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"NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

THE ORIGIN OF AERODYNAMIC INSTABILITY OF SUPERSONIC
INLETS AT SUBCRITICAL CONDITIONS

By Antonlo Ferri and Louis M. Nucci
SUMMARY

The phenomenon of the starting of aerodynamic instability or "buzz"
in supersonic inlets having external compression has been investigated.
The sterting of the buzz has been related to the existence in the flow
field of a veloclity discontinuity across a vortex sheet which origlnates
gt a shock intersection. It has been confirmed by tests of a number of
inlet configurations that the buzz starts when this vortex sheet is at
the lip of the cowling. An analysis of the flow for this condition
showed that separation will occur on the inner surface of the cowling
with consequent choking in the subsonic diffuser,

When the flow on the central body is unseparated, the vortex sheet
moves from outside the cowling inwaerd as the entering flow is reduced,
and the fluctuastions start when the sheet enters the inlet. When the
flow separates from the centrel body, & lambda shock forms and gives
rise to another vortex sheet inside the inlet. In this case the sheet
moves outward as the flow 1s reduced, and fluctustions start when it
gpproaches the inner surface of the cowling.

Performence date for the inlets are presented for a range of Mach
number up to 2.7, and it 1s shown that freedom from buzz can be obtained
for inlet designs suitable for epplication to aircraft.

INTRODUCTION

The majority of inlets now proposed for supersonic ram-Jet and
turbojet airplanes and missiles have all or a large part of the super-
sonic compression occurring outside the inlet, so that the Mach number
at the entrance of the inlet has & low-supersonic value close to 1. In
this way, the limitations due to the starting problem are eliminsted,
end high pressure recovery can be obtailned. Extensive experimental data
at the design condition are availsble for Inlets of this type.

«EONFIDENTTAT,
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In practical problems, the inlet is designed for ‘the cruising
speed of the airplane or missile, which often is near to, or 1s, the
maximum speed of the vehicle, but for lower flight speeds 1t is required
that the inlet be able to operate at a rate of entering volume flow
usually less than the meximum entering volume flow permitted by the
inlet. Now, in many of the inlets having external compresslion it has
been found that, when a reduction of volime flow is attempted, a phenom-
enon of serodynamic instability that has been termed "buzz" occurs which
causes the inlet to operate inefficlently.

The buzz consists of an oscillatory phenomenon of the stream
entering the inlet which produces pulsstions of the static and totsal
pressure, of the entering volume flow, of the shock-wave pattern at the
entrance of the inlet, and, therefore, of the serodynamic forces on the
inlet. Because of the large amplitude of these fluctuations, operation
of the inlet is not feasible in the vibrating phase,

The phenomenon of buzz was first encountered by Oswatitsch (refer-
ence 1). The inlets were tested in a Mach number range between 2.5 and’
3.0, and 1n all cases no .regulation of volume flow was possible due to _
the presence of buzz, Inlets designed with external compresslon were
also tested at the Langley Aeronsutical.Laboratory (reference 2). These
inlets were designed for & lower Mach number range without Iinternal com-
presslon, and no buzz phenomena were encountered until a lerge reduction
of volume flow was obtained. However, regulation of volume flow was
attempted only at Mach numbers lower than the design Mach numbers, so
that the conical shock from the central body was shead 6f the cowling
lip. '

Similar tests performed later in the same Mach number renge (refer-
ence 3) showed the presence of buzz when the reduction in volume flow
was relatively small, aspparently contradicting the test results obtalned
in reference 2. However, the regulation of volume flow attempted in
reference 3 was at the design corndition.

Later, the tests of reference 2 were extended to higher Mach numbers
(reference 4). Here, when regulation of mass flow was attempted, the
buzz phenomena were encountered in gll the tests performed. All the
Inlets tested had small central-body cone angles, and when subcriticsal
conditions were tested (reduced volume flow) a flow separstion oh the
central body was found. The vibrations were considered to be related to
the upstream travel of the separation on the surface of the central body
as the volume flow was reduced. However, no cleer explanation of the
relgtion between the separation and the buzz was advanced at that time.

Many other tests performed later by different investigators have
confirmed the presence in many cases of the fluctuation phenomena; how-
ever, no satlsfactory explanation of the starting of buzz has been given.
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Because of the lmportance of the problem, and in order to clarify the
process Involved, the origin of these flow fluctuations has recently
been considered in detail at the Langley Aeronsutical Laborstory. A
physical explanation has been found and is presented in this paper.
Seversl tests performed to check experimentally the soundness of the
Physicel explanatioch are also discussed. The requirements for flow
stablility have been established and experimental data necessary for the
design of a number of supersonic inlets capable of subcritical operation
without buzz are presented in this paper.

The present results agree with those presented ln reference 2 and
show that, in practical spplications, steble flow conditions can be
obteined at Mach numbers lower than the design Mesch number where flow
regulation is needed.

SYMBOLS
Ay area of stream tube entering inlet at free-stream conditions
Ap cowling-entrance ares
Am minimum ares of exhaust nozzle
8 and b cross sections of stream tubes before and after diffusion in
figure 5 |
My free-gtream Mach number
Mo Mach number just behind conical shock (fig. 4)
M3 Mach number at point A for high-velocity stream (fig. 4)
My Mach number at point A for low-velocity stream (fig. 4)
M5 Maech number of low-velocity stream after diffusion (fig. 5)
Mg Mach number of high-velocity stream after diffusion (fig. 5)
Pg sPy static ‘pressures over cross sections Sa’ Sb of diffuser
before and after diffusion (fig. 5)
Pq total pressure of free stream
p03 total pressure at condition M3
Poh totel pressure at condition Mh

@EENF IDENTTAL,
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Dr total pressure inside inlet after diffusion (at survey pléne,
see fig. 6)
r fuel-air ratio referred to the stoichiometric mixture corre=-

sponding to r =1

SgsSy cross section of diffuser before and after diffusion (fig. 5)

Ve velocity at entrance of burner or.cdmpressor_'

o angle of attack

6c semispex cone angle of central body; also called cone angle
6y cowling-position parameter (angle between axis of inlet and a

line to cowling lip from apex of cone)

ANALYSIS OF THE PROBLEM
Veristion of Entering Volumeé Flow with

Mach Number and Engine Requirements

In order to appreciate the problem and the significance of the
results obtained, 1t seems appropriate here to review briefly the rea-
sons why & regulation of entering volume flow 1s required at flight
speeds lower than the deslgn value and to establish roughly the range of
volume-flow regulation required as a function of Mach number,

Let us consider a ram-Jet or turbolet engine. The volume of alr
entering the engine is a function of the engine configuration snd oper-
ating conditions as well as of the free-stream Mach number. In the case
of an engine having a variasble-minimum-ares exhaust nozzle, the volume
flow 1s determined by the consideration that the velocity in front of
the burner or of the axlal-flow compressor is held constant if the burner
or compressor is operated st the design polnt., The minimum erea of the
nozzle must then be increased when the flight Mach number decreases,
However, especlally in ram jets, the exhsust nozzle usually has fixed
geometry. In this case, the Mach number after combustion is constant,
and for a given fuel-air ratio and combustion efficiency the speed in
front of the burner varles approximately as the square root of the
stagnation tempersture of the entering stream. The required variation
of entering volume flow as & function of Mach number for the two cases
1s quite different, .

