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P R E F A C E 

L 'ETIDE d'un avion ou d'un cngin volant est unc des mcilleures illus­
trations que Ton puissc donner dc la neccssitc du travail d'equipe qui 
caracterise, de notre temps, la recherche scicntifique ct ses applications. 
Une telle etude requicrt la mise en oeuvrc d'un grand nombre de tech­
niques, extremement diffcrentes, pour arriver a dcvelopper un ensemble 
repondant a un programme determine. 

II ne pcut d'ailleurs s'agir de la simple juxtaposition d'une cellule 
d'un dispositif de propulsion ct d'apparcillages, dont chacun rcpre-
senterait ce qu'il y a de mieux a 1'instant du choix, parce que chaque 
element reagit sur ses voisins ct que la solution corrcspondra au choix 
du meilleur compromis cntre des exigences contradictoires. 

11 Taut done que chaquc specialiste cn son domaine ait des vues 
sufBsantes sur les disciplines avec lesquelles il interfere. 

C'est pourquoi 1'important problemc des entrees d'air des rcacteurs 
a etc choisi comme theme dc la onzicme reunion du Groupe d'Etude dc 
la Combustion et de la Propulsion dc AGARD, qui s'est tenue a Paris, 
a 1'Ecolc Nationale Supcrieurc dc rAeronautiquc, en decembre 1956. 

Lcs quatre communications qui y furcnt presentees et qui font I'objcl 
de ce volume attircnt 1'attention sur les questions d'aerodynamique 
soulevccs par le fonctionncment des prises d'air dans les vols a vitesse 
transsonique ct supersonique. Ccs travaux sont precedes d'un expose de 
M. J . FABRI, qui situc de facon clairc et precise Ic probleme ct montrc 
comment il influence les caracteristiques de fonctionncment de la 
turbo-machine ou du stato-reactcur qui suit la prise d'air. 

En abordant ce sujet Ic Groupe dc Travail, qui s'etait jusqu'a present 
limitc a 1'etude des phenomencs dc combustion, a aussi voulu marqucr 
1'elargisscmcnt de scs activites qui, depuis 1956, englobc le domaine 
particulicrcment large de la propulsion, 

Qu'il me soit permis de remercier mon prcdecesseur le Dr B-P. 
MULLINS, President cn cxcrcice a cette cpoque et le Lt-Coloncl 
HORRIDGE, Officier Exccutif du Groupc de Travail, dont 1'activite et 
Ic devouement ont assure le succcs de cettc reunion. 

J . DUCARME 
Bruxclles President du Groupc d'Etude 
Belgique de la Combustion et de la 
Juillet 1957 Propulsion—AGARD 
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I N T R O D U C T I O N 

(1) A MESURE que les vitesses de vol croissent les problemes de prises 
d'air deviennent chaque jour plus difficilcs a resoudre. Le grand 
nombre d'essais de prises d'air en souffleries supersoniqucs vient 
souligner la nccessite d'unc meillcure connaissance de leur fonctionne­
ment et 1'importance dc 1'amelioration de leurs caractcristiques. 

Dc plus, les performances d'un moteur, adapte au vol supcrsoniquc, 
dependent de facon tres intime de la recuperation de pression par la 
prise d'air, et 1'adaptation des performances de captation aux specifi­
cations du moteur devient une des taches importantes de ITngenieur 
charge de construirc un reacteur supersonique. 

(2) Lorsqu'on ne connaissait encore que les avions a hclice, le 
problemc de la prise d'air ctait inexistant. Avec des puissances dc 
plus cn plus grandes, le constructeur a du prendre en consideration le 
rcfroidissement des cylindres, car seul un systcmc efficace de rcfroidissc-
ment pouvait assurer une longuc vie a ses moteurs. L'alimcntation 
en air des cylindres continuait cependant a ne presenter aucune 
difficulte. 

Puisque par un refroidissement efficace les cylindrcs supportent des 
temperatures elevees, on peut realiser des rapports air-combustible 
proches de la valcur stoechiometrique, e'est-a-dire que le debit d'air 
introduit dans chaque cylindre est le debit exact necessaire pour brulcr 
tout le combustible. Considcrons par exemplc un moteur d'avion 
transatlantique; les performances suivantcs caracterisent son fonc­
tionncment normal: 

Puissance au dccollage 35°° c v 

Vitesse de rotation 2700 tours/min 
Cylindree 71,5 litres 
Surpression d'alimentation 760 mm Hg 
Debit d'air 3,9 kg/s 

II est evident qu'il n'y a aucunc difficulte a fournir a la machine un 
aussi faible debit d'air et la seule difficulte du dessin correct du circuit 
d'air dc ces moteurs a pistons dc puissance clcvcc provicntdelaneccssite 
de rcfroidir energiquement les cylindres. C'est le seul point ou une 
etude aerodynamiquc complete s'impose et le probleme est souvent 
resolu au moyen de scrvo-mecanismes qui assurcnt le debit correct de 
I'air cn fonction du regime du moteur ct la vitcsse de vol. 

En ce qui conccrnc la propulsion dc I'avion, la poussee est obtenue 
viii 



I N T R O D U C T I O N 

(1) NOWADAYS air intake problems are becoming more and more 
difficult as the flight speed increases. The great number of air intake 
tests run in supersonic wind tunnels emphasizes the need for a better 
understanding of the air intake operation and the necessity of improve­
ment of air intake performances. 

Furthermore the performances of an engine designed for supersonic 
flight depends intimately on the pressure recovery of the air intake, 
and matching of the air intake performances to the engine require­
ments becomes one of the fundamental tasks of the designer of 
supersonic engines. 

(2) In the earlier times of propeller driven aircraft with reciprocating 
engines only, the air intake problem was unknown. With increasing 
engine power the designer had to deal with the cooling ofthe cylinders, 
since an efficient cooling system is the only guarantee ofthe life of these 
engines. But there was still no problem in furnishing to the engine the 
amount of air necessary to burn the fuel. 

Since the cooling allows high burnt gas temperatures, the air-fuel 
ratio can be close to the stoichiometric mixture ratio, that is, the amount 
of air allowed into each cylinder is just sufficient to burn all the fuel. 
If one considers for example a typical engine designed for transoceanic 
flight, the following performances and requirements characterize a 
normal operation: 

Take-off power 3500 h.p. 
Rev/min 200 
Displacement 4363 in3 

Supercharging pressure 30 in. Hg 
Air mass flow 8-6 lb/sec 

Of course there is no problem in securing this small amount of air 
to the engine, the only difficulty in designing the air circuit of such high 
powered reciprocating engines results from the necessity of providing 
an efficient cooling of the cylinders. This is the only point where a 
thorough aerodynamic study becomes necessary, and generally the 
solution is obtained by means of servocontrolled mechanisms which 
deliver the correct amount of air according to the regime ofthe engine 
and the speed of flight. 

Concerning the propulsion of the aircraft, the thrust is obtained by 
means ofthe propellers which accelerate a tremendous amount of air: 
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I N T R O D U C T I O N 

par I'intermediaire des helices qui accelerent une quantitc considerable 
d 'air : 

Altitude de vol 5000 m 
Vitesse 200 m/s (750 km/h) 
Aire frontale du moteur 1,41 m2 

Diametre des pales 5 m 
Debit d'air passant a travers le disque 

balaye par les pales 2740 kg/s 
Traction des helices 1500 kg 
Rendement dc 1'helice 8 5 % 
Accroissement de vitessc de I'air 6,3 m/s 

Ce faiblc accroissement de vitesse d'une grande quantite d'air 
passant a travers Ic disque balaye par les pales produit la variation de 
quanti te de mouvement d'ou resulte la traction de 1'engin. 

(3) Le fonctionnement du turborcacteur differe considcrablement 
du motcur a pistons ci-dessus, meme dans Ic cas d'un reacteur concu 
pour le vol subsonique 

Aire frontale 0,68 m2 

Poussec au sol 4170 kg 
Consommation specifique 0,9 kg/kg-h 
Rapport air/combustible 67 
Debit d'air 68 kg/s 

Dans ce cas la poussee de 1'appareil est obtenue par 1'acceleration 
du flux interne pris a la vitesse du courant non perturbe ct rejetc a une 
vitesse scnsiblcment soniquc. 

La comparaison des donnees concernant le moteur a pistons ci-dessus 
et le turbo-reacteur demontre la grande importance de la prise d'air 
dans Ic calcul des performances du reacteur. Avec une plus petite 
surface frontale (environ la moitie de celle du motcur a pistons) le 
reacteur requicrt un flux d'air vingt fois plus grand que le moteur a 
pistons, et donne une force propulsive sensiblement double ou triple. 

(4) Une nouvelle difficulte apparait lorsqu'on considcre des vitesses 
dc vol supcrsoniques. La prise d'air a non seulement la tache de 
fournir un debit d'air convcnable au propulseur, mais le niveau 
d'energic du flux interne doit rcster aussi eleve que possible, c'est-a-dire 
que la recuperation dc prcssion dc la prise d'air doit ctre aussi parfaite 
que possible. 

Quand le reacteur fonctionne au nombre de Mach d'adaptation 
ou a une vitessc pcu diffcrente, il est toujours possible de definir une 
configuration d'ondes de choc qui minimise les pertes par choc. Le 
nombre, la forme et la disposition des chocs a 1'entree de la prise d'air 
sont laisses au jugement de 1'ingenieur et de nombreuses prises tres 
efficaces ont ete proposees pour fonctionner a des nombres de Mach 



I N T R O D U C T I O N 

Flight altitude 
Speed 
Engine frontal area 
Blade diameter 
Amount of air passing through the 

blades 
Thrust of the propellers 
Propeller efficiency 
Speed increase induced by the pro­

pellers 

16,400 ft 
607 ft/sec (437 m.p.h. 
15-2 ft2 

16-4 ft 

6000 lb/sec 
3280 Ib.t 
8 5 % 

20-6 ft/sec 

This small acceleration of the large amount of air passing through 
the propeller blades gives the momentum change resulting in the thrust 
ofthe engine. 

(3) The operation of a turbojet engine differs considerably from the 
operation of the above reciprocating engine, even in the case of a 
turbojet designed for subsonic flight: 

Frontal area 
Take-off thrust 
Specific fuel consumption 
Air-fuel ratio 
Air mass flow 

7-4 ft2 

9200 Ib.t 
0-9 Ib/lb.t hr 
67 
150 lb/sec 

In this case the thrust ofthe engine is obtained by acceleration ofthe 
internal flow from the free-stream velocity up to sonic velocity in the 
engine exit section. 

Comparison of the data concerning the above reciprocating and 
turbojet engines illustrates the great importance of the air intake upon 
the jet engine performance. The jet engine, with a smaller frontal 
area (about half that of the reciprocating engine), necessitates twenty 
times the through flow of a reciprocating engine, the driving thrust of 
which is even less than half the thrust ofthe turbojet considered. 

(4) A new difficulty arises when supersonic flight speeds are con­
sidered. The air intake has not only the task of delivering the correct 
amount of air to the engine, but the energy level of the internal air 
flow must remain as high as possible, that is, the pressure recovery of 
the air intake system must be efficient. 

When the engine operates at or close to the design flight Mach 
number, it is always possible to design a shock wave pattern which 
minimizes the shock losses. Then the number, shape and arrangement 
of the entrance shock waves depend upon the skill of the designer, and 
many very efficient air intakes have been proposed for operation at 
given Mach numbers. However, the off-design operation of these air 
intakes remains uncertain and hazardous, and it seems difficult, without 
a careful study of all intermediate operating points, to construct an air 
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I N T R O D U C T I O N 

fixes. Cependant le fonctionnement de ces prises d'air, en dehors du 
regime d'adaptation, reste incertain et meme dangercux; il semble 
difficile sans une etude approfondic des fonctionnements intcrmediaires 
de construire une prise d'air efficace au point d'adaptation et dont le 
rendement reste convenable pendant le fonctionncment hors 
d'adaptation. 

Unc solution souvent prcconisce est celle de la prise d'air deformable: 
il est evident que grace a un grand nombre de parametres variables 
une prise d'air peut etrc concue pour fonctionner efficacement dans 
un large domaine de nombres de Mach de vol. Cependant de telles 
prises sont souvent encombrantes et leur manoeuvre est difficile 
pendant les variations rapides du nombre de Mach, par exemple 
pendant Ic dccollage. Des solutions plus simples sont alors neccssaires, 
chacune d'elles correspondant a un programme donne de vol. 

L'interaction entre les differcntes parties du propulseur ne pcut pas 
etrc negligee dans le projet dc ces prises d'air et 1'essai en soufflerie 
d'unc maquettc, sans 1'ctudc du fonctionncment complet dc 1'appareil, 
est susceptible de fournir des valcurs crronees des performances. 

C'est dans le dessein de souligncr cet aspect du probleme des prises 
d'air que le Groupe de Travail AGARD sur la Combustion et la 
Propulsion a invite quatre specialistes des recherches sur les prises d'air 
a cxposcr leurs points de vue sur 1'appropriation de la prise d'air au 
reacteur. 

Ces exposes ont ete presentes a 1'Ecole Nationale Superieure de 
1'Aeronautique (Paris—decembrc 1956) a 1'occasion de la Heme 
reunion du Groupe de Travail AGARD sur la Combustion ct la 
Propulsion. 

(5) Le premier expose " Role de la Prise d'air dans Ic bilan pro-
pulsif d'un Reacteur " par P. CARRIF.RE, definit les divers parametres 
du fonctionnement supersoniquc d'une prise d'air. 

Le coefficient de debit relie le debit reel captc par la prise d'air au debit 
maximum correspondant a un fonctionnement sature. Deux regimes 
pcuvent alors etre distingues: le fonctionnement subcritique corrcs-
pondant aux debits inferieurs au maximum ou le fonctionnement 
supercritique sature. 

Le rendement de la prise d'air est defini au moyen d'une description 
complete de 1'evolution thcrmodynamique de 1'ecoulemcnt interne; 
cependant, pour les essais cn soufflcric ou les applications pratiques, le 
rapport des pressions d'arret a la sortie de la prise d'air et dans le 
courant fibre permet unc evaluation facile de 1'efficacitc de la prise 
d'air. 

Les resistances externes et internes comprennent 1'effet du frottcment 
dont la contribution est pratiqucment independante dc la forme dc la 
prise d'air, la resistance de carene qui au contraire est directement lice 
a la forme du carenage et une resistance additive conventionnelle qui 
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INTRODUCTION 

intake which is simultaneously efficient at the design point and correct 
during off-design operation. 

A solution often put forward is the use of variable shape air intakes: 
it is obvious that by means of a great number of variable parameters 
an air intake can be designed to operate efficiently in broad range of 
flight Mach numbers. However such air intakes are often cumbersome 
and their operation is difficult during the rapid change of flight 
Mach number, such as occurs during take-off for example. Simpler 
solutions are then necessary, each of them designed for a given flight 
programme. 

Interference between the different parts of the engine cannot be 
neglected in the design of such air intakes, and the testing ofthe intake 
alone, without a study of the overall operation of the engine is apt to 
lead to wrong estimations of the performances. 

I t was the aim of the AGARD Combustion and Propulsion Panel to 
emphasize this aspect of the air intake problem, by inviting four 
scientists, specialized in the air intake research field, to define their 
viewpoint on the air intake-engine matching problem. 

These lectures were delivered at the Ecole Nationale Supcricurc de 
1'Aeronautiquc (Paris, December 1956) during the Eleventh Meeting 
of the AGARD Combustion and Propulsion Panel. 

(5) The first paper, " Role dc la prise d'air dans le bilan propulsif 
d'un rcacteur " by P. CARRIERE, defines the various parameters of the 
supersonic operation of an air intake. 

The flow coefficient relates the actual mass flow rate captured by the 
air intake to the maximum mass flow corresponding to choked opera­
tion. Two regimes are then distinguished : the subcritical operation 
corresponds to mass flow rates smaller than the maximum and the 
supercritical operation to a choked air intake. 

The efficiency of the air intake is sometimes defined by means of a 
complete description of the thermodynamic evolution of the internal 
flow; for wind tunnel tests or practical applications, the ratio of the 
stagnation pressures at the exit of the air intake and in the free stream 
gives an easy estimation of the pressure recovery. 

The external and internal drags are made up of the friction drag, the 
value of which is somewhat independent of the shape of the air intake, 
the cowl drag directly related to the shape of the cowling, and the 
so-called additive drag which exists only in the case when a part of 
the compression is made ahead of the air intake. 

A calculation of the design performances of a supersonic ramjet 
illustrates the important part played by the air intake in the building 
up of the thrust ofthe ramjet. It can be shown, however, that for some 
very efficient air intakes, the downstream part of the engine, com­
bustion chamber, exit nozzle, etc. does not always take advantage of 
the best performances of the air intake. Nevertheless, at operating 
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INTRODUCTION 

n'existe que dans le cas oil une partie de la compression se produit 
deja en avant de la prise d'air. 

Un calcul des performances d'un statoreactcur supcrsonique au 
point d'adaptation montre le role important joue par la prise d'air dans 
1'etablisscment de la poussee du statoreacteur. Cependant, pour 
certaines prises d'air tres perfectionnees, la partie aval du rcacteur, 
foyer, tuyere, etc . . . n'utilise pas toujours integralement le haut 
rendement de la prise. Ncanmoins, aux conditions de fonctionnement 
infericurcs au nombre de Mach d'adaptation il est souvent payant 
d'utiliser des prises d'air dcformables ou n'importe quel dispositif 
susceptible d'eviter les pertes dangereuses dues a la non-adaptation. 

(6) L'expose presente par DEMARQUIS D. WYATT " A Review of 
Supersonic Air Intake Problems " est d'abord consacre a 1'etude de la 
recuperation de pression. La poussee d'un turbo ou statorcacteur 
depend notablement du rendement de compression de la prise d'air. 
Les pcrtcs dues au frottement, habituelles pour toutcs les prises d'air, 
ne constituent qu'une petite partie des pertes totales qui sont dues 
principalcment aux ondes de choc. La prise d'air a onde de choc 
frontale dans laqucllc les pertes par choc sont les plus importantes, est 
remplacee actuellement, dans les domaines de nombres dc Mach de 
vol plus eleves, par des systemes generateurs d'ondes de choc, soigneuse-
ment etudics. Dans le cas des prises a compression externe, ces ondes de 
choc sont dues a la variation de pente d'un corps central place en 
avant du carenage. Dans d'autres realisations, prises a compression 
interne, c'est la convergence progressive des parois dc la prise d'air qui 
cree le systeme d'ondes de choc. Dans les deux cas, le facteur de 
recuperation de pression est nettement superieur a celui qu'on obtien-
drait avec une prise d'air a ondc frontale, quoique ce facteur de 
recuperation ne puisse pas depasser une valeur maximum, fonction du 
nombre de Mach de vol et correspondant a une compression iscntro-
pique dans la prise d'air, I'ecoulcmcnt interne ctant en equilibre de 
prcssion avec le flux externe. 

Dans tous les cas la position de la prise d'air sur 1'engin joue un 
role important et le cas echeant on est amene a supprimer la couche 
limitc qui s'est formee sur les parois de 1'engin en amont de la prise 
d'air, afin de supprimer les pertes de pression ou de debit qu'elle 
pourrait induire. 

L'influcnce de la resistance sur les performances du moteur a ete 
etudice du point de vue energetique par P. Carriere dans 1'cxpose 
precedent. Dans cct expose on examine les points de vue geometrique 
et aerodynamique. Naturellcmcnt la resistance due au frottement est 
sensiblement independante de la forme de la prise d'air, ellc est par 
aillcurs inevitable. La resistance de carene depend au contraire de la 
forme de la prise d'air: nccessairement plus grand que le foyer aux 
nombres de Mach inferieurs a 3, le carenage d'entree presente une 
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conditions below design Mach number, it often pays either to use 
variable shape air intakes or any other type of arrangements in order 
to avoid the dangerous off-design losses. 

(6) A " Review of supersonic air intake problems " is given by 
DEMARQUIS D. WYATT. The first problem is of course the pressure 
recovery. The thrust of an airbreathing engine is strongly dependent 
on the compression efficiency of the air intake system. The friction 
losses—usual in any kind of intake—make up only a small part ofthe 
total losses, which are due mainly to the shock waves. The normal 
shock-type air intake, which suffers the most severe losses, is replaced 
now, in the higher ranges of flight Mach numbers, by more elaborate 
compression systems, with a succession of oblique shock waves. These 
shock waves arc generated by an adequately designed compression 
surface placed ahead of the cowling, and one obtains an external com­
pression intake. In some other cases, the intake is gradually converging, 
the shock waves take place inside the cowling, and this is the internal 
compression intake. In both cases the pressure recovery is much greater 
than in the normal shock-type intake, though there is a maximum 
value, a function of the flight Mach number, which would correspond 
to a perfectly iscntropic compression in the intake, and to pressure 
equilibrium, at the boundary of the internal flow, with the outer 
airflow. 

In all cases the location of the air intake on the engine plays an 
important part, and eventually the boundary layer developed on the 
engine walls has to be removed ahead of the air intake, in order to 
avoid pressure or mass flow losses. 

The importance of the drag was studied by P. Carriere in the previous 
paper from the energy standpoint. Its effect on the performances of an 
engine is now examined from the geometric and aerodynamic points 
of view. The friction drag is of course nearly independent ofthe shape 
of the intake and is unavoidable. The cowl pressure drag depends 
upon the form of the intake: necessarily larger than the combustor at 
Mach numbers lower than 3, the inlet cowl presents a frontal area 
which always generates a pressure drag. At higher Mach numbers, 
the combustor is smaller than the air intake, and in some designs the 
cowl drag can be greatly reduced. Finally, the additive drag, due as 
already stated to the shock waves generated at the front of the air 
intake, occasionally represents the greatest part of the total drag, at 
least during off-design operation. 

Though the research of maximum efficiency is the ultimate aim of 
the air intake designer, it is also very important to secure stable internal 
flows in the engine. For supercritical operation, that is, when the air 
intake system is choked, there are sometimes low-amplitude fluctua­
tions which are of no importance for a safe operation. The main 
problem arises at subcritical operation, i.e. at Mach numbers lower 
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INTRODUCTION 

surface frontale induisant toujours une resistance. Aux nombres dc 
Mach plus eleves, le foyer est plus petit que la prise d'air et dans 
quclqucs projets on est arrive a diminuer considerablcment la resistance 
de carenc. Enfin, comme on 1'a deja dit, il y a la resistance additive, 
due aux ondes de choc issues en amont de la prise d'air, representant 
dans certains cas la majeure partie de la resistance. 

Mais bien que ce soit la recherche du rendement maximum qui 
constituc le but ultime des efforts de 1'ingenieur charge dc 1'ctude des 
entrees d'air, 1'obtention d'ccoulemcnts internes stables ne doit pas 
etrc negligee non plus. Dans le fonctionnement supercritique, e'est-a-
dirc lorsque 1'entree d'air est saturee, il existe parfois des pulsations dc 
faiblc amplitude qui ne mettent pas cn danger le fonctionnement dc 
1'apparcil. Le vrai probleme ne sc pose qu'en fonctionnement sub-
critique, e'est-a-dire aux nombres de Mach infericurs a celui d'adapta­
tion par suite des instabilites dc basse frequence qui apparaisscnt alors. 
On ne comprend pas encore tres bien ce phenomene et il est indis­
pensable d'eviter ces fonctionncments instables. 

Le seul moyen pour les eviter est d'utiliser des prises d'air deformables. 
Ccs memes prises permettent dc resoudre le probleme fondamental 
d'adaptation de la prise d'air aux specifications du moteur. 

