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SUMMARY

Tests on a sharp-lirped supersonic intake have shown that at =zero

flight speed the total pressurs recovery 1s improved from 0,78 to 0.97 by

opening an ammlar auxiliary air inlet, at a compressor entry Mach number

of 0.5. At the same time the ratio of peak to mewn veloclty at the
compressor ertry is reduced from 1.3 to 1.1,

A simple method is giver of calculating changes in pressure
recovery with intake flow rate and blced slot opening, which should be
i

applicable to otier intake and auxiliary inlet configurations.

Note:—

This paper describes experiments limited to one particular intake

configuration, It does not seek to formulate a precise theory of
behaviour confirmed in detail by experiments, but rather to illustrate

how nearly overall characteristics can be described by a much-simplified

model,
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1.0 Introduction

Aircraft engine intakes for supersonic flight specds have sharp-
edged inlet cowls, and in consequence considerable losses in total pressure
of the entering air occur when the aircraft is moving at low forward
speeds, particularly under take—off conditions, One way of reducing this
loss is to open auxiliary air inlets in the side of the intake so that the
inlet is partially bypessed at low forward speeds, With a particular
type of engine in mind, which would operate at flight speeds up to Mach L,
it was desired to know what intake pressure recoveries could be assumed at
take—off conditions.

2,0 Test aoparatus

The model intake is shown in Figure 1., It has a single cone
centrebody of 30° semi-angle positioned for shock on lip operation at M = k.
The forward end of the cowl is arranged to slide forward to provide an
annular slot which forms the auxiliary air inlet. The internal surfaces
of the cowl and centrebody are provided with a nunber of static pressure
measuring holes and at the diffuser outlet in the planc of the compressor
entry there are three total head combs disposed circumferentially at 120°.
The combs are mounted on a rotatable section so that the whole outlet flow
area can he explored. The leading dimensions of the intake passages are
show. in FPigure 2, together with the blockage of the annulus caused by the
three support webs which remain fixed with respect to the centrebody.

The intake was bolted to a2 suction main in which the airflow was
measured by means of an orifice plate installed in accordance with the
British Standard Svecifications.

3.0 Test results

31 Tvaluation o. pressure recovery

The pressure recovery, m, is the ratio of the mean total head of
the Tlow 57 he measuring plane (compressor entry) to the ambient pressure.
The mean total pressure could be evaluated in two ways, At each operat-
ing condition readings were taken on the total head combs at a number of
radial positions; from thesc readinzs the area weighted mean total pres-
sure was evaluated, and hence n. The second method was to measure the
mass flow through the intake and the static pressure at the measuring
plane. dran. these measurements the mean Mach number at the reasuring
plane was calculated. The mean total pressure was then evaluated as the
sum of the static pressure and the dynamic head corresponding to the mean
Mach number., 1In only one or two instances did the pressure recoveries
evaluated by the two methods differ by more than 0.003, and, in what
follows, results cvaluated by the second method are quoted as these
appeared to be slightly more consistent than the total pressure traverse
measurements, possibly owing to the relatively long period of time
required to take the latter readings.

3.2 Pressure recovery characteristics

In Figure 3 are shown the pressure recovery characteristics of the
intake without and with the auxiliary air inlet. The uppermost curve was
obtained after the original configuration had been modified by machining a
radius on the slot which allowsd the bleed air to enter the duct more
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casily (see Pigure 2). It is clear from these curves that quite a modest
forward movement of the cowl, ecual to about 0.28 of the cowl inlet radius,
is sufficient to improve the pressure recovery from 0.79 to .972 at the
representative compresszor entry Mach number of 0.5,

/n alternative method of presentation is shown in I'igure 4, in
which the pressure recovery is rclated to the mass flow through the intake.
The latter is vlotted as a ratio of the actual flow to the flow waich
theorctically could pass the narrowest cross-sechion of the intake duct
assuming smbienl total pressure and sonic velocity al this point. With
the slot shut, the maximum value of this flow ratic is about 0.787, and
the shape of the curve is similar to that observed in other tests? on
sharp-lipped intakes,

343 Velocity distribution

I» Figure 5 are shown the measured velocity profiles at the com-
pressor entry plane for two cases, onc with the bleed slot shut, the other
with it one inch open. It is seen that the blesd also very considerably
improves the velocity distribution and reduces the peak velocity from
1.31 to 1.095 of the mean velocity.

