur e differenc e acros s th e pisto n an d allo w ai r  t o flo w
throug h it .  Thes e valve s als o ensur e th e unidirectionalit y  o f  th e pressur e differenc e o n th e charg e tube .

To prepar e fo r  a  subsequen t  run ,  ai r  i s  pumpe d fro m th e retur n circui t  int o th e charg e tub e a t  a
poin t  downstrea m o f  th e mai n piston .  Thi s firs t  raise s th e pressur e ther e unti l  th e pressur e rati o acros s
th e pisto n i s equa l  t o tha t  neede d durin g th e run .  Th e force s o n th e mai n pisto n ar e the n balance d an d
continue d pumpin g cause s th e pisto n t o mov e bac k alon g th e mai n tub e t o it s startin g position .  Furthe r
pumpin g raise s th e pressur e i n th e charg e tub e an d reduce s tha t  i n th e retur n circui t  unti l  th e tunne l  i s
read y fo r  anothe r  run .  Th e pressur e ratio s throug h whic h th e ai r  ha s t o b e pumpe d ar e lo w ( a maximu m o f
1.3 4 fo r  operatio n a t  Ĥ ,  =  0.9) .  A  conventiona l  win d tunne l  fan ,  an d cooler ,  ca n b e use d fo r  thi s duty .
The require d fa n diamete r  i s abou t  1.2m .  Th e fa n shoul d b e designe d t o operat e wit h hig h efficienc y ove r
a wid e rang e o f  flo w rate s an d pressures ,  e g b y usin g variabl e pitc h blades .  B y suc h means a  relativel y
hig h isotherma l  efficienc y (90 $ say )  ca n b e achieved .  Wit h moto r  an d transmissio n efficiencie s eac h o f
80$ (i e 58 $ overall) ,  a n installe d moto r  inpu t  powe r  o f  8.3MJ Y wil l  b e require d i n orde r  t o recharg e th e
win d tunne l  i n 1 0 min ,  afte r  a  ru n a t  a  stagnatio n pressur e o f  6  at m an d M» =  0.9 ,  an d fo r  a n identica l
subsequen t  run .  Th e powe r  inpu t  t o a n idea l  isotherma l  compresso r  woul d b e 4.75MW,  an d th e energ y effi -
cienc y T] e =  0.82 .  Fo r  run s a t  a  stagnatio n pressur e o f  6  at m an d M =  1.35 ,  th e minimu m tim e betwee n runs ,
includin g 2  mi n settlin g time ,  i s abou t  1 5 min .

The complet e win d tunne l  circui t  contain s 6.2 4 x  10 ^  K g o f  ai r  whe n charge d t o 6atm .  T o fil l  th e
syste m u p fro m 1at m t o 6at m i n 8  hour s require s a  compresso r  o f  abou t  3.3M W power ,  assumin g typica l  effi -
ciencies :  compresso r  (isothermal )  60$ ,  moto r  80$ ,  gearbo x 80$ .  However ,  thi s ai r  wil l  nee d t o b e drie d
and i t  may b e mor e economica l  t o d o thi s a t  a  highe r  pressur e o f  10atm ,  say .  Then ,  th e inpu t  powe r  o f
th e revise d compresso r  i s abou t  6.6MW.

The workin g sectio n i s containe d withi n a  separat e pressur e spher e s o tha t  acces s t o th e mode l  doe s
not  requir e depressurisin g o f  th e whol e circuit .

I f  th e maximu m stagnatio n pressur e wer e raise d t o 11atm ,  th e recharg e times ,  pressure s an d pressur e
difference s mus t  b e increase d pro-rata .  Th e dynamic s o f  th e pisto n motion ,  th e eas e o f  wav e cancellatio n
et c ar e unaffecte d becaus e th e inerti a an d pressur e load s increas e i n proportion .

3 EXPERIMENTAL TRIAL S

3. 1 Purpos e

The experiment s tha t  hav e bee n conducte d t o dat e wer e aime d a t  confirmin g th e feasibilit y  o f  imple -
mentin g th e basi c aerodynami c idea s an d establishin g tha t  th e potentia l  merit s o f  th e ECT syste m ca n b e
realise d i n practice .  T o thi s en d a  simpl e tes t  ri g wa s constructed .  I t  wa s no t  a  complet e scal e mode l
of  a n ECT -  fro m whic h i t  differe d primaril y i n havin g a n unrepresentativ e for m o f  driv e fo r  th e mai n pis -
ton .  Base d o n th e result s thu s obtained ,  an d o n desig n studie s o f  large ,  complete ,  ECT systems ,  a  ne w
fully-representative ,  smal l  pilo t  win d tunne l  ha s bee n designe d an d i s no w nearin g completion .

3. 2 Experimenta l  apparatu s an d technique s

The ri g use d i s illustrate d schematicall y i n Fi g (4) ,  an d comprise d a  barre l  o f  0.305 m diamete r
£?£"! !  a t  ° ne en d vi a a  va / ve ̂ d flo w restricto r  t o a  larg e reservoi r  o f  compresse d ai r  (i n fac t  th e
RAE Vertica l  Spinnin g Tunne l  (VST)) .  A t  it s othe r  end ,  th e barre l  wa s connecte d t o a n axisymmetri c con -
tractio n an d a  paralle l  "test-Section" ,  6lm m i n diamete r  an d 1 52mm long .  Ai r  flo w throug h th e test-sectio n
exhauste d t o atmospher e vi a a  conica l  diffuse r  o f  5? °  half-angl e whic h ha d a n exi t  diamete r  o f  229mm Th e
downstrea m en d o f  th e diffuse r  coul d b e close d b y th e exhaus t  valve .  Runnin g i n th e barre l  wa s a  light -
weigh t  pisto n constructe d o f  foame d plasti c wit h a  glass-clot h an d araldit e oute r  skin .  Leakag e o f  ai r
past  th e pisto n wa s prevente d b y a  periphera l  slidin g leathe r  sea l  carrie d o n th e rea r  o f  th e pisto n
Weight s coul d b e adde d t o th e rea r  fac e o f  th e pisto n t o increas e it s mas s fro m th e norma l  2.63K *  t o th e

heav y piston "  valu e o f  3.45Kg .  Th e distanc e fro m th e fron t  fac e o f  th e pisto n t o th e upstrea m en d o f  th e
throa t  whe n th e forme r  wa s i n it s  mos t  upstrea m position ,  wa s eithe r  12.65 m o r  21.8m ,  thi s chang e bein e
effecte d b y varyin g th e lengt h o f  th e barrel .  6

Stead y pressure s wer e measure d usin g self-balancing ,  weighbea m manometer s t o a n accurac y o f  +  35N/m 2.
Transien t  stati c pressure s i n th e test-sectio n wer e measure d usin g variable-capacitanc e differentia l
transducer s '  reference d t o atmospheri c pressure .

Preparation s fo r  a  ru n bega n wit h th e pisto n a t  th e upstrea m en d o f  th e barre l  an d hooked-u p t o a
bomb release .  Th e barre l  wa s charge d t o a  pressur e o f  typicall y 1.23at m (usin g valv e 10 )  an d th e pressur e
i n th e VST adjuste d t o th e desire d valu e (typicall y 1.44atm) .  Th e upstrea m sid e o f  th e barre l  wa s the n
connecte d t o th e VST (b y openin g valv e 9) ,  thu s applyin g a  highe r  pressur e t o th e rea r  o f  th e pisto n ' The
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pisto n remaine d stationary ,  bein g restraine d b y th e bom b release .

The ru n wa s starte d b y closin g a  switc h o n th e contro l  uni t  (14) ,  whic h thereafte r  controlle d th e
run .  Th e firs t  actio n o f  th e contro l  uni t  wa s t o sen d a  signa l  t o th e valv e bom b releas e (4 )  whic h opene d
and allowe d th e weigh t  (18 )  t o fall .  Afte r  fallin g a  distanc e o f  u p t o 0.91 m (thi s distanc e bein g varie d
t o alte r  th e openin g tim e o f  th e exhaus t  valve) ,  th e weigh t  snatche d th e ca m plate .  Th e actio n o f  pullin g
th e ca m plat e dow n opene d th e exhaus t  valve ,  thu s establishin g flo w throug h th e test-sectio n an d causin g
an expansio n wav e t o trave l  upstrea m toward s th e piston .  Th e commencement  o f  openin g o f  th e exhaus t  valv e
brok e a  pai r  o f  electrica l  contacts .  Thi s cause d th e contro l  unit ,  afte r  a  pre-programme d delay ,  t o sen d a
signa l  t o th e pisto n bom b releas e uni t  (5) .  On receip t  o f  thi s signal ,  th e pisto n wa s release d an d acceler -
ate d rapidly ,  unde r  th e actio n o f  th e pressur e differenc e acros s it ,  thu s producin g a  compressio n wav e whic h
interacte d wit h th e expansio n wave .  Th e motio n o f  th e pisto n als o cause d ai r  t o flo w fro m th e VST int o th e
upstrea m en d o f  th e barrel .  Th e pressur e o f  thi s ai r  fel l  o n passin g throug h th e flo w restrictio n (17) ,
th e pressur e los s bein g th e greate r  th e large r  th e flo w rate ,  i e th e pressur e actin g o n th e upstrea m fac e
of  th e pisto n fel l  a s th e pisto n velocit y increased .  Th e pressur e i n th e VST ha d bee n se t  befor e th e ru n
so tha t  th e pressur e differenc e acros s th e pisto n fel l  fro m a n initia l  valu e o f  l8KN/m 2 t o th e 0.7KN/n r
require d t o balanc e mechanica l  frictio n whe n th e pisto n wa s travellin g a t  th e spee d correspondin g t o a
stead y stagnatio n pressur e o f  th e flo w throug h th e test-sectio n (7.74m/ s fo r  M. ,  =  1.0) .

The ru n terminate d whe n th e pisto n reache d th e en d o f  th e barrel ,  afte r  whic h th e barre l  wa s shu t  of f
fro m th e VST (usin g valv e 9 )  an d vente d t o atmospher e (throug h valv e 11) .

As note d above ,  variabl e capacitanc e transducer s wer e use d t o measur e transien t  pressures ,  operatin g
at  a n excitatio n frequenc y o f  400kHz .  Th e outpu t  signa l  fro m eac h transduce r  wa s demodulate d t o obtai n a n
analogu e d o voltag e (proportiona l  t o th e pressur e applie d t o th e transducer )  whic h wa s recorde d o n a  multi -
channe l  ultra-viole t  oscillograph ,  runnin g a t  a  pape r  spee d o f  330mm/s .  Th e recorde r  traces ,  typica l  exam -
ple s o f  whic h ar e give n i n Fig s ( 5 an d 6) ,  displa y historie s o f  th e followin g quantities: -

TABLE 1

Recorde r  trace s

Trac e
number

1

2

3

4
5 &  6

Quantit y

Pressur e i n barre l  a t  mos t  upstrea m
transduce r  statio n

Pressur e i n barre l  a t  intermediat e
transduce r  statio n

Pressur e i n barre l  a t  mos t  downstrea m
transduce r  statio n (stagnatio n
pressure )

Pressur e o n wal l  o f  test-sectio n

Trace s use d fo r  even t  markin g

Pressur e chang e t o produc e 25.4m m
(1 . 0 in )  deflectio n o f  recorde r  trac e

8.6kN/m 2

8.6kN/m 2

6.2kN/m 2

15.2kN/m 2

-

(Th e recorde r  deflection s mentione d abov e refe r  t o th e origina l  trace s an d no t  t o th e reproduction s give n
i n thi s repor t  whic h ar e considerabl y reduce d i n size .  Th e interva l  betwee n th e horizonta l  line s super -
impose d o n th e trace s wa s 2.54m m (0. 1 in )  o n th e origina l  records ,  an d th e interva l  betwee n th e vertica l
line s correspond s t o a  tim e interva l  o f  1 0 ms) .

Al l  component s o f  th e pressur e measurin g syste m wer e suitabl e fo r  us e wit h d o an d low-frequenc y sig -
nals .  Th e bandwidt h o f  th e syste m wa s thu s determine d b y th e combine d effec t  o f  th e uppe r  frequenc y limit s
of  th e variou s components .  Significan t  factor s i n determinin g thi s were: -

a)  th e natura l  frequenc y o f  th e diaphrag m o f  th e pressur e transducer s (27.7kHz )

b)  acoustica l  resonanc e o f  th e shor t  inle t  pip e t o th e transducers .  Th e lowes t  frequenc y a t  whic h suc h
resonance s coul d occu r  wa s estimate d t o b e 27kH z

c)  th e uppe r  frequenc y limi t  o f  th e demodulato r  (20kHz )

d)  th e frequenc y respons e o f  th e galvanometer s i n th e ultra-viole t  oscillograph .  Thes e ha d undampe d
natura l  frequencie s o f  833H z an d wer e les s tha n criticall y  dampe d givin g a  frequenc y respons e whic h wa s
fla t  (t o withi n ±  5$ )  u p t o approximatel y 700Hz .

Thus,  th e frequenc y respons e o f  th e complet e pressur e recordin g syste m wa s fla t  t o withi n ±  5 $ fro m
0 t o 700Hz ,  withi n ±  3d B t o 1kH z (a t  whic h i t  wa s abou t  3d B down) ,  an d rolle d of f  a t  approximatel y -  6d B
per  octav e thereafte r  i e broadl y th e characteristic s o f  a  low-pas s filte r  o f  bandwidt h 0  t o 1kHz .  Accor -
dingly ,  th e aerodynami c nois e level s infere d fro m th e recorde r  trace s correspon d t o th e rang e o f  frequenc y
paramete r  n  o f  0  s n  «  0.2 .  The y cove r  th e rang e o f  n  i n whic h troublesome ,  low-frequency ,  flo w unsteadi -
ness i s ofte n foun d fo r  conventiona l  win d tunnels 13.

3. 3 Typica l  pressur e historie s

The star t  o f  a  ru n i s show n i n Fi g (5) .  Th e passag e o f  th e expansio n wave ,  du e t o th e openin g o f  th e
exhaus t  valv e (th e star t  o f  whic h i s indicate d b y th e discontinuit y i n trac e 6) ,  acros s eac h transduce r
cause d th e initia l  fal l  i n pressur e whic h ca n readil y b e see n o n eac h o f  th e trace s 1 ,  2 ,  3  an d 4 .  Trac e 4
indicate s th e establishmen t  o f  soni c flo w throug h th e test-sectio n approximatel y 50ms afte r  th e star t  o f  th e
openin g o f  th e exhaus t  valve .  Fo r  a  shor t  tim e thereafter ,  th e stagnatio n pressur e wa s constant .  Durin g
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thi s period ,  whic h wa s identica l  t o th e usefu l  ru n tim e o f  th e ri g whe n ru n a s a  Ludwie g tube ,  th e pisto n
was release d (a s indicate d b y th e discontinuit y i n trac e 5) .  Thi s perio d ende d wit h th e retur n o f  th e
reflecte d expansio n wav e an d th e superimpose d compressio n wave .  Sinc e th e stagnatio n pressur e transduce r
(trac e 3 )  wa s situate d clos e t o th e en d o f  th e barrel ,  th e distanc e betwee n th e transduce r  an d th e en d o f
th e barre l  wa s shor t  compare d t o th e lengt h o f  eithe r  wave .  Thus ,  th e compressio n wav e (o r  th e reflecte d
expansio n wave )  a s see n b y th e stagnatio n pressur e transduce r  was ,  i n fact ,  compose d o f  eac h wav e super -
impose d o n a n identica l  wav e delaye d b y th e tim e require d fo r  th e retur n tri p fro m th e transduce r  statio n
t o th e en d o f  th e barrel .  Accordingly ,  th e stagnatio n pressur e transduce r  sense d a  pressur e chang e whos e
amplitud e wa s twic e tha t  o f  th e inciden t  wav e an d whic h wa s slightl y differen t  i n shap e fro m th e latter .

I n th e absenc e o f  th e compressio n wave ,  th e stagnatio n pressur e woul d fal l  b y a  tota l  pressur e
differenc e Apf .  i n a  manne r  describe d b y  A peA =  ( ^  ( t  -  t c)  wher e t e i s  th e tim e a t  whic h th e hea d o f

th e reflecte d expansio n wav e firs t  passe s th e transducer .  I n th e absenc e o f  th e reflecte d expansio n wave ,
th e stagnatio n pressur e woul d ris e b y a  tota l  amoun t  Ap f  i n a  manne r  describe d b y A p /Ap f  =  f ? ( t  -  t fl ) ,
wher e t d i s  th e tim e a t  whic h th e pisto n wa s released .  ^

I f  th e tw o wave s wer e perfectl y  matche d i n shap e an d time ,  th e stagnatio n pressur e woul d remai n con -
stant .  I f  th e matchin g wer e imperfect ,  th e algebrai c additio n o f  th e contribution s fro m th e expansio n an d
compressio n wave s resulte d i n a  rippl e o f  pea k t o pea k amplitud e Ap r t  .  Subsequen t  reflection s a t  th e con -
tractio n an d a t  th e pisto n resulte d i n subsequen t  ripple s o f  pea k t o pea k amplitud e Ap^ ,  Ap̂ ,... ,  Ap̂ .
These successiv e ripple s wer e o f  diminishin g amplitude .  The y ca n b e see n o n Fi g 5  an d thei r  oscillator y
motio n i n th e tub e ca n b e followe d b y observin g th e relativ e time s a t  whic h ripple s occu r  o n trace s 1  2
and 3 .  '

The shap e o f  th e expansio n wav e coul d b e obtaine d directl y fro m th e recorde r  traces ,  whil e th e shap e
of  th e compressio n wav e wa s obtaine d algebraicall y differencin g th e measure d pressur e historie s an d th e
influenc e o f  a  reflecte d expansio n wav e (compute d fro m th e measure d shap e o f  th e expansio n wave) .

3. 4 Discussio n o f  result s

I n thi s section ,  th e salien t  experimenta l  result s ar e described .  Spac e doe s no t  permi t  inclusio n o f
detail s o f  al l  th e dat a no r  o f  th e theoretica l  method s 'whic h wer e develope d i n orde r  t o explai n an d predic t
th e observe d phenomena .  Referenc e shoul d b e mad e t o earlie r  an d mor e complet e accounts 1'f» 15 fo r  suc h
details .

The firs t  o f  th e essentia l  feature s t o b e substantiate d b y experimen t  wa s th e abilit y  t o var y th e
shap e o f  th e expansio n wav e s o a s t o matc h tha t  o f  th e compressio n wave .  Thi s wa s don e b y varyin g th e
shap e o f  th e ca m whic h controlle d th e openin g o f  th e exhaus t  valv e an d b y adjustin g it s spee d o f  operation .
The makin g o f  thes e change s wa s guide d b y a  simpl e theory 11*- ,  an d typica l  comparison s betwee n theor y an d
experimen t  ar e provide d i n Fi g 7 .  I t  wil l  b e see n tha t  th e theor y i s generall y i n goo d agreemen t  wit h
experimen t  a s regard s th e shap e o f  th e expansio n wav e althoug h ther e i s a  smal l  discrepanc y i n th e time s
at  whic h a  give n valu e o f  Ap e i s reached .  Th e experimenta l  dat a sho w a  perio d o f  betwee n 4ms an d 6ms a t
th e star t  o f  th e wav e durin g whic h Ap e change s ver y little .  Thi s behaviou r  an d lengt h o f  tim e i s consis -
ten t  wit h th e expecte d behaviou r  o f  th e complian t  sea l  betwee n th e exhaus t  valv e an d it s seatin g a t  th e
end o f  th e diffuser .  A t  th e star t  o f  th e valv e opening ,  th e compressio n o f  thi s sea l  i s release d s o tha t
th e sea l  expands ,  reducin g th e mas s flo w fro m th e diffuse r  belo w tha t  assume d b y th e theory .

The compariso n show n fo r  'ba m F  a t  slo w speed "  i s o f  especia l  interes t  sinc e i t  demonstrate s th e
successfu l  us e o f  th e theor y t o desig n a  ca m profil e t o obtai n a  specifie d expansio n wave .  Thi s ca m wa s
designe d wit h th e ai m o f  obtainin g a  matc h wit h a  targe t  variation ,  provide d b y a  measure d compressio n
wave,  ove r  th e perio d 0  S  ( t  -  t  )  S  38ms .  A  mos t  satisfactor y matc h wa s obtained .  Thi s diagra m als o
illustrate s a n overshoo t  o f  th e fina l  pressur e (i e A p >  Apf )  i n th e targe t  wave .  Thi s correspond s t o a n
overshoo t  i n th e measure d compressio n wav e (A p >  Apf) ,  whic h aros e fro m th e typ e o f  driv e syste m use d fo r
th e piston .  Thi s driv e system ,  whil e convenien t  an d suitabl e fo r  th e purpose s o f  thes e tests ,  wa s no t  rep -
resentativ e o f  tha t  propose d fo r  a  ful l  scal e win d tunne l  (se e sectio n 2 )  fo r  whic h thi s overshoo t  ca n
easil y  b e avoided .  Th e overshoo t  o n th e compressio n wav e se t  a  limi t  t o th e exten t  t o whic h th e expansio n
and compressio n wave s coul d b e matche d and ,  thus ,  i n th e absenc e o f  an y interactio n betwee n th e expansio n
wave an d th e motio n o f  th e piston ,  t o th e qualit y o f  th e wav e cancellatio n i e t o th e minimu m valu e o f

I n Fi g 8 ,  predicte d an d measure d value s o f  AJL ,  ar e compare d a s a  functio n o f  t a fo r  tw o combination s
of  ca m shap e an d speed .  Dat a fo r  bot h barre l  lengtn s (L f  =  12.65 m an d L f  =  21.8m )  ar e plotte d i n thi s
figure .  Th e mai n cause s o f  scatte r  i n th e experimenta l  dat a wer e error s i n th e measuremen t  o f  t f l  an d var -
iation s i n th e tim e take n b y th e pisto n releas e mechanism .  Thes e wer e estimate d t o hav e a  combine d effec t
on th e measure d time s equivalen t  t o a  standar d deviatio n o f  abou t  1ms .  Th e theor y use d a  compressio n wav e
shap e whic h wa s calculate d theoretically 1^.  Thi s wa s algebraicall y combine d wit h th e calculate d shape s o f
th e expansio n waves ,  neglectin g an y interactio n betwee n th e pisto n motio n an d th e expansio n wav e wit h
appropriat e relativ e timing s o f  th e tw o waves .

I t  wil l  b e see n fro m Fi g (8 )  tha t  a n optimu m valu e o f  t d exist s i n th e sens e tha t  ApV ,  i s a  minimu m
fo r  t d -  Lf/ a 1  1 .  Th e theor y appeare d t o predic t  bot h thi s optimu m valu e o f  t d an d th e penalty ,  i n term s
of  increase d Ap ^  ,  fo r  deviation s fro m thi s value .  Th e absolut e value s o f  Ap^ ,  tende d t o b e lowe r  tha n th e

e '  0 > POSSibl e " ^  th e Oa m " Fn dt o o a i n ™ ^ T POSSible '  " ^  th e Oa m ( " Fn)  deaisne d t o cl °  fflatc h th e compress ion ,t o obtai n value s o f  Ap ^  whic h wer e consistentl y lowe r  tha n th e overshoo t  i n th e compressio n wav e (indicate d
as "pisto n overshoot "  o n Fi g 8) .  Bot h thes e effect s wer e attribute d t o th e favourabl e interactio n betwee n
th e expansio n wav e an d th e motio n o f  th e piston .  Detaile d analysi s o f  th e recorde r  trace s confine d tna t
th e tw o wave s tended ,  b y suc h means ,  t o "loc k together" .  wu.  i-maa.  ma*

in *! ra° tio n wa s als o manifes t  i n th e diminishin g amplitud e o f  th e ripple s i n th e stagnatio n
eT r nT̂ S ̂  % suooessiv e P" 3^63 o f  th e smal l  amplitud e wav e lef t  followin g deliberatel y  ̂ per -
cancellatio n o f  th e compressio n an d expansio n waves .  Eac h tim e tha t  thi s wav e wl s reflecte d fro m th e

pisto n i t  induce d smal l  variation s i n th e motio n o f  th e pisto n whic h acte d s o a s t o partiall y  cance l  th e w OTe
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Experimenta l  value s o f  thi s deca y wer e difficul t  t o measur e becaus e o f  th e smallnes s o f  Ap ^ .  Some data ,
albei t  scattered ,  wa s obtaine d fro m thos e run s durin g whic h t d wa s deliberatel y made widel y differen t  fro m
it s optimu m value .  Thos e dat a ar e presente d i n Fi g 9  an d compare d wit h theoretica l  estimates 1' 1' .  Withi n
th e admittedl y limite d accurac y o f  th e experimenta l  data ,  th e theor y wa s i n reasonabl e accor d wit h experi -
ment  and ,  hence ,  confirme d th e natur e o f  th e favourabl e interactio n betwee n th e pisto n an d th e waves .

The qualit y o f  th e wav e cancellatio n achieve d demonstrate d th e practicabilit y  o f  achievin g a  suffi -
cientl y smal l  leve l  o f  fluctuation s i n th e stagnatio n pressur e t o giv e th e require d stabilit y  o f  stagnatio n
pressur e i n a  full-scal e tunnel .  I t  wa s clea r  tha t  ye t  furthe r  reduction s i n Ap ^  coul d b e obtaine d i f  th e
overshoo t  i n th e compressio n wav e wer e eliminated .  Thi s wa s difficul t  t o achiev e wit h th e unrepresentativ e
pisto n driv e use d i n thes e experiment s becaus e th e dampin g force s actin g o n th e pisto n wer e closel y couple d
t o th e stiffnes s force s an d th e fina l  velocit y o f  th e piston .  I n th e full-scal e driv e syste m th e stiffnes s
and dampin g ca n b e mor e easil y controlle d an d th e dampin g ca n b e uncouple d fro m th e fina l  pisto n velocity .
I n thi s wa y Ap ^  ca n b e considerabl y improved .

Preliminar y measurement s o f  th e aerodynami c nois e level s wer e als o made .  Compariso n o f  th e recor -
ding s o f  test-sectio n stati c pressur e afte r  flo w establishmen t  (trac e 4 )  eithe r  wit h th e sam e signa l  prio r
t o openin g o f  th e exhaus t  valv e o r  wit h th e (do )  signal s o n trace s 5  an d 6  enable d th e leve l  o f  aerodynami c
nois e i n th e test-sectio n t o b e estimated .  A s ca n b e see n fro m Fig s 5  an d 6 ,  thi s wa s extremel y small .
The unstead y pressur e coefficien t  C  wa s foun d t o b e n o greate r  tha n 0.002 .  Thi s i s les s tha n hal f  tha t
whic h i t  i s  reasonabl e t o assum e woul d b e permissibl e eve n fo r  mos t  dynami c tests 1 ̂ .  Some nois e wa s obser -
ved o n th e stagnatio n pressur e (trac e 3 )  o f  rm s amplitud e o f  abou t  0.07 $ o f  th e st a natio n pressur e an d
wit h a  predominan t  frequenc y o f  abou t  300Hz .  Thi s i s extremel y smal l  an d wa s due 1 5  t o nois e generatio n i n
a componen t  o f  th e pisto n driv e whic h wa s no t  representativ e o f  a  complet e ECT facility .  Thus ,  a  full -
scal e tunne l  woul d b e expecte d t o hav e a n eve n quiete r  flow .

I n orde r  t o obtai n suc h quie t  flow s i t  i s  essential ,  o f  course ,  t o preven t  th e aerodynami c transmis -
sio n t o th e test-sectio n o f  nois e originatin g i n th e diffuser .  Thi s require s tha t  flo w b e a t  soni c spee d
eithe r  i n th e test-sectio n o r  i n a  second-throa t  locate d immediatel y downstrea m o f  th e test-section .  Thi s
has bee n demonstrate d bot h fo r  th e ri g describe d above 1i »- ,  an d fo r  ventilate d test-sectionŝ .

4 GENERALISED PERFORMANCE ANALYSI S

Havin g experimentall y confirme d tha t  th e propose d driv e syste m wa s aerodynamicall y feasible ,  i t  wa s
appropriat e t o analys e it s performanc e i n a  generalise d manner .  Thi s analysi s serve d bot h t o indicat e
desirabl e value s fo r  th e mai n desig n parameter s an d als o t o compar e th e ECT wit h othe r  driv e systems .  B y
adoptin g a  fundamenta l  an d generalise d approac h t o th e makin g o f  suc h a  compariso n i t  wa s possibl e t o
distinguis h an y importan t  difference s betwee n th e variou s driv e system s withou t  th e nee d t o develo p
detaile d specifi c  designs .  Thi s wa s advantageou s becaus e th e tim e an d effor t  involve d i n developin g speci -
fi c  design s woul d preclud e th e provisio n o f  enoug h example s fo r  systemati c analysis .  Further ,  comparison s
betwee n a  limite d numbe r  o f  specifi c  design s ca n easil y  b e obscure d b y th e effect s o f  difference s i n struc -
tura l  desig n codes ,  engineerin g implementation s o f  variou s components ,  et c whic h ar e no t  german e t o th e
stud y o f  th e fundamenta l  characteristic s o f  variou s driv e systems .

Thre e system s wer e considered .  Thes e wer e th e Ludwie g tub e (LT) ,  th e Ludwie g tub e wit h th e additio n
of  a  recover y tub e (L T an d RT) .  an d th e ECT.  Thei r  performance s wer e compare d i n term s o f  th e mas s an d
energ y efficiencie s  (r\ m an d T] e)  define d i n sectio n 1 .  I n al l  thre e systems ,  th e ai r  i s initiall y  accelera -
te d b y a n expansio n wav e whic h travel s alon g th e charg e tube .  I n principle ,  th e sam e mas s o f  ai r  ca n b e
processe d an d use d durin g th e test ,  an d th e sam e qualit y  o f  flo w an d th e sam e ru n tim e ca n b e achieved ,
whethe r  th e expansio n wav e i s reflecte d fro m a n en d wal l  o r  cancelle d b y th e motio n o f  a  piston .  Mor e
generally ,  al l  thre e type s o f  tunne l  ca n b e represente d b y a  singl e diagram ,  Fi g 10 ,  wher e fo r  convenienc e
th e win d tunne l  circui t  ha s bee n lai d ou t  alon g a  straigh t  line .  I n th e L T an d L T +  RT systems ,  th e extrem e
ends o f  th e charg e an d recover y tube s ar e closed ,  whereas ,  i n th e ECT,  th e tunne l  form s a  close d loo p s o
tha t  th e piston s show n i n th e diagra m a t  th e extrem e end s are ,  i n fact ,  on e an d th e same .  Also ,  th e counter -
balancin g piston s use d i n th e ECT ar e no t  show n althoug h thei r  influenc e o n th e performanc e wa s accounte d
for .  Th e tes t  mediu m wa s assume d t o b e ai r  wit h a  rati o o f  specifi c  heat s o f  1. 4 an d th e Mac h numbe r  o f
th e flo w throug h th e test-sectio n durin g a  ru n wa s take n t o b e unity .  However ,  th e relativ e merit s o f  th e
driv e system s considere d ar e insensitiv e t o M. .  providin g tha t  thi s remain s withi n th e transoni c spee d range .

When calculatin g th e energ y requirement s o f  th e pumpin g processe s involve d i n th e differen t  driv e
system s (an d i n th e calculatio n o f  th e theoretica l  minimu m energ y requirements) ,  i t  wa s assume d tha t  iso -
therma l  compressor s wer e employed .  Thi s mean s tha t  th e calculate d energ y efficiencie s  (r\  )  ar e correc t  i f
al l  th e compressor s use d hav e th e sam e isotherma l  efficiencies .  Thi s i s a  reasonabl e assumption ,  bu t  may
hav e th e effec t  o f  bein g somewha t  optimisti c fo r  case s wher e ri e i s  lo w becaus e th e isotherma l  efficiencie s
of  compressor s pumpin g ai r  throug h hig h pressur e ratio s ar e usuall y lowe r  tha n th e isotherma l  efficiencie s
of  low-pressure-rati o compressors .

