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Summary.--Model tests have been made to investigate the functioning of an air interchange system for removing 
from a return-circuit wind tunnel a high proportion of the exhaust products from propulsive units under test. 

The tests were planned to assist the design of an engine altitude tunnel. With changing circumstances the 
priority of this tunnel has been reduced, but the tests were continued to give general information on the extraction 
of engine exhaust products from this type of wind tunnel. 

The tests were made on a partial model of a tunnel, which had an air interchange exhaust collector designed 
to remove 15 per cent of the tunnel mass flow. This was installed on the tunnel axis at the downstream end of 
the working section. Tests were also made on 10 per cent and 5 per cent collector entries designed to be inter- 
change.able with the 15 per cent entry. The main results obtained were as fol lows:--  

1. The flow in the working-section was satisfactory, and was not affected by substituting the 5 per cent or 10 per cent 
collector for the 15 per cent collector, nor was it affected by changes made to the interchange ratio with a given 
collector. 

2. The flow of the main tunnel air round the collectors and in the annular diffuser downstream of the collectors 
was satisfactory. The losses at the collectors were of the order expected, but were appreciable, and would 

increase the fan power required to drive a normal tunnel by some 20 to 30 per cent. The wake from the collector 
duct affected the flow distribution in the return circuit, but this could be corrected by screens at  the maximum 
section of the tunnel. 

3. The losses in the interchange air with the 15 per cent collector and duct system were satisfactorily small. These 
losses were larger for the smaller collectors, but  could be reduced. 

4. A model in the tunnel working-section had no serious effects on the main and interchange flow. 

5. With the 15 per cent interchange system as designed, lower interchange ratios can be obtained by reducing the 
suction at the collector or by installing smaller interchangeable collectors. The first method is more economical 
as regards exhausting compressor power, the second is preferable if it is more important to keep the tunnel fan 
power down. 

6. The design of the 16:1 area ratio contraction cone used was economic and satisfactory. 

The tests have confirmed that the interchange system tested was generally very satisfactory for the specified 
requirements, and that in the interests of power economy, the interchange ratio should be reduced as far as possible. 

In other tunnels with less exacting requirements the collector duct would of course be placed in a region where the 
wind speed was low, in order to reduce the losses and hence the fan power. 

* R.A.E. Report Aero. 2249, received 26th June, 1948. 
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1. I~troduct ion.--In 1945 tests were proposed to investigate on a model scale the air interchange 
system of a 25-ft diameter wind tunnel, planned for the testing of engine installations under 
altitude conditions, up to high subsonic Mach numbers. With  changing circumstances the 
need for an engine altitude-tunnel to this specification, and the facilities available for its 
construction, have diminished. 

Basic information on methods of removing undesirable exhaust products from return-circuit 
wind tunnels is still needed however, particularly in connection with any future tunnel work 
on ram jets. A shortened programme of tests, therefore, has been made on a 1/30th scale 
partial model of the altitude engine tunnel, up to choking speeds. 

From the requirements of the air interchange system of an engine altitude-tunnel it was 
concluded tha t  the interchange ratio 

Interchange mass flow 
= Tunnel mass flow 

must be of the order of 0.15 in order that  the selected tunnel cooling system shall function 
properly, and to ensure tha t  a very high proportion of the exhaust products of most of the 
propulsive systems likely to be tested, shall be removed from the tunnel. 

The collector duct then had to be designed so as t o : - -  

(a) interfere as little as possible with the working-section flow, 

(b) give efficient and uniform diffusion of the main tunnel flow up to the first corner of the 
tunnel, 

(c) give efficient diffusion of the interchange air out of the tunnel, to the exhausting 
compressors. 

The design selected and tested is shown in Figs. 1 and 2. 

In any tunnel where an interchange system is necessary, it is desirable to keep. the interchange 
mass flow ratio ¢, as small as possible, consistent with satisfactory functioning, in order to avoid 
unnecessarily large disturbances in the main tunnel flow. 

A low value of ¢ is even more important in sub-atmospheric and pressurised tunnels, since 
the capacity of compressors and other auxiliaries needed to operate the interchange system for 
such tunnels, is large, and is proportional to ~. Also for high-speed tests, the interchange air 
has to be dried to avoid spurious compressibility effects, and the size of the drying plant will 
again be proportional to ~. 

I t  was, therefore, decided to test, in addition to the 15 per cent collector, two alternative 
collector entries, extracting 10 per cent and 5 per cent of the tunnel mass flow respectively, the 
aim being to develop collectors which could be fitted with the minimum of modification to the 
15 per cent system. These smaller collectors could then be used if the collection of exhaust 
products proved easier than was expected, or if some tunnel contamination could be permitted*. 

The other side of the interchange system, the introduction of clean air into the tunnel, is not 
expected to present serious difficulties and has not beeI1 investigated in the present tests. 

* To meet the specification of the engine altitude-tunnel with tile selected cooling system it was necessary to 
remove a very high proportion of exhaust products in order that water from tile exhausts should not build up as 
ice in the tunnel. This criterion may be less exacting in other types of tunnel for engine or ram jet tests. If some 
build-up of exhaust products in tile tunnel is permissible then it may be economical to move the air interchange 
collector further downstream from tile working-section. 
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2. Descriptio~, of AplSaratus.--2.1. The Test Rig.--The layout of the partial model of the 
tunnel is shown in Fig. 1. The model represented the contraction cone, working-section and 
first diffuser of a return-circuit wind tunnel. The collector duct to extract exhaust products 
from the tunnel air stream was mounted in the first diffuser close to the working-section. I t  
was proposed to run this partial model tunnel as a straight through or National Physical Labora- 
tory type tunnel with atmospheric entry using the exhausting compressors of the Royal Aircraft 
Establishment high-altitude plant. Fig. 1 also shows the entry flare and the ducting from tile 
partial model to the exhausting compressor main. 

