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SUMMARY

The instability phenomenon'of supersoﬁic infake diffusers
is'criticélly reviewed and.discusséd.‘ A few exémplés of similar‘I 
unsteady aerodynamic systems in nature exhibiting the same
characteristics'of self-excited and sustained osci#lations are
discussed! in view of ob£aining a better understanding of the |
basic mechanisms invbived. Previous sighificant iesearch Qorks
'are_criticaily.analyséd, and an effort is made to cla:ify-the.
various contradictidns. Methods of approach: for furfher:invésti—

gations of this problem are also given in detail.
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NOTATION.

A - f;qw area

M = mach number

m - mass flow

P - sStagnation pressure
P - statié pressure

T - témperature

v - flow velocity

P - density

Yy - ratio of the specific heats

R - gas constant

CP - specific heat at constant pressure
Subécrigt

o - free stream conditions

* - -'gonic conditions

s - stagnation conditiens

2 - c¢conditions at diffuser exit.



1. INTRODUCTION

1.1 _General

Aerodynamic éystems containing heat,-mass and entropy
sources’ are intrinisically unstable. A random stream disturbance
on interacting with the source produces tempeﬁature,'pressure and
entropy perturbations in the steady flow. These perturbations
traverse the system in the form of waves and on reflecting from
the system bounQaries interact with the SOurce.again._.Under the
proper conditions, the wawves can be amplified after successive
reflections and thé system becomes unstable and oscillation results.
Typical examples of such unstable aerodynamic systems are ramEjets,
turbojéts and rocke£ engines, a wing aileron combination, duct
systems conﬁaining a centrifugal or akial-flow compressoy, and '
supérsonic inlet diffusers. -

- A number of previous investigations of supérsonic inlet
diffusers (Ref. 1-9) indicate that-éelf-eXCited oscillations can
exist ﬁnder certain mass flow conditions. The stability limits
.are found to be a fungtion of the free stream Mach number and .
the mass flow. That is;.as the mass flow is reduced someWﬁat
below the'diffuser critical point, there is a transition from
steady fiow to self-~excited pulsafing flow. The mechaniém which
enables thgudiffuser to extract energy from-the free stream is
connected with the presence of the detached shock wavefsystem

and possibly through the shock wave boundary layer interaction,



since these are the'distinguishing features of a supersonic

diffuser as contrasted to a subsonic diffuser,

1,2, Discussion of Steady StateVOperatiqn

In order to obtain.a clear physical picture of the
instability pheﬁomenon, it is necessary to understand the different
aspects of steady operation. The essential features of the steady
state operation of the supersonic diffuser can be shown quite
effectively by the théory of one-dimensional gasdynamics,
Although the theory is guite simple and well known (Ref. 11), i
is reproduced brlefly here for the insight, and intuitive feeling
which the derivation affords. The following analysis follows

closely to the works of Daily (Ref. 9) and Herman (Ref, 8).

3. Steady Flow Analysis

With reference to Fig, l.showing a simple converging-
diverging type of supersonic inlet, the steady flow'chéracteristics
of the diffuser given are based on the following assumptions:

(1) constant total temperature throughout the diffuser,

in other words all brocesses are adiabatic.

'{2) constant mass flow along the duct, that is, no inbleed
or outbleed of mass flow occurs.

The mass flow through any section is given by:
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Mass conservation across the diffuser is therefore expressed
as follows:
PAM p.A M
ooo _ 2292 -
~To 2

In terms of the stagnation condition, equation (2) can be

written as:
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‘Solving for the stagnation pressure ratio yields:
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Since equation (4) can be applied between upstream and downstream

sonic points (see Ref. 8, pp. 35-37), it follows that when
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e
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The area ratio Kg is a dimensionless quéntity_representing the
mass flow entering the diffuser. 1In praqtice iﬁ is convenient
to use the maximum mass flow, (i.e. the critical or supercritical
value) as a réference. Thus writing the area ratio in terms of

the capture area yields:

K; = T . (KE—) ...{6)



. The relative mass flow is now a-meaéure of how close the diffuser
is to its critical point.  The remaining-factor for a given
engine is a design constant, which is.épecified by such require~
ments as the fuel-air ratio, the combustion velocity, etc.

