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SUMMARY

There is a need for high speed wind tunnels of
modest dimensions and costs in establishments teaching the
fundamentals of compressible flow. This paper discusses
briefly the layouts and performances of various types of
tunnel which might be suitable for colleges and universities.
The subject is still in its infancy and this report should
not be regarded as more than an attempt at reviewing the

present position.



& velocity of sound

c specific heat of dry air at constant

P pressure

Cv specific heat of dry air at constant

volume

J mechanical equivalent of heat

M Mach nurber

m mass flow ratio

N r.p.me. of vacuum punp

T pressure

R gas constant in equation of state

bS] working section arca

g number of stages in air compressor

t time

T absolute temperature

U velocity

v volume of storage tank

v swept volue per stroke in vacuum pump

N diffuser efficiency

[ 1 efficiency of pump
| P density
U mass flow in unit time
'e ratio of specific heats
Suffices

o) refers to atmospheric conditions

b refers to stagnation conditions in the
settling chamber of a straight-through
tunnel

0 refers to stagnation conditions upstream of
working-section

R refers to stagnation conditions in reservoir
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2q Introduction

The various types of high speed wind tunnel cen be classified
as follows.-

(a) Continuous flow

(i) Direct drive return flow
(ii) Direct flow ' straight-through' tunnel
(iii) Tnduction tunnel return flow

(iv) Induction ' straight-through' tunnel

(b) Intermittent flow

(1) 'Straight-through' with high pressure reservoir
g
at entry

(11) 'Straight-through' with vacuum tank at exit

(iii) Induction ' straight-through' tunnel

(c) As (a) ana (b) but using gases other than air
€.Z., superheated steam).

Since we are considering tunnels likely to be within the
resources of colleges and universities the schemes considered will be
limited to those using less than 100 b.h.p. The calculations have
been confined to tunnels having working sections of dimensions 2in. x 2ine;
the value of smaller turmels for research and demonstration purposes is
likely to be severely limited, The calculations can, however, be readily
generalised to tunnels of other sizes.

In estimating the performance of the different designs it will
be assumed that

(1) the shape of the nozzle (effuser) has been correctly
designed, due allowance having been made for boundary
layer thickness;
(ii) the subsonic diffuser has an efficiency above 75 per cent.
(iii) the kinetic energy at the diffuser exit is smell enough

to be neglected when compared with that at the workings
section.

P Continuous tunnels

3.1 Direct-drive return flow

A sketch of a typical tunnel layout is shown in Figel. The
tunnel is driven by an electric motor through a speed-up gear box to an
axial or centrifugsl compressor. The former is preferable owing to the
gimplified geometry of the ducting.

A cooler is required to remove the heat of compression but
may at the same time serve as an efficient honeycomb. The working
section has glass sides for flow observation (schlieren or shadowgraph).
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These sides are hinged or made easily detachable, in order to facilitate
changing the supersonic liners.

Table I gives the pressure ratio and approximate horse-power
required by a tunnel with 2 in. sq. working section over a range of liach
numbers, The results are plotted in Figs. 8 and 9. The difficulty
involved in matching a compressor to drive the tunnel efficiently over
a wide range of Mach number is apparent,

3.2 Direct flow 'straight-through' tunnel

A diagrammatic layout of a typical form of this tunnel is shown
in Fig, 2, The tunnel is supplied with air from a reciprocating compressor
via an after cooler, o0il separator and reservoir.

The main advantage of this scheme over the return flow tumnel is
that the performance of the compressor need not necessarily be closely
matched to that of the tunnel. The compressor discharge pressure must,
however, be greater than the minimum operating pressure (p, min). given in
Table 2, and the air flow (W 1b/sec) must also equal at least the values
quoted. The electric motor b.h.p. will be greater, for a corresponding
Mach number, than the value quoted in Table I as the compressor efficiency
will be lower.

B Induction, continuous, return flow tunnel

A typical layout is shown in Fig.?3. The main advantage over
scheme 3.1 is that the compressor and tunnel characteristics need not be
closely matched, but this is gained at the expense of extra power required
by..the compressor. In general the induction principle is applied when
relatively small supplies of high pressure air or gas are available.

A disadvantage is that Mach numbers above 2.0 have as yet not been
attained when the induction principle is used, although further development
and research may help to raise the limit. The remarks in the following
paragraph relating to ejector slots apply here.