L0 Analysis of intake pregsure recovery with slot shut

The losses in total pressure in the intake duct and the restriction
of the mayimum flow rate to about 80 per cent of its theoretical value are
due to the occurrence of a vena contracta in the flow as it enters the
intake, The flow conditions will now be discussed in terms of a simpli-
ficd duct, such as that shown in ligure 6. The flow enters to form a
vena contracta at station 2; it then mixes with the "dead" air to fill
the duct at station 3., Diffusion then occurs up to the measuring section
at station L, As the Iach nuwsber is increascd at station 4, the flow
system passes through three regimes.  Initially the flow is subsonic
throughout, and Ps,', the static pressure in the dead alr space surround-
ing the vena contracta iz equal to the static pressure Pg, of the flow at
this point. At some higher 1f, value, the flow in the vena contracta
becomes sonic and thereafter Pg,t is lower than Py,. At a still bigher
value of 1, M; rcaches a limiting value, and the intske is choked.
Therealter shocks cccur in the diffuser whiclh allow the lower pressures
and hipher iach mubers to be attained at station 4 until eventually i,
reaches 1 vwhen the back pressure is reduced to a sufficlently low value.

These flow conditions have been analysed in Appendix IT on the
assumption that the flow is one-dimensional, If the state of the flow
at station 3 ig lmown, the contraction coefficient C at the vena contracta
and the static pressure Pg.' can be calculated by applying the condition
of constant momentum between stations 2 and 3. Sinece the foregoing
moacurements have been made at station 4, an asswsoption has to be made as
to the onergy lowscs in the diffuser, and it has been assumed tuat the
isentropic efficiency of this component is 0.9.  The resulting change
of contraction coefficient with pressure ratio is shown in Figure 7.

The course of the points agrees very well with the theoretical curves of
Jobsont; the incompressible contraction coefficient (Pg./Ppy = 1) is
about 0.55 and, therefors, Jobson's treatment, which is incomplete when
Ci cxcecds 0.7, may be taken to apply.
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Using the one-dimensional theory with Ci = 0.536 and 0,90 diffuser
efficiency, the observed values have been compared with the theoretical
pressure recovery values on Figure 8. The practically constant relation
of observed total pressure loss to a function of the measuring section
Mach number suggests the method of presentation of results showm on
Figure 9,

The same theory may also be used to estimate the changes in static
pressure in the diffuser. These are shown in Figure 10 on which the
measured wall static pressures are also plotted. The differences betwcen
the observed and calculated values are an indication of shortcomings of
the assumptions made in respect of the completeness of mixing and one~
dimensicnal {low pattern in the duct.

5.0 Analysis of intake pressure recovery with slot open

When the cowl is moved forward an annular slot is provided for
ambient air to be drown into the intake duct upstream of the compressor
entry. If the flow conditions are known in the intake duct just upstream
of the bleed sliot, the effective total pressure of the entering blecd air
may be estimated from the resultant total pressure of the flow at the com-
prcssor entry station, The method is described in Appendix ITI. In
order to carry out the calculation, it is nccessary also to know the pro-
portion of the total flow which enters through the intake provper. In the
experiments this wes cstimatced by blanking off the slot and determining
the relation between the airflow rate and the readings of static pressure
on the inner surfacc of the cowl. Recause the forward movement of the
cowl changes ‘hec Intake entry area, this calibration was made for each of
the cowl positions (sce Fizure 12). Vhen air was entering the bleed slot,
the flow through the intake inlet was estimated from the cowl internal
atatic pressurc measurements.