- The mass conservation condition for a diffuser therefore

- results in the following relations:
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A qualitative picture of the diffuser performance as a
function of the relative flow can be obtained from equation {(7)
based on the shock configurations shown in Fig,2.

During supercritical operation where‘the shock is
~swallowed, (Fig. 2) the stagnation pressure ratio is determined
by the plenum chamber Mach number. The stagnation pressure
ratio increases as M2 decreases by redﬁcing the exit area. The
reduction.of the exit area forceslthe shock to move out to the
inlet of the diffuser until at critical conditions the shock
is just at the cowling lip. During the supercritical and critical
regimes, the ﬁéss flow through the diffuser remaing constant.

| If the exit area is further reduced, the shock moves
out of_the_inlet; the mass flow through the diffusger is reduced
by spillage in the subsonic region between the detached shock and
the inlet (Fig. 2). The shock system efficiency is about the

same as that of éhe critical regime, but the overall efficiency



is slightly increased due to lower mass flows and reduced losses
in the internal passage.

Hence, based on these qualitative considerations, the
diffuser performance for steady operation over a range of mass

flow must be as shown in Fig. 3.

1.4, Description of the Unsteady Phenomenon

‘The instability phenomenon of supersonic diffusers is
extremely complicated and is observed in all the different types
of sﬁpersonic inlet diffusers 6perating at subcritical and near
critical regimes. The characteristics of the unsteady processes
reported for diffusers of different geometrical configuréfion are
différent, indicating that the phenomenon is a function of
numerous factors, each of which can initiate the instability or
alter the characteristics of the non-stationary flow procesges.

The important features of the unsteady flow pProcesses
were first described bf Oswatitsch (Ref. 1) in 1944 in an
experimental investigation of a supersonic spike intake diffuser.
He observed a,larée scattering of the pressure measurements and
deviations from the expected ahalytical behaviour during the
subcritical regime. Pitot tubes in the plenum chamber indicated
. reversed flow direction and spark schlieren photographs fevealed
a non-stationary and unsymmetrical configuration .of the expelled

shock system.



From the high speed schliéren movies of the phencmenon
in a spike diffuser, (Ref. 2), the general picture of the non-
stationary flow proceés is as follows: The normal shock is
suddenly expelled from the cowling lip, moving upstream and
- causing spillage. The shock comes to rest at a certain position:
on the spike but this is an unstable one. . It then moves back
- downstream to the cowl lip, usually with a much slower motion
than during expelling. Finally, when it reaches the cowl lip,
the shock is swallowed through the throat. into the diverging
portion of the diffuser, as indicated by the oscillograph records
 ,of the préssure transducers installed in.the duct. The
swallowed shock being unstable in thié supercritical position
with respect to the free stream conditions, moves upstream and
the cycle begins again, The shock is observed to be random
and only average in frequency and in amplitude of travel. During
the shock oscillations, strong pressure fluctuations are
recorded in the dombustion chamber.

. The most violent oscillations occurs at_low mass fiow
in the subcritical regime, However, non-stability shock oscilla-
tionslare glso foﬁnd to occur in the low supercritical and near
critical regimes at high maSS flow rate. The frequenciés and
amplitudes for both subcritical and near critical buzz depend
éreatly}on the type of the diffuser and the engine size, and in

general one cannot draw any conclusion except that the frequency



and amplitude are different for the same model for the two

unstable regimes,

1F5 Examplés_of Self-sustained Oscillations Occurring in

Aerodynamic and Aero~thermodynamic Svstems

To gain a better understanding of the physical
mechanisms involved in the instability phenomenon of supersonic
inlet diffusers, it is interesting to describe a few related

aerodynamic systems exhibiting similar unstable characteristics,

1,52, Hartmann Sound Generator

This apparatus was first'discoveredrin 1931 by
J. Hartmann and is reported in Ref. 12. Its physical and
performance characteristics are summarized in Fig. 4, 1In essence,
aﬁ.organ pipe with the open end pointing upstream is inserted
into é_supersonic streém issuing from a choked orifice. The
jet chamber pressure is substantially higher than that regquired
to produce M = 1 at the orifice so that further exXpansion exists
in the jet stream.. The characteristic wavy underexpanded super-
sonic jet is shown in Fig.5, and is explained in detail by
‘Prandtl (Ref., 13). The pitot stagnation pressure along the jet
axis aé measured by Hartmann in Ref. 12, is reproduced in Fig. 4,
As the.organ_pipe is inserted into the jet near the orifice where
M = 1, no instability is observed, but as it is moved downstream