3.4 Induction, continuous, straight-through tunnel

The scheme is shown in Fig.!l. The important design feature of
this tunnel is that of the ejector slot. To obtain maximum operating
efficiency at any given Mach number the ratio of ejector slot area to
working section area must be matched to the required blowing pressure.
The ejector slot is usually designed to give at the slot a Mach number
of unity. This condition is dependent only on the blowing pressure
and is independent of tunnel operating conditions.

Typical design curves can be obtained from Reference 1, while
Table 3 gives the quantity of high pressure air required by a 2 in. sq.
tunnel when the blowing pressure is 100 1b./sq,in. above atmospheric.

Recently this type of tunnel has been driven by a jet engine
of 5,000 1b. static thrust placed downstream of the working section.
With this arrangement, iach numbzrs up to 0.9 can be obtained.with
working section areas of about 10 sq.ft.

L. Intermittent Tunnels

Lo 'Straight-through' intermittent with high pressure reservoir
A diagrammatic layout of the tunnel is shovm in Fig.5.

Table 4 gives the size of reservoir required for a 2 in.sdq.
working section when Py is 100 1b./sq.in. absolute and Py is equal

3 a
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to S 5t (see Table 2). The time of running is 30 secs.

Le?2 ' Straight-through' intermittent with vacuum tank at exit

A diagrammatic layout of the tunnel is shown in Fig.6.

In order to run the tunnel at constant subsonic speeds, a
throat at the end of the working-section must be fitted, It is
essential for efficient tunnel operation to use a quick acting valve
with a minimum time lag. The main advantage of this scheme is that
Mach numbers up to 4.5 can easily be obtained provided that efficient
vacuum pumps are used.

Table 5 gives the volume V of the vacuum tank for a 2in.sq.
working=section when the time of running is 30 secs. The initial pressure
in the vacuum tank is assumed to be O.44 1b./sq.in. absolute,

L.3 'Straight-through' intermittent induction tunnel

The layout of this tunnel is similar to that shown in Fig.l
except that a storage cylinder must be provided between the compressor
and ejector box.

Table 6 gives the necessary storage volume V for a 2in.sq.
tunnel running for 30 secs. The initial reservoir pressure is
100 1b./sg.in. and the constant blowing pressure 55 1b./sq.in.

The advantage of using the induction type intermittent tumnel
will be seen to lie in the relatively small volume of reservoir required.

5 Continuous and intermittent tunnels using gases other than air

5e1 Tunnels in which the gas in the working-section is not air

A considerable saving in power could be obtained by using a
gas lighter than air, but having the same value of vy. However, this
advantage is offset by the added complications of the operating plant.
Most schemes considered have been concerned with gases such as freon
that have a much smaller speed of sound than air, and thus a given
Mach number is obtained using less power. For freon, however, the
value of ¥ 1is smaller than that for air.

5.2 Induction tunnels using steam in place of high pressure

compressed air as the ejecting fluid

This type of tunnel is similar to that shown in Fig.) except
that superheated steam is supplied to the ejector box in place of the
compressed airs, This scheme offers distinct advantages in establishments
where a steam boiler plant is already in existence.

Typical operating characteristics can be obtained from Ref.2.
6. Conclusions

The performance of a variety of small high speed wind tunnels
have been discussed with brief references to the advantages and

disadvantages of each.

A number of simple calculations, needed for the preliminary
design of such tumnels, are described briefly in the Appendix,
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TABLE T

Performance of a 2in,sg. direct-drive return

flow tunnel

lach P lMass Actual
number o Plow Adisbatic h.p.
(working section) p} W 1b./sec. he Do required
M, — &PProX. )
0.5 1.03 1.03 1.52 10.0
0.7 1.07 1.25 3.72 18.5
0.9 1.27 1,36 8.65 38.5
1.0 1.28 1.375 19.60 78.5
1.25 1429 1.3 19.0 78.5
1.50 1.58 117 23.50 78.5
2,00 1.99 0.81 30.8 475
2,50 2.89 0,52 32.4 k7.5
3.00 Leltb 0.32, 3044 43.5
4.00 10.95 0413 225 L3.5
P3 is the static pressure upstream of the compressor.
PA is the static pressure downstream of the compressor.
Notes Mass flow calculated for atmospheric stagnation pressure

and temperature upstream of working-section.
The actual horse-power required is based on average
compressor efficiencies for a compressor rated at a

pressure ratio of 4 ¢ 1.
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TABLE 2