To avoid the need for a separate exhausting compressor for the interchange air, the interchange 
air duct was returned to the main tunnel duct just before its connection to the exhauster main. 
Control of the air interchange ratio was obtained by inserting gauze resistances downstream of 
the model tunnel, and by operation of the butterfly valve in the air interchange circuit (see 
Fig. 1). 

The capacity of the exhausting compressors limited the size of working-section, for which 
it would be convenient to attain choking speed with atmospheric entry conditions, to 10 in. 
diameter. This size of model could be fitted conveniently into the building. 

2.2. Geometry of Tu~=d.--2.2.1. Ge~,eral arra~geme~t.--A general arrangement of the model is 
shown in Fig. 1, and its main dimensions are given in Tables 1 and 2. A more detailed section 
of the air interchange collector and the surrounding tunnel shell is shown in Fig. 2. The tunnel 
was of circular section throughout, except for the interchange aerofoil ducts, and the associated 
ducting shown in section X - - X  of Fig. 2. 

The entry flare guided the incoming atmospheric air into a short settling chamber 8 in. long 
and 40 in diameter which represented the maximum section of the full-scale tunnel. The 
contraction cone had an area ratio of 16:1. Its shape was chosen empirically and the lines are 
given in Table 1. 

The working-section was given a uniform expansion along the whole of its length, to allow 
for the boundary-layer growth, the rate of expansion being based on theoretical calculations by  
Emerson and Young 1. 

The main shell of the first diffuser (Fig. 1) had a total  geometrical cone angle of 7 deg, the 
actual rate of diffusion being reduced to that  of an equivalent 5 deg cone angle diffuser, by the 
installation of the air interchange collector tube, which was concentric with the main shell. 

Between the end of the first diffuser and the beginning of the second, the tunnel formed an 
annular duct of constant cross-sectional area, bounded by the main shell, and the interchange 
collector fairing. The second diffuser was of conventional form, with a total cone angle of 5 deg. 

2.2.2. Alternative collector e~tries.--The geometry of the three interchange air collector entries 
is shown in Fig. 3. The alternative 5 per cent and 10 per cent entries were designed to be easily 
interchangeable with tile basic 15 per cent entry, and also the length of the interchangeable parts 
was kept down so tha t  they could be inserted into or removed from the tunnel at the working- 
section. These were considered to be important requirements for the full-scale tunnel. 

Tile shape of the upstream end of tile smaller collectors gave a constant cross-sectional area 
for the main tunnel flow and then faired into the 15 per cent collector tube. This geometry 
was expected to give reasonably good flow for the main tunnel air without any danger of choldng 
the tunnel at high speeds. With  the smaller collectors the interchange air was expected to 
suffer some entry loss, and had this proved serious, it was intended to fit liners inside the entry 
to round off the sharp edge at entry and give better internal diffusion. 
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2.3. Construction.--Timber was used in the construction of the main tunnel shell, from the 
entry flare to the end of the second diffuser. The air interchange collector tube, and the 
remainder of the tunnel circuit were of metal construction. 

2.4. Instrumentation.--For the purpose of controlling the speed of the air in the working- 
section, two hole-in-side static pressure points were provided in the contraction cone, one at the 
maximum section and one just upstream of the working-section, while the interchange air mass 
flow was measured using a standard nozzle 2 shown in Fig. 1. 

Wall static pressure tubes were fitted in the top and bottom wails along the whole length 
• of the partial model, and also in the interchange aerofoil ducts, in the plane of the pitot traverses 
Fig. 2. Wall static tubes were also installed in the inner and outer walls of the 15 per cent 
collector entry just downstream of its leading edge as shown in l~ig. 3. From these readings a 
rough indication of interchange ratio could be obtained. 

Provision was made for the installation of static pressure or pitot traverses in the tunnel entry 
and working-section, for the purpose of calibration, (see Appendix I) and to determine the effect 
of variation of the interchange ratio on the velocity distribution across the working-section. 

The pitot and static tubes used in the working-section were made from 1-mm outside diameter 
hypodermic tubing, mounted on the leading edge of a {-in. chord, 18~75 per cent thickness/chord 
ratio aerofoil section strut spanning the tunnel. This small size was required so as to avoid 
choking the tunnel at high Mach numbers. 

P i to t  combs were fitted on the leading edges of the air-interchange collector-tube supports 
(Fig. 2), in the first diffuser, and at the end of the second diffuser, the latter being of crucifix 
form, to obtain readings in both the horizontal and vertical planes. 

Pi tot  traverse tubes were installed ahead of the interchange aerofoil ducts at the end of the 
first diffuser, and also in the aerofoil ducts themselves, three in each duct (Fig. 4). 

3. Tests.--3.1. Preliminary Tests.--Preliminary tests were made, to calibrate the speed and 
mass flow of the tunnel, and to check the uniformity of flow in the entry and in the working 
section. Details of these calibration tests are given in Appendix I. The wall static pressure 
distribution down the contraction cone and working-section were also measured. 

3.2. 15.6 pe'r cent Collector Entry.--3.2.1. Tests on the effect of variaHons of interchange ratio on 
ihe tunnel flow.--Tests were made at Geometric Interchange Ratio* for M0 = 0.2, 0.4, 0.6, 
0.8, 0.9, measurements of all wall static pressures and pitot pressure traverses being taken. 