. ki
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In figure 1, examples are presented of the variation of the area
of the entering-free-stream tube with free-stream Mach number for the
condition of constant velocity Ve at the entrance of the burner or
compressor and for the condition of constant-geometry exhsust nozzle
(Am constant). In both cases the pressure recovery has been assumed
to be the meximum for the Mach number and configurastion considered and

Pr Pe
varies from — =0.7T at M = 3.0 to — =0.92 at M = 1.5.
Po Po

In the example presented, design Mach numbers equsl to 2 and 3 have
been assumed. The velocity in front of the burner for the design condi-
tions, Vg, has been chosen equal to 260 feet per second. (Other values
of Ve varying from 160 to 360 ft/sec were also used, and no appreciable
change of the constant-velocity curve was found.) The calculations were
made for an altitude where the temperature becomes constant with height.
For the case of the engine with a constant-geometry exhaust nozzle,
additional assumptions are required., The fuel-alr ratio was chosen
equal to 30 and 50 percent of the stoichiometric value (r = 0.3 and
r = 0.5) and the combustion efficiency was teken as 100 percent. It
can be seen that, for the condition of fixed-nozzle geometry, a much
larger regulation of volume flow 1s required at Mach numbers lower than
the design Mach number, )

For comparison, the variation of the maximum possible entering
volume flow as a function of Mach number for inlets designed for M =2 '
and M = 3 1is also presented in figure 1. Thils meximum occurs for
supersonic flow at the entrance. The inlets considered have 25° and
30° conical central bodies. The comperison shows that while the curve
of entering volume flow for constant Ve 1s closer to the curve of the
maximum volume possible for the inlets and in this example coincides
with the curve of the 300 cone designed for M = 2, a lerge regulation
of entering volume flow with respect to the maximum possible may be
required, especially for the case of constant minimum nozzle area Ap,
if the inlet is to operate at the condition of meximum pressure recovery.

These data are only illustrative, but they show the need for
reguleting the entering volume flow for wvehicles having fixed-geometry
exhaust nozzles such as are presently used to a great extent.

A possible scheme for avoliding subcritical operstion is to design
the Inlet for a speed well below the maximum flight speed. Between
these two speeds the inlet will operate with supersonic entrance flow
end a strong shock in the subsonic diffuser. In figure 1 the varistion
of entering volume flow obtaineble with this type of operation is shown
by the dashed curve. The inlet was proportioned for maximum pressure
recovery at M = 2.0 assuming the same volume-flow requirements as for
the constant-area exhaust nozzle case. The resulting entrance area

. CUNFIDENTIAL. .
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was 55 percent of that of the inlet designed for = 3.0. At M = 3.0,
therefore, this inlet has only 55 percent of the entering flow volume
of the larger inlet. The pressure recovery at M = 3.0 must be less
than that of the larger inlet in proportion to the ratio of entering
volume flows in order to obtain the same velocity in front of the burner
or compressor. These losses in both mass flow and pressure recovery
combine to mske this method of obtaining flow regulation inefficient.

From this simple analysis 1t appears that regulation of the volume
Fflow 1s necessary for efflclent operation over a range of flight speeds.
In the case of missiles, such regulation is especially important because
of the desirability of producing thrust at the lowest possible speed in
order to simplify the launching problem. '

Flow Phenomena Associated with Throttling
of a Supersonic Inlet

In order to discuss the problems related to the regulation of
entering volume flow in supersonic inlets, consider for simplicity an
inlet having s central body with a conical tip and a cowling of circular
cross section. Assume that the cone angle is sufficiently smsall and
that the 1ip of the cowling 1s thin and sharp and epproximetely alined
with the local flow direction so that the flow at the entrance of the
inlet can be supersonic for conveniently low values of the back pressure.
For this condition, a transition from supersonic to subsonic flow occurs
ingide the inlet with a strong shock (fig. 2(a)) and the diameter of the
entering stream tube for & given flight Mach number and angle of sttack
is fixed by the geometry of the inlet and is the maximum possible for
the Mach number considered.

A decrease in back pressure (or increase of throttling area Am)
moveg the strong shock downstream without changing the entering volume
flow, while if the throttling area Ay is decreased, the strong shock
moves upstream until 1t reaches the entrance of the cowiing Ao, and
then moves outside the cowling (fig. 2(b)). For this condition some
splillage occurs sround the cowling, and the entering stream tube decreases
with respect to the maximum. When the velocity at the entrance of the
cowling and everywhere inside the diffuser is subsonic, this flow con-
Tilguration is usually called "subcritical" in opposition to the "super-
critical"™ configuration which defines the condition of maximum entering
volume flow and requires the exlstence of e supersonic reglon inside
the diffuser.

Although for supercritical conditions the flow in front of the

inlet 1s stable, in many cases when subcritical conditions are reached,
& buzz phenomenon is encountered and a fluctuation of the stream entering
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the inlet occurs. The fluctuatlion phenomenon as observed experimentally
appears to occur essentislly in the following way, as illustrated by a
section of motion-picture film in figure 3: A pressure disturbance
coming from inside the inlet pushes the strong shock upstream along the
cone (frames 1 to L), decreasing the entering volume flow by a large
amount; the shock then moves back to a position near the 1lip of the
cowling for which the entering volume flow is larger than the .volume
flow before the fluctuation bégen (frames 4 to 11). Then the shock
again moves gradually upstreesm (frames 12 to 18) until the position (1)
is reached which was mentioned at the beginning of the description. The
process is then repeated cyclically. The exact behavior of the fluctua-
tion phenomens depends on masny different parameters, such as the external
configuration of the inlet, subsonic diffuser, and the throttling system,
and, therefore, can be easily changed in tests by altering the experi-
mental spparatus. In the example presented in figure 3, the frequency
of the fluctuations, which is also a functlon of the parameters Just
listed, was reduced to a low value by attaching a long pipe to the inlet
80 that motion pictures of the fluctuation could easily be tesken. The
motion picture was teken at 64 frames per second.

From the tests reported in references 1 to L4, it appears that
stable subcritical conditions were obtained only for very small entering-
flow reductions when separation was present on the central body, while a
larger reduction of entering volume flow without buzz was measured for
some configurations when separation on the central body could be avoided.
Therefore, tests over a wide range of Mach numbers of inlets without
separstion were made in order to find the parameters involved with the
onset of the buzz.

The tests were conducted on a number of central bodles and cowlings
for various cowling-position paremeters. The experimentel results of the
tests are presented and analyzed in the section of this paper entitled
"Results and Discussion;" however, the essential findings can be stated
as follows: '

1l. Some stable volume-flow regulation was possible in the Mach
number renge investigated (1.9 to 2.7) if separation was avoided on the
surface of the cone.

2. The amount of stable volume-flow regulation possible for a given
central-body-cowling combination at a given Mach number was a function
of the cowling-position parameter and was a minimum (zero) when the .
conical shock was gt the 1lip of the cowling. The possible volume-flow
regulation increased as 63 decreased, that is, as the conlical shock
became farther removed from the cowling lip.

3. The relative size of the central body and the shape of the
internal diffuser were not important parameters in the starting of
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fluctuations, as the buzz started at the same value of - the entering
volume flow, being independent of the internal configuration, if the
external configurstion did not change.

4, The buzz-pﬁenomenon started abruptly, and not gredually, as
would occur for a resonance phenomenon, and the starting of the buzz
was independent of the means by which the system was throttled.

5. For some inlet configurations, stable flow conditions were
obtained even when the presdure recovery decreased as the volume flow
was reduced.

From the preceding observations, the conclusion was reached that
some abrupt change of the flow phenomenon in front of the inlet mmst act
as a trigger for the buzz. The existence of such & change can be i1llus-
trated in the following manner: Consider, for example, an inlet having
a centrgl body with a 30 semlapex cone angle gt a free-stream Mach num-
ber of 1.9 as shown in figure L. The flow behind the conical shock is
supersonic with a Mach number of 1.30. For subcritical inlet-flow con-
ditions & strong shock wave exists shead of the entrance. From the
intersection of the conical shock with tke strong shock (point A in
the following discussion) a vortex sheet originates, acrogs which the
static pressure 1s constant. However, across this discontinuity, dif-.
ferences of entropy, velocity, and, therefore, total pressure exist.

For the flow condition shown in figure L4, the discontinuity is outside
the Inlet and, therefore, does not affect the flow entering the inlet.
However, when the entering volume flow i1s reduced, the discontinuity
moves closer to the lip of the cowling; that is, the point A moves
along the conical shock wave until the vortex sheet reaches the lip of
the cowling.

When the vortex sheet enters the cowling, the internal flow changes
ebruptly inside the inlet. The vortex sheet on the inside surface of
the cowling represents an infinitesimal layer of flow having a much
smaller stagnstion pressure. Because of the presence of this thin layer,
separstion can be expected to occur in a region of high average velocity
aend tends to choke the inlet, as illustrated in the following example:
Consider & subsonic diffuser in which e stream consisting of two layers
of flow having different values of entropy exists (fig. 5). The line AB
corresponds to a discontinulty of velocity or a vortex sheet; however,
the static pressure across the vortex sheet does not change. Let Sg
end Sp correspond to areas of the two end sections of the stream tube
under consideration. Assume that M3 is equal to O. 83; as for the
inlet with a 30° cone shown in figure L at s free-stream Mach number
of 1.9, and My is equal to 0.63. Assume that the relations between M3
and Mg and between M) and M5 are given by one-dimensional theory.