(7) C'est dans son expose " Problems Related to Matching Turbojet 
Engine Requirements to Inlet Performances as a Function of Flight 
Mach Number and Angle of Attack " que A. FERRI developpe ce 
problcme d'adaptation de la prise d'air au moteur. Le grand nombre 
dc paramctrcs que 1'on doit controler afin d'adapter exactement la 
prise d'air aux caractcristiques du moteur donnerait unc prise d'air 
trop compliquee, dont la misc cn oeuvre devient rapidement pcu sure 
et dangcrcuse. La tendance actucllc dans la construction des prises 
d'air consiste a diminuer le nombrc des parametres que I'on controle, 
en les choisissant soigneusement. 

Le parametre principal est naturellement le nombre de Mach en 
amont de la prise d'air, eventuellement different du nombrc de Mach 
de vol. La vitesse de rotation du moteur n'est pas un parametre 
essentiel, car pour le vol supersonique Ic moteur fonctionne au regime 
maximum et la poussee supplementairc est obtenue au moyen de la 
rechauffe. 

La grande difficulte de 1'adaptation des performances de la prise 
d'air aux specifications du moteur provient de ce que le fonctionncment 
subcritique est instable aux nombrcs de Mach superieurs a 1,6. La 
prise d'air est par suite calculee de facon a etre saturec cn debit, 
celui-ci restant constant pour des geometries, Mach de vol ct angle de 
vol fixes, independamment du regime du moteur. Si ce d^bit est 
infericur au debit maximum acccpte par le moteur, il n'y a pas de 
difficulte, mais la poussee est moindre et la consommation specifique 
plus grandc. Si au contraire la prise d'air a un debit trop grand il 

xvi 



INTRODUCTION 

than the design Mach, when a buzz-type instability occurs. This 
phenomenon is not well understood, and unstable operations should be 
avoided by all means. 

The only protection against flow instabilities consists in using variable 
shape air intakes; these features are also of great help in solving the 
fundamental problem of intakc-to-cngine matching. 

(7) The " Problems Related to Matching Turbo je t Engine Require­
ments to Inlet Performances as a Function of Flight Mach Number 
and Angle of Attack " are treated by A. FERRI. The tremendous 
number of parameters which have to be controlled if one wishes to 
match the air intake system exactly to the performance of the turbojet 
would lead to an overcomplicated air intake system, the operation of 
which becomes rapidly hazardous and insecure. The present tendency 
in designing correct air intake systems consists in reducing the number 
of parameters to be controlled, choosing carefully those which are 
still retained. 

The main parameter of operation remains of course the Mach 
number ahead of the air intake system, which is not necessarily the 
flight Mach number. The engine rev/min can be neglected as a para­
meter, since for supersonic flights the engine operates generally at 
maximum rev/min, an afterburner giving the supplementary thrust. 
The second fundamental parameter is then the temperature of the air. 

The main difficulty in matching the air intake performance to the 
engine requirements comes from the fact that subcritical operation is 
generally unstable at Mach numbers above 1-6. Therefore the air 
intake is always designed for choked throat operation; and for a given 
inlet geometry, flight Mach number, and angle of attack the mass flow 
rate is then independent ofthe engine operation. There is no problem 
if this mass flow is less than the maximum possible for the engine, but 
thrust losses result and the specific fuel consumption increases. On the 
other hand, if the air intake system delivers too much air, then onc has 
to operate in the unstable subcritical conditions or has to change the 
geometry of the system. 

The variation of the internal geometry of the air intake can be 
accomplished by several methods. The onc strongly recommended is 
to place the entrance of the air inlet behind a shock wave generated 
by a wing or the fuselage. In this case, the losses are already taken 
into account in the design of the airplane. In some cases there results 
a sufficient decrease of the Mach number to allow the use of a fixed 
geometry air intake, or at least to allow very simple adjustments. 
By-passing the excess air is also a safe means of regulation and the 
by-passed air can be used as secondary flow in the nozzle. 

The non-uniformity ofthe flow may have as much importance as the 
variation of the flight Mach number. Some air intake systems are 
over-sensitive to angle of attack variations. Again a variable geometry 
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faut soit fonctionner au regime subcritique toujours dangcrcux soit 
modifier la geometric du systeme. 

Diffcrents systemes dc variation de la geometric dc la prise d'air ont 
etc proposes. Une des methodes les plus rccommandees est de placer 
1'entree de la prise d'air dcrriere 1'ondc dc choc de 1'aile ou du fuselage. 
Les pertes correspondantes ont deja ete prises en comptc dans le bilan 
total de I'avion. Dans certains cas le nombre de Mach est meme 
suffisamment diminuc pour qu'une prise d'air non deformable ou, au 
moins, faiblement deformable suffisc. 

La non-uniformite de 1'ecoulemcnt a tout autant d'effet que la 
variation du nombrc dc Mach dc vol. Ccrtaincs prises d'air sont ties 
scnsibles aux variations d'incidence. Une fois de plus 1'cmploi de 
prises d'air dcformablcs est recommandc pour diminuer les effets 
d'incidence ct laisser un fonctionnement sain dans un grand donuiii c 
d'angles d'attaque. 

(8) Lcs formes de plus en plus compliquccs des prises d'air imposcnt 
unc experimentation soignee et complete de maquettcs de soufflcric. 
Dans son " Interpretation des essais de prises d'air supcrsoniques " 
L. VIAUD definit les meilleures conditions cxperimentales ainsi que Ic 
principc d'unc prise d'air etalon. En soufflcrie on peut mesurer Ics gran­
deurs suivantes: debit, rendement, resistance externe, heterogencitc dc 
1'ecoulcment ct fluctuation de la pression au cours des instabilitcs dc 
fbnetionnement. Les vucs d'ombre, dc strioscopie ou d'interfcrometric 
de 1'ccoulemcnt a 1'cntrce de la prise d'air donnent des renseigncments 
supplcmentaires sur la configuration de 1'ecoulcment. 

Une difficultc apparait cependant si on cssaie de comparer des 
rcsultats obtenus dans diffcrcntes souffleries: la turbulence de Pair, 
riiumidite ou simplemcnt les techniques expcrimcntales peuvent modi­
fier les rcsultats. Afin d'eviter ces difficultes on propose de rcaliscr une 
prise d'air etalon. Cettc prise d'air n'est pas ncccssairement la mcilh ure 
pour un programme dc vol donne, puisquc de tels apparcils sont 
souvent couverts par des clauses de secret; ce serait plutot la con­
figuration la plus simple qui permette la mesure des divers parametrcs 
definissant le fonctionncment d'une prise d'air. Des essais comparatifs 
conduits sur de tclles maquettes permettraicnt de comparer correctc-
ment les resultats experimentaux obtenus dans diverses soufflcrics. lis 
pourraient egalement contribuer a amcliorer les techniques experi-
mcntales de certains laboratoires. 

(9) La difficultc dc 1'adaptation de la prise d'air aux moteurs fait 
apparaitre la necessitc de 1'amelioration des prises d'air non seulement 
au point de calcul mais aux fonctionnements intcrmediaires aussi. Les 
instabilites dc toutcs sortes, les pertcs par choc aux regimes hois 
d'adaptation et le fonctionnement en regime subcritique aux faibles 
nombrcs de Mach montrent 1'importance de realiser des prises d'air 
inscnsibles aux variations du nombre de Mach. 
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air intake is recommended to reduce these effects and allow safe 
operation over a large range of flight angles of attack. 

(8) The increasingly complicated shapes of air intake systems 
necessitate accurate and thorough experimentation of wind tunnel 
models. In his lecture, " Interpretation des essais de prises d'air 
supersoniqucs ", L. VIAUD aims at the definition of the best experi­
mental conditions and also at the description of a standard air intake. 
In wind tunnel experimentation the following measurements can be 
made: mass flow rate, efficiency, external drag, non-uniformity of the 
flow, pressure fluctuations during unstable operations. The shadow­
grams, schlicrcn pictures or interferograms of the flow at the entrance 
of the air intake give supplementary information on the flow 
configuration. 

A difficulty arises, however, when one tries to compare the results 
obtained in various wind tunnels: the turbulence ofthe air, the moisture 
or simply the experimental techniques can completely change the 
results. In order to avoid these difficulties it is suggested that a 
standard air intake be designed. This air intake is not necessarily the 
best air intake suited for a given task, since such designs are usually 
covered by classification regulations, but is the simplest air intake 
model allowing measurement of the various parameters defining the 
operation of the system. Comparative experiments carried out on 
such a standard air intake could eventually lead to correct com­
parisons between the experimental results obtained in various wind 
tunnels. It could also help to improve the experimental techniques of 
some less well developed laboratories. 

(9) The necessity of improving the air-intake systems not only at 
design point operation but also in off-design conditions appears from 
the difficulty in matching air intake performances to engine require­
ments. The instabilities of all kinds, the off-design shock losses, and the 
subcritical operation at low Mach numbers show the importance of 
designing air intakes which are insensitive to Mach number variations. 

The following four papers present an overall picture of supersonic 
air intake research. All items presented are unclassified. 

JEAN FABRI 

Editor 
Office National d'Etudes et de Rechcrches 

Aeronautiques 
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Les quatrc exposes reunis ici presentent une vue d'enscmble des 
recherches sur les prises d'air. On n'a systcmatiquement fait appel 
qu 'aux sujets non secrets. 

JEAN FABRI 

Editcur 

Office National d'Etudes et de Rechcrchcs 
Aeronautiques 
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ROLE DE LA PRISE D'AIR DANS LE BILAN 
PROPULSIF D'UN REACTEUR 

P. C A R R I E R E 

Dircctcur Scientifique cle I'Aerodynamique 
Office National d'Etudes et de Recherches Ae>onautiques, Paris, France 

La prise d'air d'un reacteur joue un role essentiel dans le bilan propulsif On se 
propose d'analyser de ce point de vue les divers aspects du probleme, en se 
plafant pour fixer les idees dans le cas relativement simple d'un staloreacleur de 
rivolution, aux vitesses supersoniques. On definit d'abord les divers facteurs 
caracleristiques d'une entree d'air: coefficient de debit, efficacite', resistance 
additive et resistance de carene, el on examine dans quelques cas particuliers la 
variation et les ordres de grandeur de ces parametres en fonction du nombre de 
Mach, des formes geometriques et des conditions a la sortie du diffuseur. On 
etablil ensuite les equations fondamentales qui serviront de base a la discussion 
du probleme: equation d'equilibre des debits el equation de la poussee aero­
dynamique. On discute enfin le cas de Tentree d'air adaptee a un nombre de 
Mach donne et a un regime maximum de combustion, puis le cas d'une entree 
d'air a un nombre de Mach de vol inferieur au Mach d'adaptation. On montre 
en particulier qu'il peut exister pour certains types d'entree a haut rendement une 
impossibilite d'utiliser au mieux I'efficacile du diffuseur pour des conditions aval 
imposees a priori. Dans le cas du vol au-dessus du Mach d'adaptation, on 
discute sur un cas particulier I'inlerit du reglage de la position relative de la pointe 
et de la carene, lorsqu'on veut rendre maximum la poussee par unite d'aire du 
maitre-couple. Pour alleger I'expose on a renonce d etudier les regimes de 

fonctionnement subcritiques el les phenomenes pulsatoires qui les accompagnent 
frequemment; cette question meriterait un examen particulier. On a, pour la 
meme raison, renonce d discuter le probleme tres important de la consommation 
specifique. 

I . INTRODUCTION 

L A prise d'air d'un rcactcur determine, pour chaque valeur du nombrc 
de Mach de vol, Ic debit maximum ct la prcssion maximum dc 1'ecou­
lement interne; elle conditionne dans une large mesure la resistance 
externe. Elle peut aussi provoquer ou entretenir des instabilites de 
1'ecoulement (pompage). Ellc joue done un role essenticl dans le 
bilan propulsif. 

Nous proposons ici d'analyser de ce point de vue les divers aspects 
du probleme dc la prise d'air en nous placant pour fixer les idces dans 
le cas relativemcnt simple dc corps de revolution aux vitcsses super­
soniques, dont nous avons rcpresente un exemplc typique sur la Fig. 1, 
afin de preciser les notations que nous utilisons. 

1 
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, Carene 

Sortie de >a 
chambre de combustion 

A 

Fig. 1. Definitions. 

2 . PARAMETRES CARACTERISTIQUES D 'UNE PRISE D'AIR 1 

(a) Debit (Fig. 2) 
Considerons la surface de courant J K L J ' K ' L ' qui scpare les parti­

cules d'air qui penetrant dans 1'engin de celles qui passcnt a I'cxtcricur. 
Lcs deux domaincs ainsi determines s'appcllent2 ecoulcment intrinscque 
ou ecoulement interne, d'une part et ecoulcment extrinscque ou 
externe, d'autre part. 

= f A r y 
Co 

Fig. 2. Definition du coefficient de debit. 

Soil A0 1'aire de la section droite du tube de courant interne, en 
amont dc la limite du domaine d'influence de la prise d'air. Soit Ax 

1'aire frontale de la carcne dc captation. 
On appclle coefficient de debit e le rapport 

• " A J A a . . . ( 1 ) 
Le debit de 1'ecoulcment interne est done egal a 

W = t 9 o V 0 A. . . . (2) 
Cette expression peut aussi s'ecrire, cn (aisant mtervenir la vitcsse 

du son a0 et le nombre de Mach de vol M 0 

W = rrP^Aa (2>) 

Pour une entree d'air determinee, a un Mach M 0 donne, e est 
maximum lorsque 1'ecoulement restc supcrsonique j usque dans la 
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section d'entree A u soit c cette valeur ( e ^ l ) . Nous 1'appellcrons 
valcur critique. 

Pour une entree du type pitot, la valeur de i est egale a 1 quel que 
soit le nombre de Mach M0 > 1. Pour des entrees a pointe emergente, 
e croit avec le nombre de Mach et se fixe a la valeur 1 des que M 0 

egale et depasse la valeur pour laquelle 1'onde perturbatrice issue de 
la pointc du noyau atteint les levres de la carene de captation. La 
Fig. 3 indiquc 1'allure de la variation de i {M) pour une meme pointe 
conique de demi-anglc 25° et pour trois positions des levres de 1'entree 
d'air par rapport a la pointe. 

Pitot 
1,0 

0 , 8 

0 , 6 

0 , 4 

0,2 

J A ^ 
9-< A ^ 

e*' 

•J3W 

1,5 2.0 2,5 3,0 3,5 4,0 

Fig. 3. Coefficient de debit pour une pointe conique de 25". Influence de la position de la pointe. 
Fig. 4. Influence de la forme de la pointe centrale sur la loi de debit g = / ( M ) . 

{Mach d'adaptation A/0 = 3,5) . 

La Fig. 4 represente 1'influencc de la forme du noyau central sur 
1'allure de la fonction t (Af0). La comparaison porte sur trois pointcs 
coniques de \ angle au sommet 0S = 10°, 20° et 25°, les levres de la 
carene etant positionnccs dans chaque cas pour foumir a M 0 = 3,5 le 
debit maximum (e = 1 ) . Dans le cas dc pointes a profil evolutif, on 
obticnt des rcsultats analogues. 

Pour un Mach M 0 et une prise d'air d'un type donne, le coefficient 
de debit s peut prendre des valeurs inferieures a i si une onde de choc 
frontale se forme en amont de la section (1). La configuration de 
1'ecoulement est alors cclle de la Fig. 5 oil 1'on a representc le cas de 
1'cntree pitot et de 1'entree a pointe cmergente. On dit alors que le 
regime est subcritique (e<e) par opposition au regime supercritique, 
corrcspondant au cas ou 1'onde de choc frontale penetre dans le 
diffuseur, et ou, par consequent e = i . 

En resume, on dispose pour regler la loi de variation du debit en 
fonction du nombre de Mach, de deux facteurs principaux: la forme 
de la pointe centrale et le regime de fonctionnement. 
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Entree pitot 

Regime subcritique 

Tube de courant 
en regime subcritique 
Tube de courant 
en regime critique 

Entree d pointe 
Regime subcritique 

Fig. 5. Re'gimes subcritiques 

(b) Efficacite' 

On appelle efficacite de la prise d'air Ic rapport: 

de la prcssion d'arret iscntropique P 2 a 1'entree de la chambrc de 
combustion a la pression d'arret iscntropique P 0 dc 1'ecoulement amont. 

L'analyse des irreversibilites succcssivcs subies par 1'ecoulcmcnt 
permet de prevoir la valeur dc cctte efficacite. 

Dans le cas de V entree pitot en regimes critique ou subciitique, on pose: 

rin - *)£>„ • y]D2 

ou t)I} rcprescnte le rapport des pressions d'arret isentropique dc part 

ct d'aulre d'un choc droit au Mach M0 , 
et t)D rcpresente la perte de charge d'un diffuseur subsoniquc opti­
mum, par excmple un diffuseur conique de 6° de divergence totale, 
representee empiriquement par 

i t e | _ 1-0,13^-

oil qx est la pression dynamique {\ piFj2) disponible a 1'entrce du 
diffuseur et Px la pression d'arret iscntropique correspondante. 

Dans le cas d'une entree a pointe centrale, en regimes critique ou sub-
critique, on pcut ecrire: 

f\D = f lD 0 • f\Di • t u > t 
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ou rlD represente 1'effct du choc de type conique qui se produit a la 

pointe, fiD 1'cffet d'un choc droit se produisant a 1'entrec de la carene 

ou immcdiatement cn amont, 

t\D reprcscnte commc dans le cas du pitot la perte dans le diffuscur 

subsonique. 
La Fig. 6 rcprcscnte les valeurs optimum y\D de que 1'on pcut 

esperer obtenir dans ces conditions: 
La courbe superieure reprcsente 1'cfficacite d'une entree idealc ou la 

recompression serait puremcnt isentropique jusqu'a M = 1(T) =0,96). 
Ce cas ideal se heurte a des difficultcs theoriques et pratiques que nous 
ne pouvons analyser ici. 

0 , 8 

0 . 6 

0 , 4 

0 . 2 

4,0 4,5 

Fig. 6. Efficacite de diffuseurs supersoniques {compte tenu de la perte du diffuseur subsonique 
optimum). 

On sait, par contre, calculcr et faire fonctionner des prises d'air a 
pointe centrale, profilccs de manierc a ralentir isentropiquemcnt 
1'ecoulemcnt jusqu'a un nombre dc Mach Mx > 1 dont la valeur 
depend de M0

3 . Le passage au subsoniquc s'effectue a travers un choc 
a lentree du diffuseur. II existe pour chaque valeur de M0 un tel 
profil optimum [Fig. 7). La courbe rcf. 3 traduit les previsions 

M 0 =3 

X 

Onc 

" , 

e de choc 
foible A-s^i 

7/1 

w!/ 

Axi 

Choc 

Fig. 7. Schema d'une pointe a profit e'volutif, calcule'e pour M 0 = 3 {Reference 3). 
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theoriques relatives a cette famille de profils, dont les performances ont 
pu etre convenablemcnt vcrifiees dans quelques cas particuliers.5,4 

On voit sur la Fig. 6 que 1'emploi dc simples pointes antiques de 
25° ou 30° avec choc droit a 1'entree du diffuscur donne des r&ultats 
nettcment superieurs a ccux du pitot. On peut ameliorcr leurs per­
formances en utilisant des diffuseurs {Fig. 8) comportant une contrac­
tion interieure, le choc droit se formant en aval de cette contraction,* 
e'est-a-dire a un nombre de Mach assez voisin de 1'unite et nettement 
infericur au Mach A/, qui rcgne dans la tranche d'entree. Les rcsultats 
experimentaux dc Fcrri traduisent 1'amelioration pratique qu'on peut 
attendre de ccttc solution. 

Fig. 8. Entrees a poinle imergente et contraction interne, (A. FERRI) 

On peut representee a un nombrc dc Mach donne, les performances 
debit-efficacite d'une entree d'air suivant un graphique v)D (e). La 
Fig. 9 donne schematiquement 1'allure des courbes que 1'on obticnt 
pratiquement. 

La tranche TK rcprescnte le regime supercritique; Ic debit est fixe 
et egal a e, 1'efficacite t)D est inferieure au maximum du fait d'un 
regime de combustion trop pauvre. Si 1'on pousse la combustion, Ic 

Fig. 9. Diagramme debil-efficacit • d'une entree d'air. 
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point figuratif s'cleve le long de TK; 1'onde de choc interne remontc 
vers 1'entree et -t]D s'approche du maximum. Ensuitc (tranche KS) 
le debit diminue (subcritiquc), mais souvent y\D continue a croitre 
Icgeremcnt, du fait dc la reduction des vitcsses dans le diffuscur. Enfin, 
a partir de S 1'efficacite dccroit au fur et a mesure que 1'onde de choc 
s'eloigne de 1'cntree et que le debit diminue. En P apparaissent des 
pulsations brutalcs de la prcssion qui provoquent 1'arrct dc la com­
bustion ou degradent le moteur (pompage). 

Pour les nombres de Mach eleves, la tranche PS est peu ctendue et 
souvent P et S sont confondus. 

(c) Resistance de captation, resistance additive 

Un troisieme facteur qui intcrvicnt dans le bilan propulsif et qui 
depend esscnticllement de la prise d'air est la resistance due a la 
captation. 

Son calcul resultc immediatcment dc 1'application du thcoreme des 
quantites de mouvement a 1'entree d'air. On sait qu'il suffit a cct 
effet d'evaluer le flux de dynalpic a travcrs une surface de controle 
quelconque s'appuyant sur les levrcs de la carene et n'intcrceptant 
aucune partie solidc dc 1'cngin. 

J - ^ 

Fig. 10. Calcul de la rdsislance de captation. 

Dans le cas par cxemple d'unc prise d'air a pointe centrale [Fig. 10), 
on choisira la surface dc meridienne J K L J ' K ' L ' a travers laquclle le 
flux dc dynalpie axiale est eVidemment 

Xc = p 0 A0 + WV0 + j K L p d A 

qui, par une transformation evidentc ct comptc tenu d'Eq. (1), s'ecrit: 

X c = z p 0 A 1 (1 + Y ^ V ) + \ A \ P A A 

Le premier tcrmc se calcule immediatement pour une entree donnee, 
compte tenu dc cc qui precede. 
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Le deuxieme n'existe que si K est en amont de L, c'est-a-dire si 
e < 1. Ce terme a recu le nom de resistance additive Xa. 

O n appelle coefficient de resistance additive, le nombre sans 
dimensions 

. . . (4) 
yM 0

2 •o Pa Ai 
Pour une entree donnee, en regimes critique ou supercritique, ce 

coefficient est une fonction de M9 , Cx {M0). En regime subcritique 

Cx > Cx depend en outre du taux de reduction du debit e/e. 

On notera que la definition precedente et les resultats numeriqucs 
qui suivent font intervenir la pression absolue p. De nombreux autcurs 

2,0 

Fig. 11. Relation entre Cx , e, A/0. 

ont coutume d'utiliser les pressions relatives p—p0- Les valeurs C'x 

corrcspondantes sont alors 

o _ — c „ 
y ^ o . ( * — ) 

II est intcrcssant de comparer dans quelques cas connus les valcurs 
dc C, a e donnc. Dans la Fig. 11 on a reporte K =C x j { l—s) en 
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fonction du nombrc de Mach pour des entrees type pitot fonctionnant 
en subcritique et pour des entrees a pointe emergente fonctionnant en 
regime critique (ou supercritique); les traits verticaux representent 
pour chaque type d'entree la faible variation de 1'exprcssion K en 
fonction de e, pour M 0 donne. De sorte que, sans attacher a ce 
resultat cmpiriquc plus d'importance qu'il n'en mcritc, il est possible 
dans la discussion preliminaire d'un avant-projct d'ccrire en regime 
critique 

CT = K {..!) ( 1 - . ) . . . (5) 

K (M) ne dependant pratiquement que de la forme de la pointe 
centrale.* La meme expression reste valablc pour une prise type pitot 
en regime subcritique. L'erreur de 1'cxprcssion (5) n'exccde pas 5%. 