The interchange ratio was then successively increased and decreased by about 10 per cent of 
the geometric interchange ratio, and the tests repeated. 

To obtain a comparison between the working of the 15.6 per cent and the 10 per cent collector 
entries operating at the same interchange ratio, a test was made at M0 = 0.6, with the 15.6 
per cent collector installed, and the interchange ratio reduced to approximately 0.10. 

8.2.2. Tests on the influence of a wing spanning the working-section on the flow in the tunnel.--A 
3.5 in. chord, 10 per cent thickness/chord ratio, symmetrical aerofoil section wing was installed, 

* The geometric interchange ratio #~ is arbitrarily defined as f o l l o w s : -  
Collector entry area 

#~ = Tunnel cross-sectional area in plane of collector entry 
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spanning the working-section. Tests were made in which all the wall static pressures and p{tot 
pressure traverses, in the diffusers and interchange aerofoil ducts were measured, under the 
following condi t ions :~  

(1) M0 = 0-20 Aerofoil Incidence 0 deg 

(2) M0 = 0-20 . . . .  10 deg 

(3) M0 = 0.50 . . . .  0 deg 

(4) M0 = 0.50 . . . .  5 deg 

The strength of the wing limited the incidence range at high speed. 
an interchange ratio of 0. 156, i.e., geometrical interchange ratio. 

These tests were made at 

3.3. 10.0 per cent Collector E~try . - -Measurements  of all wall static pressures, and pitot pressure 
traverses were made, for M0 = 0.2, 0.6, and 0.8, at geometric interchange ratio, and for 
M0 = 0.2, and 0.8, at an interchange ratio of 0.05, the latter tests giving a comparison with the 
5 per cent collector entry. 

Total head losses in the interchange air circuit were found to be too great, with the pressure 
balancing screens available, to at tain more than geometric interchange ratio. 

3.4. 5.0 per.cent Collector E n t r y . J T o t a l  head losses in the interchange system were so large 
that  the maximum interchange ratio and Mach number attainable were 0.045 and 0.75 
respectively. 

As in the previous tests, wall static pressures and pitot traverse pressures were measured, at 
the maximum attainable interchange ratio, for M0 = 0-2, 0.6, and 0.75. 

4. Results .--4.1.  Contraction C o m . - - A t  en t ry  to the contraction cone the total head was uniform 
and equal to atmospheric pressure. The velocity distribution here, which is shown in Fig. 5, 
was fairly representative of conditions at the corresponding section of a return-circuit tunnel. 
Outside the boundary layer there was no measurable loss of head in the contraction cone, and 
both total  head and static pressure distribution across the working-section were uniform within 
the limits of measurement (see Appendix I). Fig. 6 shows the static pressure variation along 
the walls of the contraction cone, from which it can be seen tha t  there was neither a tendency 
for an adverse pressure gradient to build up on the concave walls at the low-speed section, nor 
for a suction peak to form on the convex walls towards the high-speed end. A comparison with 
the theoretical isentropic pressure distribution at M0 = 0.822 shows extremely good agreement 
(Fig. 6). 

The static pressure gradient at the end of the contraction cone is discussed in the next section. 

4.2. Wofki~g-Sect ion. - -The velocity distribution across the working-section, 1.1 working- 
section diameters ahead of the collector entry was uniform over the speed range tested, to within 
0 .2  per cent of the velocity at the centre (Fig. 5) and was unaffected by small changes of 
interchange ratio. 

As shown in Fig. 7, the variation of the interchange ratio, or the installation of different 
collector entries had no effect on the wall static pressure distribution down the working-section 
within the accuracy of measurement, i.e., ½ per cent lpoVo 2 . 

Typical  curves showing the wall static pressure and corresponding Mach number down the 
working-section are shown in Figs. 8, 9, respectively. Fig. 10 shows the geometrical taper of 
the working-section, and also the effective working-section radii calculated from the observed 
wall static pressure assuming uniform isentropic flow. 
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I t  will be noted that the pressure, Mach number, and effective radius down the central half 
of the working-section length were all uniform up to a Mach number of 0.82. At M = 0-89 
the tunnel taper is slightly too small. At the beginning and end of the working-section there 
was a negative static pressure gradient whose magnitude increased with M. The pressure 
gradient at entry to the working-section could be accounted for by the rate of growth of the 
boundary layer in the almost parallel end of the contraction cone, and it would be safer to check 
the magnitude of this effect when designing contraction cones for high-speed tunnels. (See 
Appendix IV.) 

At entry to the working-section the pressure gradient steepens slightly, probably due to a 
thickening of the boundary layer at the junction of the contraction cone and working-section. 
These pressure gradients at the entry to the working-section only assume importance at Mach 
numbers near 1 when minute changes of area effect appreciable pressure changes. 

• A reduction in wall pressure at the downstream end of the working-section would be expected 
due to the curvature of the flow at the entry to the first diffuser, and has been observed in a 
number of tunnels. For example in the Co-operative Tunnel at California Institute of 
Technology 3, the wall pressure shows a peak suction at the end of the working-section while the 
static pressure down the working-section axis starts to rise at the same cross-section. 