8
As & first case, let & = 0 and Mg = 0.52; then 2P . 1.27, and the

SE.
| GONFIDENERAL,.
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static-pressure ratio ;E = 1.31l. As & second case, let & =ap = %Sai

a
for the same ratio Sb/Sa, since the pressure over the ares Sp must be
constant', it is found that M5 = 0.38 &and Mg = O. 65, while the pres-
sure ratio becemes 1.18. As a third case, let as = 03 then for the.
same ratic Sp/Sg; Ms = 0.44 and ;E = 1,1k,

a

. s '
Therefore, for a given diffuser . <§% = Constant), the Mach num-

ber Ms decreases 1f a] decreases while the pressure pp increases.
Now, when the vortex sheet tends to go inside, the value of &; 1is
infinitesimal and by = O; therefore, the conditions are the same as

for aj = 0 as in the example considered. In this case, for gh = 1.31,
&

Ms becomes zero and separation occurs at a station of the diffuser where

the average Mach number is high (M6 = 0.52). Since the separation in

an actual diffuser occurs on the cowling surface, it causes a large

reduction of effective area. Because this area is near the critical

value (area for M = 1) the reduction chokes the inlet, producing a

strong wave which moves upstream and starts the fluctuations.

When the wave moves upstream, the strong shock moves toward the
epex of the cone, causing a decrease in entering volume flow, which
decreases the back pressure, and, therefore, the shock moves back toward
the cowling, passing the position for steady operation and causing the
vortex sheet to move outside, after which the process repeats periodi-
cally and buzz occurs. If the explanation given 1s correct, the minimum
stable volume flow must occur for the condition when the vortex sheet
reaches the cowling.

In the following table are given some of the results of analysis
for inlets having semiapex cone angles of 25° 30 » 35 , and 40° at free-
stresm Mach numbers of 1.9, 2.46, and 2.7. In the table, M; is the
free-gtream Mach number, Mp 1is the Mach number behind the conical shock,
M3 1is the Mach number near the point A (fig. 4) in the high-velocity
stream, and M) 1is the Mach number near A in the low-velocity stream.
The values of M3 and M) have been calculated from M; and My from
the consideration that across the streamline through A a finite varia-
tion of entropy and velocity occurs, but total energy, static pressure,
and stream direction do not change. The value of Mg given in the tsble
corresponds to the Mach number of the high-velocity stream for the con-
dition of zero velocity (M5 0) in the low-velocity stream for the
same static pressure.
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( Cone angle
(dog) My Mp M3 My Mg
1.90: 1.46 0.82 0.60 0.5k
25 2.46 1.83 1.02 .53 .85
2.70 2.00 1.16 .50 1.02
1.90 1.30 .83 .63 .52
30 2,46 1.63 1.01 .53 .84
2.70 1.76 1,10 .50 .96
1.90 1.10 .94 .89 .28
35 2,46 1,42 .97 .56 Th
; 2.70 1.53 1.08 .53 .91
1.90 1.00 ——— ———— _——
ko 2.46 1.20 .92 .66 .61
2.70 1.30 .95 .51 .78

As 1s shown in the table, for the cases when Mo 1s somewhat larger
than 1, separation of the low-velocity stresm can be expected in a zone
where the velocity of the high-velocity streem is high, and, therefore,
choking effects can be expected 1f the low-velocity stream tube is small.
When the stream Mach number M; decreases or the angle of the cone
increases, Mp decreases and the magnitude of the discontinuity across
the vortex sheet from A decreases or disappears (Mo < 1). In this
case, Mg becomes small (see, for example, 35° cone at- M = 1.90) and
the separation cannot produce choking and originate the buzz.

In the following sections, tests condugtéd to verify this explana~
tion are discussed.

APPARATUS AND TESTS

Tests were performed in one of the blowdown Jets of the Langley Gas
Dynemics Branch using low-humidity air from large, pressurized tanks. :
Closed test sections approximastely 3 inches by 5 inches for M = 2.7 and
4 inches by 5 inches for M = 2.46 were used. For M = 1.9 an open
test section 4 inches by 5 inches was used. B

A typicel model arrangement is shown in Ffigure 6. The inlet model
configuration was altered by changing the cowling, central body, and
relative position of the central body (cowling-position parameter) with
respect to the cowling. The different cowling and central-body shapes

QANFIDENTTAT
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used in the tests are shown in figures T and 8, respectively. The
internal coordinates of the cowlings are given in table I. In referring
to the inlet configurations the cowlings will be distinguished by the
letters of figure T, while the central bodies will be distinguished by
two numbers, the first corresponding to the semiapex cone angle and the
second to the maximum dismeter in inches.

During each test, spark shadowgraphs and shadow motion pictures
were teken. The inlet entering mass flow was measured by a calibrated
orifice. The pressure recovery, which was measured by means of two
rakes, located as shown in figure 6, was obtained from a mass-flow-
weighted average as discussed in reference .,

The motion pictures were taken with a 16-millimeter camera. The
camers was focused on a plece of ground glass on which the shadow image
of the shock-wave phenomensa sppeared. The intensity of the available
light source limited the film speed to 64 frames per second. In order
to obtain enough details for the analysis from the relatively slow film
speed, the frequency of the fluctuations was reduced by inserting a long
pipe between the throttling valve and the inlet model. Some models were
tested with pipes of different lengths and diameters. All the models
tested had & maximum dismeter of approximetely 1.8 inches, and the
corresponding test Reynolds numbers referred to the meximum diameter

varied between 3.5 X 106 and 4.3 X 106.

In a1l the experimental data, experimental errors exist which are
difficult to evaluate.

Precise determination of the throttle setting for minimum stable
entering volume flow depends on the rapidity of the variation of throttle
position. In all tests the inlet was throttled slowly by means of a
manually opersted valve. |

The entering volume flow was measured by a calibrated orifice. The
error expected in this measurement is ebout 2 percent.

The most difficult parameter to determine was the cowling-position
paremeter. This value has been determined optically from a "no flow"
shadowgraph of the inlet configuration by extending the outlines of the
cone to the point of intersection, thus establishing the location of the
apex and the corresponding value of the cowling-position parameter. The
errors expected in this parameter are approximastely 20 to 30 minutes.
The same precision was obtained for central-body cone angles.

The pressure recovery is accurate within 1 percent.
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RESULTS AND DISCUSSION _ L

Inlets without Separation on the Central Body

The proposed explanaention for the starting of the fluctuations was
verified by all the tests performed. Some typical results obtained for
inlets without separation on the central body are discussed in this
section, '

In figures 9 to 14, data are presented on inlet configurations S
tested at Mach numbers of 1.9, 2.46, and 2. 7, for which regulatlon of .
volume flow was performed.

In figure 9 are shown shadow graphs at a free-stream Mach number : .
of 1.90 of an inlet having the 30”-1.10 central body located at an angle
= 43954' with respect to cowling D for three values of entering
volume flow. The "no flow" shadowgraph is also shown for comparison.
The last shadowgrasph (fig. 9(d)) corresponds to the condition of minimum
entering volume flow with stable conditions. From figure 9(c) the strong
curveture of the vortex sheet in front of the cowling lip can be seen,
together with the formation of a strong zone of expansion on the outside
surface of the cowling. Both phenomens tend to mske the determination
of the condition when the vortex sheet i§ at the lip of the cowling dif-
ficult; therefore, for all tests this position was checked by measuring
optically the diameter of the entering-free-stream tube defined by the .
vortex sheet for the condition of minimum stable mass flow and comparing x
this value with the dismeter of the free-gtream tube determined by the -
flovmeter. In figure 10, shadowgrephs sre presented of an inlet having
e 30 -0.907 central body and cowling D for the condition of minimum L ;
stable entering volume flow at each of the values of the cowling-position = ==  _
parameter shown. In 8ll cases the fluctuations started when the vortex
sheet reached the lip of the cowling, as indicated from the shadowgraphs
and from the measurements described previously.

