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A STUDY ON MATCHING PROBLEMS
OF SUPERSONIC TWO-DIMENSIONAL AIR INLETS®

E

LA FAKHRY and T. G. PA1 (TRIPOLI)

In order to ensure’ a uniform and stable compressor face flow, maximum total pressure
recovery and minimum pre-entry drag for an Air Inlet of a supersonic aircraft of flight Mach
numbers above 2, over ifs entire flight range and variable geometry, is a necessity. The
variable multl-ramp external compression two-dimensional Air Inlet is one of the most
attractive solutions for this case, where variable geometry mdy be easier t0 engineer [1]
In -this ' paper - two developed computer -programs (GMTRY and- CRIT) are presented,
OswaritscH [2] optimum ramp anglés are used to -determine the geometrical shape of the
three ramp variable deflection Air Inlet,. and the exact solution of the shock wave equation
is. utilised to determine a number of parameters relevant to the Air Inlet performance at
design and critical operational conditions. Flow shape and flow pattern at cutlcal sub-
~critical and Ferri limit of the air inlet under study are presented,

NOMENCLATURE

A 'capture area,
A,, throat area,

CRIT computeér program predicting Air Tnlet cntlcal performance, -
CDADD  coefficient of additive drag, .
GMTRY computer program determining Air Inlet geometry,

M . upstream -Mach. number, R

MFR air mass flow ratio,

MFF  air'.mass ﬂow func‘[mn B

© P static pressure, '
Py total pressure,

P, upstream total pressure,
¢ air mass flow rate per Inlet,

3 T static temperature,
TPR. . total pressure recovery,

o splliage ratio, .
8 ramp defléction angle
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1. INTRODUCTION a

OswaTtitscH [2] noted that high Inlet total pressure recovery at super-
sonic flight speeds could be achieved by means of compression surfaces
generating one or more oblique shock wave (s) in front of the Inlet aperture
to decelerate the flow ahead of the terminal normal shock wave. DunuaMm [3]
discussed the deviation of Air Inlet operational conditions during take-off,
climb, manoeuvre, ... etc.,, from the design ideal. Hurp [4], pointed out the
merits of operating the Air Inlet critically rather than sub or super-critically.
Par [5] introduced mathematical models for the estimation of Air Inlet
performance at critical and subcritical operating conditions. Mc Grecor [6]
developed some theoretical parameters relevant to the performance of rectan-
gular Air Intakes with double ramp compression surfaces at supersonic
speeds. Fakury [7] published the computer programs developed to estimate
the performance of the two-dimensional supersonic Air Inlets.

- In this paper, two developed computer programs (GMTRY and CRIT)
arc presented. OswaTitscu [2] optimum ramp angles are vsed to determine
the geometrical shape of the three ramp variable deflection Air Inlet, and
the exact solution of the shock wave equation is utilised to determine
a number of parameters relevant to the Air Inlet performance at design and
critical operatiopal conditions. Flow shape and flow pattern at critical,
sub-critical and Ferri limit of the Air Inlet under study are shown in
Fig. L

.\Bu'zz sheet

Fig. 1. Critical (subcritical) Ferri conditions. a) Critical flow (normal shock at throat),
b) subcritical flow (normal shock expelled), ¢) Ferri limit {expelled normal shock intersects
with previous obligue shock)

A study will follow to determine the performance of the same Air Inlet
selected model at suberitical operating condition and to estimate the unstable
limiting condition (Ferri limit) Both the present study and the following
onc may form a solid base for the matching process of Axr Inlet and
propulsion system.

A trade-off can then be made between the performance improvement
at off-design conditions and the increased complexity and weight of a variable
geometry Air lnlet, .- T > oo
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2. DESIGN CONFIGURATION OF THE PROPOSED AIR INLET MODEL

A computer program GMTRY is developed to determine the geometrical
shape of the two-dimensional multi-ramp external compression supersonic
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F1G. 2. Design geometry of the proposed Air Inlet model.
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FiG” 4. Flow chart of main program GMTRY.
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Air Inlet that matches with a selected design condition (see Fig. 2). This
geometry is optimised by fulfilling the following conditions:

All oblique shocks created by the successive ramps are directed to and
meet at the outer cowl lip. This ensures zero additive drag and stable
cutlet flow at design condition.

Design air mass flow rate per Tnlet is its critical mass flow. This
necessitates that the terminal normal $Hock is located at duct entry (throat)
which minimises Inlet drag and ensures flow stability.