Figur e 1 0 show s th e flo w processe s occurrin g withi n th e tunne l  a t  a  tim e shortl y  afte r  th e flo w throug h
th e test-sectio n ha s bee n established .  Durin g a  run ,  th e ai r  flo w rate s ar e hig h an d th e ru n duratio n i s
short .  Thus ,  th e aerodynami c processe s ar e essentiall y adiabatic .  Afte r  th e ru n ha s bee n complete d equili -
briu m i s establishe d betwee n th e ai r  i n th e charg e tub e an d i n th e recover y tub e (o r  retur n circuit) .  Th e
run ,  take n togethe r  wit h th e subsequen t  establishmen t  o f  equilibrium ,  the n constitute s a  giganti c versio n o f
Joule' s Classi c experiment .  Thus ,  th e temperatur e o f  th e ai r  return s t o b e everywher e equa l  t o it s initia l
valu e T O .  Al l  th e driv e system s ar e prepare d fo r  a  subsequen t  ru n b y returnin g ai r  t o th e charg e tube .  I n
a L T facility ,  thi s involve s pumpin g ai r  fro m atmospher e int o th e charg e tube .  I n a  L T +  RT win d tunne l
th e ai r  i s  transferre d fro m th e recover y tub e t o th e charg e tube .  Similarly ,  i n a n ECT,  ai r  i s  pumpe d fro m
th e retur n circui t  int o th e volum e betwee n th e mai n pisto n an d th e contraction .  Thes e processe s ar e rela -
tivel y slow ,  takin g typicall y 5 0 t o 15 0 time s th e duratio n o f  a  run ,  an d th e aerodynami c processe s withi n
th e win d tunne l  ar e the n essentiall y  isothermal .  Althoug h ther e ar e input s o f  hea t  (du e t o degredatio n o f
mechanica l  energ y b y irreversibl e thermodynami c processes) ,  thi s hea t  mus t  b e los t  t o th e atmospher e i f
necessar y vi a activ e coolin g devices ,  i f  repeatabilit y  o f  tes t  condition s an d th e absenc e o f  larg e scal e
convectio n current s i s t o b e ensured .
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I n orde r  t o calculat e th e mas s an d energ y efficiencie s correspondin g t o specifie d value s o f  th e
independen t  variable s (ru n time ,  Reynold s number ,  test-sectio n siz e etc) ,  i t  i s  necessar y t o calculat e th e
pressure s tha t  mus t  b e se t  u p prio r  t o th e commencement  o f  a  run .  T o d o this ,  th e stagnatio n pressur e o f
th e flo w throug h th e test-sectio n (durin g th e run )  mus t  b e determined .  Thi s ca n b e foun d fro m th e Reynold s
number  requirement s an d th e specifie d are a o f  th e test-section .  I n th e calculation s tha t  hav e bee n made ,
th e Reynold s numbe r  wa s taken ,  i n accordanc e wit h th e LaWs grou p specification ,  t o b e 4 0 x  10 °  whe n base d
on test-sectio n "free-stream "  condition s an d th e mean chor d o f  th e model .  Th e latte r  wa s assume d t o b e
0. 1 /Fa ,  (FO,  bein g th e cross-sectiona l  are a o f  th e test-section) ,  Allowanc e wa s made fo r  th e reductio n i n
stagnatio n temperatur e du e t o th e passag e o f  th e expansio n wav e throug h th e charg e tube ,  an d th e stagna -
tio n pressur e wa s adjuste d t o kee p th e Reynold s numbe r  constant .  Whil e thi s i s a  norma l  procedure ,  recen t
evidenc e suggest s tha t  i t  may no t  b e entirel y valid .  Th e reductio n i n stagnatio n temperatur e implie s tha t
ther e wil l  b e heat-transfe r  fro m th e mode l  t o th e airstrea m durin g a  run .  Preliminar y calculations 18 sug -
ges t  tha t  thi s heat-transfe r  ha s a  significan t  effec t  o n th e boundary-laye r  ove r  th e model .  A  ne t  increas e
i n stagnatio n pressur e may b e require d i n orde r  t o obtai n simila r  boundary-layer s t o thos e occurrin g a t  th e
desire d Reynold s numbe r  an d zero-hea t  transfer .  Thi s effec t  i s  small ,  but ,  i f  substantiate d b y furthe r  work ,
may requir e a  smal l  reductio n i n th e value s o f  r^  an d r\ e a t  hig h value s o f  charg e tub e Mac h number .

The remainin g independen t  variabl e i s th e Mac h numbe r  o f  th e flow ,  downstrea m o f  th e expansio n wave ,
i n th e charg e tub e (M.,) .  Thi s i s determine d b y th e contractio n rati o F̂ /F̂ .  Thi s Mac h numbe r  characterise s
th e desig n o f  th e win d tunne l  i n th e sens e tha t  i t  i s  th e onl y primar y variabl e whos e valu e may b e selecte d
by th e designe r  onc e th e performanc e require d o f  th e win d tunne l  ha s bee n fixed .  Henc e th e broa d outlines ,
and many o f  th e details ,  o f  th e desig n o f  th e win d tunne l  ar e fixe d b y th e choic e o f  M-) .  Also ,  th e combina -
tio n o f  M1,  th e runnin g tim e T ,  th e test-sectio n are a F M an d th e stagnatio n pressur e p o1 determin e th e
growt h o f  th e boundar y laye r  withi n th e charg e tube .

Space permit s neithe r  a n accoun t  o f  th e detail s o f  th e thennodynami c calculations 1^  no r  a  ful l  accoun t
of  al l  th e results .  Instead ,  som e typica l  result s ar e show n a s Fi g (11) .  Thi s illustrate s bot h th e gen -
era l  trend s foun d i n al l  th e dat a an d als o th e influenc e o f  variation s i n th e tim e require d t o establis h
stead y flo w (T O).  Th e latte r  effec t  i s  smal l  (a s ar e th e influence s o f  likel y variation s i n othe r  varia -
bles )  whe n compare d wit h th e difference s betwee n th e efficiencie s o f  th e variou s driv e system s an d th e
effec t  o f  change s i n &, .

The Ludwie g tub e driv e syste m ha s a n inherentl y poo r  driv e efficiency ,  bu t  thi s ca n b e greatl y impro -
ved b y th e additio n o f  a  recover y tube .  However ,  thi s gai n i s obtaine d a t  th e expens e o f  a  seriou s los s i n
mass efficiency .  A  furthe r  difficult y arise s fro m th e fac t  tha t  hig h energ y efficiencie s ar e attaine d a t
lo w value s o f  th e charg e tub e Mac h number ,  whe n th e mas s efficienc y i s low ;  wherea s th e bes t  mas s efficien -
cie s ar e obtaine d a t  hig h charg e tub e Mac h numbers ,  whe n th e energ y efficienc y i s low .

The ECT driv e system ,  whe n operate d a t  lo w charge-tub e Mac h numbers ,  attain s hig h value s o f  bot h mas s
and energ y efficiencies .  I t  i s  a  mor e balance d an d superio r  desig n sinc e th e virtue s o f  hig h mas s effi -
cienc y an d hig h energ y efficienc y ca n b e realise d i n a  singl e win d tunnel .  Th e ECT driv e syste m ca n pro -
vidf s th e highes t  energ y efficiencie s o f  an y o f  th e system s considered .  Th e .mas s efficiencie s tha t  ca n b e
obtaine d usin g a n ECT syste m ar e a t  leas t  a s goo d a s thos e whic h ca n b e realise d usin g a  L T drive .  Th e
superiorit y o f  th e ECT driv e syste m i n term s o f  hig h mas s an d energ y efficiencie s wil l  b e strongl y reflecte d
i n econom y o f  bot h capita l  an d runnin g costs .

Furthe r  effect s becom e apparen t  whe n th e effect s o f  boundary-laye r  growt h i n th e charg e tub e ar e con -
sidered .  Thi s cause s a  variatio n wit h tim e o f  th e uniformit y o f  th e flo w enterin g th e contraction ,  an d o f
th e thicknes s o f  th e boundary-laye r  o n th e wall s o f  th e test-sectio n (and ,  hence ,  o f  wal l  interferenc e
effects) .  Thes e effect s mus t  b e kep t  smal l  throughou t  th e run .  Unfortunately ,  no t  onl y ar e uncertaintie s
introduce d int o th e calculatio n o f  th e growt h o f  th e boundary-laye r  i n th e charg e tub e b y th e virtuall y
unprecedentl y hig h Reynold s number s involved ,  bu t  als o i t  i s  difficul t  t o quantif y th e influenc e o f  thi s
boundary-laye r  o n th e qualit y o f  th e flo w i n th e test-section .  However ,  approximat e calculation s hav e bee n
made16" .  Also ,  i t  seem s t o b e clea r  tha t  i t  i s  possibl e t o obtai n satisfactor y flo w qualit y i n th e test -
sectio n usin g al l  thre e scheme s whe n th e ru n tim e i s short ,  i e o f  th e orde r  o f  2 s o r  3s ,  eve n whe n th e
charge-tub e Mac h numbe r  i s a s hig h a s 0. 4 o r  0.5 .  Accordingly ,  i t  i s  pruden t  t o requir e tha t  condition s
i n th e charg e tub e b e varie d i n suc h a  wa y a s t o preserv e a  simila r  flo w qualit y whe n th e ru n tim e i s
increase d t o 10s .  A  simple ,  orde r  o f  magnitude ,  argumen t  make s thi s poin t  clear .  A t  th e en d o f  a  run ,
th e boundary-laye r  i n th e charg e tub e ha s develope d ove r  a  lengt h o f  approximatel y  VU, T (wher e u ,  i s  th e
velocit y o f  th e ai r  enterin g th e contraction) .  Since ,  fo r  11 ,  <  0.5 ,  th e uni t  Reynold s numbe r  an d a .  ar e
bot h approximatel y proportiona l  t o ̂ ,  th e thicknes s o f  thi s boundary-laye r  i s proportiona l  t o (tti'ij /
(It ,  T)V 7 i e M-,- 5/ '  TO/7 .  Fo r  f y <  0.5 ,  an d a  constan t  valu e o f  F ro ,  th e are a Ft ,  i s  approximatel y propor -
tiona l  t o 1/M., .  Hence ,  th e diamete r  o f  th e charg e tub e i s proportiona l  t o M..~ 2 an d th e fractio n o f  th e
diamete r  o f  th e charg e tub e tha t  i s  occupie d b y th e boundar y laye r  i s proportiona l  t o M-) 17/ 14 T°/7 .  Thus ,
i f  th e uniformit y o f  th e stagnatio n pressur e o f  th e flo w enterin g th e contractio n i s t o b e kep t  constant ,
the n MI  mus t  var y a s t~ 1'v 1' .  Accordingly ,  i f  satisfactor y flo w i s obtaine d fo r  T  =  2 s an d M1 =  0.5 ,  th e
same qualit y wil l  no t  b e obtaine d fo r  T  =  10 s unles s M- )  «  0.16 .

More refine d calculations'̂ ,  includin g estimate s o f  th e tempora l  variatio n o f  th e thicknes s o f  th e
boundar y laye r  i n th e test-section ,  suppor t  thi s conclusion .  I t  wa s foun d tha t  th e growt h o f  th e boundary -
laye r  i n th e charg e tub e impose d a  sever e limitation ,  whic h i s common t o al l  thre e type s o f  driv e system ,
and constrain s thei r  operation ,  fo r  ru n time s o f  th e orde r  o f  10s ,  t o lo w charg e tub e Mac h numbers ,  nea r
0. 1 o r  0. 2 a t  th e most .  Thi s limi t  i s  abov e th e value s a t  whic h th e ECT achieve s it s bes t  performance ,
but  i t  preclude s th e attainmen t  o f  hig h mas s efficiencie s b y th e othe r  tw o systems .  Thus ,  th e ECT has '
added meri t  whe n ru n time s o f  th e orde r  o f  10 s ar e required ,  a s i n th e LaWs specification .

5 OPTIMISATIO N OF THE DESIGN

The functiona l  performanc e o f  a  win d tunne l  i s  define d primaril y  i n term s o f  th e ru n time ,  th e Mac h
number  range ,  an d th e Reynold s number s tha t  mus t  b e achieved .  Befor e embarkin g o n detaile d designs ,  i t
remain s t o decid e th e mos t  economi c an d effectiv e manne r  i n whic h thi s performanc e ca n b e achieved .

I n common wit h an y engineerin g construction ,  th e win d tunne l  i s  a n assembl y o f  mutuall y compatibl e
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components .  Th e tota l  cos t  o f  th e tunne l  comprise s th e su m o f  th e cost s o f  th e individua l  components ,  du e
allowanc e bein g made i n eac h cos t  fo r  thei r  assembl y an d erectio n t o mak e th e complete d win d tunnel .  I f  a
specific ,  nea r  optimum ,  desig n i s prepare d an d coste d i t  wil l  b e possibl e t o brea k i t  dow n int o sub-assem -
blie s whos e individua l  function s ar e relativel y simple .  Accordingly ,  fro m fundamenta l  physica l  relation -
ships ,  supplemente d a s necessar y b y additiona l  desig n studies ,  i t  wil l  b e possibl e t o se t  u p a  serie s o f
equations .  Eac h equatio n wil l  represen t  th e variatio n o f  a  cos t  elemen t  wit h th e primar y desig n parameters ,
i e linea r  scale ,  operatin g pressure ,  an d run-time .  I n a  stud y o f  th e cost s o f  a  particula r  win d tunnel 1' ,
a se t  o f  2 3 suc h equation s wer e use d i n a  compute r  base d optimisatio n procedure .  Thi s degre e o f  complexit y
i s essentia l  whe n performin g detaile d optimisatio n studie s fo r  specifi c  designs .  However ,  som e genera l
rule s emerg e whic h ar e neithe r  comple x no r  specifi c  t o particula r  designs .

The mos t  importan t  o f  thes e genera l  rule s concern s th e mean s b y whic h a  desire d Reynold s numbe r  i s
achieved .  Reynold s numbe r  ca n b e increase d eithe r  b y increasin g th e pressur e o r  b y increasin g th e siz e o f
th e test-section .  Almos t  invariably ,  th e mos t  economica l  wa y i s b y increasin g th e pressure .  However ,  i n
practice ,  th e pressur e canno t  b e increase d advantageousl y beyon d som e limi t  eve n whe n t o d o s o result s i n
a mor e economi c tunne l  structure .  Th e limit s o n th e pressur e whic h i t  i s  practicabl e t o us e ar e a t  thei r
most  sever e whe n testin g model s wit h swep t  wings .  The y aris e becaus e Reynold s numbe r  i s no t  th e sol e
arbite r  o f  th e utilit y  o f  a  transoni c win d tunne l  an d increasin g pressur e aggravate s othe r  problem s o f
simulatio n suc h a s mode l  strength ,  aeroelasti c distortion ,  an d error s i n shap e du e t o mode l  supports .
Unfortunately ,  curren t  knowledg e doe s no t  permi t  o f  th e combinin g o f  al l  thes e effect s int o a  singl e mea-
sur e o f  th e utilit y  o f  a  give n combinatio n o f  mode l  siz e an d stati c pressure .  However ,  providin g tha t  th e
Reynold s numbe r  i s hig h enoug h t o ensur e tha t  th e flo w pattern s abou t  th e mode l  hav e n o gros s difference s
fro m full-scale ,  i t  ca n b e shown 2 tha t  increase s i n test-sectio n stati c pressur e abov e abou t  3. 5 at m o r
5 at m ar e disadvantageou s becaus e th e benefit s o f  increasin g Reynold s numbe r  ar e mor e tha n balance d b y th e
worsenin g o f  mode l  stresses ,  aeroelasti c distortion s an d stin g interferenc e effects .  Havin g regar d t o th e
Mach numbe r  rang e an d likel y use s o f  th e propose d win d tunne l  whic h wa s th e subjec t  o f  detaile d optimisa -
tio n studies 17,  i t  appeare d tha t  thi s uppe r  limi t  t o pressur e woul d b e a t  abou t  a  stagnatio n pressur e o f
10 atm .  Accordingly ,  a  measur e o f  th e utilit y  o f  differen t  design s coul d b e define d a s th e "maximu m usabl e
Reynold s number" ,  R .  Thi s wa s th e Reynold s number ,  base d o n th e mean chor d o f  a  typica l  wing ,  durin g test s
at  soni c spee d an d a t  a  stagnatio n pressure ,  o f  eithe r  th e maximu m allowe d b y th e strengt h o f  th e tunne l
structur e o r  1 0 at m (whicheve r  wa s th e less) .

The implication s o f  thi s o n th e desig n o f  hig h Reynold s numbe r  win d tunnel s i s illustrate d b y Fi g 1 2
whic h show s th e variatio n o f  maximu m usabl e Reynold s numbe r  R  a s a  functio n o f  stagnatio n pressur e p oi  fo r
fixe d capita l  cost .  Two curve s ar e show n i n th e figure ,  correspondin g t o tw o differen t  capita l  costs .  I t
i s clea r  tha t  th e us e o f  a  hig h stagnatio n pressur e enable s highe r  Reynold s number s t o b e obtaine d fo r  a
fixe d capita l  cost .  However ,  i f  th e desig n p o^  exceed s tha t  whic h i s usabl e i n practic e (i n thi s exampl e
10 atmospheres) ,  th e maximu m usabl e Reynold s numbe r  i s les s tha n tha t  whic h woul d resul t  fro m designin g
fo r  Po t  equa l  t o th e maximu m usabl e stagnatio n pressure .  Fund s ar e the n bein g expende d upo n unnecessar y
strengt h i n th e structure .  Thi s ca n b e see n b y considerin g a  desig n havin g a  maximu m p o^  abov e 1 0 at m (i e
a desig n correspondin g t o a  poin t  suc h a s X  o n th e dotte d extensio n o f  th e curv e fo r  p o^  <  1 0 atm) .  I f
th e maximu m stagnatio n pressur e canno t  b e use d fo r  a  particula r  test ,  the n p o^  mus t  b e reduced .  Sinc e th e
tunne l  siz e (and ,  hence ,  mode l  size )  i s the n fixed ,  th e Reynold s numbe r  i s proportiona l  t o p oi  s o tha t  th e
operatin g condition s o f  a  give n tunne l  li e o n a  straigh t  lin e throug h th e origi n a s indicated .  I t  ca n b e
seen tha t  thi s lin e lie s belo w th e curve d locu s o f  th e desig n point s o f  th e famil y o f  design s havin g a
fixe d cost .  Thus ,  operatin g a  facilit y  a t  les s tha n it s designe d maximu m p o< result s i n a  lowe r  Reynold s
number  tha n ca n b e obtaine d fro m a  secon d facilit y  havin g th e sam e cos t  bu t  designe d a b initi o fo r  a  maxi -
mum p 01 equa l  t o th e operatin g value .

I n thu s restrictin g th e maximu m stagnatio n pressur e ther e is ,  o f  course ,  a  los s i n performanc e com -
pare d t o a  tunne l  havin g a  highe r  maximu m pressur e wheneve r  th e tes t  i s suc h a s t o permi t  large r  tha n nor -
mal  usabl e pressure s (p o- )  Z  10. 4 at m i n th e exampl e shown) .

The tunne l  desig n i s strongl y influenced ,  therefore ,  b y th e requirement s o f  th e mos t  importan t  test s
fo r  whic h i t  wil l  b e used .  I n general ,  th e mos t  economi c desig n i s obtaine d b y designin g th e tunne l  fo r  p o- ,
as high ,  bu t  n o higher ,  tha n th e maximu m a t  whic h th e mos t  importan t  test s ca n b e run .  I t  als o follow s
tha t  th e greate r  th e exten t  t o whic h th e wor k loa d o f  th e tunne l  ca n b e defined ,  prio r  t o th e desig n o f  th e
win d tunnel ,  th e highe r  th e performanc e o f  th e tunnel .  Uncertaintie s i n th e natur e o f  th e workload ,  espec -
iall y  i n th e maximu m usabl e stagnatio n pressure ,  ca n easil y lea d t o a n incorrec t  choic e o f  p o- ,  an d conse -
quentl y eithe r  failur e t o achiev e th e maximu m performanc e o r  unnecessar y expenditure .

The lowe r  curve ,  whic h i s fo r  a  lo w cos t  facility ,  illustrate s a n additiona l  effect .  Fo r  p Q̂  o  4  atm ,
th e maximu m usabl e Reynold s numbe r  rise s rapidl y wit h increasin g stagnatio n pressure .  Thi s reflect s th e
fac t  that ,  fo r  a  fixe d tota l  cost ,  th e siz e o f  th e tunne l  decrease s wit h increasin g p o-j .  Thus ,  a t  stage s
i n thi s process ,  i t  become s possibl e t o fabricat e som e component s a t  th e manufacturer s work s rathe r  tha n
on site .  Thi s chang e fro m sit e t o sho p fabricatio n i s accompanie d b y a  decreas e i n th e cos t  o f  a  give n
desig n s o that ,  i f  th e tota l  cos t  i s  fixed ,  a  mor e poten t  desig n become s possible .  Simila r  departure s fro m
th e genera l  tren d may b e cause d b y variation s i n th e exten t  t o whic h existin g equipmen t  ca n b e re-use d etc .

6 CONCLUSIONS

The wor k describe d i n thi s repor t  i s par t  o f  a  continuin g effor t  directe d a t  th e developmen t  o f  trans -
oni c win d tunnel s givin g radica l  improvement s i n th e Reynold s number s a t  whic h test s ca n b e conducted .  Thi s
has ,  s o far ,  establishe d th e followin g points: -

1)  neithe r  conventional ,  continuously-runnin g win d tunnel s no r  establishe d form s o f  shor t  duratio n
facilitie s ca n giv e th e require d performanc e withou t  exorbitan t  capita l  and/o r  runnin g cost s

2)  us e o f  a n ECT driv e syste m wil l  enabl e th e require d performanc e t o b e obtaine d a t  capita l  an d runnin g
cost s whic h ar e comparable ,  wit h thos e o f  existing ,  lowe r  performance ,  continuousl y runnin g win d tunnel s

3)  th e practicabilit y  o f  th e mutua l  wav e cancellation ,  whic h i s a  basi c featur e o f  th e ECT,  ha s bee n
confirme d experimentall y
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4)  experiment s hav e als o confirme d tha t  a n ECT drive n win d tunne l  wil l  generat e a n exceptionall y clean ,
quie t  airflo w

5)  th e ECT i s a  mor e efficien t  an d balance d desig n tha n other ,  related ,  intermitten t  driv e systems .  I t
has especia l  advantage s whe n ru n time s o f  th e orde r  o f  10 s ar e require d

6)  th e maximu m benefi t  wil l  b e derive d fro m a  fixe d capita l  cos t  i f  a  ne w win d tunne l  i s  designe d fo r  a
maximum stagnatio n pressur e equa l  t o th e maximu m a t  whic h th e mos t  importan t  test s ca n b e conducted .
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THE INJECTOR DRIVEN TUNNEL

by

Pierre Carriere
Office National d'Etudes et de Recherches Aerospatiales (ONERA)

92320 Chatillon, France

Note: A brief description of the LaWs project of IDT can be found in AGARD Advisory Report AR60.

MAI N NOTATION

p pressure

Pi isentropic stagnation pressure

h enthalpy

hj adiabatic stagnation enthalpy

s entropy

p density

a velocity of sound

T absolute temperature

M Mach number

Cp, Cv specific heat coefficients

7 = Cp/Cv

u axial velocity

cj sectional area

j = p + pu2 , dynalpy (in French: dynalpie)

m mass flow, injected (>0) or extracted (<0)

f frictional force at the wall ^ per unit area

q heat flow, injected (>0) or extracted (<0)

m', j', f, q' = — (m.j.f.q)
dx

Cf friction coefficient

x abscissa

t time

jet exit area CO;

mixing chamber area com
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<lme

injected mass flow = moo

extracted mass flow

qm: injected mass flow

qmi driven mass flow

w(M)

5

h6

Q(h)

D(h)

eq

ed

n(x)

u

Pi,

Pirn

Pi,

1 +

1

M 2

2 7-1 V(7+i)/[2(7-i)]
+ M2

M \7 + 1 7 +1

(1 + 7M2)c3(M)Z(M)

boundary layer thickness

height of the boundary layer bleed system

pu

- Llh Jft

(p + pu2)

'o Pi + PX

auxiliary functions for boundary layer losses computation

mass flow non-uniformity parameter = 1 — Q(h)

dynalpy non-uniformity parameter = 1 — D(h)

Pip

Pin

, stagnation pressure loss coefficient

u
ao

s

a
ao

log —
Po

CL>

log —

X

L
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Subscripts

Superscripts

bar

reference state

inductor jet exit

main flow at the ejector exit section

mixing chamber exit, or mean flow

testing chamber

particular value for adapted regime (pj

non-dimensional quantity

INTRODUCTIO N

In this paper the specific problems attached to a project of an Injector Driven Tunnel are examined:

(a) methods for evaluating and optimizing its performance in steady continuous flow,

(b) analysis of unsteady phenomena during the wind tunnel start,

(c) problems of intense noise generated by the jets.

Some general indications wil l also be presented on the orders of magnitude of certain basic technological data.

Appendix I presents the main features of an IDT pilot wind tunnel, under construction at the Toulouse Centre
of ONERA.

Appendix II presents some mathematical developments used in the paper.

Fig.1 BASIC CONSIDERATIONS ON THE INDUCTION TYPE WIND TUNNEL

From
compresse d

air
suppl y

h (enthalpy )

Settlin g
chambe r

fc.-K-l

Initial
stagnatio n

pressur e

Stagnatio n
— enthalp y

(a) PRINCIPLE

I I s (entropy )
Tota l i losse s

(b) THERMODYNAMIC CYCLE (steady )

Figure la gives the operating sketch of the active part of an Induction Driven Tunnel (IDT).

It includes a supersonic ejector, supplied by a source of compressed air, and placed within the flow (1) at a
convenient location downstream of the testing chamber. The jet (j) emitted by the ejector mixes with flow (1) in a
mixing chamber, from where both flows emerge in a theoretically uniform state (m). The circuit, being closed, must
include an extraction system so that a steady condition can establish itself and be sustained.

Figure Ib outlines the thermodynamic cycle on a Mollier diagram: the air, practically at rest in the settling
chamber, state (i0), expands almost isentropically up to the testing chamber, then recompresses up to pressure PJ
at the entrance of the mixing chamber, where losses (entropy rise) accumulated along the circuit are at their maximum.
The induction system overcompensates these losses, so that at its return to the settling chamber the air is back in its
initial state i0.
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Fig.2 SOME EXISTING INDUCTION DRIVEN WIND TUNNELS
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Figure 2 shows, in a few examples, that the application of the operating principle to a wind tunnel is not new,
even for large scale facilities such as the T109 wind tunnel of TSAGI, whose performance easily includes the tran-
sonic domain. This tunnel is some thirty years old and is pressurized at quite a high level for that time.

One of the most recent IDT facilities is the new Israeli wind tunnel at the Technion, whose performance,
(pressure and Mach number) is near to that proposed by the LaWs Group, but at I /3 length scale.

It should however be noted that all these facilities are based on concepts that now look somewhat obsolete,
and that, in particular, no special precaution was taken against propagation of internal noise up to the testing chamber.

They include a technologically very simple injection system, made up either by a central ejector in a low speed
leg of the circuit, or by a peripheral blowing slit, installed along the wall at the testing chamber outlet.

It wil l be shown that it is possible to apply to this concept very noticeable improvements in order to increase
the quality and the cost-effectiveness of this type of wind tunnel.

Two projects including present-day technology are under study at the NASA (Langley Research Center and
Ames): the test section and the corner vanes are acoustically treated. The test section dimensions wil l be 2 x2 m,
and the planned maximum stagnation pressure is about 13 bars. A pilot wind tunnel of this type, at 1/13 scale, has
been built in 1972. The characteristics of the Ames project wil l be of the same order.

Fig.3 IDT MAIN SPECIFIC PROBLEMS

(2) Steady condition s

• Locatio n "I

• Performanc e > of an inductio n syste m

• Size and desig n J

• Type and locatio n of exhaus t

(?) Unstead y condition s

• Startin g proces s

• Nois e (generation , attenuation )

(3^  Technolog y

• Storag e

• Compresse d air conditionin g

• Compresse d air deliver y

Figure 3 gives a list of the questions that wil l be considered and which constitute the principal specific problems
of an IDT.
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Fig.4 LOSSES EVALUATIO N

Assumptions , Definition s

onedirectional flow

P = P ^ C , 1

(Er): uniform reference flow

Ur = arbitrary f about main stream

velocity

Pr = P (»0 hir = hiin

(Em): mean uniform equivalent flow

Pm um<J = /pudu = pr Ur U ( 1 + £q )

rh = o

£q , £d : non uniformity parameters of the

actual flow (E)

Figure 4 presents the method that wil l be used to characterize the stagnation pressure losses suffered by the
flow throughout the circuit.

In each cross-section, of area w , it is assumed:

(i) that the flow is one-directional (velocity u ),

(ii ) that pressure is uniform within (GO) at any time, but it may vary with time,

(iii ) that stagnation enthalpy (i.e. stagnation temperature) is invariant except, possibly, while crossing a heat
exchanger.

We assume known the real flow (E), i.e. the velocity pertaining to every elementary area dco within GO .
Then we arbitrarily choose a uniform flow (Er) as a reference, which approximately represents the central flow in
section GO(X) , e.g. the flow at the limi t of the boundary layer, or the ideal flow that would result from an isen-
tropic expansion up to section co(x) . Choosing ur , pr and hjo determines all the other parameters pertaining
to (Er), in particular its stagnation pressure pj r .

This being done, we determine a uniform mean flow (Em), equivalent to the real flow, i.e. having the same flow
rates of mass, dynalpy and energy, and occupying the same section area GO , which defines it completely (um , pm ,
pm , etc.). Then, by comparing (Er) and (Em), we can define two non-uniformity parameters of the real flow (E),
eq (concerning the flow rate) and ê  (concerning the dynalpy) globally expressing the difference (E) — (Er) .
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Fig.5 LOSSES EVALUATIO N

a) Main strea m losse s
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b) Non uniformit y losse s computatio n

6p = pm - Pr = o

Um -p rUr = £qp rUr

6h =0 5s =

Tr 5s+-^-+ ur 5u =0

TT

This being done, we can first calculate the loss FIr localized in the reference flow, i.e. in the central flow:
this loss would be that which would be obtained if the real flow were perfectly uniform and identical to (Er). [This
loss would naturally be nil if (Er) had been chosen as the perfectly isentropic flow up to GO(X) .]

Then we have to calculate the complementary loss due to the non-uniformity of the real flow, as compared to
flow (Er).

Equations (1), (2), (3), (4) express this comparison and speak for themselves. It is assumed that the differences
considered are small enough for the second order to be neglected.

In these conditions, the identity dh = Tds + dp/p permits us to deduce the entropy difference 5s , and hence,
by considering the stagnation state (6Tj = 0), the complementary loss due to non-uniformity; we shall denote it as
Eg to express that it is essentially due to the boundary layer, if (Er) was properly chosen.

Naturally, the total loss is II5 + II r at abscissa (x). Thence the framed equation which underlines the influence
of ej and €„  .

Let me insist on the fact that the distinction between nr and fig , though rather arbitrary, wil l be very con-
venient for discussing the choice of the extraction zone location, as it is clear that this extraction wil l be all the more
beneficial if it is located in a zone where Fig is high.

Let us also note that, owing to the various causes of boundary layer diffusion, losses ng are not necessarily
increasing along (x): in certain zones they decrease, being transferred to II r . Only the total II r + Ilg increases
along the circuit but, obviously, at singular points, such as inductor, exhaust, etc. It is clear, in particular, that just
behind the settling screen, if it is efficient, Il j must be nil, total losses being uniformly diffused in the stream.
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Fig.6 NUMERICAL EXAMPLES
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The calculation method of losses is illustrated by two examples.