- where M 1, instability occurs and the frequency emitted, as



measufed by Hartmann with a Kundt's tube, corresponds to the
naturael frequencg of the organ pipe. Similar results are
obtained by using a Hemholtz resoﬁator°

With this organ pipe resonator, it is possible to
- attain frequencies of the order 200,000 cycles per second to one
- or two cycles per second by simply changing the resonator 1ength¢
The energy radiated from the tube is of the order of 10 ~ 20%
of the energy in the jet stream. This indicates that.a signifi-
cant amount of energy.can'be extracted from the free stﬁeam to
maintain the pulsating motion.

It should be noted that the Hartman sound generator is
geometrically vefj s;milar to a normal shock diffuser. Stoolman's
(Réf; 10) experimental investigation on normal shock supersonic
diffusers in the subéritical unstable regime produced similarxr
qualitative rasu;tgé_ This suggests that the unstable mechanism
could be the same, but due to the simplicity of the Hértman
sound generator, a more detailed theoretical treatment can be

obtained.

1.5b Liquid_Rocket“Mbtors.

The 1iquid rocket motor is an aero-thermodynamic
system in whichlliquid fuel and oxidizer are injected at the
front end of a chamber. The fuel combines chemicélly with the
oxidizer.forming. a high pressure and high temperature gaseous

‘mixture, which expands through a nozzle at the aft end of the



chémber, producing thrust. As the fuel flow is increased above
a certain critical #alue,'high frequency self-excited oscilla-
“tions are obséfved of'the order of the natural écoustic
frequency of the champer,

In crqcco‘s analysis of rocket motor_inétability
(Ref. 1%), it is shown that a-preSSure sensitive fuel feeding
system is not a necessary mechanism for inducing the selfF
sustained oscillations. He explained that the oscillatiensﬁ
are initiated by the iﬁteractiéﬁ of a random flow diSturbance_
with the flame zone (a source of heat, mass and entpopy),
producing corresponding perturbations in thé pressure,.
temperaturé.and entropy from their steady values. These pertur-
bation Qpantities traverse the system in the form of waves, and
on reflecting from the nozzle exit, propagate upstream to
interact with the source again. Successive reflections lead
to amplification, and the proposed mechanism for the.wave
éﬁp}iﬁication is linked with the time lag invoclved in the
p:oductionlof'combustion gases from the liquid fuel and
oxidizer, and the time requiied for the}iisturbance méﬁes to
traverse the system-and bagk. Under the proper conditions, thé
two_time constants are matéhed, and the oséillations are'in
phasé, increasing in amplitude until the limit ﬁhere_viSCOus
damping becomes predominant. Other works on the instability‘

in aerodynamic systems containing a heat and mass source are



reported in Ref. 15 and 16,

Although a supersonic diffuser is a pure aerodynamic
system with no.heat addition, the mechanism of wave amplification
by successive reflections from ﬁhe ends of the system (as.in a
rocket engine ), could be a mechanism for initiating and sustaining
the non—stationar? flow. 

There_are_numerous other aerodynamic systems which are
unstable and capable of self excited oscillations. The phencmenon
of airplane flutter is another typical example analogous to
. therinstability‘of supersonic intakes where energy is extracted
from the free stream to sustain the oscillations. Hence a careful
study of the chafacteristics of other related systems can be
“extremely he;pful in analysing the present problem of supersonic.

intakes.