The ramp deflection -angles are sélected according to Oswatitsch in
order to ensure maximum total pressure recovery. A subroutine Oswat
was developed to determine (hese optimum deﬂectlon angles for a given
number of ramps and design Mach number.

However, the determined Air Inlet geometry can fulfill the above mentio-
ned aspects only at the selected design condition. At off-design conditions
(different flight Mach number. and/or different air mass flow per Inlet) the
shock pattern —if the geometry is fixed-will change (see Fig 3), with
penalties varying from an increase in Inlet drag to a decrease of total
pressure recovery or even to unstable flow. Variable geometry is introduced
in order to improve the off-design performance. :

A flow chart of the developed program. GMTRY is shown in Fig. 4.

3. AR INLET CRITICAL PERFORMANCE

In order to predict the critical performance of the variable ramp Air
Inlet at a selected range of flight Mach numbers, a parametric study is
carried out (for the geometry- determined by the program GMTRY) using -
a developed computer program CRIT. All the poss:ble combinations of the
independent variables M, &§;,-&s and d, .(with a selected suitable step for
each) that produce outlet stable flow “are surveyed. The outlet flow is
considered stable when: no shock is detached, no shock (s) enter (s) lip and
when no intersection takes place between any of the shocks within the
captured stream. Flgurc ) shows the flow chart of the developed program
CRIT. e

4. PARAMETERS DEFINING AIR INLET PERFORMANCE

For this study the foHowmg parameters are calculated to define the Air
Inlet performance for each operating condition (the operating condition is
defined by M,, 8,, 6, and &;).

a} Total pressure recovery (TPR). Defined as the ratio between the total
pressure at the delivery end of the Air Inlet to that at the supply end
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(free stream). In this study only pressure losses due to shock waves are
considered. The pressure losses within the subsonic duct are comparatlvely
small. From Fig. 2

Prm:H)s”PM Fos By
Bo1 Py B3 Ry By

TPR =

product of total pressure ratios across the successive shocks.

A subroutine (SHOCK) is developed to solve the shock wave equation
for a given Mach number and deflection angle. -

b) Air mass flow ratio (MFR). Defined as the ratio between the operating
air mass flow and the maximum geomemcally possible air mass flow.
From Fig. 1

for crltlcai operation ~ MFR = YC/YL,
for subcritical operation - MFR = YSI/YL.

¢) Mass flow function (MFF). Engine air flow requirements are usually
expressed in the reduced form Q ./Ty/F,. It is made effectively nondimen-
sional by dividing by Inlet entry area A,,. It can be proved {taking y = 1.4)
that

0.6849 M*> MFR

MFF = (1+02M2P TPR

d) Coefficient of additive drag .(CDADD). The drag force on the outer-
most stream line is {see Fig. 1b)
LNR

D= Z (ch+1_YCn) (Prrl-i_Pl)

n=1

and the coefficient of additive drag is given by

CDADD = D /(% JM2P, YL)\

5. ResuLts

A pilot study was done on a selected supersonic two-dimensional triple -
‘ramp external compression Air Inlet model at the following design conditions
_(see Fig. 2): _

< number of rafmps (NR) =3 (all variable),

design flight Mach number . =22,

air mass flow rate/INLET = 50 Kg/s,
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- 1.0

width/height ratio

design is done at sea level. . :

The two programs GMTRY and CRIT were tried for th1s Inlet modei
and the obtained results were as follows:

a) Output results of program GMTRY (Tabl 1)

’ ]

Table 1. Results of main ‘progi'g-:n GM_TRY

XL =03398 - YL =(.2335
CXT=039%80 YT=0l1245
Capture area = 0.0545
Duct entry area = 0.0288

Hing NO | Defl. angle |Shock angle XH YH
1 8.7000 34.4973- 0.0000 0.0000
2 9.5000 41.5721 0.1670 0.0256
3 $.9000 54.0423 0.2857 0.0646

(degrees) ﬂ. Sum of deflection angles

a0 L(ci'1+d‘2+d'_:‘|)
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FiG. 6. Sum of deflection angles for stable operation.
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b) The range of stable critical operation of the proposed Inlet model
at various Mach numbers is shown in Figs. 6 and 7 with respect to the
total deflection angle and critical air mass flow ratio respectively.

c) The Air Inlet critical performance (can be named Air Inlet map)
at the Mach number 22 is shown in Fig. 8. The coefficient of additive
drag is plotied against the critical -air mass flow ratio for all possible
combinations of §;, d, and &;. This inap and similar maps for all flight
Mach numbers within .the aircraft range can be utilised to define the
optimum Air Inlet layout for each flight mission. However, for an air mass
flow rate lower than that for possible critical operation, the Air Inlet has
to work subcritically.