La Fig. 11 montrc qu'il y a interet, pour obtenir un coefficient de 
debit s < 1 a un Mach donne, a utiliser une prise d'air a pointe fonc­
tionnant en regime critique, plutot qu'une entree pitot donnant le 
meme s en regime subcritique. A cet cgard une pointe a compression 
quasi-isentropique telle que la pointe VD II 5 sc place tres favorable-
ment. 

SIBULKIN7 a discute cn detail le problemc de la resistance additive, 
et donne une methode approximative pour son evaluation dans le cas 
d'une prise d'air a pointe cmergente, en regime subcritique, cas 
inaccessible a une theorie rigoureuse. Lcs rcsultats qu'il indique 
montrent que dans un tel regime, la resistance additive croit trcs 
rapidement avec e—s et se rapproche de la valeur correspondant a 
celle d'un simple pitot fonctionnant au meme coefficient de debit. 

{d) Re'sistance externe de carene 

L'aire Ax de la surface de captation, definic par les levres de la 
carene d'entree est gcncralcment plus petite que 1'aire Az du maitre-
couple dc la chambrc de combustion. Le profil de carenc qui pcrmet 
le raccordement correspondant apporte une contribution non neglige-
able a la resistance cxteme. II est indispensable dc preciscr 1'impor-
tance de cette resistance, dans la discussion du role dc la prise d'air 
dans le bilan propulsif. 

II est clair d'ailleurs que du point de vue tres general oil nous nous 
placons ici, il ne saurait etre question d'analyser en detail cc probleme. 
Nous noterons toutefois que pour une pointe centrale donnee et une 
position donnee des levrcs de la carene de captation dans le champ de 
1'ecoulement de cctte pointe, on connait Tangle <p, de 1'ecoulement 
incident et le nombre de Mach M, correspondant. 

Ces grandeurs conditionncnt le choix de la pente initiale des profils 
exterieur et intericur de la carene exterieure. 

•En ecoulemcnt plan pour un obstacle amont en forme de simple diedre, K {M) est 
rigoureusement ind^pendant de E. 
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Pour unc entree d'air destinee a fonctionner dans un large domaine 
de nombre de Mach, c'est generalement a la limite inferieurc dc ce 
domaine que les conditions a respecter sont les plus severcs: 

Si la pente du profil interieur est trop faible, il se formera une onde 
de choc dctachce devant les levres et un decollement apparaitra sur 
hi face cxtcrne dc la carene; de plus le coefficient de debit sera diminue 
(regime localcment subcritique). 

0.8 

0 ,6 

0,4 

0,2 

Fig. 12. Resistance de carene-type en fonction du rapport ' ' A. 

et du nombre de Atach. 
A, aire maitre-couple 

Si la pentc intericure est trop forte, le decollement aura lieu vers 
1'intcricur et I'cfficacitc de la prise d'air cn sera affectec. 

La Fig. 12 rcpresente la valeur du coefficient de resistance 

2 
C. = 

Mm 

CA. p d/1 

pour une famille type de carencs circulaircs, de pentc initiale 10°, 
choisie sculement pour fixer les idecs dans la discussion qui va suivrc. 
Les calculs ont etc effectues suivant la mcthode deja utilisee.8 Ccs 
courbes nc sont valablcs en toute rigueur que dans le cas ou les levres 
sont attaquccs par 1'ecoulement MQ. Nous les utiliserons neanmoins 
par la suite dans le cas ou les levres sont en aval du choc issu de la 
pointe, en regime critique ou supcrcritiquc (ce qui n'est legitime qu'en 
ccoulemcnt plan, dans Ic cadre dc la thcorie linearisec). En regime 
subcritique, par contrc, il est certain que les lois de Cx de carene seront 
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profondement modifices, 1'ecoulcment etant alors subsoniquc devant 
les levrcs. Nous nc discutcrons pas ce cas. 

3. EQUATIONS FONDAMENTALES 

Apres avoir analyse les parametrcs principaux qui caracterisent la 
prise d'air, nous allons etablir les relations fondamentales qui per-
mrttcnt d'en ctudicr dc role dans le fonctionncment du propulscur. 

(a) Equation d'equilibre des debits 
Considcrons un systemc donnc, volant au Mach M0 . Soit 1 le 

coefficient dc debit et 1]D I'cfficacite de la prise d'air. Si Ac rcpresente 

1'airc critique du tube de courant interne en amont du choc, on a 

cA.fAc = S(Af.) = S 0 

Y + 1 
u S(3f) designe la fonction S(A/) = _ - | — ( 1 - f I z i A/2) 

M IY I 1\ 2 / . 
2(T-1) ou 

' w 
De memc 1'aire critique A c de 1'ccoulement interne a la sortie du 

diffuseur est liee au Mach A/2 par 
AtfACi = S(M2) = Z2 . 

Commc d'apres 1'Eq. (3) 

1'equilibrc impose 

AcJAc2 — "In 

E - ^ = | - 0 ^ ..-.(6) 
Ai 1 2 

Le Mach M~ est fixe par le fonctionncment du propulseur. Par 
exemplc, s'il s'agit d'un turborcactcur, A/2 sera pratiqucment impose 
par la caracteristiquc du comprcsscur; s'il s'agit d'un statoreactcur, 
>/2 sera determine par Ic degrc de contraction dc rcjcctcur ct le taux 

de combustion. 
I.'Eq. (6) indique done que si A/0 ct A/2 sont determines, et si 1'on 

veut bencficicr du maximum de yjD permis par une prise d'air d'un 
type donnc, il sera nccessaire d'ajustcr soit e, soit Ax pour satisfairc 
b. 1'Eq. (6). 

En cas de surdimensionncment (i/1, trop fort), i)D ne pouvant 
depasscr le maximum 7],,, il faudra ou bicn que E diminue, c'cst-a-diic 
que le regime devienne subcritiquc, ou bicn* que M 2 augmente; dans 
le cas d'un statorcacteur par exemplc, on devra alors rcduire le 
chauflage. 

Dans Ic cas inverse (eyl,. trop petit), e nc pouvant depasser sa valcur 
critique i, rlD devra descendre au-dessous de sa valcur maximum riD, ce 

* O n rappelle que si M , est faiblc (de I'ordre dc 0,2) la fonrtion X(Mj) est scnsiblc-

ment proportionnclle a I/A/,. 
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qui se produira automatiqucmcnt par passage au regime supercritique. 
Si 1'on veut eviter cette perte d'efficacite, il faudra diminuer .\/2, 
c'est-a-dire accroitre le taux de combustion pour revenir au regime 
critique. Pour un statoreacteur, il faudra alors accroitre le chauffage 
ou diminuer le col de sortie de 1'ejectcur. 

En resume, pour une prise d'air d'un type donnc fonctionnant a un 
Mach de vol A/0 donne, il existc une valeur A/2 du Mach de sortie du 
diffuseur parfaitement definie pour assurer le regime critique. Si le 
A/2 effectif est superieur a M2 , 1'entree fonctionne en supcrcritique 
(y)B<v]c). Dans le cas contraire, 1'entrec fonctionne en subcritique 
( e < i ) . 

{b) Equation de la poussee 

Notre etude etant limitee a la prise d'air, nous pouvons definir une 
pousscc aerodynamique obtcnuc cn integrant les efforts acrodynamiqucs 
sur la partie de 1'engin comprise cn amont de 1'cntree de la chambre 
de combustion. 

Cette poussee s'ecrit: 

^ a e r o = / , 2 ^ 2 ( l + T M 2
2 ) - [ / , 0 s ^ 1 ( 1 + y A/0

2) + \ • # , M J A x C.J 

- \*{ M Q * p 0 A 2 C x 

Ic premier terme represente la dynalpie axiale a la sortie du diffuseur, le 
deuxieme tcrme la resistance de captation (§2.c), le troisieme terme 
la resistance externe de carene (§2.d). 

Nous en deduisons un coefficient de poussee aerodynamique 
rapporte a A2 

'Xero - M i . (' + H - ' t (' + *M] - AA- ~ C-
En introduisant la fonction dc Mach 

« {M) . > / ? - ( I + I X I M 2 ) - ^ ^ - 1 ) 

et en tenant compte des relations (3) et (6) pour introduire r,,, 
1'expression prccedente s'ecrit: 

<Xro "-to* (*'•, A ' J , C-- - C" • • • (7) 

.vcc * (jfc U.) = X_. g (,,.-M..) _ | ( , + ,M.')] 

La courbe Fig. 13 donne pour fixer les idees les valeurs de la fonction 
$ pour un statoreacteur volant a une altitude supericurc a 11.000 m 
( 7 _

0 = 2 1 8 ° K ) et fonctionnant a une temperature de combustion 
Ti3 = 2200° K, le nombre de Mach theorique en fin dc combustion 
etant fixe par 1'ejecteur a M 3 = 0,5. Ce cas represente un des 
regimes les plus pousses que 1'on puissc realiser dans la pratique. 
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4 

3 

0 
2 

1 

0 

r0=2l8°K 

/ 

b«2200*K 
M3=0,5 
! 1 

1,5 2 ,0 2,5 
W0 

3,0 3 , 5 

Fig. 13. Facteur de poussee interne <J) (A/„. M t ) (fiq. 7). 

4 . DISCUSSION 

Nous aliens maintenant utiliser les resultats qui precedent pour 
discuter Ic role des differents parametrcs caracteristiqucs d'une prise 
d'air dans le bilan propulsif, en nous limitant au cas ou Ton recherche 
la poussee maximum. 

{a) Prise d'air adaptee a un mach de vol donne, regime d'adaptation 
On dit qu'unc prise d'air est adaptee a un Mach donne, si pour ce 

nombre de Mach le coefficient de debit est egal a un, en regime 
critique. Ce resultat est obtcnu cn positionnant convenablcmcnt les 
levres de la carene dans le champ acrodynamiquc. Si un tel regime 
est realise, Ic coefficient de poussee s'ecrit: 

C F = r l D t > { M 0 , M 2 ) ~ C x . . . (8) 

la trainee additive s'annulant dans ce cas particulier. II est clair que 
le coefficient de poussee sera d'autant plus fort que 1'efficacite r)D sera 
clevee. 

Etudions la possibility d'une telle adaptation pour un regime donne de 
combustion, par cxemple eclui qui a ete defini au §2.b. L'Eq. (6) permet 
d'etablir pour chacun des types de prise d'air envisages ici et en 
admettant que 1'efficacitc est maximum {Fig. 6) unc loi dc variation du 

A facteur z— en fonction de J /„ {Fig. 14). Le coefficient dc debit etant 
A2 

par hypothese pris ici cgal a 1'unite, les courbes dc la Fig. 14 donnent 
directement les valeurs du rapport A,/A2 qui determine Ic dimen-
sionnement optimum dc la prise d'air d'un type donne. 

On voit d'abord apparaitrc unc proprictc intcressante: 
Si, pour des raisons constructives, la valeur de A,jA2 est limitee 

superieurement (par exemple A^AziS. 1), il existe pour les entrees d'air 
a haute efficacitc, un nombre de Mach au-dessus duquel on ne peut 
pas beneficier de 1'efficacitc maximum, a regime de combustion 
maximum fixe. 

13 
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2.0r 

1,5 1,8 2 .0 2,2 2 ,4 2,6 2,8 3 ,0 3,2 3,5 

Fig. 14. Dimension optima de t'entre'e d'air. 

Considerons par exemplc une prise d'air type3, pour laquelle 
1'organisation dc la carene cxtcrne impose Ar/A2 = 0 , 9 . La Fig. 14 
montre qu'au-dcssus de A/0 = 2,8 et pour le regime de combustion 
maximum fixe, le regime d'ccoulement sera necessairemcnt super-
critique. C'est ainsi que pour A/0 = 3, 1'Eq. (6) {Fig. 14) indique 

qu'en regime critique on aurait e — = 1, 1. Comme le dimensionne-
A2 

ment choisi ne permet a cette expression que la valeur 0,9, il en 
resultera une reduction de rendement qui passcra de la valeur 0,83 
, 0 9 
a l !X.0 ,83 = 0 , 6 8 . 

1,1 
Si 1'on veut utiliser au mieux les proprietes de 1'entree d'air, il 

faudra alors augmenter le coefficient de contraction de 1'ejecteur, ce 
qui pcut conduire a un accroissement de resistance interne reduisant 
sericuscment le gain dc pousscc obtenu du cote de 1'entree d'air. Cette 
solution sera, en outre, defavorable dans le cas de vols trcs infcricurs 
au Mach d'adaptation (§4.b). 

\ 

v* 
n 0* 

Cx 

Cf 

Pitot 

0 . 4 8 

0 , 3 6 

1,08 

0 ,19 

0 , 8 9 

C6ne 25° 

0 ,75 

0 . 5 6 

1,69 

0,13 

1,56 

Entree 
isentnopique 

re f .2 

0 ,91 

0 , 6 6 

2 , 0 5 

0.11 

1,94 

Cas 
ideal 

0 , 9 5 

0,71 

2,14 

0 . 0 9 

2 , 0 5 

-•-Fig. 6 

-»~Fig. 14 

• - F i g . 12 

Fig. 15. Coefficient de poussee aerodynamique des diverses prises d'air de la Fig 6 adapte'es a 
M 0 = 2,5. 
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Nous allons maintenant preciser sur un cas particulier 1'importance 
du role de r\D dans le bilan propulsif. 

Comparons, pour M 0 = 2,5 les coefficients de poussee des divers 
types d'entree que nous avons deja considered, en supposant realisce 
1'adaptation optimum. 

Le tableau Fig. 15 met cn evidence les divers facteurs: on verifie 
que toute amelioration de rjfl joue un role favorable non seulemcnt sur 
le premier terme de 1'Eq. (8), mais encore indirectement sur le 
deuxieme terme Cx, grace a 1'augmentation qu'clle entraine sur le co­
efficient A,/A2 qui conditionne la resistance de carene. 

II y a lieu de noter enfin, que le seul examen des courbes -r\D{M) 
montre que les divers types d'entree ne commencent a se differcncier 
que pour M 0 > 1, 5. La Fig. 16 permet dc prcciser ce rcsultat. 

Cctte influence favorable de 1'accroissement de -r\D conduit a penser 
qu'il peut y avoir interet a fairc fonctionner 1'entree d'air en regime 

0,2 0,4 0,6 0,8 1,0 

Fig. 16. Variation du coefficient de poussee airodynamique en fonction de 1'efficacite' T)D. 
Cas de Veniree adaph'c, en regime critique. 

legeremcnt subcritiquc, puisque {Fig. 9) nous avons vu que 7]fl est 
generalement maximum dans cc domaine. 

En fait, I'accroissemcnt dc poussee qui en rcsulte est compense 
approximativement par I'apparition dc la resistance additive, et aux 
nombres de Mach clcvcs on risque, cn outre, de le rapprocher dan-
gcreusement de la limite de pompage (§2.b), dc sorte que, sauf au 
voisinage du domaine sonique, on evitc gcncralcment ce regime. 

{b) Prise d'air a un Mach de vol infirieur au Mach d'adaptation 

Le coefficient dc debit critique etant inferieur a 1'unite, 1'equation 
dc la poussce cn regime critique ou supcrcritiquc va contenir le terme 
de resistance additive Cx 

CF=y}D<t> (A/* # • ) - £ Cx-Cx 

Supposons que Ic dimensionncment AxfA, dc 1'enlree ait ete choisi 
pour 1'adaptation a A/0 - - 3 (i(3) = 1 ) , au regime de combustion 
maximum fixe au §2. 

IS 
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Les courbes de dimensionnemcnt de la Fig. 14 montrent alors que 
pour chaque type d'entree, cc regime de combustion impose une loi 
de debit s(Af) parfaitement determincc. Considcrons pour fixer les 
idees une prise d'air a pointe conique (9, = 25°) adaptee a A/0 = 3. 
La Fig. 14 indique pour AJA t la valeur 0,745. Pour toute valeur de 
A/0 < 3, on deduit aussitot de la Fig. 14 la valeur de c qu'il faudrait 

i ,o 

0 , 8 

0 , 6 

0 , 4 

0 , 2 

0 

| ^ 
A\ 
spa* 

' $ • 

# » | 

S A A - ^ 

A s 
eA' 

A 
& 
¥ 

A 
c« 

1,2 1,4 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0 

Mo 

Fig. 17. Comparaison du dibit critique et du debit optimum pour M„ < A?„ {pointe conique 
0s = 25°, 0e = 34°30' adaptee a M0 = 3). 

rdaliser pour assurer 1'cquilibrc (Eq. 6). Cette courbe est representee 
Fig. 17. Or, une pointe conique 0, = 25° est adaptee a A/0 = 3 si 
les levres sont vues de la pointe sous I'angle 6. = 34° 30', et le coefficient e 
de debit critique impose par ce positionnement, bien que variant dans 

35* 

34* 

33 ' 

32 ' 

31* 

30" 

29' 

28° 

Moch 
d'adaptation 

M0=3 I 
1,2 1,4 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0 

M0 

Fig. 18. Reglage de la position de la pointe par rapport a la carene pour assurer en regime 
critique, le regime de combustion maximum. 
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le sens convenable, reste superieur au precedent {Fig. 17), c'cst-a-dire 
qu'avec le regime de combustion le plus pousse le regime a 1'entree 
sera done subcritique pour A / 0 <3 . 

Si Ton veut maintenir le regime critique, il faudra: 
- -ou bien diminuer le chauffage, ce qui, en augmentant A/2, diminuera 
la poussee qu'on aurait pu esperer a priori (cas a Fig. 19), 
—ou bien modifier la position relative de la pointe et de la carene, de 
maniere a faire coincider la loi e (A/) avcc la loi e (A/) imposee par Ic 
regime optimum (cas b Fig. 19). 

2,0r 

fc" 
«3 = 

:218*K 

0 ,5 
Pointe reglable i 

?;-3=22O0°K 

'ointe f ixe: 

h< 2200*K 

0 
1.2 1,4 1,6 1,8 2 , 0 2,2 2,4 2 , 6 2,8 3 ,0 

Mrs 

Fig. 19. Comparaison des coefficients de poussee critique pour : 
(a) une pointe fixe adaptee a M 0 = 3 (0 = 25% 0 = 34°30') 

(A) et une pointe ajustable (0 = 2 5 ° , 0 Fig. 18). 

La Fig. 18 indique dans le cas b, la loi de variation de 0< qu'il faudrait 
realiser pour assurer cctte compatibilite. 

La Fig. 19 pcrmct de comparer les valeurs du coefficient de poussee 
aerodynamique que Ton obtiendra dans les deux cas a et b. On 
constate que 1'ajustagc de la pointe en fonction du nombre de Mach 
permet un gain substantiel dc poussee pour un stato reacteur de maitre-
couplc A 2 donne. 

5. CONCLUSION 

L'expose qui precede avail pour but de rappeler brievement les 
diffcrents facteurs qui caracteriscnt une entree d'air du point de vue 
du bilan propulsif, en precisant leurs ordres de grandeur ainsi que 
1'allure de leurs variations suivant les regimes de vol. On a, en 
particulicr, insiste sur les conditions dc compatibilite entre 1'ecoulement 
dans la zone de 1'entree d'air et le regime impose par le moteur. 

On a montre sur quelques exemples comment pouvaient etre discutes 
le choix et le dimensionnement d'une entree d'air, en vue d'obtenir un 
effet propulsif maximum. 

On s'est volontairement limite a des cas particulicrement simples et 
on a ecarte la discussion des regimes subcritiques ct des phenomencs 
pulsatoircs qui les accompagnent frequemment, ces problemcs meritant 
un examen approfondi. 
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La discussion fort importante du role de 1'entrce d'air du point de 
vue de la consommation specifique n 'a pu etre abordee dans le cadre 
de cet expose. 

On pcut retenir les conclusions suivantes: 

1. La configuration d'une entree d'air determine pour chaque valeur 
du nombre de Mach de vol trc's parametres essentiels qui inter-
viennent dans le bilan propulsif: 
— le coefficient de debit critique e, 
— 1'efficacite r ^ maximum de la recompression, 
— le coefficient de resistance additive. 

2. Suivant les conditions aval imposees par le moteur, le regime 
d'ecoulement peut etre critique (s = i ) , subcritique (e < s) ou super-
critique (s = s , Y) < i \ D ) . La poussee optimum est attcinte en 
regime critique ou legerement subcritique. 

3. L'emploi d'une pointe cmcrgente convenablement profilee permet 
d'amcliorer considerablemcnt 1'efficacite 7)fl ct, par suite, la poussee 
maximum que 1'on peut obtenir, dans un maitrc- couple donne, a 
un Mach donne. En particulicr, les prises d'air du type pitot sont 
nettement defavorables des que le nombre dc Mach depasse 1,5. 

SUMMARY 

The air-intake of a jet-engine has an essential part in the balance of propulsion. 
The various aspects of the problem will be analysed from this point of view in 
Ihe particular and relatively simple case of a ram-jet with rotational symmetry 
flying at supersonic speeds. The characteristic parameters of an air-intake will 
be defined first: flow coefficient, efficiency, additional drag and external drag, 
and some particular cases of the variation of these parameters and their order 
of magnitude are examined for various Mach numbers, geometrical shapes and 
exit conditions from the diffuser. Then the basic equations of the problem are 
established: equilibrium equation of the flows and equation of the aerodynamical 
thrust. Finally are discussed the case of an air-intake designed for a given Mach 
number and a given maximum combustion rate, then the case of an air-intake 
at a Mach number lower than the design Mach. It is shown in particular that 

for some types of air-intakes with high efficiency, there is an impossibility of 
utilizing in the best way the efficiency of the diffuser for beforehand given down­
stream conditions. For flights at Mach numbers lower than the design Mach, 
ihe importance of the relative position of the needle and the body of the air-intake 
is discussed, when it is desired to render maximum the specific thrust. 

For simplicity's sake, the subcritical operation and the pulsatory phenomena 
related to them are not described—these questions should be examined separately 
—neither is discussed the very important problem of specific consumption. 
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NOTATIONS 

M nombrc dc Mach 

p prcssion locale 

P pression d'arret isentropique locale 

T temperature absolue 

p masse specifiquc 

A aire d'une section droite 

{Ax represente 1'aire d'entrce, le noyau etant suppose enlev6) 

W debit interne 

„. . , . . . . debit entrant 
£ coefficient de debit = ; 

debit maximum pcrmis par 1'aire A t 

Cx'-P coefficient de resistance additive, rapporte a Ax 

CxP coefficient de resistance des obstacles internes en aval dc (2) 

rapporte a A2 

C P coefficient de resistance externe, rapporte a Aa 

C p coefficient de poussec brute de 1'ecoulement interne jusqu'en 

(2) (rapporte a A2) 

Tjy cfficacitc du diffuseur 

y rapport des chaleurs specifiques. Pour 1'ecoulemcnt en 
amont de 2, on prend y = 1,4 

Indices 

0 ecoulemcnt amont non perturbe 

1 tranche d'entree du diffuseur interne 

2 entree de la chambrc de combustion cylindrique 

3 sortie de la chambrc dc combustion cylindrique. 