1.6 Effects of Pulsating Flows in Supersonic Diffusers

Instability in supersonic diffusers occurs mostly

in fhe subcritical and the near critical regimes, and only the
subcritical.'buzzf is found to be the most detrimental due to
its large pressure amplitudes. These unstable regimes, however,
canﬁot be avoided in practice, say, in the manoceuvering of thé
aircraft. The pressure oscillations can result in seribué
structural, as well as combustion, instability problems of the
engine. Even in the less severe cases where the pressure ampli-

tudes are small,great losses in the overall performance of the



engine results. Inspite of the considerable research in the
past on this probiem, the basic mechanisms are not fully under-
stood‘and“exélored. The author feels that furthef investigations
are needéd and future work should be directed more towards
the andlysis GF simple related systems to eliminate as many
variables as possible so that the more basic mechanisms can be
singled out. Such appfoach will be moré fruitful towards the

main goal of understanding this important phenomenon.



2. REVIEW OF PREVIOUS SIGNIFICANT INVESTIGATIONS

A number of inﬁestigations, both theoretical and
expetimental, have been carried out during the past two decades,
increasing both the knoﬁledge of the unsteady phenomenon and
also the confuéions énd contradictions among theories proposed
by different invesgtigators. This is due to the lafge number of
variables involved, éuch as the geometry of the diffuser and
combustion chamber. It would therefore be unrealistic to expéét
that one_general theory can predict the phenomenon in ali tﬁe
different types of diffusers. Thé conclusioné of a few significant

investigations will be critically reviewed and discussed below.

2.1. The Vortex Sheet Theory

Ferri and Nucci in 1951 (Réf.ej propoéed that.the
starting of the instability is related to the existence in the
flow field of a vglocity.discontinuity or a vortex sheet which.
originates at the shock intersection. The theory of obliQue-shocks
indicates that such a vortex sheet must exist behind any "triple
point" of shocks, the point where two oblique shocks meet to
form a third one of strong intensity, The streamline paséing
through the triple point divides the flow field downstream of
the shock system into two regions. One region where the-strgam—
lines have passed through two oblique shocks, and.one region
where the streamlines only passed through dne shock. Immediately

adjacent to the separating streamlines the resulting streamline



.éeflections through the shock are equal, hence £ﬂé entropy‘
increase across the shocks must be different in the two regions.
cOnsequent¥y, the gptropy.and_the total preséure are different
in the“two regions, but the static pressure must be equal on
both éides of the streamline hence a velocity discontinuity
results. The dividing streamline is a vortex sheet, 6r often
termed a ”velqcity.discontinuity" or "entrdpy discontinuity"
layer. |

- Ferri and Nucci postulated that instability starts when
the wvortex sheet just enters the cowling 1ip, causiﬁg separation
on the inner wall of the cdwling-énd éhokes the diffusef. When
separation of the boqndary layer occurs on the cone of the spike
inlety a strong lambda shock is formed resulting in the formation
of a vortex sheet eﬁtering'the inlet. 'The geometrical configu-
ration of thg shock system and the generation of the vortex
sheet as discussed above are shown in Fig. 6."It should be hoted
that Ferri and Nucci's experimental'investigation is only 1imited
to spike inlets. |

Later C.L. Daily (Ref. 9) further investigated the

oscillatory motiog in inlet diffusers with par#icuiar emphasis
on the frequencies involved, Again, his in&estigations a:é -
1imited_to.spike diffusers, His experimental models all have
large.lquth: bétWEen 18 and 26 times the plenum chaﬁber diameter.
He observed that the instability processes are a mixture of two

different phenomena. One is a high frequency oscillation



(500 to 900 cps) occurring mostly at very low and zero mass
flow. The other is a longer period motion appearing at higher
mass flows. The high frequency oscillation can be correlated to
the 8th'and 9th modes of a closed end organ pipe. The oscillation
being so remQte from the fundamental mode suggests that thé
frequency is determined by some forcing mechanism such as the
vorﬁex shedding from thé sharp cowling lip. Daily's explanation
of the iniﬁiation of the low frequency buzz is due to a strong
V,interactibn'between the subcritical shock and the boundary layer
on the cone surface which blocks the iﬁlet.- Further explanation
of-the_oscillation is based on the concept of.periodic unbalance
of maés flow.between the two throats as explained later in