These configurations correspond to those analyzed in the previous
example in which it was shown that separation must occur at s station in
the subsonlc diffuser where M = 0.52 or higher as soon as the vortex
sheet enters. ) .

In filgure 11 other inlets having different central bodies, subsonic
diffusers, and cowling shapes are shown. For these inlets the cowling-
position parameter was about the same. The phenomena were similar for
all configurations tested. .If the value of the minimum volume-flow ratio .. .__ .
for steady conditions is plotted as a function of the cowling-position
parameter, it is found that for a given cone angle and Mach number the*
value of the volume flow before pulsations is constant and independent
of the shape of the cowling or of the slze of the internal body and is,
therefore, only a function of the external configuration.

QENFIDENTIAL,
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Results of tests made at Mach numbers of 2.46 snd 2. 70 are shown
in figures 12 and 13, respectively. The cone engles are 35° for a Mach
number of 2.46 and 40° for a Mach number of 2. 0. The shadowgraphs
presented show the condition of minimum stable entering flow. For these
cone angles, the table presented previously indicates separation at a
station where the average Mach number is of the order of 0.75, when the
vortex sheet entered the cowling.- The tests confirmed that this was the
last stable position of the vortex sheet.

In figure 14 two sections of motion-picture film.showing the

starting of the fluctuation in an inlet having 30°-1.10 central body and

cowling B for 67 = 42° at M = 1.90 are shown. The inlet configura-
tion was identical in both tests; however, the throttling system was
different. In the tests corresponding to figure 1U4(a), a l-foot-long
pipe of 2-inch inside diameter was inserted between the hand valve and
the flange at the end of the model (fig. 6). In the tests corresponding
to figure 1U(b), a 25-foot-long pipe of h-inch inside diemeter was
inserted between the hand valve and the model. The pipe was attached

to the model with a l-foot-long transition piece. In figure 14(a) the
frames from 1 to 13 correspond to constant throttling conditions and to
the minimum steady entering volume flow. After frame 13 regulation was
performed; the throttling was lncreased s very small amount and then
kept constant. The fluctuations started immediately (frame 16 and fol-
lowing frames of fig. 14(a)). The frequency was so high that different
phases of the fluctuations sppear superimposed in each frame of the film,
In figure 14(b) the results for a similar test when the long pipe was
attached to the model are presented. The frames from 1 to 16 correspond
to the minimum steady entering volume flow and are identical to the
pictures presented in frames 1 to 13 of figure 14(a). After frame 16
thé throttling was Increased s very smsll amount and then kept constant.
The fluctuations started as in figure 1l4(a) but proceeded much more
. slowly. The complete cycle ends at freme 40. In the two cases the
cycles are different, but fluctuations started in both cases when the
vortex sheet was at the.lip of the cowling.

All of the foregoing tests indicated that the explanation offered
was satisfactory. However, other possibilities still existed; for
example, the slope of the pressure-recovery curve as a function of the
entering volume flow might be a factor in the onset of buzz. In the .
tests previously discussed the pressure recovery remained constant or
increased slightly as the ehtering volume flow decreased, until the buzz
started, because as the volume flow is being reduced the supersonic pres-
sure recovery does not change noticeably when the vortex sheet is outside
the cowling, whereas the subsonic recovery increases because the velocity
in the subsonic diffuser decreases. When the vortex sheet goes inside
the cowling, it could be expected that if buzz 4id not occur the pressure
recovery would tend to decrease because the supersonic pressure recovery
decreases. The change, however, would be gradual, and the value of the

(R TDENT TAT =



14 : OONETDENT TAL o " NACA RM L50K30

slope of the pressure—recovery'curve, if buzz did not originste, would
change only slightly. Naturally, when the buzz starts, sn abrupt change
in the pressure-recovery curve will immediately follow.

In order to determine whether buzz can be originated only by a

change in sign of the slope of the pressure-recovery curve, independently

of the position of the vortex sheet, the following test was performed:
An inlet having & 3O -0.907 central body and cowling C was tested at
a Mach number of 1.9. The inlet configuration was tested at a cowling-
position paraemeter 07 = 51 551!, Shadowgraphs of this inlet are shown
in figure 15. For this configuration, the internal contractidn was too
large to permit supersonic flow at the entrance, and, therefore, a
strong shock occurred in front of the inlet even for the condition of
meximum entering volume f£flow. For the cowling-position parameter .
selected, the vortex sheet was well inside the inlet (fig. 15(a)). For
this case the Mach numbers of the two layers entering the cowling are
the same as for the other inlets having 30 cones for the same free-
stream Mach number; however, the ratio of the sizes of the stream tubes
of high-velocity and low-velocity alr 1s quite different. Therefore,

as was shown in the preceding enalysis, the cross section where the low-
velocity stream can produce seperation is much larger than the critical.
section. For the condition presented in figure 15(a), when the high-
velocity stream has a Mach number M3 =.0.83, the low-velocity stream st
the same static pressure has a Mach number of 0.63. The ratio ag/al

of the two streams as determined from measurements 1s 3.3. The low-
velocity stream is small but not infinitesimal, and, therefore, the
increase 1n pressure along the diffuser is more graduel. For example,
when the Mach number of the low-velocity stream Ms is equal to 0.20,
corresponding to a compression ratio (without losses) of 1.27, the Mach
number of the high-velocity stream Mg i1s equal to 0.56. At this sta-
tion, the area of the diffuser 1s equal to 1.52 times the area of the
stream tube behind the shock as compared to en area ratio of 1.21 for
the condition of the vortex sheet at the lip of the cowling; therefore,
it 1s unlikely that separation would produce choking, and regulation of
entering volume flow with stable conditions should, therefore, be possi-
ble, At the same time, the supersonic pressure recovery should decrease
noticeably as the entering volume flow 1s decreased, Tests showed that
stable reguletion of entering volume flow wag' possible in spite of the
positive slope of the pressure-recovery curve. Some shadowgraphs for
different values of entering volume flow are shown in figures 15(b) and
15(c). All the shadowgrephs correspond to steady-flow conditions. The
meesured value of the pressure recovery at each condition is also glven
in flgure 15. . :

In order to verify further the proposed mechanism of buzz snd at
the same time to obtain some indication of the possibility of obtaining

larger steblé entering-volume-flow regulation, another test was performed

with a special inlet design. . In the explanation given, 1t was assumed

T
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that the two layers of different-entropy air did not mix and, therefore,
that the vortex sheet could be considered as a dividing line. However,
in reslity, turbulent mixing must occur in a region near the disconti-
nuity, which will tend to increase locally the velocity of the layer
having lower velocity. Significant mixing of the two layers would be
expected only if the mixing region were of apprecisble length and the
thickness of the low-velocity layer small. Based on these considera-
tions, an inlet was designed with the followlng characteristics:

In order to obtain mixing before separation, a long channel with
a very low diffusion angle was inserted upstream of the station where
separationh was expected. The diffuser design used is shown in fig-
ure 16. For this inlet design at a free-stream Mach number of 1.9,
when the vortex sheet meets the 1ip of the cowling, the area ratio of
the diffuser between the statlon at the lip of the cowling and the sta-
tion 3 inlet diameters downstream corresponded to an isentropic com-
pression ratio of only 1.02. Because of the presence of boundary layer,
the pressure gradient along the diffuser must be less than the calculated
value; therefore, sepasrastlon was not expected to occur in this part of
the diffuser. At the same time, because of the long mixing regiom, it
was expected that the velocities of the .two layers would tend to become
more uniform, increesing the stabllity of the low-velocity layer.

The effect of mixing, however, will be effective only for a rela-
tively thin low-veloclity layer and will be limited to the region near
the vortex sheet. When the thickness of the low-velocity layer
increases, mixing will not change the velocity in the flow near the
surface of the cowling, and separation will still occur.