4.3. Diffusers (Main Flow).--4.3.1. Static flre'ssure measumments.--Fig. 11 shows the recovery 
of static pressure along the diffuser walls for the 15- 6 per cent collector entry compared with the 
ideal recovery for isentropic frictionless flow. The static pressure efficiency ~p, which is quoted 
in Fig. 11, was almost constant, increasing from 83 per cent at M = 0.2, to 85 per cent at 
M = 0.8. Fig. 12 shows the effect of interchange ratio, Mach number, and collector entry size 
on the static pressure recovery. It will be noted that  when the three collector entries are working 
at their geometrical interchange ratio their pressure efficiencies are practically the same. 
Operating the 15-6 per cent collector at # = 0.10 and the 10 per cent collector at/~ = 0.05 
reduces ~p by 2 to 3 per cent. 

As would be expected these static pressure efficiencies are rather low in comparison with values 
round co0 per cent measured ~ at low Mach numbers on a simple 5 deg conical diffuser at the same 
entry Reynolds number of 106. The losses have been considered in greater detail in Appendix II 
and are discussed in section 4.3.2. A feature shown in Fig. t2 is the distortion of the static 
pressure curves when the collectors were operated at interchange ratios lower than geometrical. 
It  is of interest to note that  up to M = 0.8 no choking occurred at any of the collectors. 

4.3.2. Total head measurements.--The total head traverses at 'A'  and 'B' (Figs. 1, 2) in the first 
diffuser showed no signs of a breal;away of the main flow at the collector for any of the collector 
entries over the range of interchange ratio tested. There was however, a tendency for the 
boundary layer on the collector tube to thicken slightly when # was reduced. Typical curves 
of total head distribution plotted in the form of total head loss divided b y  working-section 
dynamic head are given in Fig. 13. 

The total head distribution at the end of the second diffuser showed greater variation and the 
main results obtained have been plotted in Fig. 14. At the end of the second diffuser the wake 
from the collector still persists, giving a central hump in the loss distribution. As ~ is reduced 
the losses increase, more particularly at the walls and centre giving a more pesky total head 
distribution. At a given interchange ratio the losses were greater for the larger collector entries, 
the difference being spread fairly uniformly over the cross-section. The total head loss coefficient 
~ = ( H a -  It)/½poVo 2 has been obtained by integrating the loss distribution curves and the 
values obtained have been plotted in Fig. 17. This figure also shows loss coefficients calculated 
for incompressible flow by a semi-empirical method outlined in Appendix II. The measured 
and calculated losses are in satisfactory agreement indicating that  no abnormal losses were 
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0ccurr{ng. The anaiysis of iosses estimated for the partial model of the tunnei with 15 per cent 
interchange, working at geometrical interchange ratio is as-follows:-- 

Section of partial 
model of tunnel 

Contraction cone and working- 
section 

First diffuser 

Constant area length between first 
and second diffuser 

Second diffuser 

Collector supports and interchange 
air aerofoil ducts 

Total 

Loss coefficient 

AH Ap 
- ½p0 V0 2 or ½p0 V0 ~ 

Estimated 

0.028 

0.102 

0.0095 

0.012 

0-004 

0.156 

Measured 

0.154 

Some difficulty was encountered in obtaining satisfactory readings of total head at the end 
of the second diffuser due to fluctuation in reading amounting in some cases to ±10  per cent 
of the local dynamic head. This was thought at first to be due to a breakaway in the diffuser, 
but  tufts showed no flow reversals. The most likely cause was the entry into the tunnel of 
random vortex motions present in the atmosphere. Such motions could not be detected at the 
entrance to the contraction cone, but  at high Mach numbers where some mist formed at the 
downstream end of the working section, slight random vorticity could be seen at this section. 
A similar phenomenon was noticed by Squire ~ in tests on conical diffusers operated by a suction 
plant. In his case the fluctuations disappeared when the tests were repeated using a blower 
compressor drive. 

Pearcey ~ has shown that  on expansion of atmospheric air there is a loss of total head associated 
with condensation of water vapour which however only becomes appreciable above M = 0.8. 

At M = 0-8 the loss in total head is of the order of } to 1 in. water gauge which represents 
at most 1 per c.ent of the working-section dynamic head. For this reason the main tests were 
limited to tests at M = 0.8 and below. No corrections for this effect have been applied. 

4.3.3. Effect of model in working-section.--An aerofoil spanning the working-section had very 
little effect on the flow regime in the tunnel, the efficiencies being only slightly decreased. The 
static pressure gradient across the diffuser caused by the deflection of the flow round the model 
became zero by the time the air reached the end of the first diffuser. A comparison between 
the efficiency of the empty tunnel, and that  with the model installed at various incidences, is 
shown in Table 3. 

4.4. Interchange Collector Duct.--Fig. 18 shows the variation of total head loss up to the outlet 
of the interchange aerofoil ducts in terms of the working section dynamic head, for each collector 
entry, with variation of interchange ratio and Mach number. 
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I t  is seen tha t  with the shapes of collector entries used, (Fig. 3) the total head losseslncreased 
substantially with the smaller entries, working at geometrical interchange ratio. This was due 
to the larger amount of breakaway taking place on the concave inner walls, and could be improved 
by  the fitt ing of internal liners, to reduce the rate of diffusion just inside the entry. However, 
time did not allow these possibilities to be investigated. 

Reducing the interchange ratio below geometrical, decreased the amount of breakaway. 
The slowing up of the air in front of the collector entry caused the stream tubes to expand and 
hence reduced the incidence of the collector walls relative to the air. 

Fig. 15 shows typical total  head loss distribution curves at M0 = 0.6, for the three collector 
entries working at geometrical interchange ratio. Fig. 4 shows the positions of the traverses 
relative to the interchange aerofoil duct cross-section. 