Figure 6a — An obstacle with drag X placed in the flow creates a wake, and thence a dynalpy loss expressed
by the parameter ê  , from which there results, according to the preceding theory, at M = 0.9 and for
X = 0.02copr corresponding to an aircraft model at moderate angle of attack, a loss FIr = 0.01 (this loss obviously
diffuses within the main flow).

Figure 6b — At the first diffuser outlet the boundary layer profile can be expressed by a power law (n = 1/5).

One can immediately deduce

/ \2 r° pu I u \ 27M?
H5 = 7M?cq-(l + 7M*)ed = 7MJ - / •( ! dy = ——l-

R J0 ^iui \ ui / R

where R is the' hydraulic radius of the section being considered. With the 5/R values experimentally determined
in the non-pressurized transonic wind tunnel S3 existing at Chalais-Meudon, one finds:

= 0.04, for
. 5

= 0.6 and - = 0.04.
R
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Fig.7 PRESSURE LOSSES IN THE CIRCUIT
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Figure 7 sums up the evaluation made by this method, based on experimental readings of boundary layer and
stagnation pressure in the circuit of the S3 Chalais-Meudon wind tunnel (0.75 m2 cross-section, atmospheric pressure)
of the total losses II for M, = 0.9 , transposed to a 21 m2 test section wind tunnel, without taking into account
the reduction to be expected from a rise in Reynolds number in the ratio

6 atm.

1

This curve, very conservative, wil l be used as a basis in the following discussion.

Fig.8 TOTAL PRESSURE LOSSES

n=-6Pi/p.
0.2 _

O.I

Desig n
poin t

Wall

J_
I

0.6 0.7 0.8 0.9 1.2 1.3 M

Figure 8 sums up the evolution of losses as a function of Mach number, and makes clear the distribution of
these losses between main flow and boundary layer flow.

Applications made from now on wil l use the design point:

M, = 0.9-ntotal = 0.1 ,

a value estimated as prudently cautious.
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Fig.9 THEORY OF EJECTORS
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Figure 9 —

*  For simplicity's sake, the constant section configuration has been chosen for the mixing chamber.

*  Losses due to wall friction along the mixing chamber are included in the overall evaluation. They are
discussed later.

*  The classical Fabri et al. notation makes use of X = 1/r . Parameter T , which in our case is small, wil l
be used; this wil l lead to a simplified theory.
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Fig.10 THEORY OF EJECTORS
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Figure 10 — Introducing the classical functions of isentropic expansion Go(M), Z(M) permits us to write the
conservation equations as:

Pir

S(Mj) 2(Mm)

T)Pi iG3(M,)(l + 7M
2) + 2Pij5(Mj)( l + 7M?) = Pi 7M

2
n) .

Combination of these two equations introduces a function 0(M) and parameters X (determining the injection
pressure) and Y (useful effect). Figure 1 0 gives the method for calculating

Y(M , , Mj , M"1 , r) and X(M , , Mj , M"1 ,



4-11

Fig.11 SIMPLIFIED FORMULAE FOR LARG E INDUCED MASS FLOW

T « 1

Iff
T(J

5u
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Basic equations

(?) 5( pu) =&m

(f) 6(p+pu2) =Sj

(D 6 hi = 0

With 5m = (pj uj - p1u1 ) T

Sj = [pj + pj uj2 -fp^ftu,2

)-^T15s + ̂ H+ U S u = 0

=Sj-UiSm.,

5s

small

X = Pij

Figure 11 - The above calculations (Fig. 10) permit us to establish exact numerical tables of u~l , r , Y as
functions of X , for given M, and Mj .

But in the case where f1 and i are small with respect to unity it is interesting to write simplified formulae,
valid up to the second order.

The basic equations are rigorously transformed into (1), (2), (3): 5m and 5j denote respectively the comple-
ments of mass and dynalpy flux brought up by the jet, per unit area of the mixing chamber total cross-section.

One can then write, up to the second order

with

j = 6 (h + — ) = 5h, -f u,5u

6p
5h, = T,6s + — .

Pi

But in the local isentropic stagnation state:

5Tj 5Pi
6s = CD — I - - T —

• P TJ Pi

whence
8s 6pj
- = - -2- , (5Tj = 0)

which justifies the framed formulae, where functions GJJ = w(Mj ) ; 2j = Z(Mj ) were introduced, as well as the
definition of X = PJJ/PJ .

It is thus seen that for a given injector (7, M, , Mj ) the useful effect 6pj /pj is a linear function of injection
pressure. This effect is proportional to T , i.e. to the jet emissive section.
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Fig.12 EJECTOR PERFORMANCE

a ) General cas e fa- & fa

•C.-f u

x=%-
D(Mj,n,j

0.5

0 Q5
_ b)Adaptotio n

M,

•+< ! j~ j  «- _

--TOL E-* *  <P«- =̂^-
tef (T "TTf aJj-5j -i-^

A)/see fi913

Figure 12 expresses the preceding relation in the form of a function D(M,, Mj ) knowledge of which permits
the immediate approximate calculation of 6p;/pj , if X and T are given.

On the figure the discrepancies of these results are underlined, exact to the first order, compared with some
exact results for T = 0.05 . It is seen that when  ̂ is small enough the solution is satisfactory.

0.5

Fig.13 EJECTOR PERFORMANCE

(Simplifie d formulae )

Specia l case: p, = pT (adaptation )

Mj = 2.0

1.0

05

M1

0.5

* exact computatio n

Figure 13 describes the particular case where the ejector functions at the adapted regime, i.e. when the jet is
emitted at a pressure PJ equal to pressure pr of the main flow; in this case a free parameter disappears;
X = Pij/Pj, is fixed by the choice of M j and Mj , so that T can be expressed as a function of u~* (see Fig. 10)
and, to the approximation degree chosen, Spj/p; is proportional to I / M = M ~ ' -

The correction curve allows us to estimate the error of this simplified formula or, if necessary, to calculate a
more precise result for relatively large values of /r1 .

The function E(M,, Mj) expresses this proportionality and makes it clear that, for each value of M-. , there
exists an optimal value of M, . This is a very important result for design purposes.



Fig.14 EXAMPLE OF INJECTOR PERFORMANCE
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Figure 14 expresses the preceding results, as an example, in a typical particular case: M, = 0.6 , M;
as a function of the compression ratio Y = p\m/Pil . It gives the values of

qmj injected air flow rate

= 1.6

qmi flow rate to be entrained

emission area

mixing chamber area

PJJ injection pressure

PJJ local stagnation pressure

It is clearly seen that for high values of Y , corresponding to high testing Mach numbers, it is mandatory to
forgo the adapted regime in order to minimize the expenditure of compressed air. Using the adaptation regime is
in fact suggested only in order to limit the intensity of the noise proceeding up to the test section from the mixing
chamber; it is then obvious that this regime can be dispensed with in supersonic tests, provided that the return circuit
is acoustically treated.
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Fig.15 EXPENDED MASS FLOW
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Figure 15 — The mixing chamber problem consists in a compromise between the mixing efficiency and the
friction losses, which increase with length /.

If w is the crosswise characteristic dimension of the mixing chamber, it is generally assumed that in the case
of a single central jet //w should be in the order of 10 (at least).

The classical boundary layer theory gives for the losses the expression

nm = 47M
2Cf-.

Fabri2 recommends taking Cf = 0.005 (which is a conservative value); whence

nm = 0.028 M 2/ /w.

If no represents the total losses in the circuit (apart from the mixing chamber), and qmjo the theoretical
'-rate m

defined by
flow-rate necessary to compensate them, the actual flow-rate qmj for a mixing chamber of non-zero length is then

= 1 + Hr r

nn

qmjo and IIm being functions of M, , the figure represents the influence of M, , and that of //w , for three
typical values of M; , and no = 0.10 (nominal case), and an ejector functioning at adaptation.

One may notice the interest there is to choose, (i) Mj as high as possible and, (ii) for a given Mj , the value
//w = 2 , which seems feasible with a multiple ejector, as wil l be seen later.

The optimum of M, happens to be around M, = 0.6 , and is rather flat. In the following, we shall keep this
value for the numerical examples, but the experiments which are in progress at ONERA could demonstrate that a
slightly lower value would be better — for example M, ~ 0.5 .
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Fig.16 Velocit y profile s Fig.17 Efficienc y of mixin g

Mj = 1.6,

Pi - 0.2

200

Figure 16 sums up recent results obtained at ONERA by O.Leuchter* in the study of isobaric, parallel, free jets
by a finite difference method and the use of a turbulent friction model based on a recently improved mixing length
concept.

The isobaric assumption can be maintained here for a mixing chamber of constant section, as the length-wise
variations of p are small.

The figure shows the ejvolution of the mixing profiles as a function of x/h0 (h0 being the half-height of the
slit).

It should be noted that if , in the width w of the mixing chamber, we set N equidistant injector vanes, we
have, by definition,

T =
2Nhn

w

The half spacing of the jets is given by

wVe =

h« 2Nhn

It is shown that, in the typical case Mj = 1.6 ,
xe = 300 h0 , i.e. xe = 1.25w.

j = 0.6 , T ' = 16.8 , N = 8 , the jets join up for

Figure 17 presents, in the same typical case as in Figure 16, the mixing efficiency as a function of length.

At the location where the jets join up (/ = 1.25 w), the difference Au of axial and lateral velocities is in the
order of 30% of the initial difference; at the location 500 h0 (//w ~ 2), the difference Au is reduced to 15%;
as a consequence, it is considered that this limit (//w = 1) can be accepted for the mixing chamber length, as:

(i) the velocity increase near the wall wil l then have reached about half of its theoretical final value, at the
diffuser entrance,

(ii ) a partial evacuation of the boundary layer at this point is possible,

(iii ) within the flow, mixing wil l continue to take place in the diffuser.

Experiments under way at ONERA verify this statement.

Other calculations are also undertaken to study the effect of mixing at increasing pressure, which should permit
reduction of the length of the mixing chamber to almost zero (see Figure 43).
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Fig.18 OPTIMIZATION OF EXHAUST
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Figure 18 - To maintain steady conditions it is obviously necessary to evacuate a flow rate qme equal to
the injected flow rate qmj . In pressurized wind tunnels as considered here, this raises no problem of supplementary
energy expenditure. This condition may be utilized to reduce air consumption;

If we evacuate qme between the test section, where the total flow rate is qmo, and the injector, we reduce
the entrained flow rate by the same quantity, as shown by the numerical example. I°f, moreover, we take advantage
of this evacuation to eliminate part of the boundary layer, the losses to be compensated are reduced. In this respect,
it may be advantageous to reserve a part (1 -a)qmj of the flow rate to be evacuated to improve the losses in the
mixing chamber and in the second diffuser.

It should be noted that if a part of the mixing chamber boundary layer is evacuated before location xe ,
where the action of the jets starts being felt along the wall, this flow rate should be included in the part aqmj .

The formula sums up the discussion and can be used as a basis for optimizing the evacuation, provided G'
and G" are known as functions of a and of the position of exhaust.
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Fig.19 REDUCTION OF LOSSES BY BOUNDARY LAYER BLEED

=t>

L

*

b

Ui

U

*
Jl J
/

hS

TT
' 4

_ ^

Total caprure area

>g _ lateral extension oF bleed /3B
secHonal perimeter B

Non uniformity functions.

Bleed mass Flow Cjme = f4-U-4

• Variation of non uniformil'y coefficienf

due ro bleed : '

Figure 19 sums up the method applicable for calculating the reduction of losses by boundary layer bleed, as a
function of the assumed shapes as well as the velocity profile.

We assume a bleed of height h6 , extending over a fraction 0 of the perimeter B of the section considered,
of total area co,.

The calculation takes account of the functions Q(h) = 1 -I- eq and D(h) = 1 + e,j given in Appendix II,
which express respectively the non-uniformity in flow rate and in dynalpy of the bled flow, relative to the main
flow taken as a reference.

This way, we determine by a very simple calculation the variations Aeq and Ae,j of the non-uniformity
parameters of the whole flow between the sections upstream and downstream of the bleed, the values of which
determine the loss reduction factor G .
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Fig.20 LOSS DUE TO NON-UNIFORMITY

Figure 20 shows how, from the previous considerations, we can deduce the variation Al l of the losses and
the corresponding evacuated flow qme , as functions of relative height h and of the parameter 0 of transverse
extension defined in Figure 19.

The numerical example illustrates in a typical case the application of this method, and shows that with
qme ~ 0.10 qmv , we evacuate 35% of the boundary layer losses; if IIg/no ~ 0.5 , G = 0.17 .
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Fig.21 VARIOUS TYPES OF BLEED

(a)

(b)

(c)

(d)

Figure 21 gives a few examples of cases which are less simple to calculate than the preceding one, in which we
assumed that the bleed brought no perturbation to the flow.

The same bleed, badly adjusted in flow rate, may function according to models (a) or (b).

In case (a) the evacuated flow rate is insufficient, and there is a risk of separation at the entrance, on the
external side, thence an evacuation efficiency loss.

In case (b) (too large evacuated flow) the supplementary loss is nil on the external side, but there is a risk of
blockage of the bleed flow at the entrance.

In both cases, the main flow is subject to a positive or negative acceleration between sections (1) and (!').

Case (c) represents another possibility, a limit of case (b) for h -» 0 (submerged air intake).

Case (d) represents a type of continuous bleed through porous walls.

The methods for calculating these various cases are rather complicated; they wil l not be discussed here; it is to
be observed that these various bleed configurations could also be very different from the acoustic point of view.
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Fig.22 INJECTOR DESIGN BASIS

Assumption s

• Losses given : fig 8
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Figure 22 — Losses in the circuit that have been previously defined (Fig.7) are derived from data provided by
existing non-pressurized wind tunnels. Moreover they do not take into account the gains made possible by boundary
layer bleed optimization. Though these evaluations are pessimistic, they wil l be taken as a basis for conservative
ejector dimensioning.

It is recalled that

• for My < 1 , it is assumed that operation of adapted regime is used; jet piloting must therefore be done
with T variable;

• for My > 1 , on the contrary, T maximum is used, and piloting is done through injection pressure.

Lastly, we reckon that PJJ must not exceed 30 bars in order to avoid excessive storage pressure or capacity.

A. simple calculation shows that if we want to reach exceptionally test stagnation pressures up to 10 bars, Mj
should be taken at 1.6 to fulfi l this condition.

It is then possible to trace the ejector functioning curves as a function of the test Mach number - see at bottom
of figure.



Fig.23 INJECTOR DESIGN
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Fig.24 PERSPECTIVE OF AN INJECTOR VANE

(?)©

View from downstream of the
t injection

systemw

Example :

Figure 23a - Shows a possible sketch of the ejector located in one of the vanes of corner 1. It is planned to
divide it into four equal compartments, individually supplied with air.

Ai r entering into a compartment is distributed as evenly as possible through orifices bored in the supply tubing.

In order to stabilize pressure pSj and to avoid any pulsation, a system of pressure drops is inserted between
the air plenum chamber and the Mj = 1.6 nozzle. A properly calibrated small orifice is bored in the wall separating
two neighbouring compartments:

• to equalize the pressures p^ if they are supplied simultaneously at full rate,

• to provide a moderate blowing flow reducing the base drag if the compartment is not in use.

Figure 23b — Shows, from downstream, the emission system with 8 vanes, i.e. 32 compartments.

In the subsonic regime, governed by the parameter T , the number of operating compartments wil l determine
this parameter. The grouping to be realized for obtaining the best functioning must be the subject of a special study,
planned on the pilot wind tunnel T2 of ONERA (the grouping shown here is only given as an example).

Figure 24 — gives a perspective of the vane just described.
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Fig.25 EJECTOR VANE DESIGN

a) Sectional
profile

N = 8 vanes

b) Wall pressure distribution

max

Figure 25 sums up the theoretical study of the external shroud profile of the ejector vane. Calculations are
first made in ideal fluid by the hodograph method of R.Legendre; the ir/2 deviation at infinity is imposed. The
hodograph chosen depends on two free parameters which permit the velocity distribution to be varied within a
broad range. A boundary layer calculation permits elimination of solutions which would involve flow separation
and calculation of the profile losses of each acceptable solution.

The figure gives the result of these calculations. Naturally the computed profiles are not closed at the trailing
edge and leave room for the nozzle exhaust.
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Fig.26 SECONDARY FLOW NEAR THE SIDE WAL L

(Withou t boundar y layer bleed )

Figure 26 - Shows the three-dimensional behaviour of the boundary layer, observed on the lateral walls,
between two successive vanes.

The vortex sheet which forms from the separation lines of the lateral boundary layer also creates a secondary
flow entailing non-negligible losses.

An ONERA research on large deviation vane cascades showed that a boundary layer suction conveniently
located on the lateral walls permits almost complete elimination of this effect provided the suction rate is sufficient;
in the case considered, this rate would be of about 2% of that of the main flow, in nominal operating conditions
(M, = 0.6).

Fig.27 LOSSES THROUGH CORNER No.1

Assumptions Mi=0,6 ; Jh,^ = 6 bars.

C — 2 ;w= 5 m.

.Sectional B.L. _ ^ =0.004

• Secondary flow 0.010

Total loss (without bleed) : 0.014

• With a bleed on the sidewalls,

^""e /yDD?) ( secondary flows disappears.
^rru /

( from O.N.E.RA's recent results)

Figure 27 sums up these tesults, and shows that the total losses in the corner may be brought down from 0.014
to 0.004 by suction which, at Mv = 0.9 , represents a saving of 14% on compressed air expenditure (qmj = 0.15 qm<))
and means an evacuation of 1.5% of the main mass flow qmo .
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STARTIN G PROCESS ANALYSI S

INTRODUCTIO N

Starting the inductor initiates in the wind tunnel circuit a transient process whose duration is governed
essentially by three characteristic times:

• 0 : time necessarily for the inductor to reach its maximum flow rate, an a priori arbitrary time.

• L/a0 : time taken by an acoustic wave to travel the whole circuit length L . This time is in the order of
one second in the case considered.

• L/umean : time taken by a fluid particle to travel the whole circuit length, in the order of 5 to 10 seconds.

To these characteristic times are associated two types of phenomena:

(i) The establishment of a steady pressure and velocity regime by action of the acoustic waves emitted by the
inductor. This problem may be discussed rather simply by a one-dimensional, unsteady calculation method
(x,t).

(ii ) The formation and propagation of a main vortex at the start of the inductor, carried along by the flow
and whose intensity depends on the starting law of the inductor.

We shall analyze these two types of phenomena one after the other.
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Fig.28 STARTING PROCESS ONE-DIMENSIONAL ANALYSI S
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(J j' = n ( // ̂ momentumflow

U) f ' = drag force

CJ q'= injected (or extracted )heat flow
p = effective pressure at the wall,fw

Figure 28 sums up the bases of the unsteady study of the establishment of the flow, by the one-dimensional
method.

The circuit is supposed developed along the x axis, between abscissae O and
arbitrarily placed. Naturally the conditions (p , u , s) acquired at time t at abscissae
identical.

L , the end point being
x = L and x = O are

Evolution laws of the cross-section area co are given in the form of Equation ( 1 ) where o>0 represents a
reference area, arbitrarily chosen, e.g. the test section area.

Equation (2) expresses mass conservation; the right-hand side m'cj represents the lengthwise derivative of
the flow rate that may be introduced (>0) or extracted (<0) at section o> , and supposedly evenly distributed in
this section (m' = 3m/3x).

Equation (3) expresses the momentum theorem in conservative form; on the right-hand side there is first the
term pw 3<o/3x , which represents the axial impulse given to the flow by the wall pressure effect on diverging
(3co/3x > 0) or converging (3co/3x < 0) walls; the term j ' expresses the momentum flux per unit length
(j ' = 3j/3x) and per unit sectional area, and permits us to account for the effects of inductor or boundary layer
bleeds; the term f ' corresponds to friction or drag forces per unit length, supposedly evenly distributed over
w (f = 3f/3x).

In Equation (4), which expresses energy conservation, we placed on the right-hand side a term q' = dq/dx
which corresponds to the effect of a possible heat exchanger, or to the introduction of a stagnation enthalpy flux
attached to injection or extraction of a mass flow rate m . If, for example, we inject the rate m of a fluid whose
specific stagnation enthalpy is hj , we write: q = mhj .
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Fig.29 STARTING PROCESS ANALYSI S
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Standard algebraic derivations leading to the characteristic equations of the basic system are omitted here (see
Appendix II) . It is convenient to make use of non-dimensional parameters for computation:

x
x* = -

L

a _ p s
A = — p = — s = — Z = log p/p0

L L a0 a0 p0 C^

Expressions m', f ' , j ' , q' of the right-hand side are also non-dimensionalized.

The three classical families of characteristics are naturally found:

• (TJ) acoustic waves propagating faster than the flow (velocity U + A),

• (I) acoustic waves travelling upstream (velocity U — A),

• (S) trajectories (x, t) of fluid particles (velocity U).

To any displacement, of duration 6 t, along each of these characteristics in the (x*,t* ) plane, is associated a
relation expressing the variations of Z , S , U (the three functions of state which determine the flow at every
point). Functions P' , Q' , R' from the right-hand sides of the basic equations are simple linear combinations
of m', j ' , f , q ', n '= dlogw/dx* .

At the bottom of the figure is recalled the classical outline of the calculation method of Z , U , S at a point
p(t + 6t) when their values are known at every point at time t . It is advantageous to carry out a calculation on a
fixed network (x*, t*) , appropriately chosen in each case.
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Fig.30 UNSTATIONARY INJECTOR ANALYSI S
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Calculation along the mixing chamber, by the general method outlined in Figure 30, would require information
on the evolution of mixing between end sections ( I ) and (m).

One may, for example, assume a linear evolution with x of mco and jw (jet mass and dynalpy contribu-
tions), as well as of cross-section w. These assumptions determine m ', j ' , fi ' and, consequently, the right-hand
sides P', Q', R' of the characteristic equations (parameter q' , expressing the total enthalpy contribution,
eliminates itself, as hy = hj( by hypothesis; if not, it should be taken into account).

The sketch in the centre of the figure shows for example how point 3 at the mixing chamber outlet would be
calculated from the relations of the characteristics: (TJ)̂  (acoustic wave), (8)53 (stream line) both expressing the
inductor effect, and of the characteristic (g) coming from upstream at point 3. These three relations would determine
Z3, U3, S3. Then, point 2 would be calculated from point 3 [characteristic (g)] and from information brought
from downstream by characteristics (T?) and (S), intersecting at this new point.

The equations at the bottom of the page show the characteristic relations to be applied across the mixing
chamber; they contain the global effect of the mixing chamber alone:

P = P'/

Q = Q7

R = R'/ .
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Fig.31 INJECTOR MODELIZATION
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Study of the result of Figure 30 suggests the schematic representation proposed in Figure 31, in which the
inductor unit is represented by a discontinuity. The three general equations of movement integrated at time t
across the cut determine a system linear in AU , AZ , AS . The terms in 3/3t eliminate themselves when the
mixing chamber length tends toward zero, and the indicated relations to determine the discontinuities at the con-
sidered time are obtained. In these expressions, P , Q , R , let us remember, are linear functions of flow rate m ,
of jet dynalpy j , of injector wall friction f — which is subtracted from j - and of the injector geometric para-
meter T = 1 /X .

It wil l then be sufficient in practice to place the corresponding cut between two successive lines x*  and
x*  + Ax*  of the network, and to proceed as indicated in Figure 32 for calculating points N, and N2 .



4-29

Fig.33 INJECTOR START ANALYSI S
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The study of injector start, as shown in Figure 33, is quite instructive. At the initial time (t*  = 0) everything is
at rest. A short moment later (t*  = 0+), injector parameters j, m take finit e but small values, j0 ,
meters Z , U , S at N, , N2 can be calculated by the method described in Figure 33.

m Para-

The characteristic equations are then simplified, and give immediately the initial pressure and velocity jumps in
Nj and N2 , i.e. determine the intensities of the two waves (£0) and (TJO) emitted respectively upwards and down-
wards at injector start. It is seen that wave (T70) emitted downwards can be assimilated to a shock wave generated
by a velocity jump 5u2 and proportional to:

6u. Jo +mo
[P j -p

while expansion wave (£) is expressed, at its origin, by:

6u,

2TP,
[Pj -P + pjUj(Uj-a0) ] .

The initial effect of injection start may thus be represented as equivalent to that produced by an extensible
piston whose rearward front would progress faster than its forward front. The velocity of the centre of gravity of
this piston is defined by j0 (the jet dynalpy), and the relative velocity of the two ends by m0 (the jet mass flow).
The distance between the two ends of the piston is then interpreted as the volume necessary to insert the fluid
emitted by the jet between the two masses of fluid driven downstream and sucked from upstream.
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SIMPLIFIE D APPROACH TO THE STARTIN G PROCESS

Let us suppose that at each instant the flow regime is quasi-stationary in the circuit, which permits us to write
the two following relations:

puw = qm(t) (1)

p(x,t) = p0(t)g[u(x)] . (2)

The first equation expresses the fact that at each instant the flow is the same in all sections, and the second
that the pressure distribution law in the circuit remains self-similar. Let us then integrate the momentum equation
at instant t on the whole circuit.

3 P P3 P 3w P
— (tpuwdx -I- <p — (p + pu2)dx = (bp — dx + j (t) — d> f dx .
3t J J 3x J 3x J

One verifies immediately that, taking account of (1) and (2), this equation is reduced to:

^~ = J( t ) -F( t) (3)
dt

where L = circuit length

F(t) = sum of friction and drag losses.

When, at time 0 , the steady condition is reached d(qmj)/dt = 0

j = J , F(0) = J .

At any intermediary instant, one can write:

F(0) umax qm

as losses are everywhere proportional to the square of velocity; on the other hand, the jet impulse j wil l be con-
sidered here as proportional to its mass rate, viz:

J 1m max

Equation (3) then becomes

L dqm qmj _ / qm V
J dt 1m max Vlmmax/

from which, by integration from 0 to 0 , the total consumption for the starting phase becomes:

ay
Let us write:

"o 1m max

and

1m

/

0 a
2U— dt = teq (loss of useful running time due to starting)

1m max

1m max
= 6(t) .
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6(t) represents the flow starting law in the circuit. We thus obtain:

T

teq. = j(lm)max + j® «*(« <" • (4)

If we note that, by definition of M

Mlmj = (im)max

and that

M  = Pj"j
j Pid

it is easily found that the first term of (4) is equivalent to

L(lm)max = 0-8 L

J 0(Mj) a0

i.e., for M; = 1.6 ,

teq. = 3.5-+ / 6 5 > d t.
ao °

If we assume, for instance, a linear starting law 5 = t/0 we then get:

leq.
L 1

= 3.5 — + -© .
a0 3

I t is finally seen that the equivalent starting time includes a fixed term corresponding to the momentum variation
of the air mass contained in the circuit, and a second term depending on the law chosen to reach the steady condit ion.

In the particular case considered (L — 250 m , a0 = 330 m/s), we have:

teq. = 2.6+-.
0

3

If , as an example, we assume © = 3 seconds , the starting process wil l cost about 3.5 seconds of useful duration.
It is also seen that there is no great interest in reducing © to a large extent, as the minimum loss is already 2.6
seconds.

REMAR K

A calculation of the same type shows easily that if , the steady condition being established, injection is stopped,
the velocity decrease law is:

u(t) 1 / a0t

l + t*/3.5 V L /

It thus takes 2.6 seconds for the velocity to be reduced by half, in the particular case considered.
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Figur e 34a Figur e 34b
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The preceding approximate method is obviously only a first approximation: it does not take into account the
transient aspects of the problem, which can be characterized by the propagation duration L/a0 (~0.75 sec) of an
acoustic wave in the air at rest in the circuit, and by the duration 0' = #dx/u of the run of a fluid particle round
the circuit, in steady conditions.

Figure 34a represents the run diagrams of a few typical particles, during the initial phase: if we call 0 the
instant from which the steady velocity regime is approximately established in the circuit, the particle crossing the
exit section (x = 0) of the injector has the trajectory Q(0) , and completes its first complete circuit at time 0 + 0' ;
it is the first flui d particle subjected to losses FI foreseen in steady conditions. Any particle crossing x = 0 before
instant 0 + 0' is affected by only part of losses II : it is thus necessary to adjust accordingly the injection rate
qmj for 0 < t < 0 + ©' in order to ensure a constant stagnation pressure at the test chamber entrance after
instant t = 0 + 0' .

Let 0g be the complete circuit time for the particle near x = 0 at t = 0 (trajectory Q0). It is obvious
that the particles crossing the test chamber between t = 0 and t = ©„ wil l have increasing entropies. If the initial
jet opening has been very fast, there wil l be, moreover, a fast decrease of entropy at the crossing of (Q0). We should
thus expect in any case a stagnation pressure variation in the test section for a duration in the order of 0 + 0'.

Figure 34b gives an example of this stagnation pressure variation, calculated step by step by the x , t non-
stationary method, in a particular case: 0 = 3 sec , ©' = 7.5 sec , corresponding to a 250-m long circuit and an
M v = 0.9 .

On the other hand, the Mach number Mv in the test chamber can be established quickly (0*  ~ 4), and main-
tained constant by a properly adjusted sonic throat at the diffuser entrance, as shown on Figure 35c.

It thus appears that, thanks to a proper adjustment of the injection law and a continuous measurement of the
stagnation pressure, it is possible to limi t the starting phase unusable for measurements to about 0 = 4.5 L/a0 ,
i.e. about 4 seconds in the case considered. '
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Figure 35a shows, to substantiate the previous considerations, a few interesting details of the results obtained
by a step by step calculation with the x*t *  numerical method in a particular case. The adopted injection law
includes, in a first phase, a rapidly increasing flow rate, followed by a plateau up to the starting of a sonic throat at
the first diffuser inlet. Immediately after that starting the flow rate is reduced so as to maintain the shock wave
near the diffuser throat.

Figure 35b shows that the velocity distribution in the circuit remains, during the build-up phase, practically
similar to the final distribution; this validates the assumption adopted in the previously described simplified theory.

Figure 35c presents the evolution of the Mach number in the chamber, which stabilizes quite well after time
t*  = 4.5 .

Figure 35d outlines the entropy distribution along the circuit at various moments during the initial phase. We
can clearly see the evolution of the entropy pocket predicted by the considerations of Figure 34. The strong initial
variations decrease gradually, but for t*  = 8.96 (i.e. 7 seconds), they are still in the order of 6S = 0.02 , corres-
ponding to a 7% variation of stagnation pressure.

Though the initial injection law had not been optimized in this respect, we have littl e chance of totally sup-
pressing this slow entropy drift unless we accept a considerable lengthening of the build-up phase: it wil l thus be
necessary, for a correct interpretation of the results, to continuously measure the stagnation pressure in the test
chamber.
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Fig.36 STARTING VORTICES

{H.Werl e visualization )

The velocity discontinuity occurring at injection start entails the formation, around each jet, of a vortex whose
intensity increases with rate of jet pressure build-up (Fig.36).

This vortex wil l then travel along the circuit at the same velocity as the fluid : we have seen (Fig.35) that its
passage through the testing chamber might occur during the useful part of the run, if its diffusion were not yet
completed.

To facilitate this dif fusion, various processes may be considered:

• slow build-up of each elementary jet (compare Figures 36a and 36b);

• successive opening of jets;

• it wil l also be noted that, in the proposed system of parallel jet planes, two neighbouring vortices are
contra-rotative, with is favourable.

Moreover, the successive corners crossed, and the settl ing screen (Figs.36c, 36d, 36e) assist completion of the
required diffusion.
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To study experimentally some of the difficulties which might be raised by the use of an IDT, a small scale
installation (10-cm square test section) was operated at Chalais-Meudon. It functions in a circuit open to atmosphere,
according to the layout of Figure 37. The constituent elements of this facility are interchangeable in order to allow
the variation of a number of parameters.

Experiments already undertaken, at present in a developing stage, have already been the source of some very
interesting observations, which wil l be briefly commented upon. They concern:

(a) noise problems,

(b) performance verification.

As regards noise problems, we installed acoustic sensors with very short response time (piezo-electric ceramics)
in the wall, at various points of the circuit [elements (1), (2), (3), (4), etc.], and we recorded spectra by a classical
method, for various conditions of installation and operation. We also recorded supply pressure spectra.