(*)Les coefficients sont calcules par integration des pressions absolues. 
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A REVIEW OF 
SUPERSONIC AIR INTAKE PROBLEMS 

DE MARQUIS D. WYATT 
NACA, Lewis Flight Propulsion Laboratory, Cleveland, Ohio 

This paper outlines the nature ofthe more important performance parameters of 
supersonic air intake systems and indicates promising solutions to intake problems 
as determined from research. 

The first section of the paper treats the problems associated with the attain­
ment of high pressure recoveries. After showing the necessity in incorporating 
supersonic compression principles in the intake design, methods {and limitations) 
of improving pressure recoveries through the use of various external and internal 
compression systems are discussed. The additional complication that fuselage 
boundary layer introduces in the side-intake system is indicated together wilh gross 
boundary-layer removal requirements. The inherent pressure recovery losses that 
may be encountered at subsonic flight speeds with supersonic air intakes are 
indicated. 

A definition is given of the drag components that must be considered in the 
design of supersonic air intakes and the magnitude of these drags is indicated. 
The particular requirements for minimizing drag through the reduction of frontal 
area is emphasized. Consideration is given to the various internal flow factors 
which influence this problem. 

The nature of flow instability problems encountered with supersonic intakes is 
outlined together with a qualitative discussion of the origin of instability. 
Several methods are presented for broadening the stable flow range of isolated 
intakes and of intake-engine systems. 

The deleterious effects of non-uniform discharge profiles are pointed out for 
turbojet and ram-jet engines. The differing origins of distortions at subsonic 
and supersonic speeds are examined and methods are presented for minimizing 
distortions. 

The paper is concluded by a discussion of the matching problems between 
intakes and engines. The nature of the the over-all performance losses that may 
result from inadequate matching procedures are reviewed together with a 
discussion of the types of variable geometry systems found useful in improving 
match performance. 

1. INTRODUCTION 

As airplanes using air-breathing engines fly into the supersonic speed 
range, the air intake system becomes an increasingly important factor 
in determining the adequacy ofthe powerplant installation. Sufficient 
research has been conducted on the characteristics of air intake systems 
to form a fairly firm foundation for their applications in aircraft and 
missile designs. (The field is sufficiently advanced, in fact, for HERMANN 

to write a complete, excellent book on this one topic.1) Unfortunately, 

21 



A I R I N T A K E P R O B L E M S 

not enough research has been completed to permit an optimum solution 
of all the design and operating problems of supersonic air intake 
systems, nor even to admit of a sound technical understanding of some 
of their problems. 

In performing its role as a component of the over-all powerplant 
installation, the air intake system must satisfy a number of requirements. 
It should simultaneously {a) deliver air to the engine face at a high 
level of pressure recovery, {b) create a minimum of external drag, 
{c) deliver a steady airflow over a fairly wide range, and {d) operate 
with a reasonably uniform discharge velocity profile. This paper will 
discuss the nature of each of these requirements and will present the 
results of research studies aimed at their solutions. In addition the 
paper will consider the problem of matching an air intake system 
meeting these requirements to an engine. Inasmuch as, in general, 
these requirements only become severe in high-speed designs, this paper 
will be devoted exclusively to supersonic air intake systems. 

2 . PRESSURE RECOVERY 

The thrust of an air-breathing jet engine can be shown to be doubly 
dependent on the pressure recovery delivered by the air intake system.2'3 

The mass flow ingested by the engine is directly proportional to the 
total pressure at the engine face. The jet nozzle pressure, and hence 
je t thrust pcr unit of mass flow, is also proportional to the engine face 
pressure. Thus, for each 1 per cent loss in total pressure in the air 
intake system there will be somewhat more than 1 per cent loss in the 
engine thrust. The magnitude of the thrust decrement depends upon 
the nozzle pressure and temperature level and hence varies with engine 
cycle details. The thrust losses of turbojet engines may be approxi­
mated by a factor of 1-25 percent per percent loss in pressure recovery. 
With thrust losses of this order of magnitude, it is readily apparent that 
over-all total-pressure losses in the air intake system must be kept to 
relatively low values if a large fraction of the potential engine thrust 
is not to be dissipated. 

In a well designed subsonic air intake the only total-pressure losses 
are those due to friction along the duct passage walls. The principal 
requirement ofthe inlet is that the lips be adequately contoured so that 
the air enters the diffuser with a nearly uniform velocity profile. A 
simple inlet of this type is inadequate at supersonic speeds, however, 
because of the additional complication of shock losses. In diffusing 
from supersonic free-stream to subsonic discharge velocities the intake 
air will pass through a normal shock wave. The total-pressure losses 
accompanying this shock wave increase in magnitude as the free-stream 
Mach number increases. 

The engine thrust losses that would be unavoidably present for a 
power-plant installation using a subsonic-type, or normal shock, intake 
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system are illustrated in Fig 1 as a function of flight Mach number. 
In addition to the normal shock losses it has been herein assumed that 
friction losses in the subsonic diffuser will amount to 5 pcr cent of the 
total pressure behind the shock wave. For low supersonic Mach 
numbers, up to about 1-5, the normal shock losses are sufficiently low 
to permit the practical utilization of the normal shock intake. Further 
increases in flight Mach number result in a rapid increase in thrust 
loss, however, so that by Mach 2-0 a normal shock intake would reduce 
the powcrplant thrust 40 per cent below its potential maximum value. 

Fig. 1 indicates that the shock losses would become so severe by 
Mach 3-5 that all ofthe engine thrust would be lost. Actually this is 
the result of an oversimplification in the analysis. The loss factor 

0-5 1-0 1-5 2-0 2-5 3-0 3>5 
Flight Mach number, M0 

A F _ = 

A P 
Fig. I . Thrust loss due to inlet pressure loss. Normal shock inlet, — 1-25 X ' = 0-95. 

AF/AP would tend to reduce to a lower value than 1-25 for the very 
large pressure losses obtained at the higher Mach numbers and some 
net thrust would remain. The thrust losses based on a more exact 
analysis would remain so high, however, as to effectively negate the 
use of a normal shock inlet. 

It is obvious from Fig. 1 that powerplant installations using air-
breathing engines at the higher supersonic Mach numbers must have 
air intake systems that are more efficient than the simple normal shock 
system. Inherently, increased efficiencies can only be obtained through 
a reduction in the Mach number of the intake flow to a value lower 
than free stream before the terminal normal shock wave occurs. Intake 
systems achieving these reductions arc called supersonic inlets and may 
be categorized as being either external shock compression inlets, 
internal channel contraction inlets, or combinations of the two. 

External compression inlets-—Various types of external compression 
inlets are illustrated on Fig. 2. These inlets may be cither axisymmctric 
or two-dimensional; the basic flow processes are the same in either 
case. A supersonic flow can be decelerated through the mechanism 
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of an oblique compression wave with a relatively low total-pressure 
loss. In application to inlets, therefore, a shock generating surface is 
extended ahead of the cowling. The impinging supersonic flow is 
decelerated to a lower supersonic Mach number in passing through 
this shock and is finally decelerated to subsonic velocities by a normal 
shock wave standing at or near the cowl lip. Owing to the reduced 
Mach number at which the normal shock occurs, the over-all decelera­
tion process is accomplished with less total-pressure loss than for a 
free-stream normal shock. 

OSWATITSCH4 ,5 first demonstrated the effectiveness of external com­
pression inlets. In his experimental models, however, he included 
additional internal channel contraction. F E R R I 6 did a great deal of 
research on all external compression inlets, so much so that this type 

2 shock 3 shock 

Intersection zone 
(cowl removed) 

Fig. 2. External compression inlets. 

of inlet is frequently referred to as the Ferri inlet in the United States. 
The amount of efficient deceleration that is possible with a single 

oblique shock is limited at higher flight speeds; hence, more sophisti­
cated versions receive attention as flight speeds are increased. These 
may take the form of multiple oblique shocks or of continuously curved 
" iscntropic " compression surfaces. For two-dimensional flow 
OSWATITSCH4 showed that maximum over-all total-pressure ratio in a 
multiple shock system would be obtained with a succession of oblique 
shocks of equal strength. Similar analytic solutions for axisymmetric 
flow are not generally attempted and optimum axisymmetric multi-
shock systems are generally determined graphically (ref. 7, for example). 
A number of simplifying assumptions have been shown to be appli­
cable to the conical flow fields so that the labor involved in designing 
axisymmetric inlets is not high (e.g. ref. 8). 

Although the total-pressure losses of external compression inlets 
decrease as the number of oblique shocks is increased, it has been 
found in practice that the use of discrete oblique shocks in excess of 
two offers greater flow complication and less satisfactory results than 
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completely " isentropic " compression. In this latter system the com­
pression surface generates an infinite number of infinitcsimally 
strengthened characteristics which, in theory, decelerate the stream 
flow with zero total-pressure loss. In practice, an oblique shock of 
finite amplitude is initially generated by the sharpest practical leading 
edge and the subsequent compression is isentropic. CONNORS' has 
calculated both axisymmetric and two-dimensional contours for isen­
tropic compression surfaces up to a design Mach number of 4 0 for an 
assumed 1 per cent loss across the initial oblique shock. 

Formerly it was generally believed that isentropic compression sur­
faces could be used to reduce the free-stream Mach number to any 
desired value down to a Mach number of unity. Recently CONNORS7 

has shown that a compression limitation exists as a result of funda­
mental flow requirements at the compression focal point or intersection 
zone. The sketch in the lower right-hand corner of Fig. 2 illustrates 
this zone. Briefly stated, Connors noted that the static pressure rise 
across the strong shock must equal the rise through the isentropic zone 
and reflected wave and thus balance across the vortex sheet. Because 
the strong shock cannot exceed a free-stream normal shock in strength, 
the amount of compression through the isentropic zone is limited. The 
maximum isentropic inlet pressure recoveries satisfying this condition 
are presented in Fig. 3 together with theoretical recoveries of normal 
shock and two- and three-shock external compression inlets. 

Fig. 3 indicates that even the relatively simple two-shock external 

1-0 4 -0 1-5 2-0 2-5 3-0 3-5 

Flight Mach number, Mb 

Fig. 3. Maximum pressure recovery, all external compression. 

compression inlet exhibits a considerable pressure recovery advantage 
over the normal shock inlet, throughout the Mach number range above 
1-4—1 -5. At Mach 2 0 , for example, the two-shock inlet operates 
with a 20 per cent improvement in pressure recovery for a thrust gain 
of 25 pcr cent of the ideal maximum. This means that a powerplant 
installation using the two-shock inlet would actually have almost 40 per 
cent more thrust than onc using a normal shock inlet. At Mach 
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numbers much above 2-0 even the two-shock inlet yields excessive 
pressure losses and the more complicated flow geometries appear advan­
tageous. I t will be noted that at Mach 4-0 the limiting pressure recovery 
of the all-external compression " isentropic " inlet is only 68-5 per cent, 
corresponding to a 40 per cent thrust decrement from the ideal engine 
value. 

Internal compression inlets—An alternative method for improving the 
pressure recovery of supersonic inlets is to contract the flow passage 
area after the air has entered the intake system. This amounts largely 
to an inward rather than outward focusing of oblique shock waves or 
compression zones. Inlets employing internal contraction do have 
certain limitations and operating problems, however, that differ from 
those of external compression inlets. Because the air is contained 
entirely within the intake system during the compression process, 
definite limitations exist on the amount of deceleration that can be 
accomplished with a fixed-geometry inlet. These limitations were 
enunciated by KANTROWITZ 9 and are illustrated in Fig. 4. 

M ° I M < ' M = 1 Mo M = ^ ( M < 1 

fa) Shock expelled (b) shock swollowed 

'^miZMMm^m u^ 
Mrs- a-M0 > M M < ] 

(c) Shock adjusted 

Fig. 4. Operation of internal compression inlet. 

When a normal shock wave is located ahead ofthe intake, the Mach 
number directly behind the shock wave is subsonic. Any internal 
area contraction of the intake will serve to accelerate this subsonic 
Mach number to a limiting sonic velocity. If the passage throat is too 
small, sonic velocity will be achieved only with the normal shock 
located far enough ahead of the cowl lips to permit initial deceleration 
of the entering flow ahead of the cowl lips. When the throat becomes 
of an adequate size, the requirement for initial deceleration behind 
the shock wave disappears and the normal shock can be located in the 
plane of the inlet lips. At this condition the shock moves inside the 
intake system to an area of equal cross section in the expanding diffuser 
and the shock is said to be swallowed. The Mach number of the 
flow immediately upstream of the swallowed shock is equal to the free-

26 



D. D. WYATT 

stream value, so that the pressure recovery ofthe system remains at the 
normal shock value. Once the shock is swallowed, the back pressure 
of the system can be increased through adjustments in the engine 
operating condition so that the normal shock wave is moved forward 
toward the throat of the intake. Inasmuch as the supersonic entering 
flow is decelerated by the convergent passage, this forward movement 
of the shock corresponds to its location in a region of lower than free-
stream Mach number and a consequent increase in pressure recovery 
above the free-stream normal shock value. 

For a fixed-geometry inlet of the type just described, the Mach 
number at the throat is still supersonic. If the back pressure is in­
advertently increased to such a value as to cause the normal shock 
to move upstream of the throat, its motion will continue until it 
assumes the shock expelled position. Optimum operating conditions 
can only be re-established by an over-reduction in back pressure to 
swallow the shock and a subsequent increase for adjustment purposes. 
This discontinuity results in an unfavorable airflow characteristic as. 
compared with external compression inlets. 

(«) (A) 

i 
^rmmrrs. 

Critical 

s : : : : . : . ~ - : - s 
Supercritical 

Subcritical 

yShock 
[adjusted 

Shock 
expelled 

Discharge corrected air f low, w^'7e 

Fig. 5. Comparison of inlet characteristics, 

(a) External compression. (A) Internal compression. 

A comparison of typical pressure recovery characteristics of external 
and internal compression inlets is shown qualitatively on Fig. 5. In 
this figure the intake pressure recovery is plotted against airflow rate 

W2VQ 
corrected to standard conditions at the diffuscr discharge — - — , 

82 

where 6 is the discharge total temperature divided by sea-level tem­
perature and S2 is discharge total pressure divided by sea-level static 
pressure. (This corrected airflow parameter is constant for an engine 
at a given set of operating conditions and is independent ofthe absolute 
pressure recovery level of the intake system.) The left-hand part of 
Fig. 5 illustrates conventional nomenclature used in describing inlet 
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operating conditions. The inlet flow is said to be critical at that point 
at which the pressure recovery is a maximum for maximum absolute 
airflow rate W2. This condition is normally characterized by normal 
shock location at, but just inside, the cowl lips. When the normal 
shock moves ahead of the cowl the absolute mass-flow rate is reduced 
while the pressure recovery either rises, remains constant, or falls, 
depending on the inlet design. This entire region of reduced mass 
flow is called the subcritical region. Conversely, the normal shock may 
be drawn down into the diffuser passage causing a reduction in pressure 
recovery but no increase in absolute airflow rate above the critical 
value. This region of operation is termed supercritical. 

External compression inlets typically operate with a continuous 
pressure recovery—corrected airflow characteristic. The airflow can 
be varied in either direction from the critical value. Internal com­
pression inlets, on the other hand, have a discontinuous pressure 
recovery characteristic as previously mentioned. The critical airflow 
for this type of inlet corresponds to the point labeled " shock adjusted " 
in the right-hand part of Fig. 5. Although the corrected airflow can 
be increased smoothly from this value by supercritical operation, any 
reduction in corrected airflow is accompanied by a discontinuous fall 
in pressure recovery. As previously noted, critical conditions cannot 
be reattained without an excursion in corrected airflow. 

Variable-geometry internal contraction inlets can, in simple theory, 
be designed to decelerate the entering flow to a Mach number of unity 
at the throat for a consequent 100 per cent pressure recovery across the 
shock system. In operation such inlets would require a throat area 
adjustment of the type just described to permit the swallowing of the 
normal shock. With the shock swallowed, however, the inlet throat could 
be reduced in area as the back pressure is increased until sonic velocity 
and a zero strength shock would occur at the throat. In the event 
that the back pressure was increased above the critical value, the shock 
would be expelled as in the fixed-geometry case. The shock could only 
be reswallowed by an increase in the throat area as well as by an 
adjustment in back pressure. 

The principles of internal contraction can be combined with the 
external compression inlet so that maximum throat Mach number 
decrease is obtained. The amount of internal contraction would be 
subject to the same limitations just discussed and the inlet airflow 
characteristic would exhibit the same discontinuous features. The 
governing contraction conditions in such cases would, of course, be 
determined by the flow field behind the external oblique shock waves. 

Maximum theoretical pressure recoveries of fixed-geometry inter­
nally contracting convergent-divergent diffusers and of fixed-geometry 
external compression inlets with maximum internal contraction are 
shown on Fig. 6. The use of internal contraction as the sole 
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compression device is seen to offer only limited gains in pressure recovery 
over the normal shock intake system when subject to the fixed-geometry 
restriction. When combined with optimum external compression 
inlets, however, the use of internal contraction yields sizeable perform­
ance improvements. At Mach 4-0, for example, the isentropic intake 
system can be improved from a limiting recovery of 0-685 without 
internal contraction {Fig. 3) to 0-815 with maximum contraction. 
Using the previously quoted thrust factor of 1-25 this 0-12 gain in 
pressure recovery would yield a 25 pcr cent increase in engine thrust. 

1-0 1-5 2-0 2-5 3-0 3-5 4-0 

Flight Mach number, MQ 

Fig. 6. Maximum pressure recovery, inlets with internal compression. 

It should be emphasized that the pressure recovery limits of Fig. 6 
correspond to fixed-geometry intake systems that are capable of 
swallowing the normal shock at the design Mach number. In theory 
the incorporation of variable geometry should permit the attainment 
of pressure recoveries near unity. EVVARD1 0 demonstrated an impor­
tant method for achieving internal flow decelerations to the order of 
unity without the use of variable geometry through the use of per­
forations. In this type of inlet the perforations in the convergent 
section relieve the flow restriction ofthe reduced throat and permit the 
shock to enter the inlet. After the shock enters, the perforations auto­
matically operate with a greatly reduced flow coefficient so that the 
amount of spillage is decreased. Besides affording the opportunities 
for high pressure recoveries in fixed-geometry intake systems, the per­
forated inlet eliminates the undesirable flow discontinuity of the 
internal compression system. These results are obtained, however, at 
the expense of drag due to spillage during critical and supercritical 

operation. 
Before leaving the topic of pressure recovery capabilities of supersonic 

intake systems, one additional consideration must be strongly em­
phasized. The pressure recovery limits shown in Figs. 3 and 6 are 
based on inlet flow at the free-stream Mach numbers indicated. If 
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the intake can be located on an airplane or missile in a flow region 
which is at a Mach number lower than free stream, the pressure 
recovery limits are moved accordingly. Such reduced Mach number 
fields are inherently present on all configurations. The enormous 
thrust benefits accompanying pressure recovery improvements suggest 
the advisability of utilizing these compression fields wherever possible. 
Conversely, extreme caution should be observed to prevent the location 
of the intake system in an expansion flow field where the Mach number 
is locally greater than the free-stream value, for in the latter case even 
lower pressure recovery limits will be encountered than those illustrated. 

0 0-2 0-4 0-6 0-8 1-0 V2 
Boundary layer scoop height parameter, h/S 

Fig. 7. Effect of boundary layer removal on side inlet performance. 

M. 1-88; X = 0093. 
R 

Side inlets— When the intake is located immediately adjacent to the 
aircraft structure, as in the case of the so-called fuselage side inlet, 
the attainment of high pressure recovery is more complicated than 
just discussed. The principal complication arises from the effects of 
the body boundary layer on the inlet performance. Such effects are 
illustrated on Fig. 7. In this figure the measured pressure recovery is 
plotted as a function of a boundary-layer scoop height parameter, 
which is the height of a boundary-layer scoop under the inlet divided 
by the boundary-layer thickness approaching the inlet. For the case 
shown the boundary-layer height was less than 10 per cent of the 
inlet height. The Mach number ahead of the inlet was 1 -88. 

With no boundary-layer removal (i.e. inlet sitting on the surface or 
h/S = 0 ) a maximum pressure recovery of only 71 pcr cent was 
measured. This compares with a theoretical shock recovery of 0-94 
for the two-shock external compression system at Mach 1-88. As the 
inlet was moved away from the boundary-layer generating surface (a 
flat plate in this instance) the pressure recovery steadily increased. If 
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the boundary-layer scoop was unrestricted so that it could pass all the 
boundary layer approaching it, the over-all pressure recovery could 
be increased to a maximum value of 0-89 for essentially complete 
removal. Considering the internal friction losses, this value compared 
favorably with the theoretical maximum value. If, on the other hand, 
the boundary-layer duct was restricted so that it could handle only a 
portion of the approaching boundary layer, the pressure recovery 
benefits of removing the boundary layer were limited. Furthermore, 
with the restricted duct inlet diffuser instability was observed for all 
subcritical flows at the higher scoop height settings. 

The large pressure recovery decrements associated with the entrance 
of boundary layer into the intake flow could not be accounted for by 
a simple mixing analysis. I t is obvious that the boundary layer, in 
addition to being a low energy flow, acts as a triggering mechanism 
for the induction of large pressure losses through internal shock 
boundary-layer interactions. Although the desirability of removing 
the fuselage boundary layer is intuitively obvious from these data, the 
drag cost of diverting the boundary layer from the intake cannot be 
ignored. Generally speaking, two methods of boundary-layer removal 
can be employed. The boundary layer may be scooped into a duct 
under the inlet to be discharged at some aft station, or it may be 
diverted to the side by some type of " plow " or wedge system. Either 
method will create drag forces which may be considerable. The 
optimum requirements for boundary-layer removal in terms of both 
pressure recovery and drag must therefore be carefully evaluated for 
each intake installation. 

Subsonic performance—The topic of intake pressure recovery cannot be 
terminated without a brief discussion of the performance of supersonic 
intake systems at subsonic flight speeds. In general, inlet cowls for 
supersonic installations will have relatively sharp lips. FRADENBURGH 
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and WYATT 1 1 have shown that such cowls will generate unavoidable 
pressure recovery losses at subsonic flight speeds. The magnitude of 
these losses are shown on Fig. 8 as a function of the corrected airflow 
per unit throat area. 

At any subsonic flight speed the throat Mach number will eventually 
exceed the stream Mach number if the mass-flow rate through the 
intake system is increased indefinitely. When the velocity ratio 
exceeds unity, total-pressure losses begin to be incurred which increase 
in magnitude until the throat is choked. If the corrected airflow rate 
is increased above the choking value, internal shock losses are incurred 
which increase the rate of pressure loss. A choked inlet operating in 
quiescent air (A/0 = 0 ) will incur a pressure loss of 21 per cent as a 
result of the phenomena associated with flow around the sharp lips. 
As the flight Mach number is increased, the pressure losses are lessened 
because the corrected airflow rate for unity velocity ratio is increased. 
In an actual installation additional losses would be expected from 
internal friction so that even lower pressure recoveries than those 
shown must be anticipated. Obviously, sharp-lipped intake systems 
must include some provision to prevent operation at excessive throat 
airflow rates if reasonable take-off and subsonic performance is to be 
attained. 