The static pressure gradient across the aerofoil ducts leading the interchange air out of the 
tunnel was small under all conditions, indicating that  the thin, sheet metal turning vanes, used 
for deflecting the air out of the collector tube (Fig. 2) were functioning correctly. 

With the 15.6 per cent collector entry fitted, the total  head variation across the aerofoil 
ducts was of the order of 30 per cent of the working-section dynamic head, the largest losses 
occurring at the leading edge, the air in this section having lost energy in the boundary layer 
formed on the wails of the collector duct. 

When the smaller entries were fitted; however, the breakaway was sufficiently large to spread 
across the whole of the collector duct, causing an increase in the total  head loss, but  a greater 
uniformity in the total  head distribution. 

The influence of the model in the working-section on t h e  losses in the interchange flow was 
much more marked than on the main flow, since the low energy air in the aerofoil wake formed 
a much greater percentage of the interchange flow than it did of the main flow.. 

A comparison between the total  head losses associated with the model in the tunnel at various 
incidences, and those for the empty tunnel is shown in Table 3. 

This shows that  introduction of the aerofoil at 0 deg incidence into the tunnel, increases the 
loss of total  head of the interchange air at exit from the tunnel, from i 3  per cent to 18 per cent 
of tunnel dynamic head. At 10 deg incidence and M = 0-2, and at 5 deg the loss increased 
from 13 to 30 per cent. Fig. 19 shows tha t  with the tunnel empty, the pressure difference 
between the inner and outer walls of the collector entry was nearly a linear function of interchange 

• ratio, for any given Mach number. Thus, by means of this simple measurement,  an approximate 
estimate of the interchange ratio was available. No tests were carried out to determine the 
effect of a model in the working-section, on the pressure difference. 

4.5. Powe'r Required to Extract Interchange Air . - - In Appendix I I I  it is shown that  the power 
required to extract the interchange air from a sub-atmospheric tunnel can be expressed in the 
form : - -  

---- 550~ (1 +0.2Mo2) ~5 --  0.7 n.2 Mo2JJ --1 

From which it can be seen that  if ~ 2  is small, the power required, for given working-section 
conditions, varies directly as the interchange ratio #. 
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A large reduction i n  the power required should, therefore, be gained by using the smaller 
collector entries, provided that  the losses in the smaller entries do not rise appreciably compared 
to those in the 15-6 per cent collector. An example is considered in detail in Appendix I I I .  

5. Conclusions.--The tests on the partial model of the engine altitude-tunnel have demonstrated 
tha t  the interchange air collector designed, can operate up to interchange ratios of the order of 
15 per cent without interfering appreciably with the flow in the tunnel working-section. The 
total  head losses in the main tunnel flow are however appreciable since the collector duct has 
to be in a part  of the tunnel where the speed is only slightly lower than in the working-section. 
These losses are of the order to be expected, and the main flow round the collector was satisfactory, 
but ' in  a return circuit tunnel screens in the tunnel maximum section would probably be required 
to iemove the 'shadow' of the collector. 

Expressed in terms of the tunnel power factor the losses in the main flow due to the interchange 
collector are of the order AP.F. = 0.05, so that  the interchange system would necessitate an 
increase in the fan power of a normal wind tunnel of the order of 20 to 30 per cent. 

With  the 15 p e r  cent interchange system as designed lower air interchange ratios can be 
obtained by reducing the compression ratio of the exhausting compressors or by installing smaller 
interchangeable collector entries. The first method is better in cases where it is important  
to reduce the power requirements of tile exhausting compressors, the second is preferable where 
it is more important  to keep the main tunnel fan power to a minimum. 
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NOTATION 

Static pressure 
Total head 

Mean to ta l  head = f V H d A / f  V d A  

Mach number 
Area 
Velocity of sound 
Absolute temperature, deg C 
Velocity 
Mean velocity 
C,/C~ = 1.4 
Interchange ratio = interchange mass flow 

working-section mass flow 
Geometrical interchange ratio 
I collector entry diameter ] 2 
cliffuser ~-eil ~ ~  in plane of entry 

Gas constant 
Density 
Total head loss coefficient = (H~ --  ff/)/½p0V0 2 

Actual static pressure recovery = (p _ Po)/(P~ - -  Po) 
Ideal static pressure recovery 

Exhausting compressor adiabatic efficiency 
Cross-sectional area of tunnel or pipe 
Boundary-layer displacement thickness 

reference plane values 
end of second diffuser 
outlet of interchange aerofoil ducts 
atmospheric conditions 
entry traverse position 
centre of entry traverse 
outer wall of collector entry 
inner wall of collector entry 

p l a n e  of H.I.S.(1) 
plane of H.I.S.(2) 
ideal adiabatic frictionless flow 
total temperature 
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A P P E N D I X  

Tunnel Calibration 

Preliminary calibration tests were made as listed below:--  

(1) Measurement of the Total Head and Velocity Distributions across the Working-Se,ction 
and Across the Entry to the Tunnel.--Pitot and static pressure traverses made in both the 
horizontal and vertical plane across the workifig-section showed that  both the total head and 
static pressure were uniform, over the speed range M = 0.2, to M = 0.8, within the accuracy of 
measurement, i.e., ½ per cent of the working-section dynamic head, the total head being equal 
to atmospheric pressure. 

Traverses in the entry showed that  the total head distribution across the section was uniform, 
and equal to atmospheric pressure. The velocity distribution across the entry is shown in Fig. 5. 