Continuous direct flow, 2in.sq. 'straight-through' tunnel

Working~section Blowing
Mach number pressure lMass Flow
s Pb min. 15 ?
1b/sq.in. absolute. G
Q.5 15.15 1.06
0.7 15.75 1435
0.9 18.65 1.725
1.0 18.8 1.76
1,25 18,9, 1.6,
1.50 25.2 1.845
200 29.25 1.61
2.5 425 1.505
3.0 65.6 1.45
4.0 161.0 1.425
TABLE 3

Continuous induction 'straight-through' tunnel

Working=section 2.0 in.sdq. Blowing pressure 100 1b./sq.in.
above atmospheric.

Working-section Area High pressure
Mach number Ejector Slot Mass flow air required
M, ratio. X
Aves n 1b./sec.
Working=-section
0.5 0.006 155 0.07
0.7 0.009 12.5 0.10
0.9 0.012 9.5 0.14

4k 0.037 3.0 0.4




TABLE 4

' Straight-through' intermittent tummel with high pressure
reservoir at entry.
reservoir pressure 100 1b./sq.in. absolute.
Time of running 30.0 secs.

Working=~section

Mach number
1,

0.5
Q.7
0.9
10
1.25
1.50
2,00
2450
3.00
4,00

Working=-section 2.0 in.sq.

Blowing pressure

By, min

1b/sq.in. absolute

15.1
157

5
5

18' 65

18.8

18.95
23.2
29.2
42.5
65.6

161.0

9

TABLE 5

Initial

Volume of
Receiver

A o o 2

89.0
114.0
151.0
1545
149.0
171.0
161.0
181.5
264..0

' Straight-through' intermittent tunnel with vacuum tank at exit

Working~section 2in.sq.
pressure in tank is O.44 1b./sq.in. absolute.

Working=section Volume of
Mach number tank
M, V cu.tt,
0.5 600.0
0.7 765.0
0.9 986.0
1.0 1005.0
125 982.0
1.50 1065.0
2.0 940.0
245 903.0
3.0 920.0
4.0 808.,0

Time of running 30 secs. Initial




TABLE 6

' Straight-through' intermittent induction tunnel

Working~section 2in.sq. Time of running 30 secs.
Initial reservoir pressure 100 1b./sq.in. above
atmospheric. Constant blowing pressure

By = B 1b./sq.in. absolute.

Torking section Area Mass Flow Volume
Mach number Ejcctor Slot ratio of
M, m. reservoir
Area

Working=-section V., cu. Pt

0.5 0.013 14.0 9.6

0.7 0.022 11.0 14.8

0.9 0.030 8.5 20.9

1ol 0.080 3.0 5245
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APPENDIX

1 The mass flow through the working-section

The mass flow in unit time through the working-section is,

l.,f,: pSU Illlfil.llllll.ll.llA 1.1

The isentropic change of pressure from the settling chamber to
the working-section is given by,

D sk
£ = 6 + i;—t M2> Y-1
P ) .

ll....l.l!l.l.‘l..-lA 1.2

If we combine equations A 1.1 and & 1.2 together with the
relations,

3-2 = IB .-.-ccuo--nu-c.---an 1-3
P

R—' = Constan‘t o-ooaccuvo-.oco--nn-A 1.1{—

eY

l'l.!..l.lllA 1.5

+1
then, - E{?m
M%

Za The pressure ratio required by the compressor of a direct-drive

return flow wind tunnel

The pressurc rise through the compressor (refer .to Fig.1),

_Pi&. -y ?_é‘_ E)_g R_ .-cun-cn--...-.....lﬁx 2.1
Py P, P Ps

where, Py =B, is the pressure drop across the cooler.

» /=1
PO/P G + TT‘I' MZ) see equation A 1.2

-1 o\ Y/
p/p (1 + L-z My M) .

and Mg is the overall efficiency of the return circuit diffuser.