As regards performance problems, we record crosswise soundings, upstream and downstream of the ejectors.

This installation wil l soon be transferred to Toulouse, to be incorporated in a closed circuit where experiments
wil l be carried out at various pressures above atmospheric.

The whole pilot operation, called Tj , aims at developing a research wind tunnel, called T2 , whose construc-
tion is under way, at a larger (fourfold) scale under the responsibility of Dr R.Michel, Chief of Aerothermodynamic
Research Department (DERAT).
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Fig.38 EXAMPLE OF NOISE SPECTRUM
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Noise measurements carried out up til l now were performed at first without any special precautions. They led
to interesting observations.

Figure 38 - The spectrum recorded in the testing chamber includes two zones of high intensity. The first one,
in the low frequency range, is generated by the evacuation system, where flow separation takes place. The suppression
of this separation made this first singularity disappear completely, so that it presents no further problem.

The second high intensity zone, appearing at the right end of the spectrum, is due to the jet itself, and to
mechanical vibrations of the induction unit, whose natural frequencies happen to be in this range. The spectrum
considered here corresponds to a very much under-expanded jet (PJ/P, ~ 3.5).

Fig.39 NOISE ATTENUATION BETWEEN MIXING CHAMBER
AND TESTING CHAMBER
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Figure 39 emphasizes the effect of acoustic attenuation to be observed upstream, between the noise source
(mixing chamber) and various points of the circuit; we verify, in particular, the favourable effect of the corner,
except at a very high frequency where, on the contrary, an intensity increase can be noted (Fig.39a). The explana-
tion of this phenomenon is simple: the relevant frequency is the natural frequency of the vanes, and is excited by
the underexpanded jet, radiating directly on the pick-up placed upstream of the corner. Let us note once more
thai'-no acoustical treatment of the walls has yet been applied.
' ' ' '



4-37

Fig.40 ACOUSTIC NOISE IN THE TESTING CHAMBER
WITH ADAPTED JET PRESSURE
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Figure 40 shows the considerable effect on acoustic intensity of the confluence of the jet with the main stream.
We have traced on this figure the noise spectrum, for a pressure ratio where the adaptation condition (PJ = p,) is
fulfilled , and for a case where it is not.

The general pressure level being, in our present tests, fixed by ambient atmosphere, we had, to obtain the
adaptation conditions, to act on the supply pressure py . But as, in all cases, the jet is turbulent, it is reasonable
to admit that, everything else being unchanged, the part of Aprms coming from the jet is proportional to py .

This result confirms the validity of the choice we made to adjust the inductor to operate at adaptation (p: = p,),
at least as long as there is no risk of direct travel of noise upstream to the testing chamber. This favourable effect
of adaptation is clearly linked to the disappearance of shock wave disks forming in a non-adapted free jet, which
constitute intense noise sources by their very instability.

Fig.41 FLUCTUATIONS OF JET STAGNATION PRESSURE
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Figure 41 reveals another cause of noise initiation in jets, and concerns the pulsations of supply pressure py .

In our present experimental set-up, no special steps have been taken to settle the supply air before its eventual
expansion. The measured p;: spectrum shows very large fluctuating amplitudes. It is quite obvious that dis-
continuities, in magnitude and in direction, that result in the jet outlet velocity constitute a very important acoustic
excitation source.

That is why we proposed, in Figure 23, to insert between the vane plenum chamber and the nozzle of the
ejector a pressure drop sufficient to dampen the inevitable pulsations of the supply air, at its entrance into each
compartment.
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Fig.42 ACOUSTIC DAMPING DUE TO ABSORBIN G MATERIAL S
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Figure 42 shows, by comparison with Figure 38, the attenuation effect obtained by acoustical treatment of
the mixing chambers and upstream diffuser walls with a standard available material, in the case of an under-expanded
jet; the experiment with adapted jet and absorbing material has not been made yet.

Following these various observations, a new, much more sophisticated experimental set-up has been designed
and is in the course of fabrication. It wil l permit checking of the preceding conclusions; the acoustic spectrum
which wil l characterize it wil l determine the choice of absorbing materials to be installed in order to attenuate the
residual noise as much as possible.

Taking account of the acquired results, we can already estimate that the overall noise in the testing chamber*
at nominal regime (Mv = 0.9), wil l reach the following values, expressed as v = Aprms/0.7 pMj .

Acoustical treatment of the walls

NO YES

Underexpanded jet
(Pj -3p,)

Jet near adaptation
(Pj- 1-2 P l)

0.0067

0.0067

0.0052

0.0014

*  Without sonic throat at its exit.
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Fig.43 ENTRAPMENT COEFFICIENT FOR
TWO MIXING CHAMBER LENGTHS
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Figure 43 is intended to show that the entrainment coefficients of the injector system used in the pilot instal-

lation, equipped with three injecting vanes in the first corner of the circuit, are in agreement with the theoretical
predictions, for two mixing chamber lengths respectively equivalent to //w = 8.4 and //w = 5.1 .

Experimental points were calculated from flow rates qmv measured in the test section (boundary layers being
accounted for), flow rates qm measured at injector entrance, and injection pressures
pressure

. Isentropic stagnation
taken as reference for X , was deduced from initial pressure PJ (atmospheric pressure) minus the

mj

losses observed at the corner entrance and the estimated losses through the vanes.

Theoretical curves were deduced, for each case, from the known parameters (X , n, T , Mj = 1) and from Mach
number M j at inductor entrance, evaluated from the measured local pressure.

The two diagrams confirm that a mixing chamber with a length //w = 2.5 gives satisfactory results with the
design proposed (eight injecting vanes).
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Fig.44 ADIABATI C TEMPERATURE LOSSES OF
THE COMPRESSED AIR DURING THE RUN
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Figure 44 summarizes the essential data for the system of compressed air production and conditioning. As a
basic reference, we assumed the storage pressure to be 60 bars.

In these conditions, the upper curve shows the pressure isentropic decrease in the tank, during the run, as a
function of the fraction m/m0 of the expended air mass. The nominal conditions of the project require a minimum
pressure of 20 bars; the result is that we can use during a run at most 50% of the stored air.

The corresponding temperature decrease is shown on the middle curve, in degrees K; we see that it reached
considerable values.

The virial effect in the adiabatic expansion which takes place in the pressure regulator (Joule-Thomson effect)
is indicated in the bottom curve.

The sum of these two effects must be compensated by a heat exchanger. We propose to use to this end a heat
accumulator of the hot water pool type, maintained at about 80°C, in which tubing of a sufficient length is immersed.
A fraction a(t) of the cold air is diverted through the exchanger, then mixed with the rest (1 —a), upstream of
the regulator, thus avoiding any icing in this device. A simple calculation shows that, to recover there the tempera-
ture of initial storage, supposed equal to the wind tunnel stagnation temperature, a varies regularly between
a(0) = 0.10 at start of operation and a = 0.50 for m/m0 = 0.5 .



4-41

REMARKS

1. The installation of an IDT industrial wind tunnel should not be considered except at an important aero-
dynamic centre including other subsonic or supersonic tunnels, whose operation also requires large quantities of
compressed air. Therefore the dimensioning of the storage capacity should not be determined for this facility alone:
it is always possible to avoid using all facilities at maximum consumption at the same time.

In such a test centre, the production and storage facility should be planned so as to allow further extensions;
it is not necessary to build ab initio the maximum imaginable potential (which, by the way, is unlimited).

2. To fulfi l the LaWs specifications it would be absurd, with such an IDT installation, to limi t the maximum
run duration to 10 seconds; it would be much preferable to consider runs of the order of 30 seconds at the rate of
two per hour, which would ensure a test rate much higher than with a system limited, by its very principle, to 10-sec
runs every 12 minutes. The two systems are equivalent only if no work on the model is necessary between two
consecutive runs; but it is almost impossible, in a pressurized tunnel of that size, to assume that any sort of work
could be completed in less than a half-hour interval between runs. In this case, the IDT rate is not affected; in a
10-sec tunnel, any such intervention is equivalent to the loss of three runs. If it is assumed that work on the model
is necessary every ten 10-sec runs, the efficiency loss of a 10-sec wind tunnel is thus 25%.

Furthermore, it is certain that 10-sec runs are not sufficient for all types of tests: the inconvenience could be
accepted if the test can be separated in 10-sec fractions - e.g. very extended polars. But if not, the test is impossible:
the solution suggested by the champions of 10-sec runs is to plan a test section of half size, which leads to the use
of a special model, and above all which reduces the Reynolds number by 30%.

3. An IDT wind tunnel, having by nature a closed circuit, allows tests at continuously variable pressure or
Mach number which is of great interest, especially in transonic flow for flutter and buffeting tests and, above all,
for tests on motorized models.

CONCLUSIONS

I hope to have shown that the main problems pertaining to an IDT are now well understood. Research in pro-
gress on small pilot wind tunnels (T2', T2) at the DERAT (Appendix I), in Toulouse, under the direction of R.Michel,
wil l soon permit us to ascertain some parameters, only briefly mentioned here, such as the regulation mode to be
adopted for this type of wind tunnel. It could then be considered that the detailed design of a large industrial
transonic wind tunnel of this type would not meet with any fundamental difficulty .

The main objection raised against the use of this solution concerns the injector-generated noise level in the
testing chamber. Though the experimental programme undertaken at ONERA is not yet completed, the results
already acquired are sufficient to define the essential precautions to be taken to eliminate this objection. In par-
ticular, the adjustment of the inductor jets at the adaptation regime is of paramount importance for subsonic testing.
Some other design features such as the positioning of inducting jets at the trailing edges of the tunnel corner vanes,
an efficient settling of air supply pressure and, obviously, acoustic treatment of the walls, still improve the system.

As regards noise in the testing chamber, it must be emphasized that the essential problem, not discussed here
as it is not specific to IDT, remains that of the transonic treatment of the test section walls, the main noise source
in present-day conventional solutions.

Another conclusion of this study is that the IDT solution is not very appropriate for very short runs, such as
those proposed by the LaWs Group. An IDT solution fulfillin g the general LaWs specifications (50 seconds of useful
run time per hour) should be planned, for example, on the basis of 30-second runs followed by 30-minute rests:
this would clearly permit to carry out in a single run a programme identical to that that would require three runs
with the competitive solutions, with the advantage of an interruption time compatible with a relatively important
intervention on the model without breaking the mean output rate of results. But above all, some tests in industrial
wind tunnels such as unsteady flow measurements, flutter studies or work on motorized models, which would prob-
ably raise very severe, if not absolutely insolvable problems in a facility with ten-second runs, would undoubtedly
be much easier to handle in an IDT.

If , after a first period of operation, it appeared necessary to increase the maximum duration or the repetition rate
of the tests, a relatively modest expense would be sufficient to raise the compressed air storage or production capacity.

It should also be noted that the installation of an IDT would call only upon technological means and processes
in current application in many industrial installations.

These advantages are not without counterparts: only through a thorough technological study wil l it be possible
to characterize this solution as regards cost effectiveness, for a complete comparison with competitive solutions.
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APPENDIX I

PILOT WIND TUNNEL, T2

The transonic, pressurized wind tunnel, called T2, is studied for two purposes:

(a) To provide a more precise knowledge of the possibilities of and to solve problems raised by the induction
entrainment principle;

(b) to be used later for fundamental research.

With this in view, it was decided to build it at the ONERA Toulouse Centre (CERT).

1. MAI N CHARACTERISTICS

• Pressurized closed circuit with vertical return (see diagram A1).

• Square test section, 0.4 x 0.4 m. Contraction ratio: 20.

• Operation by discrete runs (mean nominal duration: 35 seconds).

• Stagnation conditions: room temperature; max. pressure: 5 bars.

• Entrainment by induction (max. induction flow rate: 35 kg/sec; jet stagnation pressure: 30 bars; stagnation
temperature: 350°K).

• Air storage: 45 m3 at 80 bars.

2. PARTICULAR POINTS OF THE PROJECT

• Injection is planned in the vanes of No.l corner, by means of adapted nozzles (Mj = 1.6): 6 vanes with 14
nozzles each, supplied in groups of 3 or 4 permitting variation of T in order to obtain induction appropriate
to the tunnel regime.

• Constant pressure and temperature of injector supply wil l be ensured by a noise-limiting pressure reducer and
by a hot-water pool heat exchanger.

• Evacuation of injected air is planned in several locations along the circuit: about 60% upstream of No.l corner,
40% between No.l and No.2 corners. An 8% flow rate could also be bled from a plenum chamber that would
be part of the ventilated wall transonic equipment.

No.2 corner is of diffusing type.

The pressure loss calculation in a part of the circuit from collector to second diffuser for various distribu-
tions of ejected flow rates was carried out for: PJ = 1 bar ; Tj = 293°K ; Mv = 0.9 (Fig.A2). This example
shows the importance of the gain obtained: more than 50% with an 11.3% bleed properly distributed among
the diffusers.

3. PRESENT STATE

The design of the aerodynamic circuit and of its installation and its ancillary equipment is complete, apart from
a few details. Financing and construction authorization have been obtained. Responses to bids for external supplies
(compressors, tanks, etc.) have been received. On these bases, and taking account of expected construction delays,
the planned date for starting operation is the first semester of 1974.
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APPENDIX II

SOME COMPLEMENTAR Y THEORETICA L EXPLANATION S

1. SUMMAR Y OF EJECTOR THEORY

Assumptions and Notation

The case of constant section mixing chamber is considered a priori; it wil l be seen that, in the domain of
application envisaged, the pressure total variation along such a mixing chamber is very low, so that the thermo-
dynamic behaviour of the flow remains very close to that of an isobaric flow; even though this isobaric flow is
theoretically better, the gain to be expected with it would not justify the complication that the corresponding
shape would imply.

Fig.A S NOTATION

TOO

1

— *J
1

^1 **(^ m

*

'

(u)

r
, p, , u, : main now,

Figure A3 provides the notation:

(1) P! , P;I , hjj ,

(j) Pj , Pij , h;j , MJ , PJ , Uj : injector jet flow,

(m) pm , pim , . . . : mixed flow,

(jj  : total mixing chamber area,

TOO : jet emission area.

• Jet flow (j) wil l always be considered as supersonic (Mj > 1). But it wil l not be assumed a priori that the
jet is adapted (PJ =£ p,); this case will however be eventually retained in the applications.

• Only mixed regimes (M j , Mm < 1) wil l be considered.

• The total enthalpies (hj = h + u2/2) are the same in (1), (j) and (m), thence:

MI MJ Mm

As usual, the mass rate ratio is denoted by

Qmj

but the interesting parameter is really M"1 , which characterizes the compressed air consumption.

Basic Equations and General Calculation Methods

They result from the conservation laws between (1) and (m).

(a) Mass Flow (qm)

(D

(2)

Each flow rate can be written:

qm =

coc being the critical area of the flow considered.
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As 7 and Tj are common to the three flows we may write:

PiiWC] Pijwci ~ Pim^cm •

If we introduce the function

co 1 /2 7-1 \(7+D/[2(7-Dl
Z(M) = — = - + M2

wc M W + 1 7 -f 1 J

and if we note that

M-i =

we find, from (3):

(4)
Pi,

(b) Dynalpy Conservation

The walls being parallel to the flow, their action on the movement is reduced to a friction force F . In these
conditions we must have the relation

Introducing a function 0(M) :

0(M) = — (M)
Pi

permits us to write (5) in the form:

Pimw im0(Mm) = pijWc,* , + PijWc j0j - F ,

or, taking account of (3):

viz., after dividing by Pi,toCi an(^ introducing \rl  :

."> + u-'AfM: ) - 5d>.
(5)

*0(Mj ) — 60,

with: F F2(M.)
60, = = .

Pi:
wc, Pi,w

The influence of this term will be neglected in the following calculation, as we shall include them, by conven-
tion, in the evaluation of the stagnation pressure losses throughout the circuit.

(c) Energy

Energy conservation is expressed by Equation (1).

SOLUTION:

M, , MJ , T , AT1 are given; Equation (5), with 60, = 0 , gives Mm which, carried into (4), gives the
ejector compression ratio Y . Supply pressure p,j remains to be determined. One has the obvious relation
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and the last term gives X :

-, l~T S3
M r S, '

(6)

Particular Case of Adaptation: Pj = Pj = p,

It wil l be seen that this case presents a great practical interest for jet noise reduction.

The preceding equations remain valid, but we introduce the constraint

Pj = Pj = Pi

(all quantities concerning the adapted regime wil l be overlined).

If we introduce the function

P / 7-1 Vx/(7-D
cj (M) = — (M) = 1 +- M2

Pi

we have

y - P'J = P'J . Pj. . Pl

Pi, Pj  Pl Pi,

Equation (6) then gives the relation

(6')

i.e., in developing:

— f MJ
1-f M .

\

/I  1 7-1 M 2

/ 2 J

/ 1 1 7~! M 2

1 2 l

(7)

There are only three independent parameters left, viz., M, , Mj , f , Equation (7) giving /T1. From there,
the solution is obtained as for the general case, and we finally obtain

X = Pii ^7 Pirn ~~Z7Y = u '
Pi, Pi,

as functions of M, , Mj , f .

Al l these calculations are easily performed on a computer.

Simplified Formulae for  Ejectors with Large Induced Flow

The formulation can be greatly simplified and the interesting properties can be emphasized when r is small
relative to unity - which is the case considered here.

um = ui + 5u

Pm = Pi + 6p

6u
—«: i ,

com = co, -f 6to , with 5co = rco .
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with

The conservation equations are then written

6(pu) = 5m ,

6(p + pu2) = 5j ,

5hj = 0 ,

6m = r(pjUj-p,u,) ,

6j  = T[( p + pu2): — (p + pu2). ]
J *

A simple combination of Equations (8) and (9) gives

5p -f p,u,6u = 5j — u,5m .

Then, Equation (10) becomes

/ uA 6p
5(h + — ) = T,6s + — + u,6u = 0 ,

V ^J Pi

whence, taking account of (12):

6s 5j + u,6m 5j + u,6m

r rp,T, p,

As Tjm = TJJ , we may write, for the stagnation conditions:

6s Cp 6Tj 6p; 5pj
T 'r r 1: p.- P:1, ^1, r, j

and the stagnation pressure increase due to the injector becomes:

5pj 5j — u,6m

Pi, Pi

and, replacing j and m by their values (11):

T Pi
which can be written, as a function of X = PJJ/P, :

1 5Pj coj
T Pi, "i

.- _

/. . 7 - l M a

/ 2 MJ
(1 + 7M. ) 7M,M. / ' •••- •

\ 1 1 7~' M 2

V 2 '

1

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

Thus, the compression effect 6pj/p; is a linear function of X = PJJ/PJ, , for a given M, and a supersonic
injector of a given geometry (which fixes Mj and T).

Figure 12 represents the function

CO;
D ( M , , M j ) = -

J /-iCO,

1 + '- M2

7M|) - 7M,Mj 7 ~
M?

(16)
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from which the calculation of 5pj/pj is immediate:

— = T X D ( M , M j ) - r .
Pi

At adaptation (pj/p,), Equation (14) is simplified:

j
II = 7 M 2 - 7 M j M ,

Pj J J

Equation (7) gives

Mj ai

,,-.M

(7')

and, as r <S 1 , we may as a first approximation write (14) in the form:

6Pi —
M

Pit

_ !

/I 1 7~' M2

/ 2 '
yM,Mj / , T'i

\ 1 I 7 M2

V 2 J

(17)

viz.:

— = M'1 E (M., M j ) .
Pi, J

E(M,, MJ) , the expression between brackets in Equation (17), is represented in Figure 13. I t becomes null for
M! = 0 and M, = Mj and, for a given Mj , passes through a maximum. This fundamental result shows that, for
a given Mj , there is an optimal value for M, .

For Mj values in the order of 1.5, this optimum is around M, ~ 0.6 , and Eopl is then in the order of 0.5.
As a consequence, jiT1 is in the order of 26pj /pj for such values of Mj .

Figure 14 shows the functioning diagrams of an ejector for Mj = 1.6 , established according to the preceding
simplified equations. We traced on these diagrams an auxi l iary curve showing the discrepancies between these results
and those resulting from exact formulae. It can thus be verified that the simplif ied method is sufficient in this
domain of application.

Study of Ejector Starting Conditions

The wind tunnel being at rest, we have

M, = 0 , P, = Po , Pi = Po . a, = a0 , . . . .

The general formulae are then in error but Equation (14) gives directly, if we assume the injector immediately started
at MJ and at outlet pressure PJ :

Pi

Pi + 7M j 2 ) - 1 (18)

In Equation (8) we may identify u, to zero and um to 5u . We then find, assuming pnl =£ p0 :

(19)
Po
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If the adaptation regime is realized (PJ = p, = p0) as soon as injector start, we find:

6p S

Po Pi

5 u = ^ y i + V M J •
EXAMPLE:

= 1.6 ; T = 0.04 .

The global stagnation pressure jump realized at the instantaneous start in adaptation conditions gives:

(-30 m/sec) .
6p 6u
— = 0.143 ; — = 0.08
Po ao

I t has been seen that this discontinuity appears actually as two waves: a shock wave downstream and an
expansion wave upstream; we then find:

- for the shock: 5 p ~ 0 . 1 2 p0 ; 5u ~ 24 m/s ;

— for the expansion: 6p 0.03 p0 ; 6 u ~ 6 m / s.

2. ONE-DIMENSIONA L ANALYSI S OF THE STARTIN G PROCESS

The circuit, of length L , is supposed to be developed along the x axis, from an arbitrary section: the result
is that at each instant the flow state is the same at x = 0 and x = L .

It is assumed that in every cross section (x) the flow is uniform, defined by the three variables u , p , s ,
considered as average values, i.e. respecting at the instant considered the conservation laws in the said cross section.

The area evolution law co(x, t) is given in the form

log— = fi(x,t) .

In certain parts of the circuit we may inject or extract a mass of fluid, or momentum, or energy. We shall call
respectively m'codx , j 'codx , q'codx the quantities injected in a continuous manner between x and x + dx
in the co cross section.

In these conditions, the conservation equations can be written:

3 3
— (pco) -\ (pucj) = m co ,
3t 9x

9 3 aco 3co
— (puco) + — (pucohj) + p — = p — + j'co ,
dt 3x at 3x

— pco e -f —
at V

a 3co
+  — (pucohj) + p — = q co

3x at

with: hj = e -) 1
p e

After some calculations, these equations may also be written:

dp 3u
— + —
pdt 3x

m
—
p

du 1 3p j' + m'u

dt p 3x p

dhj _ 1 3p q ' -m 'hj

dt p dt p

(Al )

(A2)

(A3)
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with:

d 3 3 d /co\
— = h u — and n = — log J .
dt 3t 3x dt \co0//

REMARKS

• In a part of the circuit where there is no injection, we have: m' = q' = 0 and j ' is reduced to the wall
friction effect:

j ' = pu2Cf = — f ' (Dj, : hydraulic diameter).
Dh

• In a part with boundary layer bleed, the extracted flow rate m' (<0) entrains with it an axial momentum:
j ' = m'ku , and an energy: q' = m'hj (assuming the total enthalpy is uniform in the whole boundary layer).

• In a part, of length Ax , where an obstacle imparts a drag X to the flow, we can write:

X X

with Q? being the volume of the part of the circuit in which we assume that the drag effect diffusion takes
place. To this effect is added that of the wall friction — f ' .

In the same manner, through a possible heat exchanger occupying a volume Q-? of the circuit, we shall assume
that the total heat H is continuously extracted, at the rate q' = H/Q-? and that the drag X of the device
appears as:

Through the injection and mixing zone, if nij is the injected mass flow rate through section coj , at velocity
Uj and pressure PJ , and if we call Q? the volume of this zone, we shall have

= = (Pj-p + Pjupcoj = (pj

in the same manner, if the total enthalpy of the injected flux is

a _3 ~
T '

TRANSFORMATION OF EQUATIONS

Let us consider Equation (A3), and develop the left-hand side:

dhj ds 1 dp du
- = T -- 1 ---- l - u - .
dt dt p dt dt

Taking account of Equation (A2), Equation (A3) becomes:

+ m' - + CDT - uj'
ds q ' -m ' (h j - u2) - u j ' H '" \2

dt pT pT

This relation permits us to eliminate dp/dt from Equation (Al) , as:

ds dp dp
— = 7 — .
Cv p p

(A'3)
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The system to be integrated is then written

1 1 dp 3u

7 p dt 3x

m' uj'

p 2CpT
• +

PC T

du 1 3p m'u j '

dt p 3x p p

ds m' /u2 \ uj' q'
— = CpT + —
dt p T \2 p ' -T -nrpT pT

I t is interesting to introduce dimensionless values:

-
L

t*  = Hoi.

u U
M = - = - :

L '

m'L

Poao

.,. = J 'L

Poao '

dS2 3J2 3S2
= + U

dt*  3t*  3x*

q'*  =

Z = l o g —;
Po

Poao '

The system then becomes:

1 dZ_ 3_U_

7 dt*  3x*

dU A2 3Z
-I- —

dt*  7 3x*

dJ

dt*
— = R'

with:

P' =
7-1 , M2 U 1

m'*T- j V +<1^

m

p*

7-1
M 2- 1

7-1
A2

a'*-Uj' *

REMARK: In a part of the circuit with fixed geometry, we have

= U
dx*

The characteristics of system (cf*) are then obtained in a classical way; the equation in S is already in
characteristic form. Thus it is sufficient to form with the other two the two combinations:

A(c/* ) ± (of*)

and to set

5+

5t*

d 3
+ A

dt*  3x*
0?)

6-

6t*

d _ 3

dt*  3x*
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to obtain the two characteristic equations

A 6+ 6 +
Z ± U = AP

7 5t*  6t* • * « • { :
respectively associated with the acoustic wave directions

= u ± A .

3. AUXILIAR Y FUNCTION S FOR BOUNDARY LAYE R LOSSES COMPUTATIO N

Let us consider a flow defined as abscissa x by a non-uniform velocity profile between ordinates y = 0
(wall) and y = 6 (external part of the boundary layer). We assume that 3p/3y = 0 and 3hj/3y = 0 .

The discussion on losses is based on the use of auxiliary functions

pu
Q(h) =

*

Jo

P + pu2

dy and D(h) = / — dy
peue J0 p + peu

in which pe , ue are respectively the external flow data. From the equation of state and the assumptions:

p = Cst and hj = — + CpT = Cst ,

we immediately deduce

Pe
1 +

7-1
M 2 1 - (D

Let us assume that the velocity profile is given as a function of f = y/5 , in the classical form

and that

_ = ,,/r

7-1

(f < D (2)

We can then write at order 0^(7— OM2.]2

tihS pu n\
dy = 5 /

Jo Peue J0

nhS nû  ph
I dy = 6 I
J0 Peue J0

—M 2 + —M 2f 2/ne e

M 2 + y—- Me
2r2/n f2/n d?

The computation of losses and of boundary layer bleed was based on the use of non-uniformity functions
defined by

Q(h) = 1 + eq =
pu dy

"r 6
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D(h) = 1 + ed =
h5 p + pu2 dy

J0 p + pru
2 5

where h5 is the boundary layer function considered, and prur the supposedly uniform flow for y > 5 .

We also assumed that, at abscissa x , we had

p = Cgt and hj = — + CpT = Cst ;

we immediately deduce:

Pe Te
1 +

In the applications considered here, we can always assume that

M| <C 1 ;

then, to the second order in [(7 — l ) /2 ]M g , we have

— = 1 -.
Pe 2

M 2 1-̂
\ ueV

i f we assume that the velocity profile is in the form

u

u,,
with f = — ;

5

we then find

Q(h) =
n -f 1

Me ___ n(n+l)/n _ n(n+3)/n)
.n + 1 n +3 /

Peul
i \

1 + l̂ -i D(h) = h

/ P
" h(n+2)/n - - - M2 f "

n + 2 2 e V n + 2
h(n+2)/n h(n+4)/n ]

n +4 J

REMARKS:

— If we consider the whole boundary layer (h = 1), we have

n 7 — 1 2n
Q(l) = — M 2

n + 1 2

i2 /

(n 3)

7 — 2n

V^ P / p \n + 2 2 " (n + 2)(n + 4 ) J

— If we consider a height H > 1 of the flow, including the whole boundary layer, we have

Q(H) =

D(H) =

— If we consider a height H > 1 of the flow including only the part (1 — h) of the boundary layer we have

Q(H) = Q( l ) -Q(h) + H-1 ,

D(H) = D( l ) - D(h) + H- 1 .

Figure A4 represents the functions Q(H) and D(H) in the particular case where Me = 0.6 for n = 5
and n = 7 .



Q(h)

0,5
h

0 0.5

Fig.A4 DYNALPY AND MASS FLOW DEFECT IN THE TURBULENT BOUNDARY LAYER
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RESUME

La presente note est relative a un nouveau systeme moteur pour les souffleries transso-
niques a grands nombres de Reynolds. Une description sommaire de 1'installation permet d'en com-
prendre Ie fonctionnement. Une etude theorique du cycle thermodynamique de base donne la possibility
d'eValuer la puissance absorbee par 1'installation. Pour permettre une realisation plus economique de
la soufflerie projetee, des solutions technologiques sont proposees, aussi bien pour la construction
des reservoirs que pour la construction de la veine proprement dite. Un dessin d'ensemble donne une
realisation possible d'une soufflerie 5 m x 4, 20 m de section de veine.

Enfin, 1'etude theorique et experimentale de 1'amorc.age de la soufflerie a ete effectuee
sur un modele experimental de diametre de veine 0 80 mm afin de mettre en Evidence 1'importance et
la duree des effets instationnaires en fonction de la loi d'ouverture de la vanne de mise en fonctionne-
ment et de la longueur de la chambre de tranquillisation.

1. INTRODUCTION

La realisation de tres grands nombres de Reynolds en soufflerie transsonique, exige des
puissances motrices importantes, les differents projets en etude ont pour but de reduire la puissance
absorbed, ce qui entraine une diminution du cout des essais et dans une certaine mesure Ie montant
des investissements necessaires ci la construction.

La soufflerie continue, dont Ie prix de construction est trop eleve, est eliminee pour la
realisation d'installations de dimensions importantes. Seule la construction des souffleries k rafales
peut 6tre envisaged.

Parmi les differents types de souffleries a rafales les plus connus, nous retiendrons :

- Le tunnel a piston ECT
- Le tube de Ludwieg
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- La soufflerie a compresseur hydraulique
- La soufflerie a induction
- La soufflerie & rafales par detente directe

Les souffleries des trois premiers types cites ci-dessus ont un systeme moteur "volume-
trique" permettant d'obtenir des temps de rafales qui pour un nombre de Mach donne sont indepen-
dents de la pression generatrice d'essai.

Ce systeme moteur est bien adapte & 1'obtention de pressions generatrices eievees mais
ne constitue pas 1'optimum pour la realisation de pressions generatrices moderees 2 a 3 bars
par exemple.

Les souffleries a induction ou & detente directe pr^sentent de nombreux avantages lorsqu'il
s'agit d'obtenir des pressions generatrices relativement peu eievees 2 a 3 bars, mais les frais
d'investissement et d'exploitation augmentent tres rapidement lorsque la pression generatrice aug-
mente.

2. DESCRIPTION DU COMPRESSEUR HYDRAULIQUE

Sous sa forme la plus schematique, Ie systeme moteur propose se compose essentiellement
de deux reservoirs R^ et R2 de volumes identiques disposes 1'un au-dessus de 1'autre (fig. 1).

Une canalisation 1 est fixee a la partie inferieure du reservoir R~ et plonge dans Ie reser-
voir Rj.

A la partie superieure du reservoir R^ est connectee une canalisation 2 qui est raccordee
4 la soufflerie S. A 1'aval de la soufflerie se trouve une vanne V puis une canalisation 3.

Sur la canalisation 3 se trouve une vanne de regulation 4 qui debouche a 1'exterieur.

Une canalisation 5 fixee 4 la partie superieure du reservoir Rj permet I'introduction de gaz
comprime dans Ie systeme.

Le reservoir Rj est rempli de liquide.