3 . DRAG 

It is customary to define the thrust of an air-breathing powerplant 
as the difference in momentum from the free-stream to the exhaust 
nozzle station. If the intake system is operating at a mass-flow ratio 
different from unity, this definition implies that a portion of the thrust 
is being carried by the bounding streamline of the entering airflow. 
At subsonic flight speeds this concept leads to no special difficulty in 
the drag concept, since it can be presumed that the corresponding 
drag force on the same streamline is counterbalanced by reduced body 
forces so that the sum of the streamline and potential body forces is 
zero.1 2 , 1 3 At transonic and supersonic speeds, however, this assumption 
that the total drag will equal zero is not valid, owing to the presence 
of shock drag and, hence, an accounting ofthe streamline drag counter­
balancing the fictitious streamline thrust becomes important. FERRI 8 

coined the term " additive drag " to describe this additional component. 
The relative importance of additive drag is shown by Fig. 9. 

The three drag components that must be considered for a supersonic 
air intake system are shown on Fig. 9 as a function of inlet mass-flow 
ratio. The external shock system causes the cowl to generate a pressure 
drag which, for the example shown, is relatively small. The external 
friction drag is relatively larger for this case because the friction to the 
rear ofthe nacelle is included. At a mass-flow ratio of unity the over-all 
drag is simply the sum of the cowl pressure and friction drags. If the 
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Fig. 9. Typical inlet drag components. M0 = 2. 

mass-flow ratio of the inlet is reduced by a forward motion of the 
terminal shock wave, the cowl pressure drag decreases. This results 
from a suction force created by the imbedded subsonic flow field 
behind the bow shock. The nacelle friction remains essentially constant 
as the mass-flow ratio is reduced, so that the sum of the cowl pressure 
and friction drags actually decreases as flow is spilled. The additive 
drag increases so rapidly as to mask this cowl drag reduction, however, 
and the over-all drag of the system therefore increases rapidly with 
the additive drag being the predominant term. 

The over-riding importance of the additive drag term on Fig. 9 
indicates the desirability of avoiding intake spillage through a bow 
wave whenever possible. Other types of spillage may give less drag, 
however. Fig. 10 shows the relative magnitudes of additive drags by 
different spillage mechanisms according to the calculations of 
SIBULKIN.14 The drag increment due to spillage through an oblique 
shock system is seen to be much less than for normal shock spillage 
ahead of an open-nosed inlet or for mixed shock spillage due to a bow 
shock ahead of an externally compressing inlet. Thus, if spillage is 

2-0 

I 0-2 0-4 0-6 0-8 1-0 
Mass flow ratio 

1-2 M 

Fig. 10. Magnitude of additive drag. M0 = 1-8. 
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necessary, the advantage of avoiding a normal or bow shock wave 
ahead of the inlet is clear. The drag due to oblique shocks is not 
inconsiderable, however, if large amounts of air are to be spilled. 

It should not be presumed that cowl pressure drag is always the 
relatively minor quantity shown on Fig. 9. The magnitude of this 
drag is a function of the cowl frontal area, the strength of the oblique 
shock generated by the cowl and the contour of the cowl (which deter­
mines the rate of decay ofthe strength ofthe external shock). FERRI 6 

and J A C K 1 5 have suggested that the optimum external contour is 
conical. The cowl frontal area and cowl angle depend upon the 
flight Mach number and the type of inlet compression employed. 
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Fig. 11. Relative inlet-combuslor proportions for a ram-jet engine. 

A typical variation of the ratio ofthe cowl frontal area to the engine 
inlet area is shown on Fig. 11 for a ram-jet engine over a range of design 
Mach numbers. The magnitude of the area ratio depends upon the 
assumed pressure recovery schedule and upon the engine-inlet Mach 
number. It is herein assumed that the ram-jet combustor-inlct Mach 
number would remain constant over the range of flight speeds and 
that pressure recoveries equivalent to a three-shock external compres­
sion inlet {Fig. 3) could be attained. The use of an engine with 
greater corrected weight flow capabilities (such as a turbo-jet engine) 
or the attainment of higher pressure recoveries would increase the 
relative size of the inlet. 

It is seen for the example of Fig. 11 that up to a design Mach number 
of about 3 the inlet would be smaller than the combustor. Of necessity, 
therefore, the cowl would have to have some projected frontal area 
and a finite cowl pressure drag. At Mach numbers above 3, however, 
the inlet would be larger than the engine and the existence of cowl 
pressure drag would depend upon the ability to eliminate external 
cowl curvature. With internal compression inlets this is generally no 
problem. With external compression inlets, on the other hand, the 
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amount of cowl frontal projection at high speeds will depend largely 
upon the detailed handling of the internal flow passages. 

If the cowl lip is initially aligned with the outwardly inclined local 
flow, an unavoidable cowl projection results. Fig. 12 shows this pro­
jection as a function of a parameter describing the rate at which the 
internal passage is turned back to the stream direction. For the 
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Fig. 12. Effect of cowl turning rate on frontal area. Isentropic ramp, A/0 = 3. 

example, it was assumed that d6/dx was constant. For low rates of 
curvature, yielding passage shapes known to be favorable to the main­
tenance of pressure recovery, the frontal area of the cowl lips would 
have to be as high as 18 per cent of the capture area of the inlet. By 
turning the internal flow rapidly, this frontal area could be reduced 
to as low as 4 per cent of the capture area. Pressure recovery would 
probably deteriorate in these more rapid turns unless corrective 
boundary-layer conlrol methods were employed. 

From an examination of the illustrative sketch on Fig. 12 it is obvious 
that the cowl frontal area requirements could be reduced if the initial 
cowl angle could be lowered. The Mach number of the internal flow 
at the cowl lip is generally at a high enough supersonic value to sustain 
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Fig. 13. Cowl angles for optimum isentropic inlets. 
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an additional compression shock. The magnitude of possible reductions 
in cowl angle is shown on Fig. 13. The upper solid curve shows the 
required internal cowl angle for an optimum isentropic, external com­
pression intake without internal shock reflection. For comparison, the 
dashed curve shows the maximum permissible angle for oblique shock 
attachment to the external lip. Over most of the range of Mach 
numbers it is seen that the required internal turning exceeds the per­
missible external turning, although neglecting required lip thickness. 
Some amount of internal shock reflection would have to be employed, 
therefore, to avoid a standing detached bow shock and a consequent 
high drag. The lower solid curve shows the extent to which the cowl 
lip angle could be reduced by employing maximum shock reflection. 
By using these lower angles, not only could the frontal area be reduced 
but the external shock strength would be reduced for a resultant 
greater lowering of drag. 

4 . INLET STABILITY 

Generally the supercritical flow regime of supersonic intake systems is 
characterized by a steady flow discharge rate. In some cases there are 
non-stationary oscillations1* but these are generally of such a low order 
of amplitude that serious structural or engine operation problems are 
unlikely. It is probable that these low-order oscillations arise from 
unsteady boundary-layer separation in the subsonic diffuser. In many 
intake designs, however, the steady flow breaks down in the subcritical 
regime. The terminal shock wave undergoes violent excursions in 
position from well ahead of the cowl to far down in the subsonic 
diffuscr. This phenomenon is accompanied by severe fluctuations in 
mass flow and pressure recovery. The general phenomenon has been 
called buzz in the United States. 

The occurrence of buzz was first noted by OSWATITSCH.4, 5 He was 
unable to present a rational explanation of its cause, and, in spite of 
its encounter by every investigator of supersonic intakes since that time, 
a completely satisfactory explanation of the phenomenon still does not 
exist. PEARCE 1 7 attributed buzz to an unstable match condition be­
tween the intake system and the downstream flow control device when 
the diffuser characteristic was such that the pressure recovery tended 
to decrease as the mass-flow ratio decreased. STERBENTZ and 
EVVARD1 8 , 18 arrived at the same conclusion by a modified Hclmholtz 
resonator analysis and predicted the required magnitudes of pressure 
recovery—mass flow slope as a function of the system variables. 
TRIMPI, on the other hand, completely rejected the Helmholtz concept 
and substituted a quasi-onc-dimensional traveling wave theory.20, 21 

DAILEY 2 2 attributed buzz to an inlet throat choking phenomenon. 

None of the cited analyses of the intake buzz problem, with the 
exception of,22 yields a physical picture of the condition under which 
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buzz is initiated. An earlier picture proposed by FERRI and Nucci23 

still appears most satisfying in many aspects. A modified, qualitative 
picture of the Ferri criterion is presented on Fig. 14. Prior to buzz 
{Fig. 14{a)), a velocity and total-pressure discontinuity exists across the 
vortex sheet originating at the intersection of the oblique and normal 
shocks ahead ofthe cowl. The system throttle is positioned to maintain 
a difiuser-discharge Mach number of 0-2 for an inlet pressure recovery 
of 0-91. If the throttle is reduced slightly, the bow shock will move 
farther ahead of the cowl and the vortex sheet will enter the inlet. 
Outside the vortex sheet the pressure recovery is only 0-72, inasmuch 
as this air column only passes through a normal shock wave. If mixing 
in the diffuser is assumed to be negligible, the requirement for a static 
pressure balance across the vortex sheet will lead to a diffuser static 
pressure limit equal to the total pressure of the infinitesimal stream 
tube outside the vortex. The main mass-flow portion entering the 
inlet will therefore have to undergo a rapid acceleration. 

"Vf t=0-72 0 . 9 ) 
Compression wove 

^-p/ft =0-72 
Expansion 
*- wave 

M^O-59 

Compression 
wave 

Fig. 14. Buzz due to flow discontinuity. 

As shown in Fig. 14{b), the main air column would have to accelerate 
to a Mach number of 0-59 to satisfy static pressure uniformity. The 
core of air in this column acts as an inertia plug resisting the accelera­
tion. As a result a compression wave travels forward, eventually 
driving the bow shock farther ahead of the inlet. At the same time 
an expansion wave travels rearward toward the exit. 

When the bow shock is pushed ahead, the mass flow entering the 
inlet is reduced until the diffuser is predominantly occupied with low 
pressure recovery air {Fig. 14{c)). The rearward travelling expansion 
wave has by this time been reflected from the choked nozzle and travels 
forward until it meets and sucks the bow shock far into the inlet. 

With the shock located inside the inlet {Fig. 14{d)), the shock 
structure ahead of and the mass flow into the inlet correspond to super­
critical flow conditions. The correspondingly higher mass-flow rate 
and the potentially higher pressure recovery generate compression 
waves that reverberate back and forth between the exit and the normal 
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shock. These build up the pressure and force the shock forward until 
the vortex sheet again passes the cowl and the cycle is repeated. 

The requirements for the introduction of a sudden flow discontinuity 
into the diffuser, leading to the buzz cycle just described, can be met 
by several inlet conditions. In addition to the vortex sheet arising at 
the junction ofthe bow and oblique shocks, a vortex sheet will originate 
at the intersection of a lambda shock structure formed at the base ofthe 
bow shock where it intersects the centerbody boundary layer. If this 
vortex crosses the cowl a sufficient discontinuity would result. Abrupt 
separation of the boundary layer on the compression surface could also 
introduce a sudden discontinuity into the inlet flow. 

To the extent that the flow discontinuity hypothesis of buzz is 
correct, buzz can be eliminated by the avoidance of discontinuity pro­
ducing mechanisms. The outer vortex sheet can be kept from crossing 
the cowl if the initial oblique shock is either caused to fall inside the 
cowl lips or is caused to fall far outside the lips. The first corrective 
generally results in a reduced maximum pressure recovery and the 
second in increased additive drag. The discontinuities arising from 
the shock-boundary-laycr interaction can be minimized through 
boundary-layer control in critical regions. 

Inasmuch as the flow discontinuity picture requires an absence of 
mixing of the main high-pressure and secondary low-pressure streams, 
the promotion of mixing inside the intake system should reduce the 
effects of such discontinuities as are generated. Under certain con­
ditions the incorporation of a constant area passage just inside the inlet 
has proved to be beneficial. 

As might be implied, the mechanism ofthe buzzing process is insuffi­
ciently understood at present to permit the prediction and control of 
buzz on all intake system designs. While efforts will continue in an 
attempt to further understand the problem, it may be advantageous 
at present to accept the possibility that the intake will have limited 
stable subcritical flow ranges but to avoid operating the intake-engine 
system in the unstable regions. To do so will require the incorporation 
of variable geometry features together with adequate inlet control 
systems so that the inlet can be varied to yield a stable inlet operating 
condition for any engine requirement. These variable features may 
well be present in the design for the purpose of obtaining optimum 
inlet-engine performance, as will be discussed in the section on Inlet-
Engine Matching. 

5 . FLOW DISTORTION 

The velocity profiles dcliveied from the discharge of the air intake 
system must not vary too greatly across the passage. For ram-jet 
engine applications the fuel injection and flame-holding designs must 
be tailored to the velocity profile for maximum efficiency. If the 
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profile undergoes radical changes during engine or vehicle variations, 
not only will combustor efficiency change, but premature lean or rich 
blowout limits may occur. For the turbojet engine, the introduction 
of a markedly nonuniform velocity profile into the compressor inlet 
may result in engine stall and surge. 

I 
High a 

Low axial ,_, / | Stall 
velocity 

Design a 
Design axial , . , / " Design. pressure rise 

velocity 

Low a 
High axial 

velocity ^ X L o w pressure rise 
^ - fcJ 

Fig. 15. Effect of distortion on rotor blades. 

Velocity diagrams for the first rotor stage of a turbojet engine are 
shown on Fig. 15. The stage is designed for a specified axial velocity 
which, together with the wheel speed, produces a design angle of attack 
and a design pressure rise. In those regions of the flow in which the 
axial velocity is lower than the design value the angle of attack of the 
first stage will be increased. If the axial velocity is sufficiently low 
and the extent sufficiently large, the blade will stall. Such stalling 
may manifest itself as cither partial or complete compressor stall, 
depending on the extent of the low-velocity region. 

In those regions of the flow in which the velocity is higher than the 
design value, the angle of attack on the first rotor stage will be reduced. 
As a consequence of the resultant reduction in the first-stage blade 
loading, the rear stages of the compressor may choke and thereby cause 
abrupt compressor stall. 

In addition to the hazards of unexpected engine stall and surge, 
the introduction of velocity distortions into the compressor may result 
in turbine hot spots. Large circumferential velocity gradients may not 
be mixed within the compressor and in carrying through the combustor 
may cause locally ovcrrich combustion. The resultant hot streaks 
through the turbine may require a derating of the average turbine 
temperature level if premature turbine failures are to be avoided. 

Velocity distortions are difficult to measure accurately. The total-
pressure distortion can, on the other hand, be measured directly. For 
the remainder of this discussion distortion will refer to variations in 
total pressure. 

In a well designed subsonic air intake system it may be presumed 
that the air enters the intake with a uniform total-pressure distribution. 
Such distortions as manifest themselves at the diffuser discharge 
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therefore arise from local boundary-layer accretions and separations near 
the duct walls. As might be expected, the bulk of the discharge flow 
will therefore exist at a high level of pressure recovery and the distortion 
will be confined to local zones of subaverage total pressure. At super­
sonic speeds quite the opposite may appear. 

Fig. 16 illustrates the total-pressure distribution that would be 
encountered at the inlet of an axisymmctric externally compressing 
inlet. The upper figuie illustrates one-half the inlet at zero angle of 

P/P0 

0-72 

Subcriticol 

Angle of attack 0-89 

Fig. 16. Origin of flow distortions at supersonic speeds. 

attack for a subcritical flow condition. As previously discussed, a 
total-pressure variation will exist across the vortex sheet. For the 
example shown, this discontinuity amounts to 19 per cent of the free-
stream total pressure. Unless this inlet distortion can be eliminated 
by some form of mixing it will persist back to the diffuser discharge. 
The lower figure illustrates a critical inlet condition at angle of attack. 
The strength of the oblique shock compression is weakened on the 
upper surface and strengthened on the lower surface while remaining 
essentially unchanged on the sides of the inlet. As a consequence of 
this nonuniform compression a pronounced circumferential total-
pressure gradient exists at the inlet. This will also appear at the diffuser 
discharge in the absence of mixing. Actually even more pronounced 
distortions may be present at the inlet as a result of shock-boundary-
laycr interactions. In addition, the normal subsonic types of distortion 
must be expected to manifest themselves in the subsonic diffuser. If 
inadequate mixing takes place, the distortion at the diffuser outlet may 
be characterized by local zones of unmixed high-pressure flow which 
may deviate farther from the average value than do the low-pressure 
regions. 

One obvious way to reduce the distortions of supersonic intakes is to 
incorporate provisions for the reduction of the distortion near the 
inlet. Boundary-layer control has proven advantageous in some 

40 



WYATT 

instances in reducing distortions arising from shock-boundary-layer 
interactions. Judicious location of the inlet in shielded regions of the 
body flow and the use of inlet shapes having relatively low sensitivity 
to angle of attack effects are helpful aids in the reduction of distortion 
effects due to angle of attack. 

It is unlikely, in the case of most intake designs, that distortion at 
the inlet can be completely eliminated for all operating conditions of 
the aircraft. Reliance will therefore have to be placed on adequate 
internal mixing for the reduction of distortion to acceptable values. In 
a given length duct between the inlet and the diffuscr outlet maximum 
mixing will occur with the lowest average velocities. Not only is the 
residence time thereby maximized, but the absolute shear is thereby 
heightened for a given initial distortion. Thus, as a principle, the 
subsonic diffuser should expand as rapidly as possible to the largest 
practical diameter. 
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Fig. 17. Distortion in three-dimensional pipe flow {to 98 per cent radius). 

For installations in which the required diffuser discharge Mach 
number is relatively high, not only would it be expected that the 
amount of natural mixing to be realized might be low, but efforts to 
increase mixing by extending the duct might be undesirable. Fig. 17 
shows the total-pressure distortions that would accompany fully 
developed pipe flow for a range of discharge corrected airflow rates. 
These distortions correspond to the total-pressure variations in a 1/7 
power profile from the centerline to the 98 per cent radius station. 
(It is assumed that the outer annulus of the passage would be filled 
with boundary layer, the total-pressure decrement of which would not 
be considered as a distortion.) The pipe flow profile would be the 
end result of a long duct run of uniform entering flow. The distortions 
indicated on Fig. 17 would occur as a result of degradation of energy 
due to friction. In the case of a non-uniform entering flow of the 
supersonic type, these distortions may be viewed as limiting minimum 
values. Thus, if the initial distortion is lower than the values indicated, 
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it might be expected that a long mixing length would actually increase 
distortion level. These values suggest the desirability of initially over-
expanding the duct fcr installations delivering air at high discharge 
Mach numbers. By so doing, the mixing could be improved and the 
limiting distortion could be kept to a low value. 

Mixing can be promoted by auxiliary flow control devices. Subsonic-
type distortions arising from boundary-layer disturbances can be im­
proved in some cases through suction or injection at critical points in 
the passage. Vortex generators may also be advantageous in such 
flows. Unfortunately, these types of control are likely to have little 
effect on the high energy cores characteristic of supersonic intake dis­
tortions. In the latter case, the insertions of rods or screens can be 
helpful in breaking up the cores. Not only do such devices present 
hazardous operational problems, however, but they introduce total-
pressure losses of considerable magnitude at high duct Mach numbers.24 

6. INLET-ENGINE MATCHING 

Thus far in this discussion the supersonic air intake system has been 
viewed as an isolated component. In application, of course, the 
system must operate in conjunction with the engine at a common 
operating point. This condition at which the inlet and the engine are 
compatible is known as the match point. Out of the wide range of 
conditions at which the isolated intake component may operate, only 
those conditions corresponding to the engine match points will be of 
consequence in the installation. Fig. 18 illustrates one basis for 
examining the matching characteristics of inlets and engines.25 

(A) 

Supercritical 
(low pressure 

recovery) 

Subcriticat 
(high drag) 

VO 2-0 
Mach number, 

3-0 
Mo 

Corrected air f low, 
Ws/B 
SW 

Fig. 18. Matching diagram for inlets. 
(a) Inlet characteristic. (A) Matching diagram. 

The left-hand figure shows the typical form of the inlet pressure 
recovery-corrected airflow characteristic previously discussed. The 
locus of critical operating points is indicated. To a first order, maxi­
mum power-plant effectiveness will be obtained if the match points of 
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the inlet-engine combination fall along this critical line. The right-
hand portion of Fig. 18 shows the resultant variation of inlet critical 
corrected airflow as a function of flight Mach number. The inlet 
assumed for this example was a three-shock external contraction type. 
As the flight Mach number is reduced below the design value of 3 0, 
the critical corrected airflow would initially increase. (Because the 
inlet is of fixed geometry, the mass-flow ratio would reduce as the Mach 
number is reduced, corresponding to oblique shock spillage.) At a 
flight Mach number of 2-0 the external compression angles would 
become excessive so that a bow shock would detach. At lower Mach 
numbers the maximum corrected airflow would be limited by the 
condition of a choking throat Mach number and, to the extent that the 
subsonic losses are only dependent on the throat Mach number, the 
critical corrected airflow would remain constant for all Mach numbers 
below 2 0. 

The matching diagram shown on Fig. 18{b) is useful because the 
engine requirements can also be presented in the same set of para­
meters. A qualitative picture of the inlet-engine match can therefore 
be obtained by superimposing the engine airflow requirements on the 
critical inlet characteristic. Whenever the engine requirements exceed 
the critical inlet capacity the match point will fall on the supercritical 
portion of the inlet characteristic where the pressure recovery would be 
less than maximum. Conversely, if the engine requirements at a given 
Mach number arc less than the critical capacity of the inlet, the match 
point would fall in the subcritical regime with bow shock spillage and 
increased additive drag. 

Ambient temperature 

S T D - 8 0 ' F 

Engine \ ~~ X> - ^ST I 

Inlet 

AmmM. 
0-2 0-6 VO V4 V8 2-2 2-6 

Flight Mach number. Afe 
3-0 

Fig. 19. Matching problem with fixed inlet. 

A typical matching problem between a fixed-geometry inlet and a 
turbojet engine is shown on Fig. 19. Three engine requirement lines 
are indicated. The solid curve shows the engine airflow schedule for 
a standard NACA temperature of —67° F in the atmosphere. The 
dashed curves indicate the requirements for ambient temperatures of 
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80° F above and below the standard temperature. The inlet size has 
been chosen so that the critical capacity corresponds to the standard 
day engine requirements at Mach 3-0. At this flight condition, therefore, 
the inlet-engine combination would be operating at peak efficiency. 

As the flight Mach number is reduced on a standard day, the engine 
requirement line falls below the critical inlet curve. Thus, the inlet 
would have to operate in a high drag condition from Mach numbers 
just below 3-0 down to about 1-4. For Mach numbers less than 1-4, the 
engine requirement would exceed the critical inlet capacity and super­
critical inlet operation with lowered pressure recoveries would result. 
On a cold day the match point would fall in the supercritical inlet 
region over all but a fraction of the flight Mach numbers shown and 
reduced engine thrusts would result. On a hot day, on the other hand, 
the engine airflow requirement would be reduced to a value such that 
external air spillage would be required even at the design Mach 
number. 

The powerplant performance penalties that can be deduced from 
Fig. 19 are the rule for installations utilizing fixed-geometry intake 
systems. Serious propulsion system losses on non-standard day or off-
design Mach number operation can only be minimized through the 
use of variable-geometry systems. Two general classes of variation 
have been proposed. The intake hardware in the vicinity of the inlet 
may be made adjustable. Such adjustments might include variations 
in the cowl-lip area or in the compression surface geometry. In the 
latter case the compression surfaces might be translated fore or aft as 
required to provide for optimum location of the oblique shock system 
or the angles of the compression surfaces might be adjustable for the 
same purpose. 