The rcsults of this analysis arc showm in Table IT, The. conclusion
is that the effective total pressure of the bleced air is about 0.99 of the
ambicnt pressure. It is also of intcrost to compars the estimated static
pressure in the flow through the bleed =lot with the static pressure in
the inteke auct at the point wheore the two flows first meet. It is secn
(Table II) that the two pressures are very similar, From this it follows
that a suitable method for estimating the flow through the blced slot is
to assume the equality of the static pressures of the two flows at this
point., By making a further assumption that there is a 15 per cent loss
of dynamic hcad in the bleed flow, the resultant pressure recovery of the
inteke may be estimated. This estimation is laid out in Table III, and
a comparison with observed pressurc rccoveries shows differences less than
C.003 in each case,

6.0 Discussion

It must be said that the auxiliary blecd arrangement on the present
model is an elmost ideal configuration. The entry is a well-rounded
annulus obstructed only by three narrow struts and admits the air into the
duct at its maximum cross-scction, One may compare the recovery obtained
in the present casc with the cowl moved onc inch forward (cquivalent to
0.28 of the iniet radius) when the prcssure recovery was 0,972 (2.8 per
cent Joss) with the 0,9 recovery (10 per cent loss) of a similar arrange-
ment deseribed elsewhere”. In the latter casc the bleed slot was posi-
tioned very close to the intake throat, and also had a rathcr poorly



-7 -

faired entry. The importance of the shape of the bleed slot is illustra-
ted in the present tests by the fact thut the loss in total prassurc at
the measuring plane was approximately halved by introducing the radius at
the downstrcam <dge of the blecd slot.

The measurc of agrecment betwe.n the actual pressure recoveries with
bleed flow and those calculated by the simple thoory prosented is an indi-~
cation of the ideal naturc of the auxiliary inlet. lHowever, it is sug-
gested that the mothod is suitable for studying probloums of this sort and
would be applicd to other configurations by introducing an amended loss
factor for the blezd air.

7.0 Conclusions

Tcsts on a model conical centrobody supcrsonic intake have shown
that the pressure rocevery of the intake vhen Titted with a w.1ll-designed
auxiliary inlct can be 0,97 under static conditions. The veloclity profile
of the flow at the compr.ssor cntry plane is much improved by the auxi-
liary inlet, and in the present instarce the ratio of maximum to mean
velocity wns decreased from 1.3 to 1.1 when the auxiliary inlet waz cpened.

The variations of pressure rocovery with flow ratc of a gharp-
lipped dulet are adequately described by a simple onc-dimensional theory
using the method of Jobson for dotermiring the variation of inlot dis-
charge coefficicnt vith flow rate.

It is shown that the auxilisry inlct tested is of an ideal type in
that therc is a very small loss of cnergy in irtroducing the air through
the auxiliary inlct, A simple mothod ds, thercfore, adequate for detor-

mining the performance of the intake with auxiliary inl.t.
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mstimation of intake inlet contraction coefficient

M, (observed) 0.159 0. 280 0.362 0.502

Pta N .

T (observed) 0.9733 0.926 0.8835 0.788

1f, C.o2 0.385 0.513 0.692

Pts p -

S 0.,9765 0,935 0.829 0,866
1

C 0.559 0,608 0.683 0.787

Pso! ’

) (calculated) 0.896 . 0.685 0,493 T 0.245
Pg! .

5 (obscrved) 0.899 - 0.687 0,484 © 0,197
ti . .

f 0.116 L 0.127 } 0.129 é 0.189

Cs 0.532 . 0.536 ' 0.539 | 0.551
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TABLE IT

Estimation of bleed flow pressure recovery and
bleed slot static pressure

Cowl position x inch 0.5 . 1.0 . 1.5 ' 2,0

wVT : : :

——=— (observed) 0.279 0,287 : 0.290 ! 0.2923

Ad Pt1 . H
Pi, /Py, (observed) | 0.9405 * 0.9718 . 0.9815 . 0.9876

W, VT : : :
m 0.205 . 0.1657 . 0.1375 0.1056
Ps . . : :

E%A (observed) 0.851 - 0.9115 ° 0.9%1 ° 0.963
i 1 .