6. CONCLUDING REMARKS

In order to be able to complete the matching process of the Air Inlet
and the propulsion engine efficiently, the performance of the two units must
" be completely known. The present study outlined a method to find out the
Air Inlet performance at design and critical operational modes, and a further
study must follow to find out the Air Inlet performance at subcritical
operational mode.

However, the present study is slightly conservative since Inlet operations
can be extended marginally beyond the used limiting criterion, as in some
cases the initiated flow perturbations may diffuse before the engine face.
This shows the importance of an experimental work to support and verify
the results of such analytical study. '
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STRESZCZENIE

BADANIA NAD KONSTRUKCJA NADKRYTYCZNYCH DWUWYMIAROWYCH
CHWYTOW POWIETRZA

W celu uzyskania jednostajnego i stabilnego przeplywu na powierzchni, na ktorej naste-
puje wzrost cidnienia, w naddéwigkowych samolotach przy liczbie Macha powyzej 2 konieczny
jest maksymalny catkowity odzysk cisnienia i minimalny wstepny opdér wlotéw powietrza
w calym obszarze lotu i dla Zmiennej geometrii. Najatrakcyjnieiszym rozwiazaniem tego
problemu jest uzycie wieloptaszezyznowych dwuwymiarowych wlotéw powietrza, dla ktorych
mozna latwo uwzglednié¢ zmienng geomelrie,. W pracy przedstawiono dwa programy kompu-

terowe (GMTRY i CRIT). Wykorzystano optymalne katy plaszczyzn znalezione przez

OswaTitsca [2] w celu okredlenia geometrycznego kszialtu tréjplaszezyznowege chwytu
powictrza o zmiennym nachyleniv. Dokladne rozwigzanie réwnania fali uderzeniowej zostato
wykorzystane do znalezienia liczby parametrow istotnych dla wydajnosci konstruowanego
chwytu powietrza i krytycznych warunkow pracy. Przedstawiono ksztalty przeplywu w bada-
nych chwytach powietrza dla przeplywow krytycznych, podkrytyczuych i granicy Ferriego,

PE3iomME

HCCHENOBAHUA KOHCTPYKIIMH CBEPXKPUTHYECKHX JIBVMEPHBIX
BO3AYXO3AFOPHMKOB

C nensro uonywewunms PaBHOMEPHOTO M cTa0HIBHOTO Teuyemus Ha HOBEPXHOCTH, HAa KO-
TOPOH HACTYHAGT OCT fAABMeHHA, B CBEPXIRYKMBBIK GAMONETAX, Opu yuche Maxa csmme 2,
HeODXOTHMO MAKCHMAIIBHOE HONHOC BOCCTRHOBJICHKE NABNCHMST H MUHHMANBHOE TpEBADH-
TeNRIOE CONPOTHBICHME BNYCKOB BO3AYX2 B IEJOH 0BMACTH TomeTa H U TepeMeHHoi
reomerpui. Hawbonee “unTepecHpiM petenwem 370 npoOaeMbl  ABNAETCA HMCNOAB3IOBAHME
MHOIOIIOCKOCTHBX  JIBYMEDHEIX BIYCKOB RO3RYXA, JJIH KOTOPhIX MOXHO IEIKG YMYHTHBATD
TEPEMEHHYIO TEOMETPREO, ‘

B pabore npemcraBnensr mpe UpOTPaMMEL s KoMIbioTepos (GMTRY u CRIT). Hec-
HONLIOBAHEL OUTHMANBHBIC YINBl IIOCKOCTEH, HAlCHHEE Ocparnmiom [2], ¢ 1IENBH) OIpe-
ACNCHNA TeOMETPHUECKOH (hOPMEl TPEXILIOCKOCTROTO BO30YX03a60pHHKA ¢ ePeMeHHEIM HAKIIO-
moM. Townoe pemenwe ypasnemma YIAPHOH BOJHBL MCIONE3OBAHO JUIT HAXOMACHHS MMCIA
HAPAMETPOB CYIMECTBEHHRIX Hna 3 ek THBHOCTH HOCTPOEHHOTO BO3Ayco3abopHERa W KpHTH-
HecKux yonosuil pabotel. IpescTasiens (opmeL Tewenus B uccnenyemerx BO3yX03a60pHMKax
AT KPHTHIECKHX M AOKFPUTHUCCKHX TEYCHMH, a TakKe s npensena Deppu.
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