(2) Calibration of the Mach number at a Reference Plane in the Working-Section as a Function 
of Two Arbitrary Wall Static Pressures in the Contraction Cone, one in the Maximum Section, 
and the other just Upstream of the Beginning of the Working-Section. H.I.S.(1) and H.I.S.(2) 
respectively.--The nominal working-section Mach numbers quoted, refer to a reference plane 
0-2 working-section diameters downstream of tile beginning of the working-section. Since 
the working-section total head was equal to atmospheric pressure, and the static pressure across 
the working-section was uniform, the nominal Mach numbers of tests could be computed from 
the relat ion 

P c -  (1 + y--1  Mo2) vl(v-1) 
Ho 2 

(1) 

Tables for Compressible Air Flow 6 being used to reduce the computations. 

This method of obtaining nominal Mach number could not be used when a model was in the 
working-section or if the collector was likely to interfere with working-section static pressures. 
Following normal tunnel technique M0 was calibrated against (p.~ --py)/p, where p~ and py are 
the two hole-in-side wall pressures. 

(3) Calibration of the Mass Flow of Air Entering the Tunnel in Terms of Atmospheric 
Temperature and Pressure and the Reference Mach number.--In order to obtain a value for ~, the 
interchange ratio for each test run, it was necessary to know the total tunnel mass flow and tile 
interchange air mass flow. The latter was calculated from the standard nozzle characteristics, 
tile former could be estimated from atmospheric conditions and the reference Mach number 
assuming isentropic flow in the contraction cone. It  was decided, however, to check the total 
tunnel flow by traverses at entry since the error due to assuming ideal flow was uncertain. 

Theoretical Mass Flow.--Assuming frictionless adiabatic flow, the mass flow ill the tunnel 
can be expressed in terms of the atmospheric conditions and the reference Mach number in the 
working-section. 

F o r  Ho = p c ,  . . . . . . . . . . . . . .  (z) 

TO, T =  T . . . . . . . . . . . . . . .  (3) 

T ~  1 + 7 - - 1  
To 2 Mo 2 . . . . . . . . . .  (4) 
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Po _ R . . . . . . . . . . . .  (5 )  
poTo 

P - -  cons t  . . . . . . . . . . . . .  (6) 
p7 

a n d  

w h e n c e  

a s - -  YY - -  ~,R T . . . . . . . . . . . . .  (7) 
p 

1 2 ~) P0 r Pa 
~ V o  + - . . . . . . . . . .  (8) 

' 7 - - 1  po 7 - - 1  p~ 

R To 1 + ~' - -  1 Mo 2 . . . .  (9) 
2 

E; ' 
~ / R  v T ~ M °  ~/Y + r - - 1  . . . . . . . .  (10) 

2 

Measured  M a s s  F l o w . - - T h e  m e a s u r e d  m a s s  f low was  o b t a i n e d  f rom t he  t wo  p i t o t  s t a t i c  
t r a v e r s e s  a t  r igh t -ang les  a t  t he  t u n n e l  e n t r y  b y  i n t eg ra t i ng  ove r  t he  e n t r y  area. 

Comparison of  Measured  and Theoretical Mass  F l o w s . - - T h e  m e a s u r e d  and  theo re t i ca l  m a s s  f lows 
a n d  the i r  r a t ios  are  g iven  in t he  t ab le  b e l o w : - -  

Horizontal  Traverse Vertical Traverse 

Mo 

0.806 
0"755 
0.691 
0.674 
0.457 
0.341 

Mass Flow (slugs/sec) 

Theoretical 

0.830 
0.819 
0.780 
0.771 
0.500 
0.474 

Measured 

0-844 
0-843 
0"741 
0-801 
0.615 
0.484 

Measured 
Theoretical 21dru 

1"02 0"897 
1"03 0-797 
1.03 0-708 
1-03 0.299 
1.03 
1-02 

Mean Value 1.03 

Mass Flow (slugs/sec) 

Theoretical 

0.825 
0.804 
0.768 
0.410 

Measured 

0. 804 
0" 778 
0. 748 

I 0. 398 

MeanV ue 

Measured 
Theoretical 

0" 971 
0- 967 
0- 974 
0"971 

0"971 

The  m e a n  v a l u e  of the  ra t io  M e a s u r e d  Mass  F l o w / T h e o r e t i c a l  Mass F l o w  f rom the  t w o  t r a v e r s e s  
was  1 .00  wi th in  the  l imi ts  of e x p e r i m e n t a l  error.  I n  t he  tes ts ,  therefore ,  t he  t o t a l  mass  f low 
was  c a l c u l a t e d  us ing  t he  theo re t i ca l  express ion  w i t h o u t  correc t ion.  
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APPENDIX II  

Estimation of Total Head Losses in the Partial Model 

Assuming incompressible f low throughout, and a working-section Reynolds number of 2 × 10 6 

Losses were derived by graphical integration along the tunnel of the losses in elemental 
cylindrical and annular sections in terms of the working-section dynamic head. 

Circular Sections 

d ( ~ H )  = (1 _ , 2  Ao ° 
1 2 • • • m ~ dx ~poVo ~ . . . . . . .  (11) 

Annular  Sections 

where D -- d 

D1 
dl 
D 
d 

A1 
A 

dx 
AH 

d ( ~ H )  _ (1 - -  z ) ~  A0~ ( D ?  - -  d ? )  -° ;~ 
½poVo 2 A1 °" (D 2 - -  d~) ~ --D d dx ..  

hydraulic mean diameter at element considered, 
outer shell diameter at beginning of annular diffuser, 
inner shell diamater at beginning of annular diffuser, 
outer shell diameter 
inner shell diameter 
area of X-section at 
area of X-section of 
4C I, where C I is the 

at element considered, 
at element considered, 
beginning of annular diffuser, 
dement  of annular diffuser, 
skin friction coefficient, 

length of element of diffuser, 
total head loss in partial model. 