Tests were performed on the inlet described, and it was found that
the vortex sheet could enter the cowling without fluctuations (fig. 17).
As the volume flow was further reduced, however, a point was reached
* where fluctuations start. Figure 17(c) shows the minimum stable volume
flow for this configuration before fluctuations. For the configuration
presented in figure 16, a reduction of minimum steble volume flow of
about 16 percent, as compared with the minimum stable value measured
for the conditior of the vortex at the 1lip, was measured. A similar
result was obtained for the same cone and cowling and 01 = 48%2r,

Inlets with Separation on the Central Body

- In the tests previously discussed, no separation was present at
the surface of the central body. When the cone angle of the central
body was decreased sufficiently for separation to occur on the central
body, the starting condition of the fluctuation phenomenon appeared to
be different, as buzz started before the vortex sheet previously con-

sidered entered the 1ip of the cowling. Tests of this type of inlet
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showed that the process of starting the fluctuations was different.
However, the immediate cause of the onset of fluctuations was again
related to the presence of a velocity discontinuity near the lip of the
cowling which produced separation at the inside surface of the cowling
in a station of the diffuser where separation cen produce choking.

Consider, for example, an inlet as shown in figure 18 having =
cowling F and 25 ~1.1 central body. This inlet was tested at a free-
stream Mach number of 2.70 at 67 = 34°32'. For this condition the inlet
hed no lnternal contraction snd started as shown 1n the shadow photo-
graph (fig. 18(a)). When the inlet was throttled in order to reduce the
entering volume flow, the strong shock moved toward the cowling entrance
and separetlion on the central body moved upstream, producing a lambda
shock as shown in figure 18(b). Because of the formation of the lambde.
shock, the pressure recovery increased with respect to the pressure
recovery for the condition of figure 18(a) (reference 4). The pressure
recovery corresponding to the shock configurstion in figure 18(b)
was 0.53. As the throttling process was increased still further, the
lambda shock continued to move forward as shown in figure 18(c), and
the pressure recovery increased to a value of 0.55. Figure 18(c) corre-
sponds to the condition of minimum stable volume flow. If the throttling
process was conbtinued beyond the velue corresponding to the shock pattern
shown in figure 18(c), fluctuations started. The possible reduction of
stable flow In the presence of aseparation was much less then for the
condition in which separetion did not exist on the surface of the central
body. The vortex sheet from the intersection of the conical shock with
the strong shock was still outside the entrance of the cowling; however,
the reason for the start of fluctuations was the same as for the case
without separation on the surface of the central body. A vortex sheet .
originates at the intersection of the two legs of the lambda shock,
producing two layers having different stagnation pressures inside the
inlet,

The serodynamic phenomens of figure 18(c) are presented schemati-
cally in figure 19. At the point A a vortex sheet arises from the
intersection of the two legs AB ' and AC of the lambde shock. The
shock AB 1s generated by the separation (8) at the point B, The
point D i1s the intersection of the strong shock from A with the
stagnation streamline of the cowling. The total pressure in the stream
tube through AC 1is different from the totel pressure in the stream
tube through AD; therefore, two layers of fluld having different Mach
numbers but the same static pressure enter the cowling. For the shock
pattern shown in figure 18(b), the Mach number behind AD is about O. 58,
whereas behind AC the Mach number is 0.82; therefore, when a compres-
sion ratio of about 1.26 occurs, neglecting mixing and viscous effects,
the stream tube downstream of AD is at rest, while the streem tube AC
has a Mach number of 0.55. Now, if the stream tube AD is large, as
for the case ghown in figures 18(a) and 18(b), a large pressure rise

CONEIDENTEIAL .
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along the diffuser is obtained only with & large increase of the stream-
tube srea; therefore, separation occurs far downstream 1n the diffuser

at a station where the cross-sectionsl area EF of the stream tube

CD = AD + AC 1s much larger than the criticsl srea. In this case,
separatlion cannot produce choking. When the stream tube AD tends to
zero, however, a large pressure rise along the diffuser cen be obtained
with much less increase of the stream-tube area, and, therefore, the

area EF where separation occurs decreases and approaches the critical
area. Then the separation, producing a large reduction of effective
area, produces choking and can start the fluctuations.

In this exsmple, when the stream tube AD approaches zero, the .
Mach number at GF for a pressure rise along the diffuser corresponding
to zero velocity et EG 1is equal to 0.55. For the condition being con-
sidered, the area EF 1is only 25 percent sbove critical, so that the
separation at E can choke the inlet and stert the fluctuetlons. The
viscoue effects raise the Mach number in GF corresponding to zero
velocity in EG, increasing the likelihood of chcking. The lower limit
for stable conditions occurs when the vortex sheet produced by the
lambde shock at A moves from well inside the cowling, as in figure 18(b),
to s position nesr the lip of the cowling, as in figure 18(c), reducing
the. size" of the stream tube AD +to wvalues approaching zero.

It thus asppears that the separation from the.central body is not
the direct cause of the fluctuations, but the separation does initiste
the process which produces buzz. The separation on the central body
depends somewhet on the internal configuration of the inlet; therefore,
the starting of buzz 1s affected by the shape of the subsonic diffuser.
In these tests, however, such an effect seemed small, and the most
important paremeters still appeared to be the cone angle.and the cowling-
position paremeter.

In figure 20 another inlet configuration having separation on the
central body is shown. The inlet consisted of cowling C and central
body 25 -1.1 located st an angle = 33 Opyt with respect to the lip
of the cowling. The vortex from the lambda shock may be seen in
figure 20(b).

If separstion from the surface of the central body were eliminated
by removal of the boundary layer, the fluctuation phenomenon would start
as discussed for the case of no separation. In order to find the effect
of boundary-layer removel, inlets were tested with and without a
boundary-layer removal slot on the centrsl body. A result-of such tests
is presented in figure 21. The inlets conslsted of cowling E and
central bodies 30 -1.10 and 30 -30 -1,10 suction (without and with
boundary-layer removael, respectively), which were located at 6; = 38°40',
Figure 21(a) corresponds to the minimm volume-flow condition for the
inlet without boundsry-layer removel. The separation from the central
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body, which was unstable, did not permit volume-flow regulation. When
boundary-layer removael was introduced, as shown in figures 21(b) and .
21(c), the separation from the central body was eliminated, and regula-
tion of volume flow was possible. The shadowgraph in figure 21(c)
corresponds to the condition of minimum entering volume flow before
Tluctuations. For this case the vortex sheet produced by the inter- :
section of strong shock and the conical shock is at the lip of the R

cowling.

The Regulation of Entering Volume Flow
at Angles of Attack

In the preceding sections, the minimum stable entering volume flow
as g function of the inlet configuration has been discussed for inlets
at zero angle of attack. Im flight, however, a large angle-of-attack
range may be required, and a few tests were, therefore, made on four : .
configurations at Mach numbers of 1.9 and 2.7 to study the effect of S z
engle of attack on the value of the minimum stable entering volume flow.

When an inlet is operating at an angle of attack, the boundary ' -
layer tends to collect on the upper side of the central body; separation
elso tends to occur there because of the cross-flow component normal to v
the axis of the inlet. Separation is thus especially likely on the .t
upper surface. In addition, the conical fileld about the central body is
distorted, so that it is not alined with the axils of the inlet. These R
effects change the amount cf minimum entering volume flow with respect :
to zero angle of attack because the position of the vortex sheet changes
relative to the lip of the cowling, and the lack of axial symmetry makes
snalysis more difficult. However, the results of the few tests performed
indicate that the effect of the angle of sattack tends to reduce both
meximum and minimum values of entering volume flow, so that the angle-
of-attack condition seems less- critical with respect to the possibillty
of obtaining the volume flow reguired by the engine without buzz than
does the case of zero asngle of attack.

Some of the angle-of-attack results are shown in figures 22 to 24 _
for Mach numbers of 1.90 and 2.70. In figure 22 shadowgraephs are shown —
for sn inlet having cowling D and central body 30°-0,907 located at an
angle 63 = 45°46' with respect to the cowling lip. The tests were
performed at a Mach number of 1.9 for an angle of attack of 9°. For
comparison, shadow plctures for zero angle of attack at the condition
of minimum entering volume flow are also presented. Figure 22(a) shows
a shadowgraph of the inlet for the condition of maximm entering volume .
flow which was reduced from 0.87 for the zero-angle-of-attack case _ _
to 0.85 for a = 9°. Figure 22(b) shows sn intermediate volume-flow
condition and figure 22(c), the condition of minimum steady entering Py
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volume flow. Figure 22(d) presents the condition of minimum volume flow
at zero sngle of attack. As it appears from the shadowgraphs, the angle
of attack produced a strong dissymmetry of the flow field around the
cowling, and regulation was possible until the vortex sheet on the upper
side entered the cowling The value of the minimum volume flow for an
angle of attack of 9 was 0.71l, while for an angle of attack of zero it
was 0.78.