Le fonctionnement de 1'installation comporte deux phases :

Phase 1
Stockage d'energie potentielle :

On introduit par la conduite 5 un gaz comprime au-dessus de la surface libre du liquide
contenu dans Ie reservoir Rj, la vanne V est fermee et la vanne 4 legerement ouverte.

Le liquide monte alors par la canalisation 1 du reservoir Rj dans Ie reservoir R2.

L'operation de remplissage du reservoir R2 est terminee lorsque la surface libre du
liquide contenu dans Ie reservoir Rj atteint la partie inferieure du tube plongeur 1.

Phase 2
Transformation de 1'energie potentielle du liquide en energie cinetique du gaz (fig. 2) :

L'admission de gaz comprime en 5 est arrgtee.

La vanne V est progressivement ouverte pour assurer Ie debit gazeux necessaire au fonc-
tionnement de la soufflerie.

Le liquide contenu dans R, descend sous 1'action des forces de gravite dans Ie reservoir
Rp la surface libre du liquide monte dans Rj en comprimant Ie gaz qui passe dans la soufflerie S.

Du fait de la detente qui s'effectue dans la soufflerie, Ie debit volume du gaz, en aval de
la tuyere subit une augmentation proportionnelle au taux de detente de la tuyere.

La vanne 4 permet a la fois d'evacuer vers 1'exterieur I'exces de gaz et de maintenir cons-
tante la pression generatrice durant toute la rafale.

Pour ameiiorer Ie rendement energetique de 1'installation, la vanne 4 (fig. 3) est relive
a un reservoir Rg dans lequel est stocke Ie gaz en exces.
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Le fonctionnement de 1 'installation est Ie suivant :

Phase 1 :

La vanne V est fermee, la vanne 4 fermee, un compresseur C transvase en Ie com-
primant Ie gaz de R3 dans R,, puis il transvase dans R, Ie gaz contenu dans Ie reservoir R Ces com-
pressions sont accompagnees d'un transfert dans Ie reservoir R2 du liquide contenu dans Ie reservoir
R!.

Phase 2 :

L 'installation utilise Ie cycle de fonctionnement precedemment d6crit (fig. 4).

Le liquide utilise dans Ie compresseur hydraulique peut 6tre de 1'eau. Pour 6viter
Ie contact entre Ie gaz et 1'eau, on introduit dans Ie systeme un liquide de faible densite non miscible
a 1'eau et dont la tension de vapeur est. tres faible (huile par exemple). Cette huile assure une etan-
cheite suffisante entre 1'eau et Ie gaz pour que la tension de vapeur de 1'eau contenue dais Ie gaz soit
tres faible.

3 ETUDE THEORIQUE DU FONCTIONNEMENT DE L'INSTALLATIO N
3. 1 Conditions initiales :

Soit Hi la denivellation maximum exprimee en metre entre la surface libre de 1'eau
du reservoir R}  et du reservoir R2 (fig. 5).

La pression correspondant a cette colonne d'eau est :

fa = aS H pascal
g

oil 2<T = poids volumique de 1'eau (9810 N/m ).

La pression p^ exprimee en bar a pour valeur :
*, _ <*H _ 9610 H i  H_
r"  1OS 10s ~ 10

L'6tat initial correspond a 1 'instant t apres Ie debut de la rafale, lorsque Ie regime
peut-6tre considere comme permanent.

La pression dans Ie r6servoir R-̂  est pĵ

La pression dans Ie reservoir R2 est p2^

La pression dans Ie reservoir Rg est pgj

La relation entre pn et p2j est :

/*-£*••+ •
la perte de charge due a 1'ecoulement de 1'eau dans les canalisations

verticales.

3. 2 Conditions finales :

Soit Hf la denivellation minimum entre la surface libre de 1'eau du r6servoir Rj et
du reservoir R2 (fig. 5). Liquation des pressions est :

Comme 1'on impose la Constance de la pression generatrice de la soufflerie durant
toute la duree de la rafale cela implique que :

L'air qui etait contenu dans Ie reservoir RI au debut de la rafale, stocke a la pres-
sion PL se retrouve en fin de rafale, en partie dans Ie reservoir R2 £ la pression P2̂  et en partie dans
Ie reservoir R3 4 la pression P3-.

En fin de rafale, la vanne de regulation (4) (fig. 3) est completement ouverte et
1'on a :

Le rapport de pression n6cessaire au fonctionnement de la soufflerie est defini par
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(on neglige les pertes par frottement de 1'air Ie long des canalisations, la vitesse est choisie dans
tout Ie circuit pour 6tre comprise entre 20 et 40 m/s. ).

Si 1'on admet un fonctionnement isotherme de 1 'installation a •

?.^= C*

comme d'apres (3) f>£f ^f* > ce Qui entrafhe :

Le volume de 1'air apres passage dans la soufflerie est plus important que Ie volume
d'air stocke dans Ri.

Si 1'on admet que les volumes des reservoirs Rj, R2 et Rg sont identiques, cela
implique un echappement de 1'air de RI vers n%.

Liquation de conservation de la masse d'air contenue dans 1 'installation s'ecrit :

P = masse volumique de 1'air

^r = volume d'un reservoir

ou AM3 represente la masse d'air excedentaire qui est envoye dans RS_ Comme

De 1 'equation (2) on deduit :

10
Hf =10^1.+ 10 A (4)

Hf represente la hauteur minimum entre les surfaces libres de 1'eau contenue dans
les reservoirs RI et R2 pour que la soufflerie demeure en fonctionnement.

Si 1'on ecrit :

Hi*  Uf+AH= 10 & (£^)+ 10 Ap +AH
ou AH represente la variation totale des niveaux des surfaces libres dans R1 et R2.

L'egalite (1) peut s'ecrire :

De 1'egalite (5) on deduit :

. _ „
'*<• '1 10 10

et en remplacant Hf par sa valeur (3).

(7)

3. 3 Conditions initiales (installation & 1'arrfit)

La pression dans Ie reservoir R, doit etre egale & pi et rester constante pendant la
rafale. De 1'egalite (1) on deduit :

avec

. 7C/
^O est la pression qui doit regner dans Ie reservoir R2 k 1'arrgt avant la rafale pour que la souf-

flerie puisse fonctionner normalement.

3. 4 Conditions finales (installation & 1'arrgt)

La vanne d'isolement de la soufflerie est fermee. L'ecoulement de 1'eau dans les
canalisations verticales diminue progressivement de vitesse jusqu'̂  une valeur nulle.

Si 1'on considere que Ie volume disponible au-dessus de la surface libre de 1'eau du
reservoir RI est petit devant les volumes des reservoirs Rj et Rg.
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De l'6galite

On deduit :

ou Pzfo est -a Pression qui doit r6gner au-dessus de la surface libre de 1'eau dans Ie reservoir
R! lorsque la rafale est terminee et pour que la pression demeure constante dans Rj et egale & p .̂

3. 5 Definition des niveaux de pression initiale et finale dans Rg

La conservation de la masse totale de 1'air contenu dans 1'installation impose :

avec 1'hypothese que les capacites des reservoirs RI ( R2 et Rg sont identiques on a :

comme Pyts Puf avec

ce qui entraine

3. 6 Estimation de la puissance necessaire au fonctionnement de ^installation

La compression isentropique de 1'air necessite une energie par unite de masse qui est
egale a :

£ r
— _ =r l^p X(T finale - T initiale)
M '

M = masse totale d'air & comprimer (Kg)
Cp= chaleur massique & pression constante = 1000 J/Kg°K
T - temperature absolue de 1'air _

La puissance correspondante est egale a :

oft t est Ie temps pendant lequel s'effectue la compression.

3. 6. 1. Puissance absorbee par la compression de 1'air contenu dans R2

Pour retrouver en partant les conditions finales de pression, les conditions initiales qui
permettent Ie fonctionnement de 1'installation, il faut comprimer en la transferant dans R^ la masse
d'air M~ contenue dans R0.z ^

Cette masse d'air se trouve 4 la pression p,., il faut I'amener au niveau de pression p̂
pendant qui s'effectuera Ie transfert, la pression dans R2 passera progressivement de la pression
p0, au debut du transfert £ la pression p,. en fin de transfert.

• 61O ^1O

Le rapport de compression au debut du transfert sera —— et en fin de transfert

La puissance moyenne correspondante sera :



5-6

3. 6. 2. Puissance necessaire 4 la compression de 1'air excedentaire contenu dans Rg

Pour aspirer la masse excedentaire d'air A 1^3 contenue dans RS et la transferee en la
comprimant dans R,, la puissance necessaire est egale a :

La puissance totale necessaire est done : Wt - ^R2tnoy. -h W%3 tnoy.

O)

Si Ie rendement des compresseurs est de 0, 8 :

w - Wt

"* - «T
3. 7 Application numerique au projet du Laws Working Group

Les grandeurs physiques caracterisant Ie projet du Laws Working Group, sont :

- Dimensions de veine 5 m x 4, 2m
- Temps de rafale utile 10 secondes
- Pression generatrice de fonctionnement 6 bars
- Temps de compression 10 minutes
- Nombre de Mach maximum 1, 3
- Rapport de pression de la soufflerie /3 - 1, 10

Q O

Le debit volume & Mach 1 de la soufflerie est d'environ 195 m /s/m , ce
qui implique pour un temps de fonctionnement de 11 secondes.

vl  = V2 = V3 = 45- °°° m3

Pour une vitesse de descente de 1'eau dans les canalisations verticales de 7 m/s. , la perte
de charge est estimee a 0, 25 bar.

La variation totale de niveau dans Rj et R, est arbitrairement choisie & la valeur raison-
nable de :

AH = 4, 5 m

Pour un rapport de pression A = 1, 10 et une pression p1 = 6 bars d'apres (4) on a :

Hf = #*  6(1- j^)^2,5 27, 95m

Hi = Hf+AU = 7, 95 +4, 50 - 1?. 65 m
d'apres 1'expression 6

fa = _ OA5 *

fa* *.*>*"
avec TI = 288° K

= 1,225x5.45 ^ 6,
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La pression initiale dans Ie reservoir Rg donnee par (8) est egale £ :

Psi = L
Masse totale d'air contenu dans

*1, 226* 6*45000 = 330 OOO Kg

AM3 = fa -f*ai\
 c^= ($67-5, 98) x 65 000 Z 31 OOO %

Mf?2 = 33OOOO- 31 OOO = 299 OOO Kg

En appliquant la formule (9) on trouve que la puissance absorbee par les compresseurs
est de :

Wt * 1070O K*

4 INFLUENCE DE DIFFERENTS PARAMETRES GEOMETRIQUES

4. 1 Diametre des canalisations verticales :

La pression p2j qui est egale a :

est independante de la perte de charge dans les canalisations.

De mfime, la pression pgj est independante de la perte de charge dans les canalisations
verticales.

Par contre, la pression P2jo, pression qui existe dans R2 avant la rafale et p2f , pres-
sion qui apparait dans R_ lorsque 1 'installation est arr&tee, sont fonction de cette perte de charge
et 1'on a :

La puissance totale de compression est done fonction de la vitesse de descente de 1'eau
dans les canalisations, en effet la formule (9) peut s'ecrire :

Sur la fig. 6 est representee Involution de la puissance de. compression en fonction de la
vitesse de descente de 1'eau dans les canalisations verticales pour Vj = V2 = Vg = 45. 000 m .

D'autres grandeurs sont aussi fonction de la vitesse de descente de 1'eau dans les canali-
sations verticales. En effet cette vitesse fixe aussi les hauteurs des surfaces libres de 1'eau dans
les reservoirs en fin de rafale, en effet :

Hf = 10 p, (f- +
Les courbes correspondent &. differentes valeurs de p ,̂ /3 et Afe sont donnees fig. 7.

4. 2 Influence de la variation du niveau de 1'eau dans les reservoirs :

La puissance de compression exprimee par la formule (10) peut encore s'ecrire avec :
p . _ _fr_ AH
?2*  ~ ^3 --- W



t _ 100on
nee~ 081

.AM.[fir+j£)^  ,]
La formule 11 montre que la puissance de compression est aussi fonction de la difference

des niveaux de r'eau dans les reservoirs RI et R2.

La courbe montrant la variation de la puissance necessaire en fonction de la difference
des niveaux AH est donnee fig. 8.

4. 3 Influence de la capacite du reservoir Rg

Lors du fonctionnement de 1'installation, la conservation de la masse d'air impose :

ou AM, est la variation de la masse d'air contenue dans Ie reservoir Rg durant la rafale.

On a ; si V}  = V2

avec

En introduisant cette valeur de pgj dans la formule (11). On montre alors que la puissance
totale necessaire & la compression de 1'air est fonction du rapport des volumes.

°«

_ 11
2.

Sur la fig. 9 est representee Involution de la puissance de compression en fonction du
rapport des volumes des reservoirs Rj et Rg.

5 REGULATION DE LA PRESSION GENERATRICE DE LA SOUFFLERIE

La~ pression initiale dans R2 est definie par :

La pression initiale dans Rg est d6finie par :

t>  *> fe-fi } If - %

Le rapport de pression^jjyj&.est 6gal a :
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et, en tenant compte de 1'egalite (7)

2-fi

et finalement

r_ ft* ~ f~P iQf><

' 1Opi
Le rapport des pressions fift' /tog  ̂ evoluera done de : ^—_^_^_____ en debut

de rafale a •» - = 7 en fin de rafale.
frf
Sur la fig. 10 est representee 1'evolution du rapport "2 pour differentes valeurs de p,.

Remarque :
Le compresseur utilise pour mettre 1'installation complete en pression doit fonctionner

avec un rapport de pression de 6 est du type compresseur a piston.

Par contre, Ie compresseur qui est utilise pour Ie transfert de 1'eau, et dont Ie rapport
de pression max. est de 1, 4 environ peut-6tre du type centrifuge ou axial.

6 DESSIN DE CONSTRUCTION DE LA SOUFFLERIE

6. 1 Construction en acier

Dans Ie but de diminuer la puissance necessaire au transvasement de 1'eau, des parois
courbes sont disposees dans les reservoirs Rj et R2 comme Ie montre la fig. 5.

Ces parois courbes determinent des cavites inferieures et superieures qui constituent
les reservoirs Ro.

Pour une meme surface transversale des reservoirs, les variations des hauteurs
des surfaces libres de 1'eau dans les reservoirs sont plus faibles avec la solution proposee fig. 5 que
pour un reservoir de section circulaire, ce qui permet d'apres la courbe de la fig. 8 de reduire la
puissance necessaire au transvasement de 1'eau.

Un diffuseur axi-symetrique est dispose & la partie inferieure de chaque canalisation
verticale pour reduire la vitesse d'admission de 1'eau dans Rj, done les pertes de charges.

L'installation utilisant cette conception de reservoir est representee fig. 11.

Cette installation comporte deux ensembles de 18 reservoirs, 1'un dispose au niveau du
sol et 1'autre & environ 10 metres au-dessus des reservoirs inferieurs.

Chaque reservoir a un diametre de 5 metres et une longueur de 190 metres, la capacite
totale de ces reservoirs est de 3 x 45000 m3. Les parties superieures des reservoirs RI sont reliees
a deux canalisations transversales horizontales de sections evolutives. Chacune des canalisations est
connectee & la chambre de tranquillisation de la soufflerie.

La soufflerie proprement dite comporte de 1'amont vers 1'aval :

- La chambre de tranquillisation equipee de grillages et filtr e en nid d'abeilles.

- La tuyere transsonique equipee d'un col amont reglable constitue par des demi-corps fuseies se de-
plagant contre les parois verticales planes et paralleles de la tuyere, dans la partie convergente de
celle-ci.

- La chambre de mesure equipee de parois perforees & permeabilite longitudinale controiee. Le nom-
bre de Mach d'essai en ecoulement subsonique est regie par un col Sonique aval bidimensionnel (se-
cond col).

En aval du diffuseur subsonique se trouve une vanne plane Si ouverture rapide qui permet
ci la fois d'assurer 1'etancheite entre les reservoirs Rj et R2 et de declencher la rafale.

A 1'extremite de la soufflerie se trouve la vanne de contr31e qui assure 1'ecoulement de
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1'air excedentaire vers Rg et permet de maintenir la pression generatrice de la soufflerie constante
durant toute la rafale.

6. 2 Construction d'un reservoir unique en beton precontraint

La Societe Europe Etudes a etabli un projet de reservoir unique qui repond pratiquement
a tous les problemes que pose la realisation de trois reservoirs superposes de 45. 000 m3 de capa-
cite unitaire, par 1'utilisation d'une structure en beton precontraint.

Le dessin d'un tel reservoir est represente fig. 12. Le reservoir Rg est situe 4 la par-
tie inferieure, Ie reservoir R2 a la partie superieure, Ie reservoir Rj est situe entre Rg et R2.

Une poutre centrale de section circulaire permet de transmettre par 1'intermediaire de
voiles radiaux, les efforts qui s'exercent sur les parois exterieures du reservoir.

Le transvasement de 1'eau du reservoir Rj dans R2 s'effectue par un canal annulaire
exterieur. La vitesse de descente de 1'eau durant la rafale peut etre facilement abaissee a 2 m/s.

La chambre de tranquillisation de la soufflerie ainsi qu'une partie importante de la
tuyere peuvent 6tre placees entre les reservoirs RI et R2, la soufflerie est alors alimentee en air
par un canal annulaire. Le rapport de contraction de la veine est d'environ 6.

Le circuit de retour de la soufflerie s'effectue par deux conduites circulaires horizon-
tales qui aboutissent 4 deux compartiments situes de part et d'autre de la chambre de tranquillisation.
Des parois verticales permettent 1'ecoulement de 1'air vers la partie superieure du reservoir R2.

Enfin, une conduite relie la vanne de reglage au reservoir Rg.

7 ETUDE THEORIQUE ET EXPERIMENTALE DE L'AMORCAGE DE LA SOUFFLERIE

7. 1 But de 1'etude

Une soufflerie actionnee par un compresseur hydraulique comporte a 1'amont un ensem-
ble de reservoirs situes dans deux plans horizontaux superposes. Les reservoirs situes dans Ie plan
superieur sont remplis d'eau, Ie transfert par gravite de 1'eau du niveau superieur au niveau inferieur
assure la compression de 1'air necessaire au fonctionnement de la soufflerie.

En aval de la veine d'essai se trouve une vanne dont 1'ouverture provoque la mise en
mouvement de 1'air dans la chambre d'essai.

L'ouverture plus ou moins rapide de cette vanne peut donner naissance & une onde de
detente qui se propage £ la vitesse du son de 1'aval vers 1'amont de la soufflerie.

Cette onde de detente en se refiechissant sur les parois des reservoirs peut revenir vers
1'aval puis, se refiechissant a nouveau sur les parois aval de la soufflerie revenir vers 1'amont jus-
qu'4 amortissement complet du phenomene.

Les mouvements de ces ondes parasites peuvent entrainer des variations de pression
generatrice qui nuisent au fonctionnement normal de la soufflerie.

Le but de la presente etude est de rechercher par voie theorique et experimentale quelle
est la nature des perturbations provoquees par 1'ouverture de la vanne aval, d'en etudier 1'amortisse-
ment et d'eventuellement rechercher des moyens propres a reduire 1'intensite de ces ondes parasites.
Le but des calculs, dans cette etape de 1'etude, a ete de preciser du point de vue de 1'instationnaire
1'influence des differents parametres geometriques et physiques de 1'ecoulement et egalement de
pr6parer Ie programme des essais.

7. 2 Bases theoriques

L'ecoulement est suppose instationnaire monodimensionnel, les sections faiblement 6vo-
lutives, Ie fluide a proprietes physiques constantes, non visqueux et revolution isentropique f _ 2]

Dans ces conditions les equations devolution sont les suivantes, ou f3, fc U. et A
designent respectivement la masse volumique, la pression, la vitesse et 1'aire d'une section d'abs-
cisse x. t designe Ie temps :

Equation de conservation de la masse :

1£ = 0 fl2)

Equation de la dynamique :

(13)
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Equation thermodynamique :

f) - kP ( *••  rapport des chaleurs specifiques)

Les equations (12), (13), (14) s'ecrivent sous la forme ci-dessous, ou a d6signe la
locale du son, definie par &*  = Jf/CP

-. o as)
. (16)

Le systeme d'6quation aux d6riv6es partielles (15), (16) est r6solu C13 par la me-
thode des caracteristiques : les deux directions caracteristiques sont donn6es par :

dt~
Les equations des caracteristiques 6tant :

±^- •&  = 0r-f A c/x
Soit f, une fonction des variables x et t, ( O^t £ T ). Nous d6signerons par £•

1 'approximation de f, a 1'abscisse X c i Ax ( i s 1t A/ ) et au temps t- n. . At , ces nota-
tions etant pr^cisees sur la figure ci-dessous, od les caracteristiques C et C" correspondent a un
ecoulement subsonique ( Z£-<9 <O ).

Figure 13

nAt

(17) s'ecrit :
Un schema aux differences finies du premier ordre correspondant aux deux equations

(#*)

Les valeurs de a et u aux abscisses
lineaire a partir des valeurs en X^-j , X+ et TC^

et X ^,1 sont obtenues par interpolation

-

I u. *u*ri+&tfu*-a*)']~u*  (*£-*?)( -"  < / +AX( 4 */ / *-'( " '
fat)



5-12

Les valeurs de a et u a 1'instant t+At sont obtenues a partir de la resolution
des equations aux differences deduites des deux equations (18), c'est-a-dire :

soit

~ ' " "' ".'..,-A )**
Ai

Lorsque 1'ecoulement est localement supersonique ( -U-3 >O )t seules les relations
(20 b) sont modifiees, les valeurs de £i.+f et •£^  sont alors calcuiees a partir de a et u
aux abscisses X^-_- et x^

Les conditions aux limites de ce probleme sont les suivantes :

- £ 1'abscisse x = X1 : "entree" de fluide a partir d'un reservoir £ pression supposee constante, /> =f,

- a 1'abscisse x = M.Ax : "sortie" de fluide vers une enceinte £ pression supposee constante p = p
au travers d'une section evolutive en fonction du temps. e

Dans les deux cas, les conditions aux limites sont traitees en faisant 1'hypothese que
1'ecoulement, & ces abscisses, est_"quasi-stationnaire " a chaque instant.

Par exemple, a 1'abscisse x = xj, €3"*' et U ""*'  sont calcu!6s par resolution du
systeme :

equations etant respectivement liquation de 1'energie et I'equation (21 b) ou
TI etant la temperature du fluide dans Ie reservoir R

8 RESULTATS DU CALCUL NUMERIQUE, COMPARAISON AVEC L'EXPERIENCE

Les resultats theoriques present6s sont relatifs aux deux configurations decrites sur
la figure 14.

Dans Ie premier cas, la veine d'exp6rience est situee a la distance Lj = 2, 34 m du
reservoir d'alimentation. Dans Ie second cas L: = 4, 24 m, les autres parametres geom6triques res-
tant inchang6s ainsi que la loi d'ouverture de la vanne aval.

Les conditions initiales sont dans les deux cas :

Pi = 6, 5 bars, Tj = 278°K, p = 1 bar

Les conditions aux limites sont :

a) pj = cte, Tj = cte, pe = cte

b) loi d'ouverture de la vanne de la forme :

A-f.1~rt*}t*+kk  avec:

^> '
t0 = 0, 45 s. : temps d'ouverture de la vanne

k =(^r/ = (0, 60) ~* sec ~*

et _
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Les calculs * ont 6t6 effectues pour la configuration la plus d6favorable du point de

'ecoulement
etant fonction de ces deux variables.

Sur les figures 15 a et 16 a sont trac6es, pour les deux cas, revolution theorique

ft -Ps
ou p designe }a pression p = p (t) dans la veine et ps la valeur stationnaire finale atteinte au mfime
point.

Ces r6sultats sont & comparer aux courbes experimentales obtenues pour les m6mes
conditions physiques et geometriques, tracees figures 15 b et 16 b.

Sur les figures 17 et 18 sont trac6es les evolutions theoriques de :

-3Le coefficient Cp est negligeable ou inf6rieur a 1.10 a partir du temps t = 0. 45 s
dans Ie premier cas et t - 0. 5 s dans Ie second cas.

De 1'ensemble des calculs effectues on a egalement deduit les elements simples
suivants :

a) L'existence d'une section sonique presente 1'avantage de constituer une "barriere" pour les
ondes, pendant la phase instationnaire.

b) Lorsque la vitesse du son n'est pas atteinte dans cette section, les ondes provenant de 1'ouver-
ture de la vanne se refiechissent sur 1'entree, la vanne, Ie convergent et Ie diffuseur de la
soufflerie et constituent un systeme oscillant dont la frequence est une fonction de LI et L2.

c) Lorsque la vitesse du son est atteinte au col, la region aval n'a plus d'action sur 1'ecoulement
dans la veine. Le systeme d'ondes instationnaires amorti a alors une frequence fonction de LI
seul de valeur

C *v

ou <3 may est la ceierite du son moyenne pendant cette phase.

d) L'amortissement du phenomene instationnaire provoque par 1'ouverture de la vanne est en gran-
de partie du aux effets dynamiques conjugues des conditions aux limites : Ie convergent de la
soufflerie (paroi solide), la section d'entree de fluide au niveau du reservoir (paroi isobare) et
Ie col sonique (non passage des ondes "& gauche" **  ).

9 EXPERIMENTATION

Les resultats presentes sont relatifs aux deux configurations etudiees th6oriquement,
1'etude portant dans ce cas sur 1'influence de la loi d'ouverture de la vanne et de la longueur de la
chambre de tranquillisation.

L'etude experimental utilise les r6servoirs d'air comprime de la soufflerie £4 B
de 1'Institut A6rotechnique de Saint-Cyr.

g
Les deux reservoirs R\ et R2 (figure 19) d'un volume unitaire de 50 m sont relies

entre eux par une canalisation de 0 450 mm ayant la forme d'un U inverse dont les branches descen-
dantes plongent dans les reservoirs Rj^ et R2.

Le reservoir R2 est reli6 a un ensemble de reservoirs Rg dont Ie volume total est
de 600 m3.

Le reservoir Rj est reli6 par une canalisation de 0 225 mm a une tuyere convergente
divergente de 0 80 mm.

*  Calculs effectues sur UNIVA C 1108 :& 1110, Faculte des Sciences d'Orsay - ORSAY (France)

**  Left Travelling Wave 2
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En aval de la tuyere se trouve la vanne de regulation de la soufflerie S 4 B.

9.1 Materiel de mesure :

n est essentiellement constitue par des capteurs de pression a circuit depose de fre-
quence propre eieve (10. 000 Hz) relies a un enregistreur UV 6quip6 de galvanometres dont la fre-
quence propre est voisine de 200 Hz et par une chaine a tres court temps de reponse (capteur a
quartz, amplificateur de charge et oscilloscope).

Un capteur de pression mesure la pression d'arrgt dans la conduite de 0 225 plac6e en amont
de la tuyere convergente divergente, un autre capteur mesure la pression statique veine.

9. 2 Programme des essais :

L'air est comprime dans les reservoirs RI, R2 et R3 jusqu'a une valeur maximum de
la pression egale a 6, 5 bars.

La pression dans Ie reservoir Rj est ajustee de telle maniere que Ie niveau de 1'eau
arrive au niveau de 1'extremite du tube en U.

Lorsque la vanne de regulation de la soufflerie S4 B est ouverte Ie transfert automa-
tique de 1'eau du reservoir R2 dans Ie reservoir Rj provoque 1'ecoulement de 1'air dans la tuyere
convergente divergente. Le nombre de Mach est maintenu constant par un col sonique fixe place
en fin de veine dans la tuyere convergente divergente.

La vanne de regulation de la soufflerie S4 B dont 1'ouverture declenche la rafale a
une loi d'ouverture programmable par 1'ordinateur CII 90-10 de la soufflerie S4 B.

Les positions de la vanne de regulation et les differentes pressions sont enregistrees
simultan6ment de maniere a etudier la loi de mise en regime de l'6coulement transitoire qui s'eta-
blit dans les differents elements de la canalisation.

9. 3 Resultats experimentaux :

Configuration n° 1 (Lj = 2, 34 m) :

Sur la figure 20 est portee revolution en fonction du temps de la pression statique et
de la pression d'arre't dans la veine, pour un temps d'ouverture t = 0, 50 s.

p'i designe la pression d'arre't mesuree, p'j = P'-(t)

A partir du temps t = 0, 25 s., 1'ecoulement dans la veine est parfaitement stabilise.

Configuration n" 2 (Lj = 4, 24 m) :

Sur les figures 21 et 22 sont portees les m6mes evolutions, pour des temps d'ouverture
t0 = 0, 72 s. et t0 = 1, 69 s. On remarquera que pour Ie temps d'ouverture Ie plus long, 1'ecoulement
apres I'amor^age de la tuyere, n'est pas perturbe.

Sur la figure 23 est representee revolution de la pression statique dans la chambre de
tranquillisation, a 1'abscisse x = 1, 40 m, pour des temps d'ouverture variables de la vanne de
regulation. Ces enregistrements sont obtenus a partir de la chafne pi6zoeiectrique.

Oscillogramme n° 1 (temps d'ouverture to = 1, 63 s. )

Pendant Ie debut de 1'ouverture, c'est-a-dire avant que la tuyere ne soit amorcee,
Ap/p est de 1'ordre de 3. 10'3. Au temps t £ 0, 9 s., Ap/p est non decelable sur les en-

registrements. '

Oscillogramme n° 2 (temps d'ouverture to = 0, 90 s. )

La premiere onde est plus importante que dans Ie cas precedent ; ( Ap/p 2 6. 10"3).
Au temps t £ 0, 2 s. , les oscillations sont amorties puis deviennent negligeables.

Oscillogramme n° 3 (temps d'ouverture to = 0, 75 s.)

L'onde de detente est amortie at £ 0, 4 s. (1'onde de compression au temps
t S 0, 8 s. provient de la fermeture de la vanne).

10. AMORTISSEMENT DES ONDES : EXPERIENCES PRELIMINAIRES

II a paru interessant d'amorcer 1'etude de dispositifs statiques, places a 1'entree de
la soufflerie et dont Ie but est de reduire Ie temps d'amortissement du phenomene ou meme d'eviter
Ie retour vers la veine de 1'onde de detente issue de 1'ouverture de la vanne ou de toute autre pertur-
bation.
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Parmi les solutions a ce probleme, une, consiste a cr6er sur une limite, une paroi
absorbante du point de vue de 1'instationnaire et par exemple constituee d'6iements du type "paroi
solide" et du type "paroi isobare".

Quelques resultats d'essais preiiminaires sont trac6s sur la figure 24 : il s'agit de
involution en fonction du temps de la pression en un point d'un tube a choc dont 1'extremite de la
chambre basse-pression est ouverte sur 1'atmosphere. Le dispositif est done atteint par une onde
de choc de faible intensite qui se ref!6chit soit en detente, soit en onde de choc selon que 1'extre-
mite est ouverte ou fermee. Les enregistrements montrent que 1'on peut passer d'une maniere
continue de 1'une a 1'autre de ces conditions et done absorber 1'onde incidente.

D'autres dispositifs sont a 1'etude.

REFERENCES

1 Ralston & Wilf : Mathematical methods for digital computer - John Wiley

2 The dynamics and Thermodynamics of Compressible Fluid Flow Asher
H. SHAPIRO Ronald.
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FACILITIE S FOR AERODYNAMI C TESTING AT HYPERSONIC SPEEDS

by

F.Jaarsma and W.B. de Wolf
National Aerospace Laboratory, NIR

Amsterdam, the Netherlands

SUMMAR Y

An assessment is made of the usefulness and potential of existing European hypersonic facilities, on the basis
of the planned U.S. space shuttle project and a hypothetical hypersonic transport aircraft. With respect to
aerodynamic testing of space shuttle type of vehicles it is pointed out that a significant gap exists between
M = 10 and M= 15.

At low-hypersonic Mach numbers the facilities in Europe wil l generally meet the minimum requirements for
testing hypersonic transport models. European capabilities appear to be rather similar to those in the U.S.
hypersonic wind tunnels, though the U.S. capabilities wil l be increased considerably in the near future.