(12) 

All other symbols as defined in notation. 

Determination of Z.--For the contraction cone, working-section, and constant area section 
between the first and second diffusers, 2 was derived from the K~rm~n relation for turbulent 
flow in smooth pipes 

~ /Z - -  2 log10 (R.N..V/¢~) - -  0.8 . . . . . . . . . .  (13) 

where R.N.  is the Reynolds number based on pipe diameter or hydraulic mean diameter. For 
the diffusers, experimental values of Jl were used, since the skin friction coefficient is increased 
in the presence of an adverse pressure gradient. 

These values were obtained from tests by Squire 4 on conical diffusers, for the same cone angle, 
or in the case of annular diffusers for the equivalent conical diffuser angle. 

The results in Ref. 4 are given in the form 

__ P2  - P l  

vp P2~--Pl  

for varying cone angles at constant entry Reynolds number. 
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AH / A 12 • 
- -  ( 1  - -  ~ p ) ( 1  T h e r e f o r e  1plY12 - -  A22]  "" 

Integrat ing equation (11) for a conventional diffuser 

½plVI 2 = S t a n ~ / 2  1 - - ~ j  .. 

where e total  cone angle of diffuser, 
D t diameter at entry of diffuser, 
D2 diameter at exit of diffuser. 

Therefore substituting equation (14) into equation (15) 

Z = 8(1--rip) tan~/2 .  .. 

Losses at collector supports and aerofoil ducts 

Assuming C v = 0.01 for a symmetrical aerofoil 

AH Ao °~ 
½poVoe -- CoS ~ (1 --/~)2 .. 

where S area in plan view of supports, 
A area of duct at support. 

Summary of Losses 

AH/½poVJ 

(14) 

(15) 

(16) 

(30) 

# 

Section 
Contraction Cone 
Working-Section 
Fi rs t  Diffuser 
Constant Area Duct  
Second Diffuser 
Collector Supports  and Aerofoil Ducts 

Total  

F i rs t  and Second Diffusers 

15"6 )er 

0"12 

0"0113 
0"0167 
0"1100 
0"0102 
0"0131 
0-0046 

0-1659 

0.1231 

cent Collector 

0.156 0.20 

0-0113 0"0113 
0"0167 0"0167 
0"1023 0-0933 
0"0094 0"0085 
0"0121 0'0109 
0"0042 0'0038 

0"1560 0"1445 

0"1144 0"1042 

0"05 

0-0113 
0"0167 
0"1219 
0"0119 
0"0152 
0"0053 

0.1823 

0.1371 

10 )er cent Collector 

0.07 0"10 

0"0113 0-0113 
0.0167 0.0167 
0"1171 0.1097 
0.0114 0.0107 
0-0147 0.0137 
0.0051 0.0048 

0.1763 0.1669 

0.1318 0.1234 
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A P P E N D I X  I I I  

Power Required to Extract Interchange Air from a Tunnel 

H.P.  required = poAoVo ~ Cp. Tr [r(~_ 1)/~ _ 1] assuming adiabat ic  compression, . .  (33) 
550 ~ c  

where  r pressure ratio - - /5~ . . . . . . . . . . . .  ( 3 4 )  

But  Ho - -  H~ = ~ 2  ½poVo ~" . . . . . . . . . . .  (35) 

Therefore Ha = Ho - -  ~1~., ½PoVo 2 . 

P a t  1 o . .  poVo- . . . . . . . .  ( 3 6 )  Therefore r --  Ho - -  Vu2 " 

But  Ho ----/5o(1 + 0 . 2  Mo2) a~ from equat ion (1). 

Therefore r (~- 1)/:' = ~ P"~ ) (~ - 1)/~, 
(/5o(1 + 0-2Mo2) a5 - -  ~u2 0-7/5oMo~/ 

- -  [_ 15o t(1 + 0.2Mo2)8'5 - -  0.7~]~2Mo ~ . . . .  (37) 

ThereforeH.P. required:poAoVo¢C~.TT[(~o( 1 o) )°'2357--11 (38) 
580% i(1 + 0.2M02) 3"~ - -  0 . 7 ~ 2 M o ' ;  

For  tunnels  runn ing  at a l t i tude pressures this compressor power required to ext rac t  the inter- 
change air can be very  large. I t  will be no ted  from equat ion  (38) t ha t  at given working-sect ion 
pressure and  t empera tu re ,  the  in terchange  compressor  power is a funct ion of the  in te rchange  
rat io ~, the  losses in the  collector W,~, and  the  Mach number .  

Some guide to the  relat ive impor tance  of ~ and VH2 can be ob ta ined  by  compar ing  the  inter-  
change power for ~ = 15 per cent  and  low duct  losses (v~2 = 0.2) wi th  ~ --  10 per cent  and  high 
duct  losses (v~2 = 1-0). This 'power ratio '  has been es t imated  for a range of tunne l  pressures 
and  Mach numbers  and  the results  are given below. 