Results of tests of another irlet at M = 1.9 and o = 8°30' are
shown in figure 23. The inlet consisted of cowling E and central
body 30°-0.8 at 67 = 46°141, Figure 23(a) shows the condition of mexi-
mum entering volume flow. The minimum stsble entering volume flow for
en angle of attack of 8°30' is shown in figure 23(b), while the minimum
stable volume flow for an angle of gttack of. 0° ig shown in figure 23(c).
In this case, as in the preceding one, the minimum-volume-flow condition
corresponds to the position of the upper vortex sheet at the 1lip. The
values of entering volume flow change similerly with angle of attack.
Design data for other cases with different cowling-~position parameters
are presented subsequently.

Figure 24 shows s shadowgraph of an inlet havin g 20°.1,20 central
bedy and cowling B at angles of attack of 4° and 6° for the condition
of minimum steady volume flow. The minimm entering volume flow is

95 percent of the value at an angle of attack of 0°. Both pictures show
that when separation occurs on the central body, the lambda-shock
position is the determining factor in the starting of the fluctuations.

Experimentel Performence of Various Inlets

From the preceding discussion, it appears that the minimum steady
entering volume flow is essentlially a function of the external geometry
of the inlet upstream of the entrance and is practically indeperdent of
the cowling shape, internal contraction, end subsonic diffuser, unless
special diffusers having great mixing lengths are used. However, an
analytical determination of the minimum steady volume flow is difficult
because it would be necessary to determine the subsonlc flow behind the
strong shock in order to find the condition at which the vortex sheet
enters the cowling. Since the minimum steady volume flow entering an
inlet is an important parsmeter 1n estimating the performsunce of super-
sonic vehicles and selecting the inlet design, detalled test data at
Mach numbers of 1.90, 2.46, and 2.70 are shown for several inlet con-
figurations. These inlets bad various cowling shapes and central bodies .
located at various positions with respect to the cowling entrance.

The data are presented in figures 25 to 62. From the explanation
glven for the starting of the buzz, it can be seen that for a given
cone angle, Mach number, and angle of attack, the minimum stable entering
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volume flow 1s a function only of the cowling-position parameter and is
independent of the other geometrical paremeters; therefore, all the
experimental values of the minimum stable flow for a particular central
body, cone angle, and Mach number have been presented in the same figure
plotted as & function of the cowling-position parameter. In all the
filgures presented, a unique curve can be obtained from the experimental
points, and the scatter is of the order of the precision of the measure-
ments, as expected, The maximum entering volume flow for supersonic
velocity at the entrance of the inlet for a glven cone angle, Mach num-
ber, and angle of attack 1s also a function only of the cowling-position
parameter, This value can be determined theoretically and is given in
the figures by the upper solid curve. The maximum actually attainable
is less than the theoretical when the inlet is choked or has s detached
shock at the lip of the cowling. The values of maximum volume flow
measured under such conditions (determined from_shadowgraphs) are
denoted by flagged symbols, to distinguish them from the values measured
with supersonic velocity at the entrance. For a given 6; and inlet
configuration, the open symbol corresponds to the maxlmum measured .
entering volume flow and the solid symbol corresponds to the minimum
megsured stable entering volume flow. The minimum stable volume flow
for inlets having separation on the central body is less than for inlets
without separation having the same geometry; therefore, the curve of
entering volume flow as a function of the cowling-position parameter
changes slope when separation on the central body starts.

In figures 25 to 62.the varistion of entering volume flow as a
function of the cowling-position parameter for the configurations having
minimum stable entering volume flow determined by the presence of sepa-
ratlion on the centrsl body is represented by a dashed curve that sterts
from the lower solid curve, which represents the variation when separa-
tion does not exist. The experimental points also follow this curve
closely. - All the volume-flow values given have beern referred to the
volume flow of the free-stream tube entering a dismeter equal to the
cowling-entrance diameter at the stream Mach number under. consideration;
therefore, the volume flow is given as the ratio of the area of the
entering free-stream tube to the ares, of the entrance of the
cowling Aj/Ao. - :

Another parameter of importance for supersonic-inlet design at
reduced mass flow 1s pressure recovery; therefore, the measured pres-
sure recovery &t minimum stable volume flow is slso plotted on a separate
figure following the volume-flow data. Inasmuch as pressure recovery is
somewhat sensltive to cowling shape and subsonic diffuser, separate
pressure-recovery curves have been drawn through the experimental points
where necessary in order to avoid confuslon.

In figures 25 and 26 are presented results of tests of inlets
having 25° cone-angle central bodies at & free-stream Mach number of 1.90.

OSNFIDENT LA™~
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For lower values of 63, separation occurs on the central body and tuzz
starts because of the vortex sheet from the lambds shock.  The separsa-
tion starts for 63 = 40°. The results for an inlet having a boundary-
layer suction slot are also presented in the same figure. Only one
suction-slot position was tested. For the range of 63 tested between

= 36°26' and 8 = 39 O8', separation was eliminated, and a larger
volumeaflow regulgation obtained. For lower values of Gz the suction
slot wes too near the tip of the cone, so that separstion occurred
behind it on the central body. From these tests it appears that the
suction may be effective for inlets having small cone angles; however,
the position of the suction slot must be selected, by considering the
velue of 637 to be used. The measured values of pressure recovery for
the minimum stable flow for the same inlet configurations are presented
in figure 26.

In figures 27 and 28 are presented data at a free-stream Mach num-
ber of 1.9 for an inlet having a 27.5° central-body cone angle. The
buzz started for the condition of the vortex sheet at the lip of the
cowling. All the configurations tested were choked, but the vortex
sheet due to the intersection of the conical shock with the strong shock
was outside of the cowling for the condition of maximum entering volume
flow. The pressure-recovery values are plotted in figure 28.

The characteristics of inlets having 30° central-body cope angles
at a free-stream Mach number of 1.9 are shown in figures 29 and 30. For
all configurations tested the inlet was either choked (too larde an
internal-contraction ratio) or operated with a detached shock in front
of the cowling lip (cowlings designed for higher Mach numbers). Conse-
quently, the maximum volume flow was less than the theoreticsl value.

For 67 > 48°, becsuse of choking effects the vortex sheet was also
inside the inlet for the condition of maximum entering volume flow for all
configurations with the exception of the inlet having cowling D and a
central body 30°-0.80. The same was true for the inlet configuration
having cowling D and 30°-1.10 central body for 63 between 44°30°

and 470 For these conditions, the minimum volume flow was less than

the value corresponding to the condition of the vortex at the lip because
the low-velocity layer inside the cowling existed even for the condition
of maximum-volume flow and had a finite cross section. Therefore, the
average Mach number of the stream in the region where separation occurs
vas lower, so that a larger reduction of flow was possible than for the
condition of the vortex sheet at the lip of the cowling.

For the lower values of 63, the curved part of the central body
extended ahead of the cowling lip; therefore, the flow behind the initial
shock was not exactly conical, and the results cannot exactly be applied
to conical inlets,
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In the same figure are also presented the data on an inlet having
a long subgonic diffuser (cowling D, central body 30°-0 8). For this
configuration the minimum stable entering volume flow was less than that
for the other inlets tested; the vortex sheet could enter the inlet with-
out csusing buzz because of the long mixing length, as was previously dis-~
cussed. The pressure-recovery values for all the 30 cone- -angle central
bodies are given in figure 30.

Results for inlet configurations having 30° cone- -angle central
bodies at angles of attack of 8°30' and ¢° are shown in figures 31
and 32 and figures 33 and 34, respectively.

In figures 35 to 38 are presented results for 35° and 40° cone-
angle central bodies st s Mach number of 1.90. For the Lo© cone, the
Mach number on the surface of the cone was less than 1, so that the
theoretical meximum-flow curves could not be obtained fram conical
consliderations.

The results of tests of inlets tested at a free-stream Mach number
of 2.46 are shown in figures 39 to 50. _

In figures 39 and 40 are presented data on inlets having 25 cone~
angle central bodies at & free-stream Mach number of 2.46.