section 2.5,

2.2. Hemholtz Resonator Theory

.Sterbentz‘ahd Evvard (Ref. 3) gave a theoretical
aéoustical_approach'to the buzz problem by treating the
diffuéer and,combusgion chamber as a Hemholtﬁ resonator. With
this simplified analysis, they concluded that if the curve of
the diffusef pressure recovery as a functidn of mass flow has
a positive slope of éufficient magnitude,_the diffuser system
- will resonate., The critical slope can. be calculated, and
d;pends on the diffuser and combustion chamber gecmetry and
also the Mach number in the combustion chamber entrance. When

operating at mass flows where the slope of the curve 1isg less



thaﬁ.the critical value, the combustion chamber-will_nbt resonate;
- Their experimental investigation on two spike ram jet models of
8.inch-and l6‘incﬁ diameter, in thé Mach number range of 1.5 to
2.0, shows good agreemeht with their theoretical predictions,
Later Sterbentz and Davids (Ref. 4) presented a
‘refinement of the diffuser resonator theory (Ref., 3).  In order
tp obtain the variables which govern the pulsation amplitudes,
finite-aﬁplitude disturbances were assumed, which require - a
;point.to point calculation throughout the cycle of oscillation.
. Theory and experiments show that the buzz amplitude increase |
with decreasing mass flow. The theoretical trends for change
in amplitude, frequency and mean pressure recovery with a change
in plenum chamber volume were also experimentélly verified. A
stability hysterisis loop was predicted on the pressure recovery
mass fiow curve for convergent-divergent perforated diffusers
ThiS‘hysterisisrhas been observed experimentally. They coriclude
by liﬁking the phenomenon with the surging in duct systéms

containing a centrifugal or axial compressor.

2.3 Quasi One-dimensional Unsteady Flow Theory

Later Trimpi (Ref. 5, 6) investigated the buzz.problem
again experimentally by pressure transducers installed in the
diffuser and proposed that the buzz pPhenomenon can be explained
- by quasi—qne—dimensional unsteady flow theory, He4qriticizes

Sterbentz and Evvard's (Ref. 3) theory by arguing that the



Proportions of the internal flow passages suggest a quasi one4
_dimensional theory with slight variation of the moving waves
from. the plané form, rather than é Hemholtz resonator type
theory‘based_on spherical waves caused by largé ab:upt_area
changes. His'experimental models were of large lengths, 20 to 250
- duct diameter hence introducing severe viscous effects., He
found that_it waé.necessary for him to use some exéerimental
data at the.start of the cycle as a basis to compute the
) remainihg préssure points of cycle by the one-dimensional
non~-stationary method of characteristics. Good correlations
were obtained from his experiments.

Later Trimpi (Ref. 6) presented an approximate theory
i for predicting tﬁe amplitudes of small pressure pulsations,
which was derivgd on a 1inearized-one-dimensional acoustical
basis. He concluded that stability of the inlet flow is
dependent on the instantaneous values of mass flow and total
pressure :géovery of both the supersonic diffuser and the
immediate neighbouring subsonic-diffuser, and that blocking_or
choking of the inlet is not a necessary factor in initiating the
instability-phenomenon.- This is guite contiadictory ;o Daily‘s‘

(Ref. 9) results.

2.4  Acoustic Impedence Theory

By considering successive reflections and amplifications

- of a weak pressure pulse from the inlet and the nozzle exit, a



stability criterion was proposed by Stoolman (Ref. 10); and
later by Mirels (Ref. 17). This analysis.was_based on the
acoustic impedence of the inlet, Stoolman's ﬁhéoretical and
'gxperimental ipvestigations Qere limited only to the open nose
or normal-shock'diffuser where sevefe vigscous effects and .
boundary layer.separation can.be avoided. He concludéd that
“self—excitéd oscillation can occur without considering viscous
dissipationlin the flow other than that across a normal ghock.,

A lower limit for the free stream Mach number was observed in
which no instability could be detected. The frequencies ofg

the self—excited oscillations were approxXimately equal.to the
natural frequency of the internal duct acting as an organ pipe
resonator (i.e._on-quarter_wave length). One important observa?
tion, which contradicts Ferri's (Ref. 2) and Daily's (Ref. 9)
work, is that the flow within the diffuser jﬁst befo;elthe onget
of instability, as well aé'that in the neighbourhood of the inlet
lip shoﬁed no significant viscous dissipation effects.