AP
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If we make the necessary substitutions,

5 N or/fr

1 + M

Py _ Dy
Pz P

.lI.IIIllU'IIA2.2

gl
e

S i ul >
2 T

The value of PA/PO is approximately unity and we then write,

Y/x =1
) el B
f&_ 1+ 2 M ® 8 &5 9 8 088D AQQB
P3
s o 2
1 + 5 ng M

He The adisbatic horse-power required by the compressor of a direct-—

drive return flow tunnel

sl 2
D 2
The adiabatic h.p, = M CE J T} 2k -1 e b H
550 73

If we substitute the value of p4/p3 found from equation 4 2.3,

-1 .2 ]
Lo JT Lo {1
the adiabatic hep. = — 2 £ { U) vewe A 3.2
550 =1 .2
e

4e Limiting values for the diffuser efficiency5 Ny

Then Mz1.0 the limiting conditions for Ny, are,

(a) A normal shock exists at the end of the working=-section and is
followed by isentropic compression in the diffuser, This is
equivalent to ng sub. = 1.0 where

M is the efficiency of a subsonic diffuser.

o sub

(b) A ﬁormal shock exists at the end of the working-—section and is
followed by constant pressure in the diffuser, This is

equivalent to Ny wiih, = O.

For (a) it can be shown that,

1/x

n " 4] 4+ " 2

Tt oy - v (y=1)M2

LR B BB I J'Ihl- J-I—D"
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For (b) it can be shown that,

r 5 s 504§
K?YM "Y+1) Y o &
T]O.. = . Y+1 (N RN NN RN RN NN A.hj-i-‘z

5« The energy ratio of a return flow tunnel

rate of flow of kinetic energy at working-section

Energy ratio =

power input

If we use the adiabatic horse-power then,

1 2
zpU
E‘,R, = -1 L B O BB B B B B BN B A ) A5'1
we JT B\ Y
P 3 — -1
4

If we substitute the value of Pi{_/P3 from equation 4 2.3 and
assume that T3 & To then,

(1 il I.'zi Mz) |

(AR E R RN NN RN RN NN J’l 5.2

™
Tued

Be =
(o 2) (i,

The energy ratio for small values of M, i.c., M=»0 is,

E-R- = -'j_' 0.---...0....--.1&-5.3

=50 11

and fer large values of M,

mn
E.R,s = "“"'_'0': N R piy 504
N g 11,

But from equations A 4.1 and A 4.2 it can be shown that as

M2 om, nu_—n';O. Therefore equation A 5.4 becomes,
EuRe =O 0'000000100000-01&-505
==y o
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6. To calculate the time of running of an intermittent 'straight-through'

tunmel operated from compressed air storage

If the high pressure reservolr is pumped up to a pressure Ty
then the following analysis gives the time of rumning until the
pressure in the reservoir falls to the constant blowing pressure Pye

(It is not essential to maintain constant blowing pressure
but if this is not done the pressure will fall continuously in the
working-section and the temperature and density will also vary during
the run).

If V is the volume of the reservoir then in time dt the
mass of air in the reservoir falls by Vdp. The air flowing through
the tunnel in time dt is p dt, where u is the mass flow through
the tunnel in unit time. Hence,

do _ _ 4 A
d't = U. .-...‘-..4.-&3...“..1A6l1i

If we assume that no heat interchange exists between the reservoir,
the walls of the tunnel and the atmosphere, then the heut energy given
in time dt +to the atmosphere by the air leaving the tunnel is,

pC T dt where T 1s the temperature of air in the reservoir
at time t.

The change in time dt of the internal energy of the air inside
the reservoir is,

ve, a (pr)

hence,

MGPTdt=_VOVd(pT) o--o--'a-o-qcto-nu.oc-A6=2

If we combine equations A 6.2 and A 6.1 then we obtain for

pressure changes in the reservoir the isentropic law,

-E-'\F =constant ---ao--a--ooun-----e.A6-5

It can bec shown that provided no losses occur in throttling
between pressures Pp and Pys the mass flow through the tunnel is

given by, oy
1 " 261)
- O Wi 4 L-:j.."."? ’
“_FbabS]iL L 2 a l g-n-annatn&oo.oa-couA6e!+
where /““—
'Lr.ba_b =pb‘\FRT- CESAUIRO B R RO RBE LB EEN A6|5

But T the temperature of air in the reservoir varies with time,
therefore p must vary with time,

PTC vaa
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If we neglect frictional losses in the expansion from the
settling chamber, at pressure Pys to the working-section, it can be

shown that, =
4 y=1 o Y/Y1
+ 5 M
= lIOv-ococnnocﬁGaG
a
| =i .2
- 1+ 5 M, M

where p_ is the atmospheric Pressure at the exit from the diffuser, whose
efficiency is Ny

fdlo'p

From equations A 6.1, A 6.3, A 6.4, and A 6.5 it follows that,

1
2y
a‘t {YE1) I)RV 1 _(P_b.) .|..‘I...ll.l-£'16|?
By R TR r

where, £\t

It

time of running in sees.