The experimental results for inlet configurations having a central-
body cone, angle of 27.5° are shown in figures 41 and 42. The minimum
stable volume flow was determined by separation on the central body. N
For the lower values of 63, the curved part of the central body extended
ghead of the central body extended ahead of the inlet.

In figures 43 and 44 are presented data for a 30° cone-angle central
body et a Mach number of 2.46., For some of the configurations, sub-
critical conditions occurred for the condition of maximum entering volume
flow and are denoted by the flagged symbols. For the lower values of §;
the minimum stable entering volume flow was determined by separation from
the cone surfece.

The results for the 35° and L4o° central-body cone angles are given
in figures 45 to 48. For all the maximm-~flow conditions the entering
flow was subsonic. All minimwm stable entering flow occurred when the
outside vortex entered the cowling. : o

In figures 49 and 50 are shown the results of s modified double-
shock central body. The same central body was tested with two cowlings
having different entrance diameters, so that the inlets are not geometri-
cally similsr externally, and, therefore, represent two different con-
figurations. For these tests, buzz occurred when the outside vortex
sheet entered the cowling. Separation occurred on the centrsl body for
these two inlet configurations but tended to remain localized.
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In figures 51 to 62 are presented data at a free-stream Mach number
of 2,70. Flow and pressure-recovery data for inlets having 250 cone-
angle central bodles asre presented in figures 51 and 52, respectively.
For large values of 67 the external vortex sheet produces buzz, while
for the lower values of 63 separation occurred on the body. However,
for this condition, for the central bodies considered the curved part
of the bodles was shead of the cowling entrance. The inlet having
cowling A and central body 25°-1.10 =% 61 = 35036' was choked and
the vortex sheet was inside the cowling for the condition of maximum
entering volume flow.

The performance of an inlet (cowling A and central body 25°-1.100S)
heving a boundary-layer suction slot around the central body is also
shown in figure 51. The maximum volume flow for this configuration
occurred with subcritical conditions. At 637 = 359°28' the vortex sheet
was inside the cowling for the condition of maximum entering volume flow.

The results of tests on inlets having 27.5° central-body cone angles
are shown in figures 53 and 54. The inlet configurations having
cowling A were choked, while for the inlet configurations having
-cowling C +the curved part of -the centrsl body was outside the cowling
entrance for 63 < 36°.

In figures 55 and 56 are presented data for inlet configurations
having 30° central-body cone angles at a free-stream Mach number of 2.70.
The inlet configurations for 63 > 41° were choked and the vortex sheet
was inside the cowling for the condition of maximum entering volume flow.
The value of the maximum entering volume flow for smell values of 63
wag less than the theoretical value because the curved part of the
centrel body was outside the cowling entrance. The velue of the minimum
stgble entering volume flow was determined by the external vortex sgheet
for 63 > 39° while the minimum entering for 67 < 39° was determined
by the vortex sheet from the lambds shock.

The results for inlet configurations having a 350 cone-angle centrasl
body are shown in figures 57 end 58. For 63 = h6°50' the vortex sheet
was inside the cowling for the condition of maximum and minimum entering
volume flow. For all the configurations tested a detached shock occurred
ahead of the cowling entrance. The curved part of the central body was
ahead of the cowling entrance for 67 = 42°50¢,

In figures 59 and 60 are shown the results of tests of a 40° cone-
angle central body. A detached shock occurred ahead of the entrance for
all the maximum-volume-flow conditions considered. The minimum steble
volume flow was determined by the external vortex sheet at the lip.

For 63 = 53°2k! the vortex sheet was inside the cowling for the condi-
tion of maximum entering volume flow.
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The experimentel results for an inlet having a double-shock central
body are shown in figures 61 and 62. These tests were performed pri-. .
marily to check the proposed reasons for buzz for this type of conflgu-
ration. The buzz started when the external vortex sheet entered the

cowling. : . —

An Application of the Results

The results of the tests giving the value of the minimum stable
entering volume flow as a function of the cowiing-posit;on perameter
have been cross-plotted as a function of Mach number in figure 63. For
each given cone angle, the value of 03 selected was such that the -
conical shock would be at the lip of the cowling at a free-stream Mach
number of 2.80., For this value of 63 the area of the minimm entering-
free-stream tube referred to the entrance aerea has been plotted as a
function of flight Mach number. As sppears from the curves, the minimum
stable entering flow at each Mach number is a function of the central-
body cone angle, The minimwm value of stable flow at each Mach number
was obtained for a cone angle of 27. 5° or a 25 central body having.
boundary-lsyer suctlon. -

To illustrate the application of such inlets, the curve of required
volume flow as a function of flight Mach number for a constant minimum .
area at the exhaust of the nozzle and constaent fuel-alr ratioc has been . o
shown on the seme figure. The pressure Tecovery used for this curve
corresponds to an average value obtained for the inlet having 30 -1.1 .-
central body for the design value of 6;. The pressure recovery used
was 0.6l at M = 2,70 and 0.88 at M = 1.90.

Figure 63 shows that the required volume flow can be obtaeined, for
example, with a 27.5° or 30° cone without boundary-layer suction or with
a 25° cone having boundary-layer suction. Mbreover, a ram Jet designed
for a Mach number of 2.8 can be efficiently operated with increasing
fuel-air ratio when the Mach number decreases. At a Mach number of 1.9
the minimum volume flow for the 25° cone-angle central body having
boundery-layer suctlon practically corresponds to the value needed for
burning a stoichiometric mixture with a constant minimum exhaust ares
fixed at the design conditions (M = 2.8).

At free-stream Mach numbers somewhat below 1.90 the flow becomes
subsonic for the cone angles investigated, so that volume-flow regula-
tion can probably be obtained as the vortex tends to disappear. This
possibility was shown in reference 1.

The cone angle of the central body is the most important parameter
in determining the minimum velue of stable volume flow at any Mach number
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for a given design condition. The minimum stable flow decreases as the
cone angle decreases, when separation on the central body is avoilded.

From an analysis of the dats presented it appears possible to
obtain steady~-flow conditions for s comstant-geometry inlet in a Mach
number range. from M = 2.8 to the lowest value tested, M = 1.90, for
a constant minimum exhsust area and for a constant fuel-air raetio., For
cone angles between 25° and 30° the fuel-air ratio can be increased
when the Mach number decreases, with a corresponding Increase in thrust.

CONCLUDING REMARKS

The aerodynaemic instability of inlets having external compression
has been investigated. The origin of buzz was found to be related to a
veloclty discontinulty across a vortex sheet arilsing from a shock inter-
section. An snalysis of the flow showed that the fluctuations started
when the vortex sheet produced separation on the inner surface of the
cowling and choked the subsonic diffuser. The mechanism of this separa-
tion and choking process has been discussed.

When there was no separation on the central body, the vortex sheet
originated at the Intersection of the conical shock and the strong shock
ahead of the entrance and passed outside the entrance for maximum
entering volume flow. As the flow was reduced, the vortex sheet moved
inward, and the fluctuations started when 1t entered the cowling.

When separation occurred on the central body, a lambda shock was
formed and another vortex sheet arose from the intersection of the two
legs of this shock. This vortex sheet passed inside the entrance,
moving outward as the flow was reduced; the fluctuations started when
the vortex sheet approached the inner surface of the cowling. For this
case the stable range of regulation of entering volume flow was less
than for the previous case. When the separation and laembds shocks on
the central body were eliminated by boundary-layer suction, buzz was
started by the external vortex sheet, as in the previous case,

The minimim value of entering stable volume flow for a given cone
engle and Mach number was found to be & function of the cowling-position
perameter and decreased when the cowling-position parameter decreased.
The stable range of regulation of volume flow was increased by the use .
of a subsonic diffuser providing increased mixing of the two layers on
opposite sides of the vortex sheet.

Both the maximum value and the minimum stable value of entering

volume flow decreased appreciably for angles of attack of approxi-
mately 9° at a Mach number of 1.9.
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For the purpose of obtalning design information, tests were con-
ducted at Mach numbers from 1.90 to 2.70 on a number of nose inlets
having various cowling and central-body shapes. Application of the
results to inlet design has been discussed. It has been shown that
buzz can be avoided throughout the entire range of Mach numbers con-
sidered, even for the condition of constant minimum exhaust area.