W, /T ' ,
———— (by difference) - 0,074 - 0.1213 ~ 0©.1525 0.1867
A4 P’t1 . )

Pi./Pt, (calculated) 0. 98 0,998 0. 991 0.991
Bleed slot areca A, 5.95 12 44 18.8  26.0

Ws VT
—_— 0,3003 0,242  0.1960  0.173k
As Py,

Pss Psa! o ST noQ

\J'/5

P-t1 <Cp P-t, ) Oo b38 O- 903 Ue 93/ 3
Pty - Pis! - ,
T 0,099 0.021 0.148 0.192

These resulits refer to tests with the radius on the downstream
corner of the bleed slot.
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TARLY TIT

Estimation of pressure recovery with bleed slot open

Trom performance vwith no blecd

Forward movement of cowl x - inches

Chserved
values with

24,15 in? siot blanked

A v
QX "
= A, =

A

Y
EA

A

r.

Correct to actua
area At

"y

Calculated pressure recover

experiment

Comparison with

=

s

[

=

i, Pss

M, (Guesced value)

Prr, /T4, (Calculated from X)

CAs 8qg.in.

T
S : Ly
From == = o——

¥, (From W, and Pi,)

1=, Dhegy

w2
Iig PS 4

M, (Observed value)

Pt
—— (Observed value)
Py,

t
?Ei (Calculated Trom Y)
1

0.5

0,514

0.8515

. 0,672

0.35

0.9242

2h.15

. 0055
. 0.91¢£8

0.850

1.0

- 0,502
0.8865

0.535

6,678

0.9880

0.9738
0.4.725

0.137

0.498

0.9718

0. 9714

O

1.5

0,502

0.506

0.2
0.97eL

22,6
0.225

0.965k

| 0.9k

3.5

6,85

0.9916

0.9854
0,480

0.0743

. 501

0.9615

0.98.3

0.8925 |

0.9942

" 0.9910

O.L“59

0.0L9

0.500

0.9876

0.9896
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APPLIDIX T

List of symbols

Area

Y41
Cross section area _ 1 2 PR s 1 ) |2V
Area at which M =1 =~ W™ Y + 1 2
Contraction coefficient
C when ¥—0

P
Stream thrust function = == - i;i. (1 + vir2)
e

Jobson's "rforce defect”

Force delcct coeflicient

Vach number

Total pressure

Static pressure

Total temperature

Masg flow rate

Forward movement of cowl from slot closed position
Intake total pressure recovery

Ratio of specific heats

Density
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APPRNDIX IT

One-dimensional analysis of intake diffuser flow conditions

Referring to Figure 6, it is assumed that the intake passage area
is constant from the inlet plane to the plane 3 where it is assumed that
mixing is complecte.

Tor constant stream thrust from plans 2 to plane 3

Pgat (&, - C.A) + 4.0 (Bae + Pso M) A;Pss (1 + YIL?) vee (1)

where ¢ is the contraction coefficient at the vena contracta

52

X Py
(1 + ¥i,2) = =—= (1 + vi2)
C1

Pot P :
=%~ (1 -~ Q) + C T =

If it dis ascumed thal tlie total pressure is constant up to the vena
contracta, then from considerations of continuity

G ™ flﬁ hP—t 1 _ .A..vs PJG 3
/), - O/,
jPJD:S - C .( A“/{\*>1 P see (2>
Pt (A/A*)z
I I
gy :« (A/.EX*) PG
=2 - T 32 e 3= = i
= (1 =¢C)+C ‘Pt (1 + yi2) CE | (1 + v)
L P 5

Py * A, Py | Ay bt
L ._J'r L 3
. - A Fs .
Putting D = =— = (1 + yi}2), a function of M,