From his theoretical analysis, Stoolman concluded that
é.necessary condition for the existence of instability is that
the ratio of the ampiitudes of the reflected and impinging waves
at the difquer inlet be greater than one. .In terﬁs of the
5oundary conditions at the inlet, this implies that the transfer
function (ratio of pressure to velacity perturbations, Ref. 18)
is positive there. Increasing the mass fléw through the diffuser

has a double effect in eliminating the instability since it



.reduces the amount of diffusion in the inlet regime and also
decreases the amount of wave motion energy reflected at the end,
Mirels (Ref. 17) followed the same basic treatment
as Stoolman and extended it to the case where heat additidn
éxists in the'éombustion chamberol He pointed out that the
stability criterion still holds if the inlet is replaced by a
compressor and thus demonstréted the similarity to the surging
-phenomenon in duct.systems with a compressor. It should be
noted that Pearce (Ref. 19).also‘pointed out.this similarity.
Mirels' conclusions are basically similar tb'those of Stoolman's.
Later Chang and Hsu (Ref. T7), following the same
treatment és Stoolman's solved the basic equations for the
external flow regime analytically as compared to Stoolman's
numerical solution, and concluded that-selfwe#cited shock
oscillation is not possible in the absence of viscous dissipation,
Flow 1nstab111ty is found to be due to further entropy genera-
ted by viscous dissipation in addition_to that due to shock
oscillations., Ihis cohtradicts Stooiman's conclusion,
However, the neutral stability boundaries as obtained in terms
of the ratio of perturbation entropy to thé corresponding shock -
velocity are in agreement with Stoolman's experimental results.
Chgng's analysis confirms Trimpi's theory (Ref. 5) of iﬁsta-
bility‘andfalso justifies the Sterbentz-Evvard theory (Réf, 3)

in the range of steady subcritical operation.



2.5 Periodic Unbalance of Mass Flow Theory

This explanatlon of the buzz phenomenon is given by

Hermann and Hsu (Ref. 20) from their experimental investigatioﬂ

. on splke inlet diffusers. They termed the diffuser with internal
contraction a "two throat system"., The first throat is the
diffuser throat, the second, the exit nozzle throat, The origin
of instability then is related to the.possibility of shock
swallowiﬁg and mass choking; The important regimes as functions
of the two throats and the various conditions for instability

are described in detail in Ref, 20. The essential mechanism is
‘simply a sudden offset from the stable mass flow coﬁdition,
caused by, say, a pressure disturbance interacting with the shock
system causing an increase in spillage, This initiates a
periodic unbalance of mass flow between the two throats resulting |

in oscillations. No theoretical work on this theory was presented.



3. ANALYSIS OF_THE-PHENOMENON*EQOM PREVIOUS INVESTIGATIONS
From the brief review given in section 2, one.can
observe‘that.quite.a number of theories have been Proposed
concerning both the origin and the characteristics of this
ingtability phenomenon. Together witn the vast amount of
experimental data resulting from these investigations, a general
confus1on of the basic mechanism of the unsteady flow processes
is created. The main reason for this, in the author's opinion;
is that this phenomenon is extremely complicated and is a
function of numerous variables. Therefore, formulating one
general basic theory, based on the experimental observations of
one patticular model of diffuser, and in a certain Mach number
range, can only at its best, result in a unique theory in
explaining the "buzz" phenomenon for that particular model
the partlcular size tested and for only within that Mach number
range. An example of this is the vortex sheet theory proposed
by Ferri and Nucci (Ref. 2), which states that buzz is initiated
when the vortex sheet generated at the shock triple point enters
the'cowling lip into the inlet causing separetion and choking
'rof the 1nlet flow. This theory is formulated from their experl-
mental 1nvest1gat10ns on spike 1n1et which exhibit the shock
configuration generating this vortex sheet at subcritical flow
conditions (see Fig. 6). However, in another type of diffuser,