Langley Aeronsutical Lsboratory
National Advisory Committee for Aercnautics
Langley Field, Va.
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TABLE I

INTERNAT. COWLING ORDINATES.

[See fig. 8; all dimengions in 1nches:]

Station Cowling radlus
X A B c D E F
0 0.75 | 0.750 { 0.750 | 0.750 | 0.600 | 0.718
1 .15 .57 .63 CT73 .623 .T48
A7l .5 L7621 .TT2 . 788 .639 .TT70
.2 .75 . T6k4 LTT5 .92 .646 JITE
.3 15 .TT70 787 .T799 662 . 792
34T .15 ‘TT3 .792 .800 .667 .800
A .15 .TT78 .T95 .800 675 .800
5 . .75 785 .800 .800 .683 .800
.6 .5 .91 .800 .800 687 .800
T 15 197 .800 .800 .690 .800
.8 .15 .800 .800 .800 .693 . 800
. .9 .5 .800 .800 .800 | - .696 .800
1.0 .15 .800 .800 .800 ."700 .800
4.0 15 .800 .800 .800 .800 .800
- k.2 75 800 .800 .800 800 .800
5.0 80 800 .800 800 800 .800

27
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(a} Supercritical condition.

(b) Subcritical condition.

Flgure 2.- Aerodynamic phenomena of supersonic inlets.
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LILLIUL

=
'

Figure 3.- Typlcal example of fluctuation phenomens of supersonic inlets
having external compression. Inlet having 30°-0.8 central body and
cowling E for .6; = 42°9' &t M = 1.90. Motion pictures tsken at

64 frames per second.
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Figure 4.- Aerodynsmic phenomena of an inlet having a 30° cone-angle
central body for subcritical conditions at. M = 1.90.
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Flgure 7.~ Cowlings tested.
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Figure 8.- Central bodies tested. (All dimensions sre in inches.)
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NACA RM L30K30 L1
Vortex sheet-—w\

Vortex sheet

(c) %% = 0.72. (a) %% = 0.65; minimum entering
volume flow.
“‘n‘n’?’
L-67980

Figure 9.- Shadowgraphs of an inlet having 30°-l.lO central body and
cowling Dat 67 = 43954kt at M = 1.90 for different values of
entering volume flow. ¢

CONFIDENTIAT






NACA RM L50K30

A
(a) 67 = 41°48, 51 = 0.53. (b) 67 = 429501 "

A )
(C) 62 = )+50; El = 0.7}4-. (d.) 91 = 4603_].'; i__;_ = 0.79.
L-67981

Figure 10.- Shadowgraphs of inlets having 30°-0.907 central body and
cowling D for the condition of minimum stable entering volume flow
at each value of 8; at M = 1.90.
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(a) 30°-0.80 central body; cowling E; (v) 30°-1.10 central body; cowling D;

A Ay
oy = WOWB'; 37 = 0-The o, = 43°5k'; 3> = 0.65-

(c) 30°-0.907 central body; cowling Cj
A -
oy = HOL'; = = 0.68. L-67982

Figure 1l.- Shadowgraphs of inlets having different central bodies,
subsonic diffusers, and cowlings for the condition of minimum

entering volume flow at M = 1.90.
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L-67983

Figure 12.- Shadowgraphs of inlets having 35°-1.10 central body and
cowling F for the condition of minimum stable entering volume flow
for verious values of 6; at M = 2,46,
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1

A
=51°16'; — =
(¢} 67 =51 16;A2-O.82.

Figure 13.~ Shadowgraphs of inlets having 409-1.185 central body and
cowling F for the condition of minimum stable entering volume flow

for various values of €; at M = 2.70.
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Figure 1lh.- Section of motion-picture film showing starting of fluctua-

tions. Inlet having 30°-1.10 central body and cowling B for 6&; = 40
at M= 1.90. ‘q‘niiyrr
L-67985






NACA RM L50K30

o]

1.-67986

Figure 15.- Shadowgraphs of an inlet having 300-0.907 central body and
cowling C with 63 = 51955' for different values of steble entering
volume flow at M = 1.90.
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Figure 16.- Inlet having 30°-8 central body and cowling D with 6, = LEOsh!
et M = 1.90.
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N o
(c) A—;— = 0.68; minimum stable

entering volume flow.

L-67987

Flgure 17.- Shadowgraphs of an inlet having 30°-0.80 central body and
cowling D with 63 = lL6°57' for different values of stable entering
volume flow at M = 1.90.






NACA RM L50K30 CONFIDENT AL

59

A P
(a) =L = o0.94; £ = 0.51. (b)

Ap Pg

i
(o]

v
(c) 3 = 0-8T; Ei = 0.55; minimm
stable enterigg volume flow.

Figure 18.- Shadowgraphs of an inlet having 25°-1.10 centrel body and
cowling F with 67 = 3h°32' for different values of steble entering

volume flow at M = 2.70. W
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Figure 19.- Aerodynamic phenomenz for inlet having 25°-1.10 central
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body and cowling F with 64 = 34°32' at M = 2.70.
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n o

(a) = 0.90. () — =0.77.

Ao

Figure 20.- Shadowgraphs of an inlet having 25°-1.10 central body and
cowling C with 03 = 33014' for maximum snd minimum entering volume

flow at M = 2.70.
~ 5
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(a) 30°-1.10 central body; (b) 30°-30°-1.10 suction

Ay A
K; = 0.66; minimum entering central body; K% - 0.76.
2

volume flow without suction.

(¢) 30°-30°-1,10 suction
central body; minimum
stable entering volume

A _
flow; gl = 0.60.

L-67990

Figure 21.- Shadowgraphs of inlets heving 30° central bodies with and
without suction and cowling E with &3 = 38%40' at M = 2.46.
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(a) a=9%

meximum entering volume
flow.

A . . 'o Ay
(¢) «=29% Ké = 0.71; (d) a=07; el 0.78;
minimum entering volume minimum entering volume
flow. : flow. '

L-67991

Figure 22.- Shadowgrephs of an inlet having 300-0.907 central body and
cowling D with 67 = 45°461  with different values of entering volume

flow at a = 9° and 0° at M = 1.90.
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A1

A
(2) a=8%30"; 3= = 0.85; (b) «=8°307; = =0.7h
maximum entering volume flow. minimim entering volume flow.

B = i

' A
(¢) a= 0%; K; = 0.81;
minimm entgring volume flow.

Figure 23.- Shadowgraphs of an inlet having 30°-0.80 central body and
cowling E with 071 = 46°14' with different values of entering volume

flow at a = 8°30" and 0° at M = 1.90.
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Bl impw

A
(b) o =6 6, = 32°25'; -A_QJL = 0.95.

Figure 24.- Shadowgraphs of an inlet having & 22°-1.20 central body end

cowlixég B for the conditions of minimum stable volume flow at o = L
and 6 at M = 2.70. '
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Figure 28.- Pressure recovery of inlets having 27°30' cone-angle central
bodies as a function of the cowling-positlon parameter at M = 1.90.
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Figure 35.- Volume-flow regulation of inlets having 35° cone-angle
central bodies es a function of the cowling-position parameter
at M =1.90,
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Figure 36.- Pressure recovery of inlets having 35° cone-angle central
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central bocliées as a function of the cowling-position perameter
at M=2.46.
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Figure U48.- Pressure recovery of inlets having 40° cone-angle central
bodies as a function of the cowling-position parsmeter at M = 2.46.
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Figure 51.- Volume-flow regulation of inlets having 25° cone-angle
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at M= 2.70.
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Figure 52.- Pressure recovery of inlets having 259 cone-angle central
bodies a8 a function of the cowling-position parameter at M = 2.70.
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Figure 53.- Volume-flow regulation of i1nlets having 27°30" cone-—angle
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M=2.70.
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at M = 2.70.
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Figure 58.- Pressure recovery of inlets having 35° cone-angle central
bodies as a function of the cowling-position perameter at M = 2.70.
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Figure 59.- Volume-flow regulation of inlets having 40° cone-angle
central bodies ss a function of the cowling-position parameter
at M= 2.70.
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body as a function of the cowling-position parameter at M = 2.70.
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