It is further concluded that European facilities fall short in their performance of what is required, in the field
of propulsion (including supersonic combustion tests) and also of hardware testing.

1. INTRODUCTION

This LaWs paper wil l be mainly concerned with the requirements for aerodynamic and propulsion testing in
wind tunnel facilities for developmental work in the hypersonic speed regime i.e. on vehicles flying at Mach
numbers greater than about 5. Two types of vehicles are of current interest, namely the space shuttle and the
hypersonic transport aircraft (H.S.T.).

The space shuttle is to enter the development phase by mid 1972. Outside the U.S. European participation in
the project has been considered (Ref. 1) but is not very likely at the moment of writing (Ref. 2). The system under
development wil l be propelled by rocket engines. In order to make regular space launches more economical, however,
an airbreathing propulsion has to be used. It is generally expected that such a system wil l be developed after the
rocket system under current development. This line of thought may eventually lead to the hypersonic transport
system at the end of this century yielding less sonic boom problems at cruise as compared with the SST.

Advanced hypersonic missiles, either rocket or (sc)ramjet propelled are also to come, though littl e is known
of the requirements.

The chances that Europe may participate with the U.S. in the development of one of these projects in the
next few years are probably small. On the other hand much work of a more exploratory or fundamental nature,
such as described for instance in References 3 and 4 respectively, has to be done before the development phase of a
ramjet/scramjet propelled hypersonic transport can be initiated. In this field the present wind tunnel facilities in
Europe with only limited performance, compared with full scale requirements are certainly of great value.

Before the development of a HST can be started the economic feasibility of the system has to be demonstrated.
The payload being only a small percentage of the total weight, the aerodynamic, propulsive and structural
characteristics should be known with a high degree of accuracy (Ref. 3). To accomplish this, facilities must be
available where aerodynamic testing at high enough Reynolds numbers is possible and where engine-airframe integration
can be studied with representative intake and exhaust jet simulation, to mention just one aerodynamic problem.
Also high performance long duration facilities are needed for hardware testing of the propulsion system and of the
structure of the vehicle which wil l be subjected to severe aerodynamic heating.

In the next discussion on hypersonic facilities the requirements wil l be centered on the requirements for the
development work on the space shuttle and the hypersonic transport taking two typical examples.*  Hence a
judgement can be made on the work that can be done in the European facilities that is of fundamental and of
practical interest, and in which areas of research and development European hypersonic facilities show shortcomings.

*  In a recent article (Ref.84) military hypersonic cruise aircraft are foreseen in the late 1980's which would open a new corridor for
weapons delivery. With speeds of Mach 5 — 12 at over 100,000 ft altitude it would have performances of a missile and flexibilit y and
recallibility of an aircraft. The requirements will be comparable with those of the HST.
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In the past, several European facilities have been used for military project development (i.e. tactical and
ballistic missiles). This type of activities wil l undoubtedly remain in the future but the merits wil l not be discussed
in the present paper, due to lack of detailed information. It can be remarked however that for such applications
the usefulness and potential of present European facilities are quite satisfactory.

Typical trajectories for the various types of hypersonic vehicles are found in the altitude-velocity diagram of
Figure 1, which is a compilation of data found in the literature.

1.1 Basic studies

Before being able to write down realistic specifications for hypersonic vehicles such as semi-ballistic entry
vehicles (Gemini, Apollo), liftin g entry vehicles (Space shuttle) and the hypersonic transport, many basic questions
have to be answered first. As far as the fluid dynamic aspect is concerned, information is needed on topics such
as boundary layer transition (location and occurrence), radiative heat transfer during re-entry, fuel injection in a
scramjet engine, and ablation heat shield properties, mentioning only a few arbitrary examples.

Not only in the United States, which is the only Western nation that has developed manned hypersonic
vehicles such as the Apollo, the X-15 and presently the space shuttle, but also in Europe a rather extensive
hypersonic research program exists. An inventory of the European research and facilities can be found in
References 5—7. This inventory is the result of the initiative to create Eurohyp, a more or less informal body
to bring people together working in the same field, to disseminate information on the hypersonic work in Europe
and to create a better co-operation. A summary of the activities of Eurohyp since 1968 can be found in the
introduction of Reference 5.

It is concluded from the survey that a significant amount of work is being done in Europe and much of it
wil l be applicable to the design of the real hypersonic vehicles that wil l be discussed in the subsequent sections.

1.2 The space shuttle

The proposed U.S. space shuttle wil l be a two-stage system, consisting of unmanned wingless solid propellant
recoverable boosters and a manned orbiter. The orbiter wil l be a delta winged liftin g vehicle with a length of
33.6 m and a span of 22.6 m. The wing load during re-entry is estimated to be somewhere between 200 and
250 kg/m2. The landing weight wil l be about 75 tons. Orbiter propulsion is by three liquid rocket engines. The
maximum acceleration during launch or re-entry is limited to 3 g (Ref. 1, 8 and 9). Stage separation wil l occur
at about Mach 7 at an altitude of about 60 km.

Experimental studies in Europe have been largely devoted to liftin g bodies with lift/drag ratios higher than the
present U.S. design. Quite a lot of work has been done in Germany (Ref. 4, 10) not only at hypersonic speeds but
also in the transonic and subsonic speed regime. In the U.K. high L/D configurations have been studied by the RAE.
A good discussion on this subject may be found in Reference 11.

For the proposed U.S. space shuttle, a cross range of 1100 naut. miles (Ref. 1) wil l correspond with a hyper-
sonic lift/drag ratio L/D = 1.3 (Ref. 11). The aerodynamic coefficients of such a vehicle are considered to be
represented accurately enough for the calculation of the flight trajectories by the data from Reference 12.

These data give
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For a wing loading W/S = 200 kg/m2 three equilibrium re-entry glide trajectories have been calculated, defined
as re-entry with constant L/D and bank angle 0 (Ref. 13) and zero vertical acceleration. The pull-out phase which
occurs at a flight altitude of about 80 km is not considered. Also viscous effects which affect the L/D ratio at
high altitude have not been considered, following Reference 13. The following three conditions have been
calculated.

1. , 0 = 0 which minimizes the heat transfer rates to the vehicle

2. (L/D)max , 0 = 0 which gives the maximum range (zero cross range)

3. (L/D)max , 0 = 60° . This bank angle gives an acceleration in the horizontal plane of about 2.3 g, which is



6-3

well below the maximum permissible value of 3. The cross range for this non-modulated trajectory has
been calculated by a numerical integration in crude steps (13 steps for the complete trajectory) and was
found to be about 925 naut. miles, which is not too far from the required maximum cross range. This
simplified trajectory seems therefore a reasonable approximation of the real maximum cross range
trajectory.

The results have been plotted in the altitude-velocity diagram of Figure 2.

Finally it should be noted that the descent trajectory of the boosters is not indicated due to lack of data.
When booster recovery is required however, the aerodynamic behaviour should certainly be studied.

1.3 The hypersonic transport

For quite some years the hypersonic transport concept has been studied. A review on the subject is for instance
presented in Reference 14. Early studies considered flight speeds up to Mach 15 but more recent studies by NASA
are rather concentrated on the Mach 6-8 speed, range. A typical example is the vehicle, presented in Reference 15
powered with four hydrogen-fueled turboramjet engines designed to fly at a cruise Mach number of 6 at an altitude
of about 30 km. The vehicle should carry a pay load of about 23 tons which is about 9% of the gross take-off weight.
It has a length of 76.5 m and a span of 38 m.

The hypersonic transport wil l typically accelerate at q = .5 kg/cm2 until the cruise Mach number and wil l then
increase its altitude towards the level of optimal cruise (Ref. 15) at close to maximal lift-over drag ratio. (Fig. 1
and 2). For a wing loading of 200 kg/m2 (Ref. 15) the lif t coefficient is then CL = 0.04 . The airbreathing
space shuttle which might come after the rocket powered launchers and orbiters wil l closely follow the same ascent
trajectory as the HST (Ref. 16).

At sustained hypersonic flight the vehicles wil l be propelled by ramjets or by scramjets (supersonic combustion
ramjets), the former for low hypersonic Mach numbers (M < 6 to 7) and the latter for high hypersonic Mach
numbers (M > 6 to 7). Figure 3 (Ref. 14, 16) illustrates the superiority of the scramjet operation over the
subsonic burning ramjet at high Mach numbers (H2 fuel). Dual-mode scramjets which can operate with either
subsonic or supersonic burning of fixed geometry are studied in the USA by AirResearch/NASA and in Europe by
ONERA (Ref. 17). ONERA has also performed an extensive wind tunnel testing program on hypersonic transport
configurations (Ref. 18). The other establishments in Europe who performed detailed studies on hypersonic
liftin g vehicles are the RAE and the DFVLR (Ref. 4). Much work has been concerned with wave riders, based on
simple flow fields such as wedge flows and cone flows. The significance of these shapes is seen not only for the
hypersonic transport (Refs. 19, 20, 21) but also for the space shuttle (Ref. 11). It is advocated as a distinctly
European contribution to the design of liftin g propulsive bodies (Ref. 22).

1.4 Scramjets

The advantage of supersonic combustion is mainly due to the increased inlet performance relative to the
subsonic burning mode (the flow remains supersonic, hence less static pressure rise and no normal shock losses),
the low static temperature in the burner (~ 1000°K versus well over 2000°K and hence more sensitive heat
addition due to less dissociation after combustion) and, last but not least, improved nozzle performance due to
less freezing of chemical species in the expansion process (Ref. 23). In case of a subsonic burning ramjet the inlet
can be tested separately from the combustor and the combustor usually does not yield much performance problems
since the subsonic combustor technology is well established. The increase in flight speed wil l only ease the burning
rate problem due to the increased temperatures; however, cooling and material problems wil l show up.

The technology of supersonic combustion is however still rather new and much should still be done before
good performance assessment is possible, particularly if the engine has to be run both at the subsonic and super-
sonic burning mode during the acceleration phase. A good match must be made between the three components:
inlet, combustor and nozzle.

Two main problems exist for scramjet propelled aircraft namely, the performance assessment of the isolated
engine and the engine integration into the airframe. At hypersonic speed the required engine frontal area (or free
stream capture area) increases strongly with respect to the supersonic speed case. For example for Concorde the
total inlet area is less than 1% of the wing area whereas for a M = 7 airplane this ratio is of the order of 3 to
4%. This increase is mainly due to the fact that the net thrust is only a small fraction of the engine gross thrust
(the same situation as with high by-pass ratio fan engines at subsonic speed). This means that inlet, supersonic
combustor and nozzle performances are very critical since a 1% gross thrust loss might give a 10% increase in
fuel consumption. Further, this large relative inlet area increases the engine-interference problems, both at the
inlet side, but mainly at the nozzle side.

Studies (Ref. 24) have shown that deflection of the large gross thrust vector can yield significant gains in
lif t with littl e loss in available thrust. In addition the pressures of an under-expanded nozzle flow of a HST
configuration could provide favourable interference effects if the exhaust flow washed a large area of the wing
lower surface (Ref. 25). These engine forces wil l cause trimming problems of the aircraft.
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Concluding: the airbreathing engines of a hypersonic vehicle form such an integral part of the aircraft that
engine simulation (both inlets and exhaust) should always be performed and the installed engine performances must
be carefully assessed on special test benches, which wil l look like hypersonic wind tunnels. The ONERA S4MA
tunnel for instance is in fact a pebble bed heated wind tunnel with its test section nozzle replaced by a complete
ramjet/scramjet engine (Ref. 26).

2. FLOW PARAMETERS TO BE SIMULATED IN GROUND FACILITIES

In order to obtain information on the behaviour and performance in the design and development phase of the
vehicles described above, wind tunnel testing under simulated environmental conditions is indispensable. This
testing includes aerodynamics, propulsion systems and hardware. These three aspects may often be treated separately
but also combined studies are needed, for instance airframe-engine integration (aerodynamics plus propulsion)
and engine endurance and reliability testing (propulsion plus hardware).

2.1 Aerodynamic testing

The hypersonic flow regime can be divided into three regimes with different flow parameters of primary
interest:

— the low hypersonic regime from Mach 5 up to say Mach 10 or 12, where duplication of the Mach number
and the Reynolds number are of primary interest

— the hypervelocity regime where the flow velocity (or enthalpy) and the flow density are most important
parameters, rather than Mach number and Reynolds number and where real gas effects may play an important
role

- the low density regime at altitudes above 50 to 70 km where the mean free path between the molecules
becomes comparable with characteristic body dimensions. The ratio of the mean free path and the laminar
boundary layer thickness is proportional to M/ •y/R e , which is the main parameter to be simulated. The low
density effects become important above about M/>/Re = 0.01 (Ref. 4).

During the greater part of re-entry high temperature effects (hypervolocity regime) as well as low density effects
are present. The scaling laws for these flight conditions are so different (convective versus radiative heating, non-
equilibrium chemistry) that only partial simulation in ground facilities is possible (Ref. 27), when no full scale testing
is done.

For the low hypersonic regime, with or without low density effects present, aerodynamic testing of scaled
models is well possible.

In Figure 4 the trajectories of Figure 2 have been translated into a Mach number-Reynolds number diagram.
Also the boundary of continuum flow M/ y/'R"e~ = 0.01 is indicated. In the next paragraphs its consequences for
the flow parameters to be simulated for the space shuttle orbiter and the hypersonic transport are discussed in
somewhat more detail.

2.1.1. The Space Shuttle

A good review of the aerodynamic problems related to the space shuttle vehicle is found in Reference 28.
Although data on the final North American Rockwell configuration are not presented, the data for the high cross-
range orbiter (Ref. 28, p. 285 e.g.) show good agreement with the simplified trajectories presented in Figure 4.

Ideally the flow conditions around the full scale vehicle should be duplicated around the model. This is done by
duplicating the Mach number M, the Reynolds number Re and the wall temperature to free stream temperature ratio
TW/T M if high temperature real gas effects are excluded for the moment.

2.1.1. A Mach Number

Mach number duplication is necessary for shock shape duplication. It is known however, that at high enough
Mach numbers the shock becomes very close to the under-surface of space shuttle-like bodies at representative angles of
attack and is almost insensitive to further increase in flow Mach number. Also the situation at the leeward side
where severe flow separations exist becomes insensitive to Mach number changes. It is therefore suggested that
duplicating the flow Mach number at Mach 15 or 20 is not vital for the space shuttle (Ref. 29).

This suggestion is supported by looking at the slip flow boundary in Figure 4. In the slip flow regime where
the Mach numbers are above 15 to 20, the force data can be correlated on the rarefaction parameter
For more details see section 2.1.1.C.
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2.1.1.B Reynolds Number

Reynolds number duplication and temperature ratio TW/T00 duplication is required for duplication of the
boundary layer thickness and the kind of boundary layer (laminar or turbulent).

For a proper design of the thermal protection system knowledge of the location of the boundary layer
transtition region is essential. According to Reference 30, there is yet no definite conclusion how the transition
data, found in wind tunnels, should be interpreted for the full scale vehicle.

In Reference 31 some new free flight transition data are presented and various transition criteria are discussed. For
local Mach numbers above 5, the Reynolds number based on the conditions at the edge of the boundary layer
and the wetted length Rext which indicates the onset of transition was somewhere between 106 and 107 (data
scatter). Below Me «= 4 values of Rext between 104 and 5 x 106 are found with a data scatter of about two orders
of magnitude. These lower Rext values are obtained at high angles of attack on the lower side of the vehicle and
are probably largely influenced by 3-dimensional effects. It should be remarked that Rex is not the best correlating
parameter but rather Re based on a boundary layer thickness, in combination with the local Mach number and
Reynolds number per unit length (Ref. 31). In Reference 31 it was found that for a a = 40° re-entry onset of
transition starts on the lower side of the vehicle somewhere between 70 and 80 km but Reference 32 gives about
65 km.

Comparison of these data with Figures 2 and 4 indicates that the somewhat vague boundary between continuum
flow and slip flow coincides more or less with the boundary between full laminar flow and laminar plus
transitional flow. Left and above this boundary in Figure 4 the Mach number and the Reynolds number are the
main flow parameters.

The required Reynolds numbers for correct boundary layer transition duplication in wind tunnels seems to be
an unsolved problem, considering the accuracies required for the design of an optimum thermal protection system.

In this context the parameter TW/T00 should also be mentioned. This is an important parameter not only
for the skin friction coefficient or the heat transfer coefficient (see for instance Reference 33), but also for the
boundary layer transition point (see for instance Reference 34).

The wall temperature wil l depend on the method of cooling but may vary between 600 and 1700°K along
the vehicle wall, which means that T^y/T^ will vary between about 3 and 8. For wind tunnel testing the maximum
Reynolds number is attained when the free stream temperature is as low as possible, the limitation being the
condensation temperature of the gas which varies between 30 and 60° K for air and nitrogen, the value increasing
with stagnation pressure (Ref. 35). A wall temperature of the model equal to room temperature may be a reasonable
value to simulate an average of the non-uniform wall temperature of the full scale vehicle.

In conclusion the best way to deal with the transition problem seems to duplicate the Reynolds number and if
possible the temperature ratio TW/T00 in the continuum regime indicated in Figure 4. The boundary layer thickness
wil l then be properly simulated and the transition region generally wil l be more upstream than on the full scale vehicle
(see data of Reference 31), which generally wil l not lead to too optimistic predictions for the thermal protection
requirements. Mach number-Reynolds number duplication also eliminates the necessity for possible Reynolds number
corrections for the phenomena on the leeward side of the vehicle where large regions of separated flow exist.

2.1.1. C Visuous Interactions and Low Density Effects

The space shuttle orbiter wil l experience peak heating and deceleration at 60—70 km altitude (Ref. 28, 36),
where low density effects can certainly not be neglected. The slip flow regime which extends roughly between
M/yT^e = 0.01 and 0.1 is indicated in Figure 4. The low density regimes at higher altitudes such as the near
free molecule and the free molecule regime are of less importance for the space shuttle re-entry from a practical point
of view. From Reference 29 the following remarks are quoted.

The most significant practical effects, as far as overall performance is concerned, occur on slender, high L/D
vehicles. Not only are much larger viscous interaction induced forces generated on this type of vehicle, resulting
in a large reduction in L/D (see Reference 4 for instance), but the effects extend to relatively lower altitudes than
the other low density effects.

In the case of the space shuttle a large percentage of the re-entry flight time is spent in manoeuvring in the
high altitude regions dominated by rarefield flow effects. It has been established that rarefaction effects are
likely to be significant over the whole of a slender vehicle, over localized regions such as on control surfaces,
if the value of the viscous interaction parameter M/y^Rioo , L is greater than about 0.01. For a 20m long
vehicle this corresponds to about 75 km altitude over the forward surfaces if they were at 40° incidence to about
55 km over the leeward surface at about —10° incidence (end of quotation).
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In order to have an indication of the viscous interaction effects on the longitudinal range, calculations have
been made for the highest re-entry trajectory of Figure 2, where these effects wil l be most significant. For the
sake of simplicity it is assumed that CL remains unaffected. The effect on L/D is assumed to be represented
by Reference 37, Figure 26: at M/^/fc; = 0.1 the L/D value is half the inviscid value of 0.6.

Starting from the vertical equilibrium condition at an altitude of 90 km the following longitudinal range is
attained when the flight velocity has decreased to 1 km/sec: L/D = const. R = 6200 km and if L/D influenced
by viscous effects R = 4600 km or about 75 percent of the inviscid value. This is the result of a rather crude
calculation (numerical integration in eleven steps).

For vehicles with much higher L/D values for the samel W/SCL the influence of viscous interaction on the
range performance is even much larger. In Reference 38 calculations show for a L/D = 4 vehicle reductions in
range of more than 50%. For a discussion on the relevance of such high L/D vehicles the reader is referred to
References 11 and 39.

The examples mentioned show that knowledge of the aerodynamic behaviour at high altitudes is essential for the
assessment of the vehicle performance. Analyses which do not take low density effects into account can give
misleading results.

It is concluded from Figure 4 that aerodynamic testing of the vehicle behaviour should be done for values of
M/ v^Ke between 0.01 and 0.1 at Mach numbers above, say 15 (see also sub 2.1.LA). Its significance should be
considered against the background of the influence of high temperature real gas effects.

2.1.1.D High Temperature Real Gas Effects

At very high altitude, where the flow is completely free molecular and at low altitudes where the air is
continuum, forces acting on a vehicle can be predicted theoretically with a good degree of certainty. Between
these limits, however, the flow is a complex function of each type and most of our understanding has to be gained
by experiments in wind tunnels (Ref. 29). Very unfortunately in this same area high temperature real gas effects
complicate the picture considerably.

A discussion on the problems of aerodynamic testing in this hypervelocity regime where the flow velocity
itself and the free stream density are the primary flow parameters can be found in Reference 27. Proper scaling
is difficul t and often completely impossible: radiative heat transfer for instance is proportional to the nose radius
of the vehicle and convective heat transfer is proportional to the inverse of the square root of the nose radius.
Also non-equilibrium effects may become important, especially at higher altitudes : relaxation lengths of the order
of several meters may occur on a space shuttle (Ref. 40).

The dissociation and ionisation of the air in the stagnation region and elsewhere around the vehicle could lead
to adverse effects on lift , trim and heat transfer. Prediction of these effects is still uncertain; they cannot be
investigated in a wind tunnel of the usual blow down type, for the very process of expansion through a nozzle
from stagnation conditions representative of high altitude re-entry causes thermodynamic non-equilibrium in the
nozzle flow which is not like the flow around the vehicle in the real atmosphere.

Another reason is the incompatibility of the scaling laws for convective and radiative heat transfer and for
non-equilibrium chemistry (binary and tertiary collisions of recombining molecules for instance) (Ref. 27).

What can be done in this area experimentally is providing data for theoretical predictions such as chemical
reaction rates and radiative heat transfer data obtained from facilities like shock tubes, expansion tubes and plasma
facilities, eventually boosted by a magneto hydrodynamic device and the development of high performance
facilities where flow non-equilibrium is largely avoided (see Ref. 41).

2.1.2 The Hypersonic Transport

In Figure 2 the trajectory is given of a hypersonic transport accelerating at a constant dynamic pressure
of q = 0.5 atm up to a non-specified cruise Mach number (Ref. 15). The corresponding flight conditions are
plotted in the Mach number-Reynolds number diagram of Figure 4. It is seen that the Reynolds numbers based
on vehicle length for a given Mach number, are one to two orders of magnitude larger for the HST than for the
space shuttle during re-entry. The consequences for the aerodynamic parameters to be simulated are discussed
below.

2.7.2./I Mach Number

The Mach number must be duplicated in wind tunnel tests to obtain the same shock shape as in real flight.
This requirement should not be violated as was permitted for the high Mach number tests for the space shuttle.
This may be illustrated by referring to the engine intake region where the position of the shock waves from
the external compression surface relative to the intake lip should be duplicated accurately.
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2.1.2.B Reynolds Number

From Figure 4 it follows that a hypersonic transport designed for a cruise Mach number of 6 to 8 (see Ref. 15
for a typical example) wil l fly at Reynolds numbers well above 108, based on the total vehicle length. Although
the significance of the transition data obtained m wind tunnels for the full scale vehicle is still not definitely
settled (Ref. 30), the Reynolds numbers at which the HST wil l operate are so large that the boundary .layer on
the vehicle wil l be almost completely turbulent.

In Reference 42 shock tunnel measurements are described on a HST-model over a Reynolds number range
from about 0.5 million to 160 million. It is found that transitional boundary layer effects on the axial force
coefficient begin to emerge at ReL of about 2 million. These effects predominate for about a decade in Reynolds
number until the turbulent boundary layer exerts the major influence at Reynolds numbers of about 20 million.

From this Figure it is concluded that a Reynolds number of about ReL = 20 million is a minimum requirement
for wind tunnel tests for the development of hypersonic transport aircraft where absolute performance data should
be obtained. Reliable extrapolation to the much higher full scale Reynolds numbers seems feasible in that case
(Ref. 42).

The value ReL = 20 million is in fact still open to discussion. A value of 50 million as was presented in the
first provisional version of the present paper is probably on the safe side but a value of 5 million as suggested in
Reference 29 is apparently too low when the drag data of reference 42 are considered. Up to what value of
ReL testing is necessary wil l also depend on the required accuracy of the data which have to be extrapolated to
ful l scale ReL values.

When the model is tested at Reynolds numbers below say 20 million, the transition region moves too far
downstream. In that case the transition might be moved upstream again by artifical trips, but at hypersonic
velocities the trips must be so large that even the flow outside the boundary layer is disturbed, causing an additive
interference drag (Ref. 29, 43, 44). Artificia l boundary layer transition is therefore not an attractive method at
hypersonic speeds.

For cases where the boundary layer itself is an important parameter such as for engine intakes preceded by a
compression ramp and for Shockwave-boundary layer interaction as for instance occurs near flap hinges, the
consequences of testing at lower Reynolds numbers than the full scale values should be considered with great
care. The turbulent boundary layer thickness being inversely proportional with the one-fifth power of the Reynolds
number, testing at ReL = 2 x 107 gives a boundary layer thickness which is about 60% larger than testing at the
real value of ReL = 2 x 108 at Mach 8. Isolated testing of partial models in the correct flow environment may
yield usable results in these cases.

The average wall temperature/free stream temperature ratio in the wind tunnel wil l have a value of the same
order as for the full scale vehicle when the tunnel is operated near its condensation limi t and the model is at
room temperature (see also 2.I.I.B.).

2.1.2. C Low Density and Real Gas Effects

Only near the leading edges viscous interaction effects may occur. Testing at too low Reynolds numbers may
lead to undue conclusions such as concerning aerodynamic heating. Partial model testing may be useful in this
area. At speeds up to, say Mach 8 the high temperature real gas effects on the aerodynamic behaviour are still small.
For refined measurements, however, they may be taken into account.

As an example Reference 45 gives for the lower side of a flat plate flying at 30 km altitude at Mach 8 at an
angle of incidence of 20° a pressure coefficient which is about 1 percent lower than in a wind tunnel where the
free stream temperature is 55°K.

High temperature real gas effects are however very important as far as the airbreathing propulsion is
concerned (see section 2.2).

2.7.5 Conclusion for Aerodynamic Testing

For space shuttle type of vehicles the following is concluded for the flow parameters to be simulated for
wind tunnel testing.

The Mach number should be duplicated up to about 15 to 20. Above this Mach number the viscous
parameter M/-y/R"e is of primary importance for the aerodynamic behaviour, when M/-y/R"e > 0.01. When
M/ -^/Re is smaller than this value, the flow behaves as a continuum and for the space shuttle this coincides
approximately with the onset of boundary layer transition. Interpretation of wind tunnel transition data for
full scale flight behaviour still being in discussion, the best to do is testing at duplicating Mach number and Reynolds
number when M/y rRT< 0.01. This also gives the correct boundary layer thickness.
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A model temperature equal to room temperature wil l provide a reasonable T^T,,, value in many cases. In
practice, however Tw is non-uniform.

High temperature real gas effects such as occur during a great part of the re-entry may be studied experimentally
by partial simulation only.

For hypersonic transports development testing in wind tunnels the following conclusions are made.

Mach number duplication is essential to duplicate the shock shape. The boundary layer being predominatly
turbulent, in many cases wind tunnel testing at Reynolds numbers above, say 20 million allows probably good
prediction of the vehicle performance by a correction of the skin friction to the full scale Reynolds number value.

For cases where the boundary layer itself is an important parameter such as for engine intakes and Shockwave-
boundary layer interaction, Reynolds number duplication and/or partial model testing wil l be necessary.

A model temperature equal to room temperature wil l provide a reasonable T^T^ -value in many cases. High
temperature real gas effects on the aerodynamic performance are rather small up to say Mach 8.

2.2 Propulsion Testing

Since the ramjet and scramjet do not contain devices to increase the total pressure of the internal flow
(turbomachinery), the engine flow simulation at hypersonic airplane models is in principle easier to achieve than
at the lower speed regimes. If the internal flow is not heated, either in a subsonic or supersonic stream, the nozzle
total pressure wil l not be matched with the scaled nozzle geometry and the stream tube leaving the nozzle wil l
be too small. Hence, the interference with the outer flow is wrongly matched. Two methods are available to
obtain the simulated nozzle flow field and pressure distribution, namely by adding large quantities of additional
gas such that rh yTTT is simulated for the nozzle, or burning a fuel within the internal flow. In the latter case
it is required to use air as the tunnel fluid and the total temperature of the air should be duplicated if the same
fuel is used as for the full scale flight. In that case the scaling law for the burning rate process is approximately
equal to the scaling law for the Reynolds number (p. 1. = constant). The high total temperature required for
duplication however, is in conflict with the lowest possible stagnation temperature for maximal Reynolds number
and wall-free stream temperature ratio. Until recently few tests have been performed on HST models with simulation
of the engine flow (Ref. 24 and 25).

In a scramjet the heat release within the supersonic flow is either of a 2-dimensional or 3-dimensional nature.
As yet a good understanding of heat release in multidimensional supersonic flows has not been attained. A very
strong unknown interplay exists between the chemical kinetics, mixing, fuel jet penetration, shock waves and duct
area. Local heat release in supersonic flow wil l cause thermal compression, however shock waves should be
avoided. In supersonic combustion tests the entrance Mach number, pressure level, temperature and chemical
composition are of primary importance. For propulsion testing the total engine mass flow and flow duration give
additional requirements to the test facilities.

Figure 5 gives in the flight Mach number-altitude plot the required stagnation temperatures, pressure and mass
flow per unit capture area of the inlet for complete environment duplication. For large hypersonic Mach numbers
these conditions are hard to achieve in the laboratory as is also the case for hypersonic wind tunnels. Therefore in
the next discussion emphasis wil l be focussed on the parameters which are of primary importance for engine
and combustion tests.

2.2.A Mach Number in the Combustor

It is evident that Mach number duplication in the combustor is essential due to the strong interaction between
the flow field (compression) and local heat release. In the following it wil l be always assumed that the Mach
number is duplicated.

2.2.B Temperature

For low static temperature at the supersonic combustor entrance the overall reaction rate wil l be limited by
the chemical kinetics, whereas at sufficient high static temperature the turbulent mixing between the fuel and air
wil l be the rate limiting factor. Hence static temperature duplication in the combustor is of primary importance
at low hypersonic Mach numbers, since if the flow is decelerated from hypersonic speed to supersonic speed in the
combustor, the static temperature wil l be between the ambient static temperature and stagnation temperature
depending upon the Mach number ratio. For various performance reasons, a rough rule of thumb is that the
combustor entrance Mach number is about one-third of the flight Mach number (Ref. 23). Figure 6 gives the typical
static temperatures versus Mach number for the NASA Hypersonic Research Engine (HRE) burning hydrogen
(Ref. 46). Figure 7 shows the importance of the initial temperature for hydrogen as fuel. Since hydrogen is the
most probable fuel for scramjets for performance and cooling reasons, the combustor entrance static temperature
should be above about 1000°K. Over about 1500°K mixing wil l be the dominant factor. These conditions occur at
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M > 10 to 11. This means that for supersonic combustion tests the stagnation temperature should be duplicated
up to M = 10 to 12, hence T0 = 4000°K to 5000°. Other fuels might also be used such as the metalized
fuels (for example Trime- tylaluminium, Triethylaluminium, Trimethylborane) or hydrocarbons (Ref. 23). The
first group wil l yield spontaneous ignition even at atmospheric temperatures, whereas the latter group wil l also
need preheated air for fast ignition.

2.2.C Pressure

The static pressure level in the supersonic combustion chamber depends primarily on the flight altitude, the
inlet process efficiency (KD) and inlet Mach number ratio. The actual value wil l be at about 1 kg/cm2 (say 1/5
to 5 kg/cm2). Figure 8 gives some typical inlet values as wil l be encountered in flight, respectively total pressure
ratio, and static pressure levels (Ref. 48). Particularly in this pressure regime and for temperatures between
1000 and 1500°K the ignition delay time for hydrogen is a strong irregular function of the pressure, making use
of appropriate scaling laws for pressure unsuitable (Fig. 9). For higher temperatures the induction time is inversely
proportional to the pressure level (r;t p = f (T) .