10 per cent Collector 

Interchange _ Interchange H.P. required with 10 per cent Collector (~]H2 = 1) 

9er cent Collector (~Ho = 0-2) Power Ratio -- . interchange H.P. required with 15 

Mo 0-2 0" 4 

Working Section 
Altitude Conditions 
Height relative 

It pressure 
0 1-000 * * 

10,000 0.688 0-6835 0.8453 
20,000 0-459 0-6621 0-7297 
30,000 0-300 0"6553 0"6992 
40,000 0"185 0"6517 0"6842 
50,000 0-114 0"6499 0"6764 

0"6 0"8 

1-3514 
0-8638 
0.7768 
0-7386 
0"7195 

15-523 
1 • 1284 
0" 8974 
0"8149 
0- 7769 

* Interchange air will automatically exhaust to atmosphere due to total head being greater than atmospheric 
pressure. The values of the interchange power ratio for the 5 per cent entry will be exactly half of those for the 
10 per cent entry. 
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In  this example the interchange compressor power is appreciably reduced by lowering the 
in terchange ratio from 15 to 10 per cent in spite of the high losses assumed in the  smaller 
collector, except  in cases where bo th  M is high and the pressure is only slightly sub-atmospheric.  

A P P E N D I X  IV 

Pressure  Gradient  at the E n d  of a Contract ion Cone 

In  one-dimensional  pipe flow 

dS  _ dv (1 - -  M ~) 
S v 

also 

dS  dv _alp + + - -  = 0, continuity,  
p v 

and 

d25 - -  ~, dfl  = 0, for isentropic flow. 
P p 

Hence 

1@ + d s ( l _  1 ) 
~, p S - ' ,  1 - - M  ~ = 0  . .  

and 

d p _  ),p M "  dS  

dx  S 1 - -  M ~ dx  

For a round pipe, radius r, 

dx \ d x  dx  / 

and 

a l p _  M ~ 27p Idr dd*t  
dx  - -  -1 - -  M ~ r - l ~  - -  dx  )- 

At the  end of a contract ion cone d r / d x  = 0 so tha t  

(39) 7 

(40) 

(41) 

(42) 

(43) 

(44) 

(4s) 

16 

dp _ M ~ 2~,p d~* . . . . . . .  (46) 
dx  1 M  ~ r dx  . . . .  



Equation (46) would not apply to short contraction cones where the pressure gradient depends 
also on the curvature of the flow, but it might be expected to apply in better designed contraction 
cones which have low rates of decrease of area at the downstream end to avoid suction peaks 
at the wall. 

Equation (46) then shows that  the growth of the boundary layer might have an appreciable 
effect on the pressure gradient at entry to the working-section in the case of small tunnels working 
near M = 1. 

In the engine altitude model dp/dx over the central half of the working-section is zero, hence 
from equation (45) dd*/dx = dr/dx. Using this value of dd*/dx (0.0025) as a first approximation 
to the value at the beginning of the working-section the values of dp/dx measured and estimated 
from equation (46) compare as under : - -  

M 

0.25 
0.82 
0.89 

dfi Measured 
dx 

0"027 
0"075 
0"13 

d/5 Calculated 
dx 

0"026 
0"073 
0"11 

which shows reasonable agreement. 

Thus the boundary-layer growth should be taken into account when designing the geometry 
of contraction cones for small tunnels of the order of 1 to 2-ft diameter when they are to work 
near M = 1. 
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T A B L E  1 

Dimensions of Contraction Cone 

P5 Y 

~'0 TO 

0 1"0 
1"0 1"009 
1"5 1"041 
2 ' 0  1"095 
2"5 1"188 
3"0 1"340 
3"5 1"606 
4"0 2"090 
4"8 3"032 
5-2 3"452 
5"6 3"744 
6"0 3-932 
6"4 4"000 

r0 radius at beginning 
of working-section 
= 10.004 in. 

r radius at any point 
× working-section radii 

upstream of beginning 
of working-section. 

T A B L E  2 

Dimensions of Tunnel 

Section Length Diameter Area 

Contraction Cone 

Working-Section 

First Diffuser 

Collector Tube 

Second Diffuser 

Four Interchange 
Aerofoil Ducts 

I.S.A. Nozzle 

32 in. 

16 in. 

39.70 in. 

36.58 in. 

33" 77 in. 

Beginning 40 in. 
End 10. 004 in. 

Beginning 10-004 in. 
End 10.080 in. 

Beginning 10- 080 in. 
IOuter  wall 14.704 in. 

End 
[Collector wall 7.353 in. 

(15 percent ~i125 in. 
Internal j l0  per cent 240 in. 

Beginning [ 5 percent  2.280 in. 
End 5.470 in. 

Beginning 13.06 in. 
End 15.97 in. 

6" 32 in. 

1256.640 sq in. 
78.603 , ,  

78.603 , ,  

79-802 ,, 

79.802 ,, 

127.346 , ,  

13.364 ,, 
8.245 ,, 
4.083 ,, 

23.500 ,, 

133-961 ,, 
200"309 ,, 

23"818 ,, 

31-371 , ,  
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TABLE 3 

Effect of Model iv Worki~g-Sectio~ on Tu~ml Total Head Losses (15.6 per cent Collector) 

Mo 

0-200 

0.5 

Main Flow 

Model 
Incidence 

Tunnel 
Empty 

0 deg 

10 deg 

Tunnel 
Empty 

5 deg 

Ha; - -  H1 

½% Vo 2 

0-1540 

0"1770 

0-1887 

0,1540 

0.1881 

# Mo 

0.1590 

0.1589 

0.1589 

0.1580 

0.1507 

Interchange Flow 

0.200 

0.5 

Model 
Incidence 

Tunnel 
Empty 

0 deg 

10 deg 

Tunnel 
Empty 

0 deg 

5 deg 

½Po Vo2 

0"1250 

0"1775 

0"3021 

0-1300 

0"1784 

0"2883 

# 

0"1590 

0"1589 

0-1585 

0.1570 

0"1570 

0"1558 
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