3
]

initial temperature of air in reservoir

+ 30

My » the initial mass flow Pbf=l— i |4 + ﬁimzf
i RTR 2

Ta To calculate the time of running of an intermittent 'straight~through’

tunnel operated fram a vacuum tank at exit

If V is the volume of the vacuum tenk and yu the constant mass
flow through the tunnel then,

.C%% 2% = constant lll.lt!l‘.l.lt.'lllA7.1

The change of internal energy in the tank in time dt is
Ve a (pr)

and the heat energy extracted from the atmosphere at temperature Ta’
in time 4t is,

w e, T, at

Hence,
5% CP Ta dt =V C{r d (PT) L I R R T R I I S Py A,?.Q

If we integrate equation 4 7.2 we fing that,

At = vap
HYRT

LA YRR Ao ?.3

/ﬁhere, e
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where, At is the time of running .

APr 1is the pressure rise in the voeuum tank.

If we substitute the value of u found from equation A 1,5,

y+1
£ v "'I+I—Iv'] \’-1
ﬁt = _‘"‘E. by SN R aka R ased B ?.tl.{.
1"o = My ao
The pressure rise
&P - PR -"P- LR R R R R A I A A A A 7u5

where P; 1s the initial pressure in the vacuum tank

Y/ =1
. L—-‘J[ '\rT2
a_nd Eni“ 1+ 2 T‘G‘lu L N iﬂi?!é
P, ¥
0 1+3C--—21 M“

B To calculuate the time of rumning of an intermittent 'straight-through!'

™

induction tunnel

Tt can be shown that,

L N A N I A a{“}. 8.1

e
IT—

Vi

mass of air flowing through the tunnel working-section

where m =
mass of air from the high pressure cylinder

Let and T, be the initial reservoir pressure and temperature
respectively and Py %he constant blowing pressure. If similar
assumptions to those stated in Appendix 6 are used, then

i xl
2,Y
b
1"‘" ——b') oolonlltonlnllouijka.-z
R

At ={§§?) Pry m,

m
PR*R

where m, = initial mass flow ratio.

Vi LN
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e The adiabatic horse—-power reguired by thc compressor in an

induction type tunnel

If the compressor has s stages thc adiabatic h.p. =
550 ‘,Y_1 p1 ®E R0 PR Ry e L a

where | mass of air discharged per sec.

Py exit pressure
Py inlet pressure

T_1 inlet temperature.

104 The time reguired to pump up & high pressure rescrvoir

Let a reservoir of volume V at pressure p_ .
be supplied with a mass flow u at temperature T then the change
of density dp inside the reservoir in time dt "is given by

do _ i .-
dt -— V Ss s s raavrsaesare e o L 10-1
hence, P, N
m,'t = E R;— E "'1 I I B A AR A AR A RN A ,ﬂ.joug
. P |

where Pp is the final reservoir pressure.

11. The time required to evacuate a tank

The volumetric efficiency of a vaccunm pump

Effective suction volume per stroke

swept volume per stroke
and M = f(p).
If the pump runs at N r.p.m. and the swept volume per stroke is

¥ then the volume of air removed in unit time from a tank, volume V,
connected to its inlet is

[ ENEERNNENNENENENENR RN A 11.1

n
60

But the change of mass of air in the tank in time dt is
Vdp, hence
pmv, N

(I EE RN NN NN NS EEEE R -'-’1- 11!2

dp

dt = 6 v

/If LRCIE
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If the operation takes place at constant temperature,

P
A,c“vsoj
TN
P

2
o]

ssesscesarecasncos Jb 11-3

3lg

where P, is the initial pressure in the vacuum tank, p 1is the
final préssure and At is the time taken.

In an efficient vacuum pump n approximately equals unity. !
In this case,

‘ﬁt = eov lOgeP tsrssscroeResTOOE D A 11,1.;_

N v
3

b
where, P = ~

P
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