Once the chemical-reaction is started the characteristic reaction time for hydrogen is proportional to p"1-65.
For hydrocarbon the reaction time is proportional to p"1'8 (sometimes also taken as p~2). (See also Ref. 49).

Therefore for good understanding of the combustor phenomena the pressure level should be duplicated as
well as the geometry. Scaling laws can only be used if the overall chemical kinetics behaviour can be described
by simple rules and if variable induction times do not exist.

Ideally the hypersonic engine (scramjet) should be placed in the freejet of a hypersonic facility, duplicating the
stagnation condition (temperature and pressure) and free stream Mach number in which the complete system can
be tested (inlet, combustor and nozzle). This may be difficul t to achieve in a hypersonic wind tunnel due to the
high required stagnation levels, particularly if the duplicated Mach number approaches the value 8 (see section 3.2).

One means of omitting the high stagnation pressure level is to utilize a direct connection set-up at which the
flow is expanded only to the required supersonic speed in the combustor (See Fig. 10 of ONERA from Ref. 50).
This wil l reduce the required tunnel reservoir pressure by the ratio as indicated in Figure 8 (typically a factor 2 to
5, depending inlet geometry). The inlet performance and combustor extrance flow field can be determined in
separate wind tunnel tests at the full scale Reynolds number (but reduced temperature) at the representative
relative boundary layers thickness.

2.2.D Mass Flow

The required mass flow for propulsion testing depends primarily on the required net thrust to overcome drag,
to accelerate and to climb. The first term is of primary importance and depends on the flight I/D ratio of the
vehicle. For a cruise vehicle this value wil l be between 4 and 6. For a hypothetical 200 ton HST with four engines
the net thrust should be over 10 tons. Flying for example at M = 7 where the thrust coefficient is about
CT = 0.6 ,

1 ^capture

for a hydrogen fueled engine, the required mass flow per engine is about 200 kg/sec. This value increases for
other fuels. Typically, using kerosine the required mass flow will roughly double the value using H2 at
M = 7 . It can be computed that the HRE of NASA-Lewis consumes about 5 kg air per second at M = 7 and
100 000 ft altitude.

A mass flow rate of 200 kg/sec requires a combustor entrance of 0.4 m2 at M entrance = 2.3 . These
conditions are rather typical for medium size unheated supersonic wind tunnels, but are exhaustive for hypersonic
wind tunnels, which are necessarily fitted with a heating system. Only the Tripltee tunnels at NASA Langley
and at AEDC (under design) fulfi l these conditions up to M « 7 (Ref. 51 and 52).

2.3 Hardware Testing

2.3.A Ablation testing

For the structure of hypersonic vehicles one of the most significant parameters is the aerodynamic heat load
to which it wil l be subjected. The magnitude of the heat load and the exposure time are rather different for the
space shuttle and for the hypersonic transport and hence the structural concepts which deal with these heat loads.
The feasibility of these concepts wil l have to be verified by hardware testing under simulated flight conditions.
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For the space shuttle the heat transfer rates are one order of magnitude larger than for the HST (Ref. 53),
but the total heat transferred to the vehicle (per unit wetted surface and per flight cycle) wil l be much smaller
than for the HST.

For the space shuttle a passive heat protection system has been considered for early versions consisting of
ablative material on an aluminium substructure, which requires refurbishment after each flight (Ref. 8). At the
moment of writing this paper, three different insulation systems are foreseen: a low-weight elastromer on the upper
surface (up to 340°C), a new ceramic material on the lower surface (up to 1370°C) and a new oxidation-inhibited,
reinforced carbon material for the wing leading edges and the nose cap where temperatures up to 1650°C are
anticipated (Ref. 54).

A discussion on the testing of ablative materials which is also useful to understand the problems of testing
of non-ablative protective coatings can be found in Reference 55.

For ablation studies near the nose region of a re-entry body the major requirement is to simulate the stagnation
enthalpy and the pitot pressure on the model (Ref. 27). For the shuttle lower re-entry trajectory of Figure 2
the following conditions are found at the vehicle stagnation point (equilibrium flow assumed) (Ref. 56).

Altitude H (kft) 300 250 200 150

Velocity u (kft/sec) 25.8 25.0 22.6 12.1

Stagn. enthalpy hs/R (°K ) 10.8 x 104 10.2 x 104 8.8 x 104 2.4 x 104

Pitot pressure ps (atm) 1.39xlQ-3 1 .97x lQ-2 1.20x10-' 2.3x10-'

q is the convective heat transfer rate at the stagnation point and rn is the nose radius in inches. For nose radii up
to 1 foot the radiative heat transfer is more than one order of magnitude less than the convective heat transfer
(Ref. 57).

It is found that the required values of stagnation enthalpy can be generated in arc heater facilities but for
ns/R =ios °K tne reservoir pressure should not exceed 5 atm (Ref. 58, state of the art 1961). The total pressure in
a wind tunnel, required for flow duplication, is however of the order of 103 to 106 atm.

The solution is to duplicate the stagnation enthalpy and to test the model at fairly low Mach numbers, typically
Mach 2-5 (Ref. 27,55).

2.3. B Structure Testing

For the hypersonic transport a rather simple passive thermal protection system as for the space shuttle wil l not be
employed, but the walls are to be cooled by the hydrogen fuel. This cooling may be accomplished directly, using wall
materials with good thermal conductivity, or indirectly by blowing pre-cooled sheets of air over the outer wall surface
i.e. by slot cooling (Ref. 53). These active cooling systems are much more vulnerable to failures and extensive testing
wil l be necessary on reliability, thermal fatigue, effect of transients, etc. The same arguments are valid for the testing
of the HST propulsion system. A discussion on the development and hardware testing of airbreathing engines for large
hypersonic vehicles can be found in Reference 5 1 .

The facility requirements for development testing of full or large-scale airbreathing propulsion systems and
associated airframe can be appreciated by considering the requirements as described in Section 2.2. The same require-
ments for complete flow duplication (pt, Tt, M) are valid, and result in the use of large tripltee tunnels. The required
running time of these tunnels wil l largely influence the design of the tunnel heating systems. It is generally agreed that
at least a few minutes running time is required, however, aeropropulsion people quote figures as high as 1 5 minutes.

It should be noted that such a large facility allows also Mach number-Reynolds number duplication of the
HST up to Mach 7 when the tunnel is operated at equilibrium condensation condition (see Fig. 1 1), p0Lm

being of the order of 750 atm.m.

3 PRACTICAL AND PRINCIPAL LIMITATION S FOR GROUND TEST FACILITIES

3.1 Hypersonic Wind Tunnels for Aerodynamic Testing

For the bulk of aerodynamic tests at hypersonic speeds in ground test facilities the primary aim is to
duplicate the Mach number and the Reynolds number of the full scale flight condition (see Section 2.1). In order
to achieve this with the least amount of energy the tunnel is operated at the lowest possible temperature.
This temperature follows from the requirement that the static temperature in the test section flow should not be
below the condensation temperature (Ref. 35). In Figure 1 1, which wil l be discussed later, the stagnation temperatures,
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necessary to avoid equilibrium condensation are indicated as a function of Mach number and stagnation pressure
for a perfect gas (dashed lines). For a real gas the minimum stagnation temperatures are lower than indicated in
Figure 1 1 .

Calculations for a real gas (with Refs. 35, 45 and 59) show that at Mach 18 at minimum stagnation temperature
the degree of dissociation of the gas in the stagnation region of a blunt body model in the test section is about
1% for stagnation pressures between 10 and 1000 atm. It is concluded that in a wind tunnel operated at minimum
stagnation temperature, high temperature real gas effects are restricted to molecular vibration only, when the test
section Mach number is below Mach 18. The discussion on aerodynamic facilities in this Section 3.1 wil l be
confined to facilities operating under conditions where molecular vibration is the only high temperature real gas
effect to be taken into account. Its effect may, however, still be considerable: the pitot pressure may be 65% of
the ideal gas value for instance (Ref. 45, Fig. 20).

Methods to correct the wind tunnel data for the full scale vehicle real gas effects such as dissociation and
ionization will not be discussed here. They may be provided by theoretical analyses supported by experimental
data of a more fundamental character such as radiative heat transfer measurements and chemical reaction rate
data and partical flow simulation.

The "pure" aerodynamic phenomena are duplicated when the Mach number and Reynolds number around the
vehicle are duplicated and the correct wall temperature-free stream temperature ratio T^/T  ̂ exists. For practical
reasons the non-uniform wall temperature distribution along the full scale vehicle is often approximated by a
uniform wall temperature of the wind tunnel model (room temperature). Non-uniform increase of the wall
temperature during wind tunnel tests should not be overlooked. At flight conditions where M/ yT^e is larger
than about 0.01, i.e. during high altitude re-entry, the parameter M/\/Re should be duplicated, rather than
M and Re separately.

In order to find the stagnation pressures needed to generate the necessary Reynolds numbers, indicated in
Figure 4, calculations have been performed for a wind tunnel model with a standard length of 1 meter, operated
at the equilibrium condensation temperature for air (Ref. 35). This wil l give the highest Reynolds number for a given
stagnation pressure and Mach number. No real gas effects have been taken into account. The results have been
plotted in Figure 1 1 .

Real gas effects however, may have considerable influence as is indicated in the example below, calculated with
aid of Reference 59.

real

Po

atm

488

1072

2308

4920

gas

TO

°K

1500

1500

1500

1500

Re/m at Mcond

m-'

2.2 x l O 6 12.77

6.5 x l O 6 12.56

18.7 x 106 12.48

50.7 x 106 12.80

equivalent
perfect gas

Po To

atm °K

379 1671

1085 1736

3241 1846

10960 2084

The real gas effects are in fact twofold, namely high pressure effects (van der Waals effects) and high temperature
effects. For given free stream conditions at hypersonic Mach numbers the stagnation temperature is lower than
according to the perfect gas calculations and the stagnation pressure can be either higher or lower.

In Reference 60 the combination of both effects has been considered and is presented in graphical form, two
figures being reproduced as Figures 1 2a and 1 2b of the present paper, valid for nitrogen, which closely resembles
air. These graphs can be used in combination with Figure 1 1 , which is valid for a perfect gas, to calculate the
real required tunnel stagnation conditions.

As was already pointed out, above M/y rRT= 0.01 the viscous interaction parameter M/vHKe should be
duplicated rather than Mach number and Reynolds number. From Figure 1 1 it follows that this procedure allows
testing at lower stagnation temperatures and pressures than if Re and M both had to be duplicated along the
complete re-entry trajectory of a space shuttle. This is a very important consideration from a facility engineering
point of view.
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It can be discussed whether M-Re duplication for the lower shuttle re-entry trajectory should be pursued
up to Mach 19 where M/y^Re = 0.01 , because of the necessary high values for p0L and T0 (facility
engineering and high-temperature real gas effects). For a model length Lm = 1 meter Figures 11 and 12 give
as required real gas stagnation conditions about p0 = 2600 atm and T0 = 2900°K at the point considered.

1

A minimum tunnel requirement may be that M-Re duplication must be possible up to such a value that
interpolation to the M/i/R~e > 0.01 data is possible with acceptable and reasonable accuracy. This value may
be different for tests where for instance boundary layer transition is important (heat transfer for example) or
for force tests where M and M/ y'RlT are more important. In the following sections the practical and principal
limitations wil l be discussed, which are important for validation of the performance of hypersonic facilities
for aerodynamic testing.

3.1.A Stresses in the Sting Support

Due to the aerodynamic forces stresses wil l develop in the model and the sting which supports it. For a
given model and sting support these stresses are a function of the angle of incidence and the dynamic pressure only
and a weak function of the flow Mach number. The stress in the sting with diameter ds at the model base is
calculated for a static load assuming that the normal force N (perpendicular to the model axis) acts on a point
at a distance 2/3 Lm from the nose.

For the space shuttle a minimum sting diameter ds = 0.1 L may be employed (about equal to the base
diameter of the vehicle) and for the HST a value ds = 0.04 L is a realistic value (Ref. 61). The bending stresses
due to aerodynamic forces in the sting are then calculated from the moment

M = (1-|) LN = |L3 CNq.-^-

where L is the model length, S the reference area for the normal force coefficient CN and q is the dynamic
pressure. For a solid circular sting follows

A value a = 5000 kg/cm2 at normal static aerodynamic load is considered as the structural limit : starting
and stopping loads and a safety factor are not included. Also the strength of the model itself and the allowable
elastic deformation of model and support are not considered.

When a maximum normal force coefficient CN is assumed for the space shuttle CN = 1.5 (see chapter 1.2),
which is the modified Newtonion pressure coefficient for an angle of incidence of 65 degrees, and for the HST a
maximum CN = 0.25 corresponding with an angle of attack of 16° for a typical configuration at Mach 6 (Ref. 62)
the following maximum dynamic pressures qm are calculated for a stress in the sting am = 5000 kg/cm2 from

/ds\
 3 L2 iqm = 0.3 ami—) — —

\ ^/  ̂ *~N

This gives a maximum dynamic pressure qm = 1.5 kg/cm2 for the space shuttle and qm = 2.2 kg/cm2 for the
HST, This may limi t the performance for facilities with high stagnation pressure capabilities at low hypersonic
Mach numbers.

For instance at Mach 8 a maximum stagnation pressure of 325 atm is allowed for space shuttle testing if
q is limited to 1.5 kg/cm2 and to 480 atm for HST-testing at CN = 0.25 . In Reference 42, however, a HST-
model has been tested at a stagnation pressure of 1300 atm. In that case however, CN was about 0.085 and
the sting diameter ds was about 0.05 Lm . This wil l give a stress in the sting of 2400 kg/cm2 which is well
below the limi t set at 5000 kg/cm2. For ds = 0.04 Lm the stress would have been 4600 kg/cm2, which indicates
that the limits for qm of 1.5 kg/cm2 for the space shuttle and 2.2 kg/cm2 for the HST are not exact boundaries.
It wil l be largely dependent on model-sting geometry and safety factor which has to include starting and stopping
loads which are also facility dependent and the maximum q at which the HST is to be tested.

Another criterion may be derived from the assumption that the space shuttle model should be tested at
values of dynamic pressure and angle of incidence where the normal force is four times the weight of the vehicle
along the full scale trajectory (3-g is maximum design acceleration) and for the HST a normal force of two times
the weight of the vehicle is attained, corresponding with a 2-g turn.
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For a full-scale model and flow duplication the stresses in the sting would then be calculated from

w w
where CN. qf = 4— = 800 kg/m2 for the space shuttle and CN qf = 2— = 500 kg/m2 for the HST. However,

O O

due to the fact that the tunnel can operate at a much lower temperature, the Reynolds number can be increased by
a factor of about 4 (was 3 in the draft version of the present paper) when M-Re duplication is employed at tunnel
equilibrium condensation conditions instead of flow duplication.

Introducing a scale factor B = Lf/L m , the ratio between the full scale length and the model length, one finds
for M-Re duplication of the N = 4W and N = 2W conditions that am/B = i af = 22 kg/cm2 for the space
shuttle and 111 kg/cm2 for the HST (a is proportional with q or p0).

For a maximum stress a = 5000 kg/cm2 the maximum scale factor B or minimum model length Lm is
found as

Space shuttle Bmax = 228 Lmmin = 0.15m

Hypersonic transport Bmax = 45 Lmmin = 1.70 m

When ReL = 2 x 107 is required and not full scale ReL duplication then the model size can be decreased
proportionally, keeping the stagnation conditions constant.

Both sting load criteria can be worked out and the results are found in Figure 13. The p0 = constant
curves for M-Re simulation were calculated from Figure 11. The sting load limits are indicated in Figure 13
as CN = 1.5 (0.25), which is equivalent with qm = 1.5 (2.2) kg/cm3 and as N = 4W (2W) valid for the space
shuttle (HST).

Although these sting load criteria are not to be used as exact figures it follows from Figure 13 that both criteria
indicate approximately the same minimum model size (within a factor 2) and that the minimum model size for
M-Re duplication of the HST is one order of magnitude larger than for M-Re duplication of the space shuttle
and testing of a HST-model at ReL = 2 x 107 .

3.1.B Maximum Stagnation Pressure

In Figure 11 the stagnation pressures are presented which generate the required Reynolds numbers over
a model with a standard length of 1 meter. The wind tunnel is operated at the equilibrium condensation limit .
The curves are valid for a perfect gas.

The results of Figure 4 and 11 are used to calculate the required model length Lm for M-Re duplication
for various stagnation pressures. The results are plotted in Figure 13. Also the minimum model lengths as determined
by the tolerable sting loads as was calculated in Section 3.1.A are indicated.

From a practical point of view a value of 5000 atm should be considered as an upper limit for the stagnation
pressure p0 which can be contianed in the reservoir of a blow down wind tunnel: the highest design value of
present facilities is 60,000 psi or 4200 atm (Ref. 36, 63). This limit is also indicated in Figure 13.

For force testing of wind tunnel models with an internal balance, fairly small models can be used. In Reference
64 for instance force tests are reported on a space shuttle configuration in a gun tunnel with a length of 0.10 meter.
For more detailed measurements, however, such as pressure and heat transfer distribution on the model surface,
larger models are required. For a well instrumented model, such as used for development work, a model length
of more than 0.3 to 0.5 m seems to be a sensible requirement. It also makes aerodynamic loading of the sting and
the model less critical.

From Figure 11 it follows that for a HST configuration with a model length Lm = 0.50 m , ReL = 2 x 107

can be obtained up to Mach 8 with a reservoir pressure p0 = 200 atm. Recent HST studies do not indicate higher
design Mach numbers (see also Section 13).

For M-Re duplication of the space shuttle lower trajectory conditions the requirement are more demanding than
for a HST model at Mach 8 and ReL = 2 x 107 as can be seen from Figures 11 and 13. This is due to the fact
that the Mach number range of interest is much higher than for the HST. If for instance M-Re duplication is
necessary up to Mach 15, a stagnation pressure p0 = 2000 atm is required for a model length of 0.50 m.
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It is concluded from Figure 13 that stagnation pressures larger than p0 = 2000 atm and models smaller
than about Lm = 0.3 to 0.5 m are not very interesting for development testing of the space shuttle or HST-
configurations when the "pure" aerodynamic phenomena along the whole trajectory should be simulated, including
boundary layer transition.

For M-Re duplication of the HST up to Mach 8 only large models with Lm ~ 2 meter and p0 ~ 1 000 atm
can keep model and sting loads within acceptable values when testing up to CN = 0.25 (a ~ 16°) is required.

3.1.C Facility Power

It is found that already for a small hypersonic wind tunnel for development work with a test section of 0.50 m and
a stagnation pressure of 1000 atm operating at the condensation limit , very large energies are contained in the flow. For
example at Mach 5 the total energy flux through the test section would be about 600 MWatt and at Mach 10 about 50
MWatt. This lower figure for a higher Mach number is due to the fact that although the velocity is about 50 percent
larger, the throat area is only 5% of the value at Mach 5. From these illustrative figures it is clear that only blow down
facilities are to be considered. Such a facility is charged between the runs with a limited power (compressors, storage
heaters, capacitor). The accumlated energy is released during the running time which is only a small fraction of the
time interval between the successive runs.

The released power P can be written as

P = uA.u2 = |ReL M 2a2// —
L,

For a given Mach number and Reynolds number and a given free stream temperature, which determines the
local speed of sound a and viscosity M , it is found that the released power increases proportional with a linear
dimension of the facility. From this point of view a small facility, working at a high stagnation pressure is attractive.
Also facility and model costs wil l be generally lower than for large wind tunnels working at the same Reynolds
number. The minimum size wil l be determined by considerations, discussed elsewhere in this Chapter 3.1.

3.1.D Throat Erosion and Cooling

The feasability of a high pressure facility however, is not only limited by the strength of the pressure reservoir
but also by the limi t of throat melting. This becomes a problem at high Mach numbers when high reservoir temper-
atures are required to avoid condensation of the test gas.

The heat transfer to the wall of the nozzle throat is higher than anywhere in the facility. Its value is given as
(Ref. 65, p. 192):

Q = 0.0014 p*u*Cp(T0 - Tw)

where p*  and u*  are the density and flow velocity in the throat. This equation can be written to:

Q = 0 .56P oT 0M-^- W a tt

where p0 is the stagnation pressure in atm and T0 the stagnation temperature in °K.

For water cooled nozzle throats limits for the tolerable heat load are given in Reference 58. A practical upper
limi t is 5 kW/cm2. For a given p0 this determines the maximum Mach number for condensation free flow in a
facility with a water cooled nozzle. It follows for a wall temperature Tw = 600°K (Ref. 65).

P0 (atm): 100 500 1000 2000 5000

T0 (°K): 9100 1225 860 720 645umax

When these figures are compared with Figure 11, it follows that for a wind tunnel with a water cooled nozzle
throat only limited possibilities exist when M-Re duplication is to be realized.

Instead of water cooling also fil m or transpiration cooling of the nozzle throat may be employed such as in
the NASA Ames 3.5 ft tunnel (helium cooling) (no reference known with detailed information) and the Northrop
Mach 10 hypersonic facility (Ref. 66). Less than 10 percent of the tunnel weight flow is injected upstream of the
throat. For a more analytical approach to the problem, see Reference 67 to 69.

Much higher heat fluxes than 5 kW/cm2 can be tolerated when running times are employed which are so
short that the surface temperature rise is acceptable. In Reference 41 the heat flux required to melt a tungsten
throat within 1 millisecond is presented as a function of reservoir pressure and temperature (melting temperature
is 3700°K) and oxygen-free nitrogen must be used as a test gas to prevent throat erosion.
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The permissible pressure is inversely proportional with the square root of the running time (Ref. 70) and
from Reference 41, Figure 6, the following maximum reservoir pressures are omitted for a running time of 100
milliseconds:

P0 (atm): 100 500 1000 2000 5000

T0max (° K) :  1000 °  575 °  470 °  400 °  370 °

It is concluded that throat heating does not limi t the M-Re duplication capabilities as required in Figure 11,
when the maximum Mach number is limited to Mach 18 (see Section 3.1) and for running times shorter than
100 millisec. For longer running times and other materials the Mach number limi t may be lower.

3.1.E Real Gas Effects

Almost all hypersonic facilities are based on the blow-down principle where the gas is rapidly expanded and
accelerated in a converging-diverging nozzle from the stagnation or reservoir condition. This may happen so
rapidly that the various degrees of freedom cannot accommodate rapidly enough and flow non-equilibrium occurs
in the nozzle. A certain amount of the available enthalpy "freezes" and cannot be transformed into kinetic
energy of the test section flow. Non-equilibrium effects make the flow diagnosis and definition of the test
section flow conditions much more complicated and should be avoided, if possible (Ref. 71).

In Reference 41 a value for the entropy S/R < 32 is selected as the criterion for equilibrium flow to be
present, Reference 71 prefers S/R < 31 . Reference 59 gives for these entropies (real gas effects included):

P0 = 200 atm S/R = 31 T0 = 4700°K

32 5260°K

PO = 1000 atm S/R = 31 6080° K

32 6870°K

As was pointed out in the general remarks of Section 3.1 high temperature real gas effects in the wind tunnel
can be restricted to molecular vibration only, when the test section Mach number is below Mach 18 and the tunnel is
operated at its equilibrium condensation temperature.

For tunnels operating at these conditions, comparison of the figures quoted above with Figure 11 would indicate
that no-equilibrium nozzle flow is completely avoided. In fact however, Reference 41 sets S/R = 32 as the
boundary for chemical non-equilibrium. Vibrational non-equilibrium however, appears to be present at much
lower entropy values than S/R =31 or 32 as is concluded from the data, presented in Reference 72.

For a throat diameter of 0.25 inch = 6.35 mm and a 5 degree half angle nozzle with a parabolic throat
contour, which is a realistic case for the present discussion, it was found (Ref. 72) that for a stagnation pressure
Po = 4000 psi = 280 atm the frozen enthalpy is about 3.7% of the stagnation enthalpy for T0 = 2000°K and
4.1% for TO = 3000°K. These stagnation conditions correspond with entropy values S/R =25.6 and
S/R = 27.6 respectively.

It is concluded that vibrational non-equilibrium effects in the nozzle flow as well as around the model
(Ref. 72) are in many cases not negligible. They can be minimized by using slender nozzles. For a fixed
value of TO and of p0Lm and thus also p0x throat diameter (if Lm is proportional to the test section diameter),
the slenderness of the throat and the nozzle is the only parameter that affects the vibrational non-equilibrium
phenomena (Ref. 72).

3.1.F Running Time

Finally, some lower limits for the running time should be considered.
^

Firstly, the running time must be long enough to permit steady flow to be established in the test section and
around the model. For facilities with short running times, say less than 100 milliseconds, the flow is started
impulsively in general by breaking a diaphragm near the nozzle throat. The starting process has been described in
the literature, see for instance References 13 and 14.

A practical definition of the start time is the time during which the steady flow through the nozzle throat
is not transformed into a steady flow in the test section but is rather passing through unsteady expansion waves
and/or shock waves which exist in the nozzle during the starting processes. As follows from consideration of the
data presented in Reference 73 and 74, this time is found by constructing the u-a characteristic for the steady-state
nozzle flow in a wave diagram along the nozzle, the singularity at the throat being discussed in Reference 73 and
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the particle trajectory of the steady state flow. The starting time is then equal to the ordinate in the wave
diagram (or x-t diagram) in the throat where x = 0, of the particle trajectory which arrives at the same time in
the test section as the u-a characteristic from the origin of the wave diagram (Ref. 74). This applies for an initial
pressure below the free stream static pressure that wil l be generated when the tunnel has started. For a conical
nozzle with a throat radius rt , a nozzle half-angle tangent j3 and a sound speed a0 at reservoir conditions
the nozzle starting times ts have been calculated and also the time tb between the breaking of the throat
diaphragm and the establishment of steady flow in the test section.

M : 5 10 15 20

t s0— : 1.35 2.65 4.14 5.85
rt

t b0 — : 3.54 13.30 32.10 62.06
rt

For instance a Mach 15 conical nozzle with a half-angle of 5 degrees at T0 = 2000° K and an exit diameter of
100 cm would give ts = 0.5 millisec and tb = 3.9 millisec (rt = 0.95 cm with high temperature real gas effects
included). A contoured nozzle, which is about twice as long as a conical nozzle with the same maximum half-angle
and exit diameter (without boundary layer effects) wil l have starting times which are roughly two times longer than
the values from the table above.

For the flow establishment around the model stabilization of separated flows is the governing factor. For
laminar separated flows it has been found that about 30 body lengths of flow were required for the pressure in
the base region of a sphere to stabilize (body length equal to sphere diameter) and for the heat transfer a factor of two
longer time was needed to reach equilibrium. For shock induced separation the flow establishment times are much
shorter for the cases of interest (Ref. 75). On the leeward side of the space shuttle larger regions of laminar
separated flow may occur during re-entry at large angles of incidence. The diameter of the fuselage being of the
order of 0. 1 5 of the length and assuming that 60 diameters are required for flow establishment (a somewhat arbitrary
value) the flow establishment time te is 9 L/u, where u is the free stream velocity. For a local sonic speed of
1 50 m/sec (near condensation) it is found that te = 60 L/M millisec, where L is the body length in meters. This
figure should be considered as an order of magnitude and wil l depend on the body geometry and flow conditions
such as Reynolds number etc.

For a contoured nozzle with a test section diameter of 1 meter and a maximum wall angle of 5 degrees and a
model length of 1 meter the following data on starting times are found

M

T

5

500

10.0

6.9

18.0

12.0

18.9

10

1000

2.23

2.1

10.7
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8.1

15

2000

0.95

1.0

7.6

4.0

5.0

°K

cm

millisec

millisec

millisec

millisec

The quantity ts + te is to be considered as a maximum for the non-useful duration of flow from the reservoir.
In practice this time wil l be shorter because ts and te wil l partially overlap each other. Shock tunnels are in
fact the only facilities which have been used for configuration testing which have running times that are so short
that the question of flow establishment time arises. The throat size of such a facility must be compatible with the
preceding shock tube diameter. A throat diameter of 20 cm as required for a Mach 5 nozzle with an exit diameter
of 1 meter is certainly not realistic for present or even future high-pressure shock tunnel technology. In fact the
nozzle of the Cornell shock tunnel which has been used for HST-configuration testing (Ref.42 ) has a 0.61 m
diameter nozzle when operating between Mach 5.5 and 8.2 and a 1.22 m nozzle for Mach numbers between 10 and
17.

The running time is 2 to 13 milliseconds, the high value being for the lowest stagnation temperatures (Ref.76).

The flow establishment times being proportional with the linear dimension of the tunnel and the model it is
concluded from this discussion, that possibilities of shock tunnel testing of models with a length larger than 0.5
meter are marginal at low hypersonic Mach numbers from considerations of the required running time.

Another minimum testing time criterion follows from the requirement that force measurements on complete
vehicle models should be made. The consequences for the required running times are discussed in Refeeence 7 1 .
In impulse facilities such as shock tunnels and hot shot tunnels the force data are obtained with acceleration
compensated balances. These are designed on the premise that the test model being evaluated, vibrates as a rigid
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body (Ref. 71). Slender bodies and/or large models tend to generate vibrations within the model, yielding imperfect
inertia compensation. When these bending resonance frequencies are high enough, they can be filtered out. For
shock tunnels a minimum frequency of roughly 1000 Hz can be tolerated and this limits the model scale to some-
thing of the order of 45 cm for a model slenderness ratio of 10. For the same model geometry this frequency
is inversely proportional with the model length. When a balance system, based on the premises mentioned in
Reference 71 is employed, facilities with test times of the order of 50 milliseconds or more should be used for
development work where model lengths of more than 0.5 meter are tested and shock tunnels fall short of this
requirement.

It should be noted, however that at Cornell Aero Labs force testing was done with a HST-model with a length
of 0.66 meter (Ref. 42). Interference of the vibration modes with the inertial compensation may have been avoided in
this case by placing several accelerometers inside the model and then excite the model on a shaker to establish the
compensation required in analogue circuits (Ref. 29).

Free flight testing techniques (Ref. 77 for instance) are probably not attractive for the development testing
described in this paper because of the relatively large aerodynamic loads and the required integrity of the light
weight model during flight and of the facility after impact of the model. Also the cost of complicated throw-away
models should be considered.

In summary it is concluded that the running times of present shock tunnels which are of the order of
10 millisecond are marginal for development testing of models longer than, say 0.5 meter but testing is not
impossible. Test times of the order of 50 milliseconds require much less attention as far as flow starting times and
inertia compensation for force measurements is concerned. Also the feasibility of probe traverses (Ref. 78),
scannivalves (Ref. 79) and variation of the angle of incidence during the run (Ref. 43) is greatly increased, which
wil l increase the efficiency of each run. Also dynamic testing is facilitated when the running time is 50 milliseconds
or more.

3.1. G Conclusions

The practical and principal limitations of hypersonic wind tunnel facilities for Mach number-Reynolds number
duplication can be summarised as follows.

1. Acceptable sting loads require for M-Re duplication of hypersonic transport aircraft models with a length of
the order of 2 meters. For testing up to Mach 8 reservoir pressures of the order of 1000 atm are then
required. Whether the construction and use of such a facility is justified is open to discussion.

2. For the case of M-Re duplication of a space shuttle and for boundary layer transition close to the
leading edges of a hypersonic transport (ReL = 2 x 107) flying not faster than Mach 10 the requirements of
tunnel size/stagnation pressure are largely overlapping (Fig. 13). If one facility should do both jobs the
design should lie within the following limits:

(a) Model length Lm > 0.3 to 0.5 m to prevent excessive sting loads and to allow ample instrumentation

(b) Stagnation pressure p0 < 5000 atm from structural considerations for the tunnel

(c) Stagnation pressures p0Lm > 500 atm.m (beter is p0Lm > 1000 atm.m) in order to duplicate the
Reynolds number up to large enough Mach numbers.