Another variable-geometry feature which looks promising is the 
bypass system. This consists of discharge ports located in the subsonic 
diffuser which can be opened to expel part of the diffuscr airflow back 
to the free stream. Although at first glance this might seem to be a 
wasteful procedure, it can be shown that the drag incurred through 
diffusion and bypassing may be considerably less than that incurred 
through even oblique shock deflection of the same amount of air ahead 
of the inlet. 

In many cases the optimum matched performance can only be 
obtained with intake systems incorporating both variable inlet geometry 
and variable bypass arrangements. Such systems naturally require 
close evaluation from a weight and complexity viewpoint before it can 
be certain that a net performance advantage exists. For the example 
of Fig. 19, a combination system could permit an increase in the 
critical inlet airflow capacity at low flight speeds, thus eliminating 
supercritical operation, and afford a method of efficient spillage of 
the excess air in the intermediate flight speed region. 
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Inasmuch as the difficulty ofthe matching problem increases as the 
speed range demanded of the inlet increases, the judicious location of 
the inlet in interference fields which restrict the maximum inlet Mach 
number to less than the flight Mach number will ease the solution of 
the matching problem. 

SOMMAIRE 

L'auteur definit les parametres les plus importants, affectant les performances, 
des prises d'air supersoniques et indique les solutions les plus favorables que la 
recherche permet d'apportcr aux problemes poses par les prises d'air. 

La premiere partie du rapport est consume a la realisation de grands facteurs 
de recuperation de pression. Apres avoir demontre' que les principes fondamentaux 
de la compression supersonique doivent etre appliques dans le dessin des prises 
d'air, Vauteur analyse les methodes {ainsi que les limitations qu'elles com-
portent) propres a ameiiorer la recuperation de pression par Vintroduction de 
divers systemes de compression tani internes qu'externes. 11 signale la complica­
tion supplemental inlroduile par la couche limite du fuselage dans le dispositif 
de prise d'air lateral, ainsi que les conditions elementaires de suppresion de la 
couche limite. 11 indique les pertes inhhenles a la recuperation de pression qui 
peuvent se manifesler aux vitesses de vol subsoniques avec des prises 
supersoniques. 

L'auteur definit les composanles de la trainee dont il y a lieu de tenir compte 
dans le dessin des prises supersoniques el indique Vordre de grandeur de cette 
resistance, ll fail ressorlir les exigences particulieres imposees par la reduction 
de la trainee par diminution de la surface frontale du moteur aux Ires grandes 
vitesses de vol. II examine les divers facteurs de I'ecoulemenl interne qui intervien-
ment dans ce probleme. L'auteur etudie les instabilites d'ecoulement que 1'on ren­
contre avec des prises supersoniques el presenle une discussion d'ordre qualitatif sur 
1'origine de ces instabilites. II expose plusieurs methodes d'etendre le domaine 
de stabilite' des prises isole'es et des complexes prise-moteur. 

Les effets nuisibles de profits des vitesses du flux capte' non uniformes sont 
mis en lumiere pour les moleurs de turbo-reacleurs et de slalo-reacteurs. Les diffe­
rentes origines de c.'lte dislorsinn qui se produit aux vitesses subsoniques et super­
soniques sonl examinees et des methodes presentees pour la limiter. 

L'expose se termine par unc discussion des problemes d'adaptation entre prises 
et moteurs. La baisse des performances globales qui peut resulter d'associations 
inadequates csl examinee, avec discussion des types de systcmes a geometric 
variable qui se sont re'veles propres a assurer de bonnes performances a I'ensemble 
prise-moteur. 
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PROBLEMS RELATED TO MATCHING TURBOJET 
ENGINE REQUIREMENTS TO INLET 

PERFORMANCES AS FUNCTION OF FLIGHT 
MACH NUMBER AND ANGLE OF ATTACK 

A N T O N I O F E R R I 

Polytechnic Institute of Brooklyn 

The presentation is unclassified, therefore problem areas are discussed more than 
specific solutions. Only supersonic flight conditions are considered, it is assumed 
that the subsonic range is known. 

Engine requirements: in order to transform the engine requirements as given 
by engine manufacturers, the parameters Wy/~QJ% or Wf S, function of Nf-x/f) 
and G, are transformed in inlet parameters, A40, free stream tube captured area, 
as a function of pressure recovery, and free stream temperature {hot, standard 
and cold day). A curve of A0 required as a function of Mach number for each 
assumed possible variation of pressure recovery as a function of flight Mach number 
is derived. Consequences of mismatching the requirements of the engine and Ihe 
inlet performances are presented. As conclusion of this analysis it results that 
the required values ofA0 as a function of M are given by a region ofthe diagram 
and not by a single line. Therefore for best performances an inlet with some A0 

regulation is required. Possibility of compromises is discussed. 
Entrance inlet design, basic criteria: {a) Possibility of large regulations, 

this direction usually produces large external drag and interference or flow in­
stability, {b) Use of by-pass, {c) The best criteria is to design entrance that 
tends to follow the trend required by the engine and uses as final regulation 
the by-pass. Examples of two-dimensional and axially-symmelric designs having 
different variation of A0 as a function of M are given. 

Effect of angle of attack; three effects are mentioned: {a) Change of Mach 
number in front of the inlet, {b) Change in captured area A0 at any given 
Mach number, {c) Distortion, decrease in pressure recovery, and decrease in 
regulations. The first does not produce any serious problem, the other two can 
increase the difficulties of inlet design. Installations are discussed that increase 
or decrease the effect of angle of attack. 

Contraction ratio design: the contraction ratio is a function of entrance Mach 
number and entrance pressure recovery. By assuming the value of supersonic 
pressure recovery and subsonic diffuser pressure recovery, the contraction ratio 
as a function of entrance Mack number can be determined for any given value 
of required pressure recovery. Then a chart determining minimum throat area as a 

function of entrance M can be obtained. 
Conclusion: {a) For M < 1 -6 il is possible to have fixed geometry inlet, {b) For 

higher Mach numbers usually two controls are required, (c) Convenient engine 
design which takes into account inlet and airplane installation will permit one to 
obtain fixed inlet above M— 1 -6. 
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1. INTRODUCTION 

The problem of designing an air intake for a supersonic airplane 
becomes more and more involved as the maximum speed ofthe airplane 
increases. Generally speaking, the air intake for a supersonic airplane 
must be of variable geometry and the variation of the geometry in 
flight must be such that it is possible to change the free stream tube 
cross-section that enters the inlet A0, and the contraction ratio of the 
inlet Am-JAQ {Fig. 1). The law of variation of these parameters 
depends on flight conditions such as flight Mach number and angle of 

Fig. I . Contraction ratio of an air inlet. 

attack of the airplane; on engine performance and engine regulation 
such as engine RPM, combustion chamber temperature and exhaust 
nozzle area; on ambient conditions such as flight altitude and ambient 
static temperature; and on the performance of the inlet such as inlet 
pressure recovery and inlet stability margin. In principle it is possible 
to design an air intake installation which would satisfy all these para­
meters. However, the result would be that the inlet performance would 
not be very attractive because of the large mechanical complication 
of such a variable geometry inlet and of the large number of com­
promises required in order to take into account all the errors related 
to the insensitivity of the instruments, the tolerances in production, 
etc. Therefore, in practical engine installations the tendency exists 
to try to reduce the number of parameters which can effect the air 
intake to a minimum. In this discussion some of general directives 
followed by designers will be presented. No attempt will be made to 
enter in any detail of design because ofthe classified nature of such work. 

2. ENGINE REQUIREMENTS AS A FUNCTION OF MACH NUMBER 

The air weight flow requirements for turbojet engines are usually given 
by specifying the variation of W/8 as a function of the stagnation 
temperature of the entering air for a given rev/min. Typical engine 
data for a given rev/min ofthe engine is shown in Fig. 2. The quantity 
W is the weight flow, S is the ratio between the stagnation pressure at 
the entrance to the compressor and a reference pressure, and T0 is the 
stagnation temperature of the air. These parameters can be trans­
formed into geometrical parameters of the air intake, which are 
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Fig. 2. Typical engine data for given revfmin. 

functions of flight Mach number, when the pressure recovery of the 
inlet and the ambient temperature are determined. The important 
geometric parameters for inlet design are the cross-sectional area of 
the free stream tube entering the inlet A0, and the minimum area of 
the stream tube entering the inlet ^m i n . The variation of W/8 as a 
function of T0 can be transformed into the variation of A0 as a function 
of flight Mach number A/0 by means of the law of continuity when 
the pressure recovery of the inlet and the ambient temperature are 
specified. In Fig. 3 the variation of A0 with M0 for the representative 
turbojet engine of Fig. 2 is presented for a standard day at sea-level 
and also at flight altitudes in the isothermal region above 35,000 ft. 
I t is assumed that A0 = 1 ft2 when P 2 /P 0 = 1 and M0 = 1 at sea-level 
for a standard day. The dotted curves in Fig. 3 represent the engine 
requirements for constant values of inlet pressure recovery for the 

3 -00 

2-50 

2-00 

1-50 

1-00 

0-50 

1 I 1 
P2/PQ- constant n>35 OOO f t 
Industry standard R, /% / 

I 

1007. 

90V. 

80'/ . 

70*/. 

60°/. 

50"/. 

3-0 

Fig. 3. Free stream lube area variation wilh flight Mach number. 
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flight altitudes above 35,000 ft. The solid curves represent the engine 
requirements when the inlet pressure recovery is assumed to vary with 
Mach number. The assumed values of the inlet pressure recovery 
are the " Industrial Standard " inlet pressure recovery* which is given 
by the equation 

P J P , = 1 - 0 - 1 ( A / o - 1 ) 1 * 
where P 2 is the stagnation pressure at the entrance to the compressor 
and P0 is the free stream stagnation pressure. The requirements change 
when the engine rev/min changes; however, for Mach numbers above 
one the thrust required by the aircraft can only be attained with the 
use of an afterburner, and for these flight conditions it is possible to 
operate the engine at a constant rev/min corresponding to the maximum 
rev/min of the engine. Any variation of thrust for supersonic flight 
conditions is usually obtained by controlling the afterburner tempera­
ture, therefore, in the design of the supersonic inlet the engine rev/min 
can be neglected as a parameter. Since the ambient temperature 
changes when the flight altitude decreases below 35,000 ft, the law of 
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Fig. 4. Engine requirements plotted as free stream tube area variations with flight .Mack 
number. 

variation of A0 with M 0 also changes as indicated in Fig. 3, where the 
requirements for sea level and a flight altitude above 35,000 ft are 
presented. In the lower range of flight Mach numbers the airplane 
usually can fly at supersonic speeds at altitudes below 35,000 ft; 
however, because of the stress limitations of the airplane and of the 
engine, flight at high supersonic flight Mach numbers is usually limited 
to altitudes above 35,000 ft. For a typical turbojet engine, the engine 
requirements for A0 as a function of Af0 is shown in Fig. 4 where the 

*The " Industrial Standard " pressure recovery has been established by aircraft 
engine manufacturers in order to present practical engine performance data in the 
Mach number range 1 and 3. 
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region of high supersonic flight Mach numbers is considered only for 
flight altitudes above 35,000 ft. If standard day atmospheric condi­
tions are assumed in the analysis, the engine requirements are repre­
sented by a single line for a given altitude; however, some variation 
of air temperature must be considered in the analysis. By assuming 
a minimum and maximum possible value of the ambient temperature, 
the cold day and hot day engine requirement curves can be deter­
mined. Because ofthe temperature variations the engine requirements 
are not single valued when the flight Mach number is determined, 
and the inlet regulation must be sensitive to both flight Mach number 
and ambient temperature. 

Any supersonic air intake can operate in two distinct conditions. 
The first corresponds to supercritical operation in which the flow 
inside the duct is supersonic in some region of the duct near the 
minimum section. In this case the downstream conditions cannot 
effect the flow entering the inlet, and the mass flow entering the inlet 
is completely defined by the geometry of the inlet and from flight 
conditions. The second condition corresponds to subcritical operation. 
In this case the flow inside the duct is completely subsonic, and the 
engine can effect the flow in front ofthe inlet. The mass flow entering 
the inlet during subcritical operation corresponding to a given geo­
metry and flight conditions can vary, and its value depends on the 
engine requirements. The possibility of subcritical operation would 
simplify the inlet design; however, subcritical operation of the inlet is 
usually unstable for supersonic flight Mach numbers above 1-6. The 
only practical operation of an inlet is supercritical operation, where, 
for a given inlet geometry, flight angle of attack and flight Mach 
number, there corresponds a single value of the entering mass flow. 
A small amount of stable subcritical operation is highly desired at high 
Mach numbers, not as an operational requirement but as a safety 
margin for the operation of the inlet at peak pressure recovery. When 
subcritical operation of the inlet is completely unstable, the inlet must 
operate below maximum pressure recovery in order to avoid transient 
subcritical operation. Subcritical operation of an inlet is usually con­
nected with increased external drag. If the point on the line which 
represents the inlet performance at a given Mach number is below 
the point that represents the engine requirements for the maximum 
value of the pressure recovery that the inlet can produce for the con­
figuration and angle of attack considered, then the inlet can still match 
the engine; however, the inlet must operate below the maximum 
pressure recovery value in this case {Fig. 5a). This condition is 
achieved automatically and the transition from supersonic to subsonic 
flow moves downstream in the subsonic diffuser. The mass flow 
entering the inlet in this case is less than the maximum possible for the 
engine for the optimum pressure recovery, and the specific impulse of 
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the engine also decreases with resulting lower total thrust and larger 
specific fuel consumption. When the engine requirements for maxi­
mum pressure recovery are below the inlet performances at the 
supercritical conditions then the stream tube entering the inlet must 
be decreased by changing the geometry of the inlet or bypassing some 
of the entering mass flow or operating with subcritical conditions and 
bv producing some regulation of the mass flow by a throttling process 
{Fig. 5b). 
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Fig. 5. Matching engine requirements to inlet performances. 

3 . INLET ENTRANCE DESIGN 

Because of the impossibility of obtaining stable flow in a sufficient 
range of subcritical conditions and because ofthe large penalty in drag 
usually encountered in subcritical inlet operation, the criteria followed 
today in the design of supersonic inlets consists of considering super­
critical operation of the inlet for high Mach numbers. 
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In this case any inlet geometry corresponds to a line on the diagram 
A0 as a function of A/0 and angle of attack. This curve is also a 
function of the geometry of the entrance and of the contraction ratio. 
The inlet can be choked because of an existing contraction ratio larger 
than the contraction ratio required to establish supersonic flow inside 
the duct. In this case the flow in the converging part of the duct is 
subsonic and downstream of the throat again becomes supersonic in 
a limited region. Choked conditions produce stable flow; therefore, a 
first possible means of mass flow regulation consists of having an inlet 
design with variable minimum area and fixed entrance geometry. A 
typical example of such an inlet is shown in Fig. 6. By selecting the 
value of Amin below the minimum value required by the starting 

Fig. 6. Choked air inlet. 

conditions for a particular value of Me, a strong shock can be produced 
in front of the inlet. The position of the shock changes when the value 
of Amin changes and the mass flow entering the inlet is proportional 
to the value of Amin. This scheme is simple, as it requires a change of 
only one geometric parameter, and can be of practical interest if the 
value of M t is smaller than A/0 for all flight conditions. In this case 
the presence of a strong shock in front of the inlet does not produce 
large losses of pressure recovery in front of the inlet and by a suitable 
design it can be made to produce only a small increase in drag. For 
this type of a design the part of the airplane which produces the 
reduction of Mach number from A/0 to A/e can be conveniently chosen, 
so that the variation of Amin above the starting values (unchoked 
inlet) follows a trend very close to the average engine requirement. 

In Fig. 7 simple examples of possible variations of A0 with ../„ for 
started conditions are given for inlets having two-dimensional com­
pression surfaces ahead ofthe inlet. In order to indicate the possibility 
of obtaining different variations of A0 with M0 three cases are con­
sidered. The first case considered corresponds to a simple wedge. The 
second case corresponds to two compression surfaces, while the third 
case corresponds to a compression surface generating a shock wave 
followed by an expansion. By conveniently selecting the shape of the 
surface from the leading edge to the entrance it is possible to obtain a 
variation of A0 with M 0 which follows a trend very close to the 
average engine requirement. 
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Fig. 7. Performances of air inlets with two-dimensional compression surfaces ahead of the inlet. 

This design can be made efficient from the point of view of inlet 
pressure recovery and from the point of view of external drag. For 
example, if the compression surface considered is a wing at an angle of 
attack then the reduction of Mach number from M0 to Me does not 
penalize the design because the resultant drag is already utilized in 
order to produce lift, and therefore, this drag must not be associated 
with the inlet. The presence of a strong shock in front of the inlet 
increases the drag but this increase can be kept small if the increase in 
pressure is utilized by advantageous interference design. 

A similar design is shown in Fig. 8 where the nose of the fuselage is 
used as the compression surface. For Mach numbers of the order of 
1-5 or below the flow in front of the inlet is slightly supersonic or 
subsonic, therefore, a variation of inlet mass flow is possible without a 
severe penalty in drag and without inlet instability. In this case fixed 
geometry inlets are practical. 

A second possibility consists of using a variable geometry scheme 
which changes the entrance region in such a way that the correct 
stream tube is captured for each flight Mach number and value of the 
static temperature. In this case it is also convenient to install the inlet 
in a region where the local Mach number is lower than the free stream 
Mach number. The variation of inlet geometry can be designed to 

Fig. 8. Air inlet placed behind the fuselage shock wave. 
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~~A (a) 

Fig. 9. Variable shape air inlets. 

produce variations of Ac and Amin which are independent {Fig. 9a). 
With this type of design the variation of Ac follows the engine require­
ments, while the variation of Amin fixes the transition from supersonic 
flow to subsonic flow as close to the minimum section as is practically 
possible in order to obtain maximum inlet pressure recovery. This 
type of inlet requires a variable geometry having two independent 
parameters and two separate controls, and, therefore, is somewhat 
more complicated than the variable geometry inlet having only one 
parameter variable. In some applications the variation of Ac and Amin 

can be related and can be obtained by a single control. Specifically 
if the value of M c is small, a variation of the value of Amin from the 
optimum value does not produce a severe penalty in pressure recovery 
and, therefore, a single value of Amin can be used for a given value 
of Ac. In the first case the mechanical design is simple but some 
compromise is required in the aerodynamic design. A typical example 
of such a configuration is shown in Fig. 9b. By changing the position 
of the minimum area and the geometry of the inlet, the variation of the 
ratio A m J A c as a function of AK can be designed to match approxi­
mately the requirements of the engine. 

A third direction often considered practical consists of using a fixed 
inlet entrance and bypassing the amount of entering air in excess of the 
engine requirements. In this case it is also convenient to install the 
inlet in a region where the variation of A/c produces a variation of A0 

close to the required variation of the engine {Fig. 10). The bypassed 
air can usually be discharged at the exhaust and used as secondary 
flow in the nozzle. If the value of M e is small, a fixed geometry inlet 
can be used, or if M, is sufficiently large a variable geometry inlet 
having a control of Amin is required. The bypass solution can be 
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practical when the airplane must make large maneuvers because the 
inlet can be designed to handle a large amount of mass flow without 
too large a penalty in airplane performance, 

^7 

Fig. 10. Fixed air inlet with by-pass of ihe excess air. 

All the solutions considered must have a variation of geometry 
dependent upon the flight Mach number and ambient temperature, 
therefore, at least two controls are required. 

4. CONTRACTION RATIO DESIGN 

Depending on the value of the maximum Mach number in front of the 
inlet, a converging or converging-diverging inlet is required. In the 
Mach number range below 2, the amount of internal compression 
required is usually small because a large deceleration of the flow can 
be obtained in front of the inlet without a large penalty in drag. In 
this case no internal contraction is used and the minimum area is 
located at the entrance. This type of design simplifies the engine 
control because by controlling the entrance area, a variation of mass 
flow entering the inlet is obtained. An example of such a scheme is 
shown in Fig. 11. For higher Mach numbers it is more difficult to 
produce a sufficient amount of external compression without a large 

Fig. 11. Air inlet wilh no internal contraction. 

increase in drag. In this case the use of internal compression can be a 
convenient means of obtaining good pressure recovery of the inlet. 
When internal compression is used, all the considerations related to 
starting problems become valid. Because variable geometry inlets are 
required for other reasons, contraction ratios above those dictated by 
starting requirements can be obtained, and, therefore, pressure recovery 
values above those obtained with fixed geometry inlets can be expected. 
In this case the variation of throat area must be scheduled very 
accurately because large variations of airplane performance and opera­
tion will result if the strong shock moves in front of the inlet due to 
a delay between the variation of minimum throat area and the variation 
of Mach number in front of the inlet. 

57 



I N L E T - E N G I N E M A T C H I N G 

5 . T H E EFFECT OF ANGLE OF ATTACK 

A serious problem encountered in the engine installation is the effect 
of angle of attack on the inlet performance. A variation of angle of 
attack affects the performance of any of the inlets discussed. This 
variation changes the mass flow entering the inlet and the optimum 
pressure recovery, and can produce flow distortion at the engine 
entrance. These effects can be very large for some inlet designs and 
installations; however, they can be minimized in some inlet 
installations. 

Consider, for example, the four inlets shown in Fig. 12. For the 
inlet shown in Fig. 12a, a variation of angle of attack produces a 
variation of shock strength and position as indicated, and produces a 

Fig. 12. Air inlet operation at various angles of attack. 

cross flow on the central body which tends to cause the boundary layer 
to accumulate on one side ofthe body. For the inlet shown in Fig. 12b 
the cross flow of the fuselage produces a large effect on the inlet and 
tends to produce a large non-uniformity of the flow. For the inlets 
shown in Figs. 12c and 12d the variation of angle of attack corresponds 
to a variation of the Mach number in front of the inlet, without a 
variation of flow direction ahead of the inlet. The inlet installations 
shown in Figs. 12a and 12b are sensitive to angle of attack. A variation 
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of angle of attack for these inlets usually produces flow distortion and 
losses in pressure recovery. The inlet installations shown in Figs. 12c 
and 12d arc less sensitive to angle of attack with respect to pressure 
recovery or flow distortion; however, they have a variation of mass 
flow entering the inlet as a function of angle of attack. For the case 
of high flight Mach numbers, this can be easily corrected by the 
variable geometry that is required in the design, while for the lower 
range of flight Mach numbers this variation does not require any 
additional provision. 

The losses in pressure recovery due to the building up ofthe boundary 
layer or to local separation due to angle of attack can be very large, 
while the flow distortion can introduce difficulties in the operation of 
the engine. 