S VY

A &)

=]

W

- ™ ,
iﬁe.?i_l/_é_>.;‘9:__(_£&. .5
P4 LFA* i ‘ A

Let us suppose that we know the IMach number and pressure recovery
Pis/Pr, at station 3. Two conditions are possible at the vena contracta.
Fither M, < 1, in which casc Pgat = Pgp, or i, = 1 in which case
(A,/A*)2 =1 and D, is known. Py assuming valucs for M, and substituting

in Bquatioa (B)with Pyt = Pg,, either a value of M, can be found which
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satisfies the equation, or it becomes clear that the flow in the vena
contracta is sonic, and in either case C may be evaluated from Equation(Z).

The conditions at station 3 are estimated {rom the observed condi-
tions at station 4 by assuming a diffuser efficiency mg defined by
- X
:P‘tl‘, Ts3 <+ T'Id(Tt; - TSa) '\(-1
PS3 - TSZ
The total pressure ratic along the diffuser is then
\ e
Y -1 . 51Y~1
Pt, (1 + Mg 5 U 2)
Pes — ( X
Yy -1 .. Y 1
\’I + = 3‘,132)
(Be/Ps)y - vig u
= LA L K ] (LF)
(Pt/PS>}',I - M3
It has been assumed that ng = 0.9, so that it is then possible to determine
e value of My which satisfies both Equation (4)and the requirement of con-

tinuity between stations 3 and L.

Application of Jobson's method

Following the method of Jobson, the equation of motion of the flow
up to the vena contracta may bhe written

P-t1 .Az + F

Por & (1 -C) +Pg 4, C (1 + vMR)

(5)

Tie tem F, called the force defect, is introduced to allow for

forces oa surfaces upstream of the

entry area, vhich are duc to the nega-~

tive pressure gradient in the flow as it accelerates before entering the

inlet. It is assumed that

where  is a constant for a particular orifice or inlet,

Equation {5) becomes

T2
Pty A, + T oes By
W
W2
PeyAy+ £ o ¥ Py oo Pss | A, M2

Pt

WZ

Prs 4,

With Fquation (1),

= Py, A (1 + ¥1,2)

A

3

V}

if

rsS3
2 2 w2
Fss? As% B
Pas

Pe, 4, (1 + vii;2)

a D
T-83

1

h
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whence
Pts Pt 1 Pts/Pgs
f = . 5 1 - "1 R (6)
Ps3 Pps Y52 Py /Py
- -
|
Prs 2 Pt/Ps i
Pro P %
1+ ¥YM? + ((1 + YMZ)Z - LEyM2 . -P;E . &]
- s Pt _13
e (D)

In Table 1, values of f calculated from tl.c observed pressure
recoveries are shown, together with the equivalent incompressible dis-
charge coefficients Cl, given by

PO I
Ci 2C;®

So far, no restriction has been put on the value of Py,', and as
may be inferred from ! quatlon(BL My, will reach 1 if Py, becomeu ZEero.
Observation shows however that Pg,' has a positive value even when the
intake is choked (i.e. when W/W, has reached a constant maximum value).
Referring to Figure 6, let it be supposed that, when i, = 1, the air
continues to expand supersonically to some plane 2' at which the static
pressure is Pg,t. The limit is then reached when A,' = A, = A,, and for
constant momemtum between planes 2 and 2', with ¥,' > 1, we have

PSZ' Pv
5 (1-C)+ c = P (1 + ) = o - (14 T
and Py, (%f) = Pty xC
2‘
D,» - D
whence 1 -C = 2] 2 ves (8)

(Ps/Py » 4/8,)

The 1limit line defined by this equation is showvm on Figure 7. The value
of ¥, at the limit is given by