(d) Up to Mach 18 at equilibrium condensation conditions high temperature real gas effects are restricted to
vibrational excitation of the molecules only, and up to that Mach number the required Reynolds number
can be generated without severe throat erosion problems for running times shorter than 100 milliseconds
for a tungsten throat and oxygen-free nitrogen as test gas

(e) Running times of less than 10 milliseconds are marginal for development testing on models longer than
0.5 m from the point of view of flow establishment times. A running time of more than 50 milliseconds
offers more flexibilit y in this respect and in measurement techniques.

3.2 Facilities for Combustion and Propulsion Testing (Including Hardware Testing).

Many of the arguments which are discussed in Section 3.1 hold also for the facilities for scramjet
combustion and propulsion tests. These facilities must generate the correct environment in the supersonic combustion
chamber with regard to Mach number, pressure and temperature. For a given flight Mach number simulation,
these facilities wil l run at higher stagnation temperatures and lower stagnation pressures than wind tunnels,
which means that no direct limitations exist with respect to stress levels, either in the tunnel reservoir or in the
combustor model. Limitations wil l show up with respect to tunnel power and heating system, throat cooling and
erosion, running time and the composition of the air.
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3.2.A Facility Power and Air Heating

For mass flows of the order of 200 kg/sec as quoted in Section 2.2 a power is required of the order of
103 MWatts during the run. This power is equal to a large power station and hence prohibitive in many circumstances.
Therefore short running facilities with accumulation energy storage are developed. The compression heating
systems (shock tunnels and gun tunnels) are the cheapest facilities in this respect. The shock tunnel might give
too short running times ( < 10 msec), but gives almost unlimited stagnation temperature duplication (Ref. 48).
Calculations show that a gun tunnel with preheated barrel may generate about 3000°K during 50 msec, with mass
flows in the 10-50 kg per second range. Also hot shots (arc heating) show this performance (Ref. 48). In the
gun tunnel the temperature drop due to cooling may be compensated by increasing stagnation pressure during
the run (see Ref. 78 for a pressure record); in the hot shot this cooling effect is much more troublesome (see
also 3.2.C).

Regeneration heating systems (such as the pebble bed) are limited by the maximal solid material temperatures
attainable, typically less than 2500°K. The running times may be however several seconds to a minute or longer
and therefore show good promise for hardware testing (see also 2.3).

An attractive means to increase the stagnation temperature of the supersonic burning test facility is to burn
upstream of the nozzle a hydro-carbon, hydrogen or nitrogen containing fuel (NH3, N2 H4) and add additional
oxygen (Ref. 80, 81). The air is then called vitiated air. The attainable temperature in combination with the
regenerative heating system might be in the 3000°K range.

The only means to obtain higher temperatures for long periods of time, > 10 sec, is to use arc heating. How-
ever continous arc heating is limited to only moderate pressures (a few hundred atm) (Ref. 55), decreasing with
increasing temperatures and hence flight Mach number, conflicting with the requrement that the tunnel stagnation
pressure must increase with Mach number to allow flow duplication. The flight altitude for which arc heater
facilities can provide flow duplication above say Mach 8 to 10 is therefore too far above the HST real flight
altitude to allow realistic hardware testing in free jet test sections of the blow down type. However, continuous
arc facilities are very useful for ablation testing, since pitot pressure and wall static pressure duplication is required
rather than Mach number.

3.2.B Throat Cooling

The heat transfer equation of Section 3.1.D is used to compute the temperature-pressure limitation of
continuous propulsion and hardware test facilities. This line is represented in Figure 5 (upper boundary). If
the connected pipe supersonic combustion testing method is used (Fig. 10) the lower line in Figure 5 is obtained
taking into account the total pressure recovery of Figure 8. These lines probably wil l coincide with the arc
heating capacilities of the former section. Hence it can be concluded that for hardware testing (long run times)
the laboratory facilities are limited to approximately free flight Mach number of 8 for free jet facilities, and to
M = 10 for connected pipe testing for a q = 0.5 kg/cm2 flight condition (Fig. 2).

3.2.C Flow Duration

The least required flow duration is of primary consideration for facility type, heating system design and throat
cooling requirements. Two kinds of tests can be distinguished, namely: first, fundamental flow field and
combustion tests and second, hardware tests. The first kind can be performed in short duration facilities in which
the certainty of flow establishment is the main criterion apart from data collection time considerations. Reference
48 reveals that a few milliseconds seem to be sufficient, through Reference 49 indicates that tests in a hot shot
tunnel, having a 200 msec runtime, yields difficulties interpreting the results, mainly due to temperature variation.
Test times of at least 10 msec seem preferable. Hardware tests should be of representative duration, hence of the
order of several minutes (see also Section 2.3).

3.2.D Air Contamination

From power requirements point of view the vitiated air system is very attractive, since direct heating occurs
by burning. However, almost all fuels for the vitiation system contain hydrogen, so that free radicals such as
OH wil l be present at the entrance of the combustor. These free radicals wil l substantially shorten the ignition delay
times in the combustor, and hence wil l yield unrepresentative results. Furthermore the thrust as produced by the
nozzle wil l be typically 10% less than for clean heated air (Ref. 80). Many facilities use the vitiated cycle as a
topping cycle for regenerative heated air (Ref. 81). Caution must be exercised to translate results from vitiated
facilities to flight conditions. For duration tests and mixing tests vitiated air systems wil l be useful.

3.2.E Conclusions

For long duration combustion and propulsion tests (> 1 sec) complete scramjet performance assessment is
limited to M — 8 , due to throat cooling capabilities. The same is true for structural testing in the real flow
environment. For combustor and nozzle tests the flight Mach number duplication is limited to about 10 in the
laboratory. For higher Mach number free flight testing is the only means. For scramjet hardware test a vitiated
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air system gives an economical solution with respect to power requirements. For supersonic combustion and
aerodynamic performance tests of scramjets short duration facilities can be used with sufficient running time.
Facilities with a combination of preheating and compression heating such as gun tunnels with preheated barrel
or tunnels such as the ONERA R4Ch wil l probably show good prospects. Also shock tunnels such as Sheffield
University are very useful though the latter might be short of flow duration. For ablation studies continuous arc
heaters are the best choice.

4 REMARKS ON EUROPEAN FACILITIES FOR HYPERSONIC TESTING

This section wil l present a brief evaluation of the performance of the major hypersonic facilities in Europe.
In these facilities as well as in the smaller facilities which are located mainly at colleges and universities much work
has been done of a more fundamental or exploratory character, as was mentioned in Section 1.1. (see also Ref. 5,
6 and 7). In this section, however, the usefulness of the available major facilities wil l be considered against the
background of the requirements for testing related to the development of the space shuttle and the hypersonic
transport as described in the previous sections.

4.1 Aerodynamic Testing

In Reference 7 information is presented on all hypersonic facilities existing in Europe. Their usefulness for
development testing at high enough Reynolds numbers as described in the preceding chapters can be appreciated
if their maximum p0Lm performance (stagnation pressure x model length) is plotted as a function of the
Mach number at which the facility can be operated. Figure 11 where the required p0Lm values are plotted
is then the background against which the available p0Lm can be projected.

During re-entry the space shuttle wil l fly at angles of attack of 25° to 60°. In order to avoid blockage of the
wind tunnel flow, the model length Lm should not exceed half the core diameter (Ref. 29). For the present
evaluation Lm =0.5 Dm is assumed for the space shuttle with Dm equal to the nominal test section diameter,
which is listed in Reference 7.

For the HST which is much more slender than the space shuttle and which is tested only at small angles of
attack up to say 10° or 15° (Ref. 42, 62) the model length Lm can be much larger without blockage. For the
present case Lm = Dm is assumed for the HST.

In Reference 7 only the maximum stagnation pressure p0 of each facility is given. Having no detailed
information on the dependence of p0 on the Mach number it is assumed that all facilities operate at their maximum
Po over the full Mach number range with the restriction that the maximum dynamic pressure qm is not exceeded.
This is assumed to be qm = 1.5 kg/cm2 for space shuttle testing and 2.2 kg/cm2 for HST testing (Section 3.1.A).

This assumption on p0 can be criticized, but if the true p0 - M data had been plotted in Figures 14 and
15 this had to be done for all facilities to obtain a fair basis of comparison. These data are presently not available.
It is suggested that these should be included in the next edition of Reference 7. and/or it should be stated at what
Mach numbers the Reynolds numbers, mentioned in Reference 7 are attained. Some remarks dealing with the p0

assumptions are given in the next sections.

From the facilities listed in Reference 7 the "major" facilities should be selected. The following criteria have
been used:

Test section diameter Dm > 0.25 m. This means that not only facilities for models longer than say 0.3 m are
included as was required for development testing (see Section 3.1.G), but also smaller facilities which are suitable
for more basic or exploratory studies.

p0Lm > 10 atm.m. Lower values allow adequate M-Re simulation below Mach 5, which is outside the
hypersonic regime.

Running time longer than 5 milliseconds, so that most shock tunnels may also be included.

An exception is made for the few arc heater facilities and low density tunnels where no restriction is made on
P0 Lm . The arc heater facilities can in fact be used as low density facilities, but also high temperature phenomena
such as occur during re-entry can be studied.

The relevant characteristics of the remaining facilities from Reference 7, together with some additional
information from Reference 4, 29 and 30 can be found in Table 1. The resulting p0Lm performance is plotted
in Figure 14 and 15.

It should be remarked that most facilities operate only at specific Mach numbers rather than infinitl y variable
Mach numbers and the lines in Figures 14 and 15 are to be considered as facility potential performance, which can
often be used by simply employing different throat blocks. Also operation at lower values of Pol̂  than indicated
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is of course possible. For the HST, facilities which operate only at Mach numbers above 15 and/or which have
maximum ReL-capability below 106 have not been plotted in Figure 15. For shock tunnels the maximum model
length is assumed to be 0.5 meter to avoid too large difficulties with flow establishment times (see Section 3.1.F).

From the data on tunnel performance the following conclusions may be drawn:

4.1.A Hypersonic Testing of Space Shuttle Configurations

From Figure 14 it is concluded that the estimated performance of the large shock tunnel at TH Aachen
covers the required M-Re performance for space shuttle re-entry above Mach 7.5. It is not known whether the
running time is long enough, while it is given in Reference 7 as 1-10 millisec. Also the conical nozzle is a
disadvantage because this entails axial pressure gradients which makes corrections necessary.

In the low hypersonic regime between Mach 5 and Mach 9 several facilities are available which have Reynolds
number performance close to the lower trajectory. Some remarks are made below.

The Imperial College gun tunnel is probably still the only gun tunnel with a test section larger than 0.25 m
presently available in Europe since work at Bristol and RARDE (both in the U.K.) has come to an end (Ref. 30).
Although the model length is rather limited (Lm  ̂0.15 m) the Reynolds numbers are rather high, which combined
with a good parallel flow quality, makes the facility a useful tool in the European hypersonic tunnel inventory.
In a recent note data became available of a gun tunnel at the Institute de MSchanique des Fluides at Marseille. Though
this tunnel has good performances the flow in the test section is of the source type and the running time is only
limited.

The ONERA S4MA blow down tunnel has an attractive Reynolds number potential capability. The facility
can also be used as a combustion tunnel for ramjet/scramjet testing.

The smaller shock tunnel of TH Aachen shows no superior performance while the disadvantages are the same
as for the large shock tunnel.

The blow down facilities of FFA (Sweden), ARA (U.K.) and of CEAT and the ONERA R3Ch (France) have
about the same performance. Model size and tunnel costs wil l have to be considered.

From an economic point of view the Ludwieg tube facilities of the DFVLR and the ONERA R4Ch slow
piston tunnel are attractive but their present performance is rather low.

It is doubted whether the DFVLR arc facility PK2 can work at a stagnation pressure of 100 atm down to
a Mach number of 6 as indicated in Figure 14. The performance envelopes shown in Reference 4 show rather
a constant maximum ReL between M = 5 and 15. It is therefore supposed that the PK2 facility is not suitable
for M-Re duplication and is to be used exclusively as a low density and/or high enthalpy facility.

Between about Mach 10 and 15 a gap exists where no M-Re duplication on space shuttle wind tunnel models
can be realized.

Above Mach 15 the simulation of the Mach number is less urgent (see section 2.1.1.A) but several facilities
for testing between Mach 15 and 20 are available in Europe namely the VKI long shot and the hot shot tunnels of
ONERA. The Sud shock tunnel has the same performance as the hot shots but with a considerably shorter
running time. The Reynolds number performance of the long shot duplicates ReL at Mach 15 for the lower
trajectory and is twice the hot shot tunnel ReL performance. The model length Lm is of the order of 0.30 m
for all M > 15 facilities. A disadvantage is the divergence of the test section flow caused by the conical nozzle
except for the ONERA Arc 2 tunnel, which has a contoured nozzle.

It should be noted that testing at lower Mach numbers with the present long shot and hot shot facilities has
only limited possibilities. This is because for both facility types the test gas flows out of a rather small reservoir with
a constant volume, causing the stagnation pressure to drop during the run. This drop is proportional with the throat
size and hence lower Mach numbers bring about a faster pressure drop (and temperature drop) during the run. This
disadvantage is not present in gun tunnels and slow piston tunnels.

For low density testing several facilities are available as is shown in Table 1. It should be noted that the inviscid
core diameter of the test section flow is considerably smaller than the nominal nozzle exit diameter for low density
facilities due to the thick boundary layers. Therefore only the largest facilities should be considered for testing
complex models. These are the DFVLR PK2 tunnel with a 60 cm nozzle diameter and the new RAE low density
tunnel with a 76 cm nozzle. The PK2 facility has a uniform core diameter of 10 cm at Re/cm = 5000 at Mach
15 (?) (Ref. 4), giving a viscous interaction parameter M/y /T^e = 0.7 for a model length of 10 cm which is probably
too small for development testing.
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It is concluded that up to Mach 9 several facilities exist or are planned in Europe which offer good possibilities
for space shuttle tests at duplication Reynolds numbers. A facility with a larger test section diameter of about 1
meter would offer a ReL simulation capability covering the lower trajectory requirement as indicated in Figure 14
without being limited by the q = 1.5 kg/cm2 boundary set for excessive sting loads. A model length of 0.5 m
could then be accommodated, which allows more detailed measurements than presently available. Also extension of
the M-Re duplication capability to higher Mach numbers to say Mach 12 is advisable to close the gap between the
present Imperial College Mach 9 gun tunnel and the VKI Mach 15-20 long shot facility.

It should be noted that the lower flight altitude boundary given in this paper (Fig. 2) may shift to larger
altitudes when vehicles are operated at higher lif t coefficients than the present shuttle to alleviate aerodynamic
heating (Ref. 11) with a corresponding decrease in maximum Reynolds number requirement. For low density
research and development a facility which is large enough to accept large and complex models is presently not
available in Europe. Such a tunnel should cover values of M/y'Ke between 0.1 and 0.5. Provisions should be made
in the tunnel pumping system for accepting not only nozzle flows but also exhaust gases from motors, reaction jets
or mass injection gas (Ref. 29).

4.1.B Hypersonic Testing of HST Configuration

For testing of hypersonic configurations up to Mach 8 at ReL = 2 x 107 European facility performance is
adequate as can be concluded from Figure 15. Reynolds number duplications requires test section diameters one
order of magnitude larger than presently available. The HST is a more slender configuration than the space shuttle
and force measurements wil l be more sensitive to axial pressure gradients. Conical nozzles as employed for instance
in the shock tunnels of TH Aachen are therefore unsuitable for HST tests, which require great accuracies to determine
the economic feasibility of a HST system. It is questionable whether the available facilities are suitable for HST.
development testing where the aerodynamic behaviour of the complete airframe-engine system should be properly
simulated. This requires proper engine flow simulation and a correct boundary layer thickness (at the engine intake
for instance). Then higher Reynolds numbers are required which can only be realized in large facilities to avoid
excessive sting loads. This requires a facility like the large Tripltee tunnels described in Section 4.2.

4.1.C Comparison with U.S. Facilities

In Reference 82 data on hypersonic facilities in the United States are presented, excluding those of the AEDC.
The older AEDC facility data can be found in Reference 65. These data have been plotted in Figure 16 from which a
performance envelope could be drawn. For the lower Mach numbers no dynamic pressure limits are set and only
facilities with contoured nozzles have been selected. It should be noted that p0 times the test section diameter
Dm is plotted rather than p0 times the model length Lm as was done in Figures 14 and 15.

In the same figure the performance envelope of the European hypersonic facilities with contoured and conical
nozzles has been plotted. The S4MA facility which is presently used exclusively for propulsion testing is indicated
separately.

It is found that up to about Mach 10 the M-Re duplication performance of the European facilities and the
selected U.S. facilities is not very different. However, when the larger Tripltee facilities mentioned in Section 2.3,
fitted with contoured nozzles are added, the picture is drastically changed. The NASA Langley 8 ft structures
tunnel attains p0Dm = 670 atm.m at Mach 7.5 which is close the HST Reynolds number duplication requirement
and one order of magnitude larger than the performance of European facilities.

Between Mach 10 and Mach 15 there is a wide gap between U.S. and European facility Reynolds number
performance, which has been widened by the new NOL 5 foot blow down facility which is to be operational by
late 1972 (Ref. 63). Between Mach 15 and 29 this facility with contoured nozzles has even a higher ReL capability
than the VKI long shot.

When only facilities with contoured nozzles should be considered it should be noted that above Mach 15
no facilities are available in Europe, except for the Imperial College gun tunnel fitted with a Mach 18 nozzle and
the ONERA Arc 2 tunnel.

4.1 Combustion, Propulsion and Hardware Testing

Table 2 gives a review of the facilities as used in Europe for scramjet tests and supersonic burning studies. A
comparison is made with the largest facilities in the U.S. at NASA.

The main capability in Europe, the S4MA tunnel of ONERA and the main facility in the U.S. are projected
in Figure 5 also. It shows that research and testing in the field of supersonic combustion and scramjets is as yet
only possible at the very lower end of the practical applicability region for this propulsion means. Hence, there
is a need for better facilities for this field of research and development if the hypersonic flight with the economical
air breathing propulsion units is going to come.
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In Europe good work of fundamental nature in the field of supersonic burning is done at the University of
Sheffield in the high enthalpy shock tunnel and at the DFVLR at Porz Wahn in the pebble heated facilities.

For heat shield ablation testing the arc heated facilities of the DFVLR might be used in principle, their
stagnation temperature being of the order of 5000°K (air, nitrogen) to 10000°K (argon). In order to duplicate
the pitot pressure of the full scale vehicle during re-entry the facility wil l have to be operated at low Mach numbers,
between say Mach 2 and 5 (see Section 2.3).

The PK2 facility which is the largest facility available has a power supply of 1000 KW and operates at reservoir
pressures between 0.1 and 100 atm (Ref. 4). This is well within the range of the facilities for ablation testing
listed in Reference 55.

On the other hand at the sixth meeting of the LaWs working group it was stated that ablation tests cannot be
performed adequately in Europe. It seems therefore open to discussion whether the PK1 facility is large enough
for ablation testing on a development scale.

For hardware testing connected with the hypersonic transport and its propulsion system no facility is available
in Europe with sufficiently long running times, which should be more than several minutes.

However considerable effort is put in the U.S. in the design and development of Tripltee tunnels as might be
concluded from the next survey.

Tripltee facilities with a test section diameter of about 1 meter are the NASA Lewis facility which recently
became operational (temperature duplication up to Mach 7) and the Aerodynamic and Propulsion Test Unit
(APTU), presently under construction at AEDC (Ref. 52). The NASA Lewis Hypersonic Propulsion Research
Facility has a nozzle exit diameter of 1.06 meters and operates at a maximum stagnation pressure of 80 atm (Ref.
81) and a stagnation temperature of 2300°K which can be boosted to 2670°K by vitiation. The running time is
2 to 3 minutes.

In the APTU clean air flow duplication is possible up to Mach 6 (clean air) and the maximum stagnation
pressure is 210 atm, which allows flow duplication at Mach 6 down to 17 km. The NASA Lewis facility was
designed for testing ramjet type engines which operate at high altitudes. The APTU wil l provide the higher pressures
and massflows needed for testing low-level and run-in missile engines (Ref. 52).

Nominally these facilities wil l produce the desired test flows at less than 1 m diameters. Free jet testing of
missile engines can therefore be conducted only at small angles-of-attack. Succesful development of the ramjet and
air-augmented rocket engines has long awaited availability of these facilities. However, these facilities are not large
enough to test the small research and missile engines at high angle-of-attack conditions or any of the larger
engines which wil l be needed for aircraft applications.

Large Tripltee facilities are the NASA Langley 8-Foot High Temperature Structures Tunnel which has been
considered for testing structural test engines to be adopted for the HST (Ref. 51). In this blow-down Mach 7.5
tunnel stagnation pressures up to 280 atm and temperatures up to 2500°K can be generated (Ref. 65).

At AEDC a large Tripltee facility has been designed of the same category i.e. a nozzle with an exit diameter
of 10.2 ft (3.2. meter), a stagnation pressure of 240 atm and a stagnation temperature of 2400°K. At these
stagnation conditions the flow at Mach 7.7 at an altitude of about 25 km is duplicated and the running time is
then about two minutes (Ref. 52). Running times of 30 minutes are possible when the flow is duplicated at Mach
7 and 43 km altitude or Mach 4 at 30 km altitude.

The performance of these U.S. Tripltee facilities corresponds with the requirements already discussed in Section 3.2.

5 CONCLUSIONS

1. During the past two decades hypersonic research has been substantial in Europe. Present activities and facilities
are reflected in the Eurohyp inventory. Up to now the European facilities have been used primarily for research
of a more fundamental and exploratory character. Much of this work wil l be applicable -to the design of the
space shuttle and the hypersonic transport.

2. For the space shuttle aerodynamic development testing, M-Re duplication is necessary up to about Mach 15
to include boundary layer transition effects. For the lower re-entry trajectory of the present space shuttle
orbiter design this corresponds with ReL = 3 x 107 at Mach 6 and 6 x 106 at Mach 15.
At high flight altitudes and velocities where the boundary layer is full y laminar, high altitude phenomena occur
in the form of viscous interactions. For M/ \/Rs> 0.01 this viscous interaction parameter should be duplicated
rather than M and Re separately.
High temperature real gas effects cannot be duplicated in sub-scale testing due to conflicting scaling laws.
Partial simulation and experiments of a more basic nature should provide the required information.
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3. For the hypersonic transport attention is focussed to Mach 6-8 cruise conditions. The Reynolds number ReL

for a 75 m long vehicle is then of the order of 2 x 108, giving a boundary layer which is almost completely
turbulent. ReL = 2 x 107 is considered as a minimum requirement for HST development testing where
absolute performance data should be obtained. Reliable extrapolation to the full scale ReL seems then feasible.
The boundary layer thickness at ReL = 2 x 107 is however 60% larger than at ReL = 2 x 108, the
consequences of which should be considered with care.

4. For scramjet propulsion testing the Mach number in the combustor must be duplicated. For hydrogen fueled
scramjets the combustor entrance static temperature should be above 1000°K and up to about 1500°K
reaction rates are dominant over mixing in the combustion process. This corresponds with a flight Mach
number of 10 to 12 or a stagnation temperature of 4000°K to 5000°K. Up to these temperatures T0 duplication
is essential. For good understanding of the combustion phenomena the pressure level should be duplicated as
well as the geometry. Scaling laws can only be used if the overall chemical kinetics behaviour can be described
by simple rules and if variable induction times do not exist.

5. Hardware testing of ablative materials is generally performed in arc heated facilities where the stagnation
enthalpy and the pressure on the vehicle are the primary simulation parameters. For hardware testing of the
HST airframe and propulsion system large true temperature tunnels (Tripltee facilities) are required with running
times of at least several minutes. Typical characteristics are po = 250 atm , To = 2500°K and a test
section diameter of the order of 3 meters.

6. For aerodynamic testing of space shuttle and HST configurations the following limitations were found:

(a) Sting loads. For space shuttle testing the dynamic pressure should not exceed about 1.5 atm when testing
at maximum normal force coefficient. For HST models the dynamic pressure limi t wil l be determined by
the angle of attack range. At CN = 0.25 the dynamic pressure should not exceed about 2 atm (cruise
condition is CN — 0.04). Starting and stopping loads have not been considered.

(b) The tunnel reservoir pressure should not exceed 5000 atm for structural reasons.

(c) Up to Mach 18 throat heat transfer does not limit the Reynolds number capacity when the tunnel is
operated at minimum temperature for condensation free flow and for running times shorter than 100 milli -
seconds (tungsten throat, nitrogen test gas). For longer running times and other materials the Mach
number limit may be lower.

(d) Real gas effects can be restricted to molecular vibration only, if the flow Mach number is below 18 when
the tunnel is operated at equilibrium condensation conditions.

(e) A running time of the order of 10 milliseconds as is current shock tunnel practice is marginal for testing
of models longer than say 0.5 meter due to tunnel starting and flow establishing times.

7. For propulsion testing the following factors affect the facility performance. For long duration (> 1 sec) test
complete scramjet performance assessment, including intake performance, is limited to about Mach 8 due to
throat cooling capabilities. For combustor and nozzle tests the flight Mach number is limited to about 10 in the
laboratory. For scramjet hardware testing a vitiated air system gives an economical solution with respect to
power requirements. For combusting and aerodynamic performance tests of scramjets short duration facilities
can be used. Gun tunnels with preheated barrel or shock tunnels wil l show good prospects, though the latter
may be short of flow duration.

8. The following conclusions are made on the European facility performance for aerodynamic development testing:

(a) For testing of space shuttle configurations at duplicating Reynolds numbers and of HST configurations at
ReL = 2 x 107 several facilities are available in Europe up to Mach 9. Betweeen Mach 9 and Mach 15 no
facilities exist with high enough Reynolds numbers. Between Mach 15 and 20 some facilities with high
enough Reynolds numbers are present but they have conical nozzles which give no parallel test section
flow. Low density phenomena can be simulated up to M/v/Ke values of more than 1.

(b) The model sizes which can be accommodated are rather small and sometimes even too small for develop-
ment work. Space shuttle models with a length of about 0.3 m can be accommodated and in the low
density facilities the model length wil l be of the order of 0.1 m at high M/^/RT values. For HST configura-
tions a model length of about 0.5 m can be accepted and this is again rather small for development work.

(c) For HST development testing at duplicating Reynolds numbers no facility is available in Europe.

(d) Three extensions of the present European testing capability can be considered:

(i) A facility with a contoured nozzle with an exit diameter of about 1 meter and operating up to Mach
12 or 15 and a maximum stagnation pressure of the order of 1000 atm.

(ii ) A low density facility which can accommodate fairly large and complex models in which also jet
pluming phenomena (reaction jets for instance) can be studied. The facility should cover values of
MA/R"e between 0.1 and 0.5 and the inviscid core diameter should be of the order of at least 0.5 m.
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(iii ) A large facility with a test section diameter of about 3 m, and stagnation conditions of 250 atm
operating up to Mach 7 or 8 for HST development testing.

9. On the combustion testing capability in Europe it is concluded that this is presently only possible up to
corresponding flight Mach numbers of about 6 which is at the very lower end of the applicability region of
scramjets. The work in the Sheffield University shock tunnel at high stagnation temperatures but rather short
running times and the available longer duration facilities (> 1 sec) might be complemented by a 100 milli -
second facility with a stagnation temperature capability of 2500-3000°K and mass flows between 10 and
100 kg/sec.

10. For hardware testing the following is concluded. For ablation tests on a reasonable scale the facility perfor-
mance of the largest available arc heated facilities is marginal and possibly not adequate. For hardware testing
connected with the hypersonic transport a large Tripltee facility with a running time of several minutes or
longer is required. No such facility at present exists in Europe.
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TABL E 1

Hypersonic Wind Tunnels in Europe (Ref.38)

Test section > 0.25 m diameter or height
Running time > 5 millisec
Test gas: air or nitrogen
Stagnation pressure x test section diameter >  10 atm-m

Blow Down Tunnels (running time more than 2 seconds)

Facility

ONERA R2Ch
ONERA R3Ch
ONERA S4MA
ONERA S4MA
CEAT Poitiers
DFVLR Hyp H2
DFVLR Us AH
CRA
CRA
FFA Hyp 500
RAE Bedford 3 'x4'
ARA Bedford
BAG 18"

Tube Tunnels

DFVLR Gottingen

Slow Piston Tunnels

ONERA R4Ch

Hot Shot Tunnels

ONERA ARC1
ONERA ARC2
CRA Hot shot

Long Shot Tunnels

VKI

Gun Tunnels

Test section/
diameter

m

0.33
0.33
0.69

0.7 - 0.9
0.63
0.60

0.30 x 0.30
0.35
0.35
0.50

0.92 x 1.22
0.30

0.46 x 0.46

M

5 ,6 ,7
5-10
6
7-12
7, 8.2
6-11.2
-6.3
6-8
10-12
7.15
5
6 ,7 ,8
6

P«max

atm

80
170
40

150
100
60
40

100
100
120

12
200

20-34

T0max

°K

650
1100
1850
1850 .
1000
1400
570
800

1400
800
420
850
460

Running
time

sec.

35
10-35

60
10-60

40
120

30-60
30
40

180
cont.

60
380

Countoured
nozzle

-

yes
yes

planned
yes

yes
yes

0.5
0.5

0.325

0.50
0.70
0.60

0.61

5-7
9-12

10-15

15-20
15-20
10-20

15-20

millisec

40 400-60 0 30 0
150 750-110 0 30 0

200

2000
1500

4000

1700

5000
7000
8000

2600

200

100
100

40-70

10-40

yes

no

Imperial College No. 2
Imperial College No.2
I.M.F. Marseille

Shock Tunnels
Sud C2

TH Aachen
TH Aachen
RAE Farnborough 15"

ARC Heaters

DFVLR PK1
DFVLR PK2
DFVLR Gottingen

0.31
0.46
0.35

1.20
0.50*
2.00*

0.38 x 0.38

0.30
0.60
0.25

9
18
9-10

18
6-15
6-25
7-15

5-20
5-20
4-10

700
700
400

1000
200

2000
250

10
10(100)

0-4

1500
1500

-1500

4500
7000
8000
4500

5000
6000
8000

20
20

5-10

12-16
1-10
1-10

10

cont.
cont.
cont.

yes
yes
no

no
yes, to be uprated

(Continued)

*  A maximum throat diameter of 5 cm — which is current shock tunnel practice (Ref.76) — has been assumed, giving a smaller test
section at the lower Mach numbers. No real gas effects are taken into account for calculation of this test section diameter.
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Table 1 continued

Facility

Low Density Tunnels

Test section/
diameter

m

M Por

atm

Running
time

sec.

ONERA R5
CNRS SR3

Low Density Tunnels

DFVLR Gottingen VK I
DFVLR Gottingen VK2
RAE LOT

0.35
0.36

0.25
0.40
0.76

7-10
18,20

7,25
10, 15, 20
6, 10

~1
4

3;500
30
50

1100
1800

3000
1200
1400
(Air )
2300
(N2)

50
cont.

8 hr
cont.
cont.

Contoured
nozzle

yes, to be uprated

TABLE 2

Facilities in Europe for Hypersonic Engine Tests and US Tripltee Facilities

Institute, name Po mass flow combustion kind of heating run time Ref.
test section

ONERA S4MA*

R4Ch

Univ. of Sheffield

DFVLR P.W.

P.W.?

NASA Langley
8 ft HTST

°K

1850

1850

1700

2000-6000

1800

1800

2500

atm

15

150

3.7
(after
throttling)

500

60

280

kg/sec

5
atT0= 1850°K

35

2.5
atT0= 1700°K

0.15

1

area
cm2

-130

80

80

25

47000
(free jet)

NASA Lewis TTT 2300(2670)

AEDC APTU

AEDC TTT
(design)

1700

2400

80

210

240

100

2300

130 pebble bed

pebble bed

80 slow piston
compression in
preheated tube

shock tunnel

25 pebble bed

pebble bed

8000 inductive
(free jet) heating (with

vitiation)

pebble bed

80000 pebble bed

sec.

10-60 26

0.2 17

0.004 48

83

83

65

120-180 81

52

30-3600 52

* Condition for a particular case
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