Especially at high Mach numbers any non-uniformity in the super­
sonic pressure recovery can produce large losses in pressure recovery. 
This is also the case if the non-uniformity affects only a very small 

-§-=0-95 
p a 2 = % = ' - ' 2 P a , 

Fig. 13. Non-uniformity effects on internal flow. 

percentage of the mass flow entering the inlet, as in the instance of 
non-uniformity related to local separation or to an envelope of shock 
waves. The importance of non-uniform supersonic pressure recovery 
in the flow field can be easily explained by simple one-dimensional 
flow considerations. Consider, for example, a supersonic inlet pro­
ducing 95 per cent pressure recovery in 90 per cent of the mass flow 
and 70 per cent pressure recovery in 10 per cent ofthe mass flow at the 
beginning of the subsonic part of the diffuser. The mass averaged 
pressure recovery in the supersonic region is high and if an efficient 
subsonic diffuscr could be designed for these initial conditions, the 
inlet would give good performance. However, due to the large reduc­
tion in pressure recovery of a small part ofthe flow the efficient decele­
ration of such a stream is extremely difficult. Assume, for example, 
that the Mach number at the beginning of the subsonic diffuser is 
equal to M = 0-8 in the high pressure recovery part of the stream and 
M = 0-4 in the other region; the static pressure in both streams being 
the same {Fig. 13). If a diffuser having an expansion ratio of 2 is 
considered and the mixing between the two streams is neglected, the 
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amount of diffusion for these initial conditions corresponds to a pressure 
ratio of 1-12 and the Mach numbers at the end of the diffusion are 
0-68 and 0-045 for the high energy and low energy streams, respectively. 
The size of the different streams at the end of the diffuser are shown 
in Fig. 13. If the initial conditions were uniform and equal to the high 
pressure recovery conditions the diffusion in the duct would correspond 
to a pressure ratio of 1 -43 and a Mach number at the end of the diffusion 
of 0-3. Mixing of the high energy and low energy streams decreases 
these differences, however, the mixing length in diffusers of practical 
interest is small, therefore, these effects still exist in front ofthe engine. 
The engine requirements fix the Mach number at the entrance of the 
engine; therefore, if losses are produced in a small part of the stream 
due to a variation of angle of attack, then a large variation of inlet 
geometry is required in order to correct the large effects in the diffusion 
process due to this non-uniformity and in order to avoid large losses 
in pressure recovery. This non-uniformity of flow conditions is also 
dangerous for the performance of the compressor for some of the flight 
operations. 

6. CONCLUSIONS 

The problem of inlet design and inlet installation are related to each 
other. By correct inlet installation the problem of inlet design can be 
simplified greatly. The Mach number in front of the inlet can be 
reduced to values which can permit the use of fixed geometry inlets for 
flight Mach numbers on the order of 1-6, while for higher Mach 
numbers this reduction permits the use of simplified inlet schemes. 
The effect of angle of attack variation can also be simplified by con­
venient inlet installation, and is of primary importance in the inlet 
design. The problem of matching the inlet and engine usually requires 
variable geometry inlets for Mach numbers somewhat above 1-6. In 
this Mach number range inlets having only a single variable parameter 
are of practical interest if the installation of the inlet is carefully con­
sidered, otherwise two parameters must be changed. The use of a 
bypass as a control of one of the parameters appears to be attractive 
in many airplane applications. 
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SOMMAIRE 

Ne pouvant faire etat dans cet expose que d'elements techniques non secrets, 
Vauteur s'en tient a la discussion des problemes ge'ne'raux sans abnrder I'examen 
de solutions particulieres. L'ilude ne s'elend qu'aux conditions de vol d des 
vitesses supersoniques, le cas des vitesses subsoniques e'tanl suppose connu. 

Specification des moteurs: afin de transformer les specifications des moteurs 
telles qu'elles sont donnees par les constructeurs, le parametre I fVo/S ou WjS 
connu en fonction de N\/ft el 0 est traduil en valeurs du parametre de prise 
d'air, A0, de 1'ecoulement libre caple par I'engin, en fonction de la pression 
d'arret reaiperee dans la prise d'air ct de la temperature de I'ecoulement relatif 
{journee chaude, froide ou normale). On en deduit la variation de A0 en fonction 
du nombre de Mach considere. L'auteur signale les consequences resultant de 
I'inadaptation des performances de la prise d'air aux exigences du moleur. La 
conclusion de cette analyse fait ressorlir que les valeurs requises pour A0 en 
fonction de M se situenl dans tout un domaine du plan et non sur une courbe 
unique. Par consequent pour obtenir les meilleures performances il est necessaire 
d'avoir une prise qui pennelle un certain reglage de .4e. Des solutions inter-
mediaires sont examinees. 

Configuration de Ventree de la prise d'air; exigences fondamentales: 
{a) Possibilile de reglages de grande amplitude- en s'y conformant, on cree en 
general une forte trainee exterieure, des interactions ou des inslahilites de 
1'ecoulement; {b) Emploi de conduits de decharge; {c) La meilleure solution 
est de choisir une configuration d'entree qui tende a suivre la demande generale 
du moteur etfasse appel aux dec har ges pour le reglagc final. L'auteur donne des 
exemples de prises a deux dimensions et de revolution, pour differentes variations 
de A0 en fonction de M. 

Influence de Pangle d'attaque: Trois consequences soul indiquces: {a) Change-
ment du nombre de Mach en ainoiit de la prise; {b) Changement de la section 
caple'e A, a chaque nombre de Mach; {c) Deformation, diminution du facteur de 
recuperation de pression et baisse de sensibilite des modes de reglage. La 
premiere ne souleve aucun probleme important, les deux autres pcuvent augmenter 
les difficultes renconlre'es dans le dessin de la prise. L'auteur analyse les montages 
susceplibles d'augmenler ou de diminuer I'influencc de I'angle d'attaque. 

Choix du rapport de contraction: le rapport de contraction est fonction du 
nombre de Mach et de la recuperation de pression a I'entree. Les valeurs du 
facteur de recuperation dans la partie supersonique de I'ecoulement el dans le 
diffuseur subsonique e'tant donnees, le rapport de contraction peut etre determine 
en fonclion du nombre de Mach a Ventree pour chaque valeur particuliere du 
facteur de recuperation total necessaire. On peut ensuite etablir un diagramme 
donnant les valeurs de la section du col en fonction de M a I'entree. 

Conclusions: {a) Pour M < 1 , 6 , il est possible d'avoir une prise de carac­
teristiques geomelriques fixes; {b) Pour des nombres de Mach plus eleves deux 
controles sont en general necessaires; {c) Un moleur de conception convenable 
tenant compte de la fixation de la prise el de la conformation de I'avion permet tra 
de conserver une prise fixe au-dessus de M 1,6. 
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LIST OF SYMBOLS 

A0 Cross-sectional area of the free stream tube entering the inlet. 
Amin Minimum cross-sectional area of the stream tube entering the 

inlet. 

Ac Cross-sectional area of the entrance to the inlet. 

h Altitude. 

A/„ Flight Mach number. 

M e Mach number at the entrance to the inlet. 

N Engine rev/min. 

P 0 Free stream stagnation pressure. 

P t Stagnation pressure at the entrance to the compressor. 

T0 Stagnation temperature of the air. 

W Weight flow. 

a Angle of attack. 

S Ratio between the stagnation pressure at the entrance to the 
compressor and a reference pressure. 

0 Ratio between the stagnation temperature at the entrance of 
the compressor and a reference temperature. 
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En raison du nombre eleve des parametres qui definissenl les formes d'une prise 
d'air et les regimes de fonctionnement, on est conduit, pour les recherches experi­
mentales sur la captation, a utiliser des maquetles assez schematiques, dont on 
donne quelques exemples. Apres avoir rappele quelques definitions du rendement 
de la prise d'air et de sa resistance aerodynamique, on examine les difficultes que 
1'on peut rencontrer au cours des experiences et dans leur interpretation. On 
insiste particulierement sur le debit capte' qui est I'une des grandeurs les plus 
importanles et parmi les plus difficiles a determiner avec precision. Sa mesure est 
d'autant plus delicate que, par suite des dimensions souvent tres riduites des 
souffleries mises a la disposition des experimenlateurs on est conduit i operer sur 
des maquettes a tres petite echelle. Afin de pouvoir comparer enlre eux des 
resullals obtenus dans des conditions fort differentes, il est interessant de definir 
une maquette de prise d'air etalon aussi simple que possible. 11 nous a paru 
necessaire dans une premiere etape de chercher uniquement a confronler les rende-
ments de captation, sans faire intervenir la resistance externe, celle-ci etant trop 
lie'e aux formes generates de 1'appareil sur lequel est placee la prise d'air. La 
forme propose'e est celle d'une entree en pitot simple suivie d'un divergent qui 
conduit i des realisations faciles meme a echelle tres reduite. 

1. IMPORTANCE DES RECHERCHES SUR LA CAPTATION DE L'AIR 

L'accroissement de la poussee des rcacteurs fonctionnant avec I'air 
ambiant comme fluide moteur entraine un developpement corres­
pondant de la dimension des prises d'air. Ces dimensions sont telles sur 
un avion supcrsoniquc qu'clles conditionnent le trace memc de 1'avion. 

Mais ce n'est pas uniquement par leurs dimensions que les prises 
d'air sont importantes. Destinees a capter et diriger I'air vers le 
moteur, elles ont cgalement comme fonction de faire subir a cet air 
des transformations: notamment de rcduire la vitesse cn augmentant 
sa pression; comme tclles, elles constituent done un organe de la 
machine propulsive an meme titre que le compresseur, le foyer ou 
la turbine. 

II arrive mcmc que la prise d'air constitue 1'element moteur essentiel. 
C'est le cas des statoreacteurs par exemple oil la poussee propulsive est 
appliquee presqu'entierement dans le divergent dc la prise d'air, la 
force propulsive de la tuyere d'ejection etant comparativement tres 
faible sinon ncgligeable. 

Naturcllement, il ne saurait etre question d'etablir une hierarchic 
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entre les elements constitutifs dc la machine propulsive, ccllc-ci forme 
un tout que 1'on decompose, de facon parfois arbitraire d'aillcurs, en 
elements pouvant etre etudies separement. Nous insistons seulcmcnt sur 
Ic fait que pour les avions supersoniques, la prise d'air ne doit absolu-
ment pas etrc consideree comme un auxiliaire, d'ailleurs tres encom-
brant, que 1'on cherche a placer en un point de 1'appareil ou il sera 
le moins perturbateur aussi bien de 1'aerodynamiquc generale que 
de la structure ou des amenagements. Un tel point de vue ctait 
tolerable sur des avions dont le rcacteur consommait unc quantite d'air 
relativemcnt faible et dont la prise d'air de faibles dimensions avait un 
simple role de conduit d'alimentation. Mais il cn est tout autrcment 
lorsquc la prise d'air devient un element moteur essentiel. Elle doit 
etre prise en consideration au stade initial de I'avant-projet. 

On dit parfois que Vavion doit Hre dessine autour de la prise d'air; c'est 
absolument certain pour un appareil propulse par statoreacteur et fort 
pcu cloigne de la realite lorsque la machine propulsive est un turbo-
reacteur destine a la propulsion supersoniquc. 

Le role fondamental des prises d'air de reacteurs supersoniques a 
conduit au developpement de rcchcrches correspondantcs, recherches 
qui sont cn grande partie d'ordre experimental bien qu'il soit souvent 
fait appel a la theorie des ccoulcments supersoniques et des ondes de 
choc cn particulier pour guidcr 1'cxpcrimentation. 

Or, ainsi que nous venons de le voir, la prise d'air faisant partic 
intcgrantc non seulemcnt de la machine propulsive, mais dc I'avion 
lui-meme, on devrait en toutc rigueur experimenter sur la machine 
complete. Outre les difficultes matericllcs que cela entrainerait, on nc 
pourrait, par un tel precede, qu'etudier des cas particuliers. Si 1'on 
desire au contraire atteindre des lois de caractere general, il est neces­
saire de proceder a une certaine schematisation des prises d'air. 
Naturellemcnt, il importe de prendre beaucoup de precautions lors de 
cette schematisation si 1'on vcut que les rcsultats obtenus soicnt trans-
posables a des cas concrets. Ce sont ccs conditions de validile des 
essais de prise d'air que nous nous proposons d'examiner ici. 

n , r . • , , • 2 . DEFINITIONS 

2.1 Les prises d air 
Les fonctions d'une prise d'air sont bien definies: capter de 1'air 

atmosphcrique, lui fairc subir des transformations de prcssion, 
vitesse, etc. et le conduire jusqti 'au compresseur ou au foyer. Par 
contrc, la prise d'air, en tant qu'objet sc prete beaucoup plus 
difficilcment a une definition, puisquc en plus dc conduites qui 
canalisent Fair vers le reacteur, la prise d'air comprend des 
elements de surfaces situcs cn amont qui imposent aux filets d'air des 
deviations et les dirigent vers 1'cntree de la prise d'air. Toutefois, 
nous scrons amenes par la suite a une definition de la section 
de captation telle que la prise d'air pourra etre definie comme un 
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ensemble de conduites, les parois de certaines d'entre elles etant 
immaterielles. 

II peut etre parfois commode de distinguer deux parties dans la 
prise d'air. La premiere appelee entree d'air permet de separer 
Fair penetrant dans la machine de cclui qui la contourne. La 
seconde est constitute par le canal qui conduit cet air capte vers 
le foyer et que 1'on designe par divergent ou manche selon qu'il 
est sensiblement rectiligne ou prcscnte des coudcs. E x p e r i m e n t a ­
tion pourra etre faite sur un seul des deux elements ou sur 1'en-
scmble. Elle consiste essenticllement a e^udier comment la prise 
d'air remplit les fonctions qui lui sont demandecs: 

—assurer un certain debit; 
—transformer la vitesse cn pression; 
—amener 1'air dans un certain etat a 1'entree du foyer. 
Mais de plus, le prelevement d'air en un point de I'avion 

entrainant generalcmcnt une perturbation de 1'ecoulement externe 
il convient qu'une etude complete de prise d'air comporte cgalcment 
revaluation de cette perturbation. 

2.2 Debit capti 

Le debit capte par une prise d'air de geometric donnee est une 
fonction d'une part de: 

—la vitesse de vol, 
—1'altitude de vol, 
—1'attitude de 1'avion (incidence, derapage); 

et, d'autre part, du regime du reacteur. 
Ce debit, pour une vitcsse de vol et une altitude donnees est 

infericur ou egal a une limite, fonction dc ces parametres et corres­
pondant a 1'apparition d'un col sonique dans une section interne 
de la prise. On appelle regime subcritique tout fonctionnement pour 
lequel le debit varie avec le regime du moteur et est infericur au 
debit critique. Le regime supercritique correspond aux fonctionne-
ments pour lesquels la prise d'air est saturee ct Ic debit reste egal 
a sa valeur maximum. 

La premiere caracteristique d'une prise d'air sera done le debit 
maximum permis par cette prise, cn fonction de la vitesse, 1'altitude 
et 1'attitude. 

En realite, on utiliscra un coefficient dc debit maximum obtcnu 
en divisant le debit captc par un debit de reference: 

W 

~ P 0 M 1 
p0 etant la masse specifique a 1'altitude donnee, 
F0 la vitesse, 
Ax une surface de reference dite section de captation, 

•p 65 



I N T E R P R E T A T I O N DES ESSAIS 

2.3 Section de captation 
Le choix de la section de captation de reference est parfois 

assez delicat. Nous proposons dc prendre la section droite du 
cylindre dont les generatrices sont parallelcs a V0 ct qui s'appuient 
sur le contour dc la section d'entrec. Cctte definition ne souleve 

Fig. I . Schf'mas de differents types de prises d'air. 

pas de difficultes dans le cas ou la section d'entree se presente 
comme sur les figures la et lb . II en est de meme dans les cas 
Ic et Id ou il est logique d'inclure les pointes emergentes dans la 
section de captation. Par contre, pour les prises annulaires {Fig. le) 
ou en ecope {Fig. I f ) , cc n'est que par analogie que nous pensons 
preferable dc fairc entrer dans la section de captation la section 
de fuselage au droit de la section d'entree de la prise d'air. Nous 
vcrrons d'ailleurs que cette definition s'harmonise avec cclle que 
nous prendrons pour la resistance extcrne. 

Avec cette definition dc la section de captation, le coefficient 
de debit maximum aura toujours des valcurs inferieures ou egales 
a 1'unite. 

2.4 Efficacite d'une prise d'air 
La seconde fonction de la prise d'air est d'amener Fair capte vers 

1'entrce du comprcsseur ou du foyer dans un etat bicn determine. 
La vitesse moyenne doit etre infericurc a une certaine valeur, 

largcmcnt subsonique, et cette vitesse doit etre repartie dans la 
section de facon aussi uniforme que possible. 

II n'est malheureusemcnt pas commode de chiffrer le degre 
d'homogeneite de la vitesse, car il faudrait caracteriser a la fois 
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les inegalites locales et les dissymctries. On devra done se con-
tenter d'etablir les courbes dc repartition de vitesses a la sortie des 
prises d'air afin de s'assurcr qu'elles sont compatibles avec un 
fonctionnement correct du compresseur ou du foyer. 

La transformation globale de 1'energie cinetique de Fair capte 
en pression est en revanche bcaucoup plus facile a qualifier et on 
peut definir son rendement qui est la seconde caracteristique 
importante de la prise d'air. 

Si nous designons par : 
p 0 , p0 les valeurs de la pression et dc la masse specifique de Fair 
ambiant a 1'altitude consideree et V0 la vitesse de vol, et par pf, 
Py, Vf ces memes grandeurs a la sortie de la prise d'air, la con­
servation de 1'cnergie nous permet d'ecrire que la temperature 
d'arret est restce inchangee durant la transformation. Toutefois, 
lorsque les vitesses dc vol seront tres elevces et que la compression 
dans la prise d'air s'accompagnera d'une elevation importante 
de temperature, il pourra y avoir echange d'encrgie sous forme 
de chaleur entre Fair et les parois dc la conduite. 

La pression d'arret serait egalement constantc si la transforma­
tion etait iscntropique et le rendement scrait alors ^gal a 1'unitc. 
Une transformation reelle avec accroissement d'entropie sera 
caracterisee par un certain rendement tel que eclui defini par 
MAURICE ROY1 et denomme rendement isentropique, a savoir: 

Rapport entre 1'augmentation isentropique d'enthalpie pour 
passer de la pression initiale p 0 a la pression finale pf, augmentee de 
1'cnergie cinetique residuclle et divisee par 1'energie cinetique 
initiale: 

" 7 + Ef 

En introduisant les prcssions d'arret initiale et finale P 0 et Pf et 
les nombrcs de Mach M 0 et M f 1'expression du rendement isen­
tropique s'ecrit: 

2 
- " . ' [l + 111 A/',] 

On emploie frequemment pour caracteriser la transformation 
subie par le fluidc dans une prise d'air le rapport des pressions 
d'arret Pf/P0 qui s'introduit naturcllemcnt dans les calculs. 
L'examen de la formule prccedentc montre que ce rapport n'est 
toutefois pas suffisant pour definir le rendement puisqu'il faut 
connaitre egalement Ic nombre de Mach Mf. 
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II en resulte que pour comparer entre elles les efficacitcs des 
prises d'air a un nombre de Mach A/0 donne, il est indispensable 
de fournir simultanement un ensemble de deux valeurs caracteris-
tiqucs, le rendement iscntropique ou le rapport des pressions 
d'arret d'une part, et le nombre de Mach a la sortie dc la prise 
d'air d'autre part. 

0.75 

0 . 5 

0.25 

Fig. 2. Comparaison du rendement isentropique d'une prise d'air avec I'efficacite difinie a partir 
du rapport des pressions d'arret. 

Nous avons represente sur la Fig. 2 le rendement isentropique 
d'une prise d'air en fonction du nombre de Mach de vol: nous 
avons suppose un schema aerodynamique comportant une onde 
de choc frontale et unc evolution isentropique entre 1'aval du choc 
et la section de sortie de la prise oil le nombre de Mach est Mf. 
Nous avons egalemcnt represente sur cette figure 1'evolution du 
rapport des pressions d'arret de 1'ecoulement sortant de la prise 
d'air et de 1'ecoulement amont non perturbe: on voit que ce 
rapport generalement utilise comme indice d'cfficacite de la prise 
donne un renseignement nettement pessimiste, bien que son evolu­
tion soit tres semblable a celui des rendements isentropiques. 
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2.5 Resistance externe d'une prise d'air 
La resistance d'une prise d'air pourrait se d^finir comme 

1'accroissement de resistance externe d'une carene par suite de 
Fadjonction d'une prise d'air. En realitc, on est amene a une 
definition sensiblement diffcrente pour des raisons d'ordrc pratique. 

La definition de la resistance aerodynamiquc d'un corps creux 
est donnee comme difference entre la poussee nette, resultante 
suivant la direction de la vitesse de tous les efforts appliquee a la 
machine tant par 1'ecoulement externe qu'interne, et la poussee 
brute ou interne. La poussee nettc est pratiquement la seule force 
pouvant etre mesuree de fa^on directe soit par un dynamometre 
sur maquette en soufflerie, soit par un acccleromctre en vol. 

La poussee brute est egale a la variation de quantitc de mouve­
ment ou plus exactement de dynalpie cntre les sections de sortie 
et d'entree. S'il est relativement aise de determiner, a partir de 
mesures dc pression, la dynalpie dc sortie, il n 'en est pas de meme 
de celle d'entrcc. En effct, tres souvent dans cette section, la 
grandeur et la direction des vitesses sont variables d 'un point a un 
autre et la section d'entrcc elle-meme est parfois fort mal definie. 
Pour lever cettc difficulte, on introduit une section d'entrec fictive 
A0 definie comme rapport cntrc le debit W traversant la machine 
et le produit p0F0 de la masse specifique dc Fair ambiant par la 
vitesse dc vol. 

C'est dans cette section qu'est calculce la dynalpie d'entree, avec 
la vitesse V0 et la pression p 0 . La poussee brute est definie comme 
difference des dynalpies entre la sortie du reacteur et la section A0. 

Naturcllcmcnt, en rctranchant de la poussee ncttc la poussee 
brute ainsi definie, on obtient pour la resistance externe une 
definition convcntionnelle. 

En d'autrcs termes, pour definir la resistance extcrne, nous avons: 

1°—prolonge 1'entree d'air vers 1'amont par Ic tube de courant 
separant Ic fluide penetrant dans la machine de celui qui la 
contourne. Ccla justifie ce que nous avions dit precedemment 
lors de la definition des prises d'air; 

2°—ajoute a la poussee brute reelle la composante axiale de la 
poussee exercee par le fluide interne sur ce tube de courant; 

3°—ajoute a la resistance externe la composante axiale dc la 
poussce du fluide extcrne sur ce mcmc tube. 

Naturellcmcnt, ces poussces et resistances additives etant cgales 
et opposecs, la poussec nctte reste inchangec et cette dcrniere 
grandeur ctant en definitive la seulc grandeur intcressante, il ne 
sera pas necessairc de proccder au calcul des poussees ou resistances 
additives, mais seulemcnt dc la pousscc brute et de la resistance 
globale, ce qui simplifie considerablcment I'cxperimentation. 
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Le caractere artificiel de ces definitions est la consequence 
directe de la distinction egalement artificielle faite entre les 
ecoulements interne et externe et ne doit done pas surprendre. 

3. EXPERIMENTATION DES PRISES D'AIR 

L'experience des prises d'air en soufflerie, tres semblable a celle de 
corps fuseles, prcsente cependant quelques particularites qu'il convient 
dc mentionner. 

3.1 Simulation du reacteur 
En premier lieu, nous avons dit que les caracteristiques de la 

prise d'air dependent du regime du rcacteur qu'elle alimente. Si 
nous faisons abstraction de certaines interactions possibles entre 
le compresseur ou le foyer et la prise d'air et provoquant cn parti­
culier des pulsations, le regime du reacteur est, pour la prise d'air, 
cssentiellemcnt caracterise par son debit. 

Ne pouvant gcneralement pas introduire de reacteur dans la 
maqucttc d'essai, le montage experimental devra done comporter 
des dispositifs assurant les variations de debit dans les limites 
qu'exigcrait le rcacteur. 