D3 = 52'

vhich mercly expresses the conservation of stream thrust in a normal
shock,

From the results of Table I a mean value of 0,126 has been chosen
for f, and using Equation(7), the theoretical curve skown on Figure 8 has
been drawn, Again .quatlon(B)nas been used to define the limiting value
of Pgpt, so that at high values of M,, the thcoretical curve breaks away
as shown. Once having found the limiting values of i, and Py, the
relationship between M, and Py, follows from considerations of continuity
between stations 3 and 4.,
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A worked examvle

Suppose that we have an intake similar to that described but with
A, = 1.5 A, and for which Pt,/Pty = 0.911 when M, = 0,36. 1t is rcquired

to find the limiting valuc of WA,

In order to determinc M; at the given condition, we have Zquation (L)
above for Py./Pts and the continuity equation

/A)AXP% _ <A> P

Ke ) "R

One or two trial calculations with guessed values of !; show that the two
requirements are satisfied by l; = 0.5. Thus,

- = A -
M, = 0.5, <§E> = 1.1862, (K') = 1.3393
s 3 * 3
e Py
.‘fﬂd M3 = 0.9 *® 0.5 = C.i_}_?l,'l;., "IS— = 1.1666
Therefore Pta = 1.1666 = 0.9835
Bt, T.1862 =
/A
\—,{—\ = 1.3398 x  0.9835 x 1.5
i */4
= 1.7363
whence M, = 0,36
Pt Fes | Pte
P‘t1 Pt 4 D‘t
0,911
T 0.9835
= 0.926

Using Equation (6)we now find the value of I to be 0,2407 and the value of
Cqi is

_ 1 = /T = 2F
01 =
= 0,532

We can see from Figure 7 that the value of C at the limit line will
be about 0.8 for Ci = 0.58, that is A, /Ay, will be about 1.2 and (A/A*)g
rather less than this value,

We now guess a value for M,' at choking and use Equations (8), (7)
and (2) to determine whether this value fits.
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Py A
Guess M,y = 1.52, (——-—) = 3.7792, (——‘-—> = 1.1899
PS 2! */50
From Equation (8), C = 0.792
When My = 1.52, M, = 0.69%41 (from shock tables)
/P P
‘5‘) = 1.3799, (—‘@—) - 1.0987, (J-\ = 1.2586
s/ LV Fa/,
With £ = 0.2407 and these values inserted in Dquation (7) we get
P‘t“‘
R
"t
Trom Fquation (2), with (2/A4), = 1 we get
o 0.833
T T 41,0987
= 0,809

Since the two values of C do not match we choose another value for
Myv, say M,» = 1,5, The result now is that C = 0.8071 and 0.8077 from
which we expect the value of C at the limit to be 0.808. Therefore, the
value of WAV, at the limit is 0,808,
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APPENDIX TIT

Analysis of intake performance with bleed flow

Referring to Figure 11, the total pressure at station 4 is taken to
be the mass-weighted sum of the total pressures of the two flows at the
point where they are both wholly within the intake duct,

m _ rr i) -y
Wy P‘tz‘. = T, Pyt + Wy Pggr

It is assumed that Ty + is ecqual to the total pressure which would
oceur av station I. vith the blecd °1o+ blanked and the same flow W, enter-
ing the intake inlet. In Table IT the resultant total pressure PtL:/T%1
of the bleed Llow has beon eo tmnatoﬁ from the expsrimental results, using
flow provortions cstinated [rom the cowl lip static rressure moasurement
In the second mart of the table, the static pressure required in the bleed
slot passaze if the estimated plom rate Vs is to enter is compared vith
the observed static rress.re at stetion &',

The loss (Pr, - Prst) ig also expressed as a proportion of the
bleed air dynamic hewd (Pr, - Tgs).

In Table III 2o cctimate or the intaw oresssure recovery at various
slot openings has becn made ~holly I'rom the no-bleed »rosgure recovery
characteristics, assuming only that Pey = Pg,t and (Pry - Pegt) =
0.15 (Pg, - PQ4S. the **FﬂrArﬂ,u betreen the prascure recoveries cal-
culated in this way and the experimentally observed values sre not greater
than the probable experim-ntal crrers.
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