Le debit W a travers la section A d 'un ecoulement s'exprime par 
le produit 

W= P VA 
et peut s'ecrire en introduisant les valeurs a 1'arret P, T et la 
section soniquc Ac 

w=B7fA< 
B designant unc constante. 

Cette relation montre que la variation du debit pcut etre 
obtenue en agissant sur la pression d'arret P ou la section sonique 
de 1'ecoulement Ac, cn eliminant unc variation de la temperature 
d'arret T qui supposerait la presence d'un foyer. 

Concernant la pression d'arret, si 1'on exclut la presence d'un 
compresseur, la variation correspondra a une modification de 
pcrtes de charge, ce qui est relativemcnt aise a obtenir. 

Toutefois, comme nous le verrons par la suite, il est necessaire, 
non seulement de rcgler le debit, mais aussi de le mesurer. Or la 
creation de pertes de charge se traduit souvent par des perturba­
tions de 1'ecoulement peu compatibles avec des mesures correctes, 
c'est pourquoi la section soniquc variable est Ic dispositif de reglage 
de debit le plus souvent adopte. 

3.2 Dimensions des maquettes 
Les dimensions d'une maquette dans une soufflcrie doivent etre 

choisies de facon que les mesurcs ne soient pas perturbecs par la 
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presence des parois limitant la veine fluidc. Cette condition est 
satisfaite dans une soufflerie supcrsonique lorsque les ondes dc 
choc creees par la maquette ne viennent pas frapper celle-ci apres 
s'etre reflechics sur les parois. 

Cctte condition s'applique evidemment aux maquettes de prises 
d'air et permct de determiner leurs dimensions maximums dans 
la direction de 1'ccoulement. 

Une seconde condition pcut cgalcmcnt limiter les dimensions 
transversales. Lorsque 1'espace fibre cntre la maquette ct les 
parois est insuffisant pour assurer Ic debit de la soufflerie, la tuyere 
ne peut etre amorcee, mais par suite de sa permeabilitc, un corps 
creux pourra avoir un diametre sensiblement plus important 
qu'un corps fusele. 

La limitation des dimensions des maquettcs cn fonction de celles 
de la soufflerie se presente tout autrement lorsqu'on se limite a 
1'etude de 1'ecoulement interne. La seule condition etant alors de 
ne pas perturber le tube de courant aboutissant a la section 
d'entree, on peut augmenter dans de grandes proportions les 
dimensions relatives de la maquette et de la veine. 

L'expcrience confirme que dans une veine fibre, on peut experi­
menter une prise d'air dont la section d'entree est cgale ou 
superieure a la moitie de la section de veine. 

3.3 Nombre de Reynolds 

Comme pour tous les cssais a cchcllc reduitc, on peut s'interroger 
sur la validite des resultats obtcnus cn soufflerie sur des maquettes 
de prises d'air; on peut toutefois observer que 1'influence du 
nombre de Reynolds d'essai, sera fort differente selon le type 
d'entree d'air considere. 

Dans une prise d'air cn pitot simple ou a pointe emergente, le 
rendement d'entree dc la prise d'air sera sans doute peu sensible 
au nombre de Reynolds. 

II cn sera tout autrement d'une entree du type ecopc placec sur 
les parois d'un fuselage, car il faudra alors tenir comptc de la 
presence dc la couche limitc sur ce fuselage, son influence sur la 
captation pouvant etre considerable par suite d'intcraction 
possible entre les ondes de choc prenant naissance au voisinage 
de 1'entrce dc la prise d'air et la couchc limite. 

Concernant les divcrgents ou les manches, on doit trouvcr une 
influence du nombre de Reynolds analogue a ccllc qui sc manifeste 
dans toutc conduite parcouruc par un ccoulcmcnt fluidc. 

Enfin, par suite dc la presence du systeme d'ondes dc choc plus 
ou moins complexc en amont dc la prise d'air, il est vraiscmblable 
que la couchc limitc sur la carene est toujours turbulcntc cn aval 
de la section de captation. Cette circonstancc devrait conduirc 
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a une influence beaucoup moins grande du nombre de Reynolds 
sur la resistance externe d 'un corps creux que d'un corps fusele 
ordinaire. 

4 . MESURES 

Pour determiner les caracteristiques des prises d'air, on est conduit a 
faire essentiellement des mesures de pression soit statique, soit d'arret. 
Seule la resistance externe exige une mesure d'effort. Toutes ces 
mesurcs ne presentcnt aucun caractere particulier, exception faite 
toutefois de celles correspondant aux regimes pulsatoires de la prise 
d'air. Nous nous limitons a indiquer quelques unes des difficultes 
rencontrees pour calculer a partir de mesures, le debit, Ic rendement 
ou la resistance externe. 

4.1 Debit 

Le debit capte est 1'une des donnees fondamentales car non 
seulement il represente le regime du reacteur alimentc par la 
prise d'air, mais de plus il sert a determiner la section Active 
d'entree A0 permettant le calcul de la poussee brute et de la 
resistance externe. Nous insistons done particulierement sur les 
precautions a prendre pour sa mesure qui est malheurcusement 
tres delicate. 

L'une des facons les plus precises de determiner le debit a 
travers une section, consiste a integrer les debits par elements de 
section, ces derniers etant determines a partir de mesures de 
pression. 

Si nous appelons d W le debit a travers 1'clement dA on a: 

d W = ? V d A 
ce qui s'ecrit encore: 

P _ A/ 
d W = - — = VY r . 1 Y-i ^A , 

vJRrVT[1+izl^]V 
M etant relie a p c t P par la relation M = . / _ r _ | | _ ) X r - 1 

L'erreur relative sur le debit elementaire en fonction des erreurs 
sur la pression s'exprime par: 

A {dW) = AP 1—A/2 ZAP A/A 

d W ' T y M r \~P ~p) ' 

Cette expression montrc que cette erreur relative depend essen­
tiellement du nombre de Mach A/ au point de mesure; clle est 
minimum lorsquc le nombre de Mach est egal a 1. 

Nous avons represcnte sur la Fig. 3 cette erreur relative en 
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fonction de M et des erreurs relatives sur les mesures de prcssions 
supposces identiques pour p et P. 

On constate que pour obtenir une bonne precision sur le debit 
il ne faut pas cffcctuer la mesure dans une section oil le nombre de 
Mach est inferieur a 0,5 et a condition que 1'erreur sur la mesure 
des pressions soit inferieurc a 2/1.000eme. 

A cette imprecision sur la mesure du debit clcmcntaire s'ajoutc 
1'erreur introduite par 1'intcgration dans toute la section des 
debits locaux, du fait que ceux-ci ne sont reellemcnt mesures qu'en 
un nombre de points souvent tres limitc. Cette erreur sera d'autant 
plus faiblc que 1'ccoulement sera plus uniforme dans la section et 
cgalement que le nombre de Mach moyen sera plus voisin de 1, 
ce qui rcsulte des considerations precedentes. 

En resume, la mesure du debit devra generalement se fairc dans 

0.2 

Fig. 3. Recherche de la section optimale de mesure du dibit dans une prise d'air. 

une section a vitesse aussi uniforme que possible ct de preference 
sonique; lorsque 1'on peut disposer de la place necessaire il est 
possible egalement d'effectuer la mesure du debit par les methodes 
classiques du diaphragme ou du Venturi et a vitesse beaucoup 
plus faible. 

Mais nous avons vu que le reglage du debit ctait souvent obtenu 
par variation de 1'aire d'une section soniquc, aussi est-on amene a 
utiliser la meme section pour regler le debit et le mesurer-Ceci peut 
toutefois presenter 1'inconvenicnt d'une mauvaise definition de la 
section sonique servant au calcul du debit. Cette imprecision 
provient d'une part des jeux introduits par le mecanisme servant 
a la variation de section, et d'autre part, de la possibility d'etab-
lissement de la vitesse du son dans une section qui n'est pas le col 
geometrique. II est done preferable, lorsque c'est possible, de 
separer la mesure du debit de son reglagc. 
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4.2 Rendement moyen 

La connaissance en un point d'un ecoulement de la pression 
statique et de la pression d'arrct pcrmct de determiner immediate-
ment le nombre de Mach local par la relation: 

M JA.WA-A 
Et supposant connucs egalement les conditions infini amont, on 

peut determiner le rendement local t\ par : 

[ A 0 ] h ^ 
7) = 1 — 

'•'] 
VM i + Y - l Af2 

Ces valcurs locales sont generalement suffisantes pour definir le 
nombre de Mach puisque 1'essai d'une prise d'air doit pcrmettre 
en particulier de connaitre la repartition du nombre de Mach 
dans la section de sortie. Par contre, il est necessaire de connaitrc 
Ic rendement moyen. Cette moyenne doit se faire par integration 
des rendements locaux affectcs du debit masse traversant 1'elemcnt 
de section oil le rendement a etc determine. 

Ainsi que nous 1'avons dit, on utilise frequemment sous 1'appcl-
lation de rendement le rapport des pressions d'arret PfP0 et par 
consequent, on aura a calculer sa valeur moyenne. Cette moyenne 
ne doit pas etre calculee par integration comme le rendement 
isentropiquc, mais tiree de la valeur moyenne de celui-ci. 

En effet, les valeurs moyennes sont reliees par: 

1— 

A/0
2(l + ^ A * 2 ) Y - l 

qui fait intervenir le nombie de Mach moyen M. Si celui-ci est 
faible comme c'cst le cas a la sortie d'une prise d'air, 1'cxprcssion 

Y - l 
1 + A/2 

est voisine de 1 ct 1'on ecrira: 

P_ 

Pn 

1 + ^ l i MS 

1 + l_i AV 
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4.3 Sondes de pressions moyennes 

II est souvent difficile par suite des faiblcs dimensions des 
maquettes, de multiplier les points de mesurcs dans unc section, 
de sorte que 1'obtention des valcurs moyennes par integration est 
fort delicate. 

On peut, dans certains cas, et en sacrifiant un pcu la precision, 
obtenir dircctement la valeur moyenne dc la pression d'arret en 
utilisant des sondes dc prcssion moyenne. 

De telles sondes sont constitutes de sondes elementaircs 
classiqucs debouchant dans un canal unique. L'expcrience 
montre que, avec quclques precautions, la prcssion dans ce canal 
est cgale a la moyenne des prcssions d'arret.2 Cette moyenne 
s'ecarte elle-meme tres pcu de ccllc deduite du rendement moyen. 

Connaissant cette pression d'arret moyenne on peut cn deduire 
immediatcment le nombre de Mach moyen et le rendement moyen 
sous reserve que la pression statique soit uniforme dans la section 
et qu'elle ait etc mesurce egalement. 

Naturellement, 1'utilisation d'une telle sonde doit etre rescrvee 
a la determination de valeurs moyenncs (rendement, debit, 
nombre de Mach) et ne saurait convenir a la connaissance d'unc 
repartition dc la vitcsse dans unc section. 

4.4 Mesure de la risistance aerodynamique 

La resistance acrodynamique est obtenue au cours d'essais en 
soufflerie par difference de deux grandeurs ainsi qu'il resulte de sa 
definition meme: la poussee nette ct la poussee interne. 

Generalcment, on ne cherche pas a mesurer la resistance 
externe de la totalite de I'avion, mais on se limite a la partic avant 
comportant les prises d'air jusqu'a une certaine section droite dont 
le choix depend de la forme gencrale dc 1'appareil etudie {Fig. 4). 

Une balance aerodynamique permct dc mesurer directcment la 

. . . . . ^ ^ • 1 

X.X..XXX._J 

Fig. 4. Schtmas de prise d'air pour la mesure de la re'sistance alrodynamique. 
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composante axiale de tous les efforts sur la portion limitee a la 
section A2 soit Rh. En corrigeant cette force des efforts de pression 
sur les surfaces solides de la Fig. 4 considerees comme difference 
entre la surface totale A2 et celle de 1'ecoulement interne Ai2 on 
obtient la poussee nette. 

* = / ? , — r pdA 
J A2—Ai2 

A partir de mesures de pressions, on determine par aillcurs, 
d'une part le debit W permettant de calculer la section d'entree 
Active et la dynalpic d'entree pnAn (1 4- yM 0

2) , d'autre part, la 
dynalpie dans la section A2 

p{\ 4-yA/2) d.4 
A i 2 

de sorte que la resistance Rx est obtenue par la relation: 

Rx = R b - pdA 
-Ai 2 

p{l+yM*)dA + M o ( l +yM0*) 
Ai2 , 

La precision avec laquelle la resistance externe est connue par 
cette methode ne pcut ctre bonne que si un soin tres minutieux est 
apporte a I'experimentation. 

Si nous examinons successivement les differents tcrmes de 
1'expression ci-dessus, on peut remarquer que: 
—le precision sur Rb peut etre bonne par un choix appropric dc 

la sensibilite dc la balance, celle-ci, a une seule composante, peut 
etre simple et precise, 

—la correction sur les culots pdA peut etre egalcment 
J A ... Ai2 

bien connue car les pressions sont assez faciles a mesurer. 

De meme, la dynalpie de sortie p (1 + yA/2)d,4 peut etre 

J A , 
detcrmince correctcment, car contrairement au debit, la precision 
sur la dynalpie est de 1'ordre de celle sur les pressions servant a la 
calculer. Par ailleurs, la conduite interne peut etre tracee pour 
obtenir un ecoulement uniforme dans la section de mesure. 

C'cst done en definitive sur la dynalpie d'entree que 1'on pourra 
commettre la plus grosse erreur, car bien que p 0 et A/0 soient 
correctement determines, la section A0 est moins bien connue 
puisqu'elle est definic a partir de la mesure du debit, mesure qui, 
ainsi que nous 1'avons frequemment signale, n'est jamais tres 
precise. Dans le cas actuel, il convient dc remarquer que les 
difficultes presentees par la mesure du debit sont encore accrues 
du fait des fuites qui se produisent dans la coupure 2. 
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Fig. 5. Photos prises a 3000 images [seconde de I'onde de choc devant une prise d'air du type 
Pitot {M = 1,47) 

a—regime de pompage b—rigime stable 

Fig. 6. Photo prise au demi-millionieme dans le cas du pompage [M = 1,47). 
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Fig. 7. Enregistrement de capteurs instantanes de pression. 
signal superieur: pression de paroi au voisinage de Ventree 
signal infirieur: pression de paroi au col de la maquette. 
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4.5 Visualisation 

La visualisation de 1'ecoulement au voisinage de 1'entree de la 
prise d'air par la methode des ombres ou par strioscopie constitue 
un moyen d'investigation tres utile pour 1'cxamen des configura­
tions des ondes de chocs au voisinage de la prise d'air. Cette 
methode est actuellement tout a fait classique. 

4.6 Mesures inslantanks 

II apparait dans certains regimes de fonctionnement de la prise 
d'air des pulsations de 1'ecoulcment dont 1'etudc est tres importante 
et qui exigent un appareillage de mesure particulier. On utilise 
principalement la cinematographic ultra-rapide ct des capteurs de 
pressions a tres court temps de reponse. 

Lcs photographies de la Fig. 5 sont extraites d'un film pris a 
3000 images par seconde3 et montrent les positions successives de 
1'onde de choc en amont d'une prise d'air en pitot au nombrc de 
Mach M = 1,47, en regime stable {Fig. 5b) et au moment du 
pompage {Fig. 5a). A la Fig. 6 la photo prise au demi millionieme 
de sccondc donne Faspect instantane du choc et de la couche 
limite. 

L'cnrcgistrement simultane de la prcssion instantanee repre­
sente a la Fig. 7 permet de determiner la frequence et 1'amplitude 
du phenomene. 

4.7 Nicessiti des essais sur les prises d'air 

Les rcmarques que nous avons faites a propos des mesures 
servant a determiner les caracteristiques d'une prise d'air, tendent 
a montrer que les valeurs obtenues par experimentation a echelle 
rcduite en soufflerie sont generalement assez pcu precises. 

Cependant, le but essentiel de telles experiences est beaucoup 
moins 1'obtention de valeurs absolues que la comparaison de dif­
ferents types d'entrees d'air. Un tel objectif sera a coup sur plus 
facilement atteint en utilisant toujours les memes methodes d'essais, 
rentage du debit en particulier, et les memes precedes de mesure 
des debits et pressions, qu'en recherchant une tres grande precision 
par des precedes tres bien adaptes, mais variables d'un essai a 
1'autre. 

Pour cette raison, il nous parait interessant de definir une 
maquettc etalon pour servir de base de comparaison a 1'efficacite 
de prises d'air de types differents. 

5 . PRISES D'AIR ETALON 

La grande diversite de forme des prises d'air exclut la conception d'une 
prise d'air etalon consideree comme un modele plus ou moins ideal. 
Nous proposons done d'adopter une prise d'air particulierement simple 
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et done reproductible meme a tres petite echelle et qui permettrait 
uniquement de preciser les conditions d'essai, ce qui rendrait possible 
la comparaison dc resultats obtenus a partir de methodes parfois fort 
differentes. 

Commc premiere etape nous pensons que la comparaison doit se 
limiter a la seule efficacite des prises d'air en excluant leur resistance 
externe. 

5.1 Principe d'un montage experimental 

Tout montage d'essai de prise d'air en soufflerie comporte en 
aval d'une section considerec commc la fin du diffuseur de la prise 
d'air, le dispositif de reglage du debit, d'une part, les differentes 
prises de prcssions permettant la mesure de ce debit et du rendement 
de la prise d'air d'autre part. 

En fonction des dimensions de la soufflerie les dispositifs adoptes 
sont tres differents et la precision obtenue dans la determination 
du debit en particulier n'est pas toujours tres grande. Ainsi, 
comme nous 1'avons dit, cet inconvenient n'empeche pas 1'etude 
comparative dc prises d'air sur le meme montage mais rend difficile 
et souvent impossible la confrontation de resultats obtenus sur des 
montages difierents. 

5.2 Prise d'air etalon 

Nous proposons done dc definir une prise d'air susceptible de 
s'adaptcr sur les differents montages experimentaux. Les resultats 
obtenus sur cette prise etalon rendraicnt alors possible la com­
paraison dc performances de prises d'air obtenues dans des 
conditions differentes. 

Une telle prise etalon pourrait etre constituee d'un simple pitot 
sans corps central. 

Le rapport des sections d'entree et de sortie AJAf est egal a 
0,5 1'allongcment LfQ>, = 4 correspond a une divergence 
moyenne de 3°. 

La generatrice interieure pourrait etre representee par un 
polynomc tel que la pente au bord d'attaque serait de 1°, la pente 
et la courbure etant nulles a la sortie. 

La generatrice exterieure scrait libre de fa5on a permettre 
1'adaptation de differents montages. Seule la pente de la levre 
serait fixee a 8° par exemplc. 

6 . CONCLUSION 

Nous avons expose les conditions d'experimentation des prises d'air 
supersoniques ct propose une maqucttc etalon permcttant de comparei 
leurs performances; pour terminer, nous mentionnons quelques indica­
tions concernant la presentation des resultats d'essais de prises d'air. 
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Les principalcs caracteristiques d'unc prise d'air sont: 
—le coefficient de debit maximum en fonction du nombre de Mach; 
—le rendement moyen et le coefficient de resistance cxterne en fonction 

du nombre de Mach et du coefficient de debit e; 
ellcs sont compietccs par les courbes de repartition du nombre de 
Mach Mf dans la section de sortie de la prise d'air ainsi que sa valeur 
moyenne M f en fonction de A/0 et z. 

Enfin, les modifications de ces caracteristiques sous 1'influence de 
1'incidence et du derapage doivent egalcment etre representees. 

Ainsi que nous 1'avons signaie, pour etre comparables, les rende-
ments moyens devraient correspondre au meme nombre de Mach final 
Mf. Cettc condition ne pouvant jamais etre remplie experimentale-
ment, on est conduit, si 1'on desire reellement comparer les prises d'air, 
a introduire dans 1'expression du rendement un nombre de Mach M 
conventionnel a la place du nombre de Mach final red . 

Cette convention cxige qu'au cours de la transformation qui per-
mettrait de passer du nombre de Mach reel au nombrc de Mach 
choisi, la variation de la pression d'arret soit negligeable, ce qui 
suppose que ccs nombres de Mach sont assez voisins. 

II nous semblc que 1'on pourrait adopter 0,25 comme valeur du 
nombre de Mach convcntionnel, le nombrc de Mach red devant 
toujours ctrc infe'ricur a 0,4. De telles conditions scmblent realisables 
dans tous les montages experimentaux. C d a pcrmcttrait d'une part 
d'eviter la comparaison de rendements obtenus a des vitesses par trop 
differentes, et d'autre part, d'employer comme caracteristiques de la 
prise d'air Ic rapport des pressions d'arret au lieu du rendement, ce 
qui est parfois beaucoup plus simple. 

SUMMARY 

Due lo the great number of parameters which define the shape of an air-intake and 
its operating regimes, the experiments on air-intakes are made only on quite 
schematic models, some of which are described. First some definitions are given 
for the air-intake efficiency and its aerodynamic drag, then the difficulties 
encountered during the experimentation and the interpretation of the tests are 
described. Thus, the internal massflow rale is one of the data the most difficult 
to obtain with accuracy. This measurement is even more difficult in the small 
sized wind-tunnels, often the only ones available, where the scale of the models 
is very small. In order to compare the results obtained in very different conditions, 
it is interesting lo define a standard air-intake as simple as possible. In a first 
stage, it is interesting to confront the air-intake efficiencies only, without taking 
into account the external drag which is too much related to the whole body of the 
engine. A ram-type standard air-intck; followed by a divergent is proposed, the 
accurate realization of both being easy even on a small scale. 
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NOTATIONS 

A Surface d'une section 

O Diametre 
L Longueur 
p Prcssion statique 
P Pression d'arret 
p Masse specifique 
T Temperature d'arret 
V Vitesse 
Af Nombre de Mach 

y Rapport des chaleurs specifiqucs 
W Debit 
s Coefficient de debit 

Ai Section de captation de reference 
A0 Section Active d'entree 
Ac Section sonique 
J Dynalpie, J = p A { \ 4- YAf«) 
7] Rendement isentropique 
o Indice des valeurs a 1'infini amont 
/ Indice des valcurs dans la section de sortie de la prise d'air 

H Enthalpie 
E Energie cinetique 
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SUBJECT INDEX 

Air intake (see also Inlet) 

engine matching, 42, 48-62 

experimentation, 70 

Pitot type, 3, 4 

relative size, 14, 34 

side inlet, 30 

stability, 36, 77 

standard, 77 

variable shape, 28, 56 

wind tunnel model, 70 

with central body, 3, 23 

with external compression, 23, 27 

interna] compression, 26, 27, 29, 57 

Boundary layer removal, 30 

Buzz, 36 

Distortion (How), 38, 58 

Drag 

additive, 7, 32 

external, 9, 29, 32, 69, 75 

friction, 32 

Efficiency (air intake), 4, 22, 29, 66, 74 

Engine 

matching, 42, 48-62 

requirements, 49 

thrust, 12 

Flow 
coefficient, 2, 16, 65 

distortion, 38, 58 

measurement, 72 

stability, 36, 77 

Inlet (sec also Air intake) 

choking, 54 

engine-matching, 42, 48-62 

entrance design, 53 

variable shape, 28, 56 

Model (wind tunnel), 70 

Operation 

subcritical, 4, 27 

supercritical, 4, 27 

Pressure recovery, 4, 22, 29 

Pressure loss, 23 

Stability, 36, 77 

Standard air intake, 77 

Subcritical operation, 4, 27 

Supercritical operation, 4, 27 

Thrust, 12, 23 

Thrust coefficient, 14 

Variable shape air inlet, 28, 56 

82 