such as a normal shock diffuser, the geometrical configuration



cannot produce anvortex sheet at subcfitical.flow conditions,
hence this vortex sheet theory cannot be applied-to Other-types
of diffusers other Ehan the spike or ceﬁtral body typé of super-
sonic inlet. Oﬁe may égain argue that in the supercritical
flow regime in a normal shock diffuser whére the shock is
'swallowed, a strong éhock boundary layer interaction is capable
of generating such a vortex sheet at the triple point of the
lambda shock. However, the strength of the vortex sheet_férmed
in this manner is weak, and even if it is strong enough to cause
separation and initiate thg instability phenomenon, the'resultant
ﬁnsteady flow processes will be qualitatively, quite different
from subcritical buzz. Besides, supersonic diffusers are
found tq be stable in the supercritical regime, and from
Stoolman's (Ref._lO).experimental investigations on normal shock
difquers, no significant effects of viscous separgtion in the
flow within the diffuser, during the supercritical regime are
obServéd. |

From the above example, one can conclude thaf-there
is more than one mechanism.ﬁhat can initiate the non-stationary
flow in a superSQnic diffuser. Depending on the geometrical
configuration of the diffuser and the Mach.number range, one
mechanism might be more dominant than the other. The remaining
part of this section will ke devoted to correiating the various
theories pf_previous investigations, paying particular attention

to the different types of diffusers and their geometrical



configurations. An attempt is made to classify these possible
machanisms accotding to the;physical processes that can be

involved.

| 3.1 Origin due to Viscous Effects

From the results of all the previpus investigations,
the origin of "buzz” in a supersonic diffuser can be generalized
into the main types: one due to viscﬁus dissipétion effects |
and ﬁhe other due to the interaction of pféssﬁre disturbances
with the shock systém. As pointed out before, these two
types of mechanism can be present at the same time, but the
claésification given here is based on the geometrical configura-
tion of the diffusér, whereby one is more ddminant.than the
‘other, or one is completely absent. It should also be noted
that_tﬁe twé mechanisms can be related to each other as will
be discussed in a laEer section.

In spike or‘cehtre body diffusers, viscous effecﬁs
-are-rélatively more impoftant than in normal shock diffusers. The
boundary-layer on the cone sufface.due to separation increases
the-central body wake in the diverging portion of the diffuser
(see Fig. 7). Hence the core flow velocity in the annular
subsonic diffuser will increase, reducing the pressure in'the
Plenum chamber. If this flow were to mix completely before

reaching the exit nozzle, a decrease in both the local stagnation



- preésure and the stafic preséure and hence a corresponding
_deérease'in exit mass flow rate resulﬁs. The resultant masé
accumulation in the plenum chamber sends an upstream coméressiop
wave towards the inlet, forcing the shock outwards, causing |
spillagé, and felaxing the accumulated masé. The exﬁelled

shock, being unstable oncé the mass is relieVed, travels downstream

again and the cycle repeats. In the more severe cases, the

separation of the boundary layer on the central body surface can
choke the_inlet causing an upstream movement of the shock and
the flow can momentarily by-pass the inlet altogether,

- A strong shock wave boundary layer interaction-can
also cause separation and choke the inlet.l The vortex sheet
generated at the shock triple p&int when entering the cowl lip
can also initiate separation. This mechaﬁism agrees with the
investigations éf C.L. Daily (Ref. 9) and Ferri and Npcci
(Ref. 2). sSterbentz and Evvards' (Ref. 3) theory of the Hemholtaz
résonator and their'stability criterion based on the diffuser
pressuré recovery and mass flow curve‘having a positivé slope
of sufficient magnitude also falls into this category. This is
because a large positive slope on this curve means a high
adverse pressure grédient imposed on the boﬁndary layer resulting

in separation.



- 3.2, Origin due to Pressure Disturbances Interacting with the
| . Shock System

Normal shocﬁs in.duCts are found to be unstable and
capable of self-excited oscillations.(Ref. 21). If the duct
is terminated by a choked nozzle at the exit, the shock motion
introduces.a-mass unbalence, genefating pressure waves whieh s
interact with the shock again on feflecting'from the nozzle exit,
increasing its amplitude. The mechanism for initiating the
self-excited oscillatjon of the normal shock is as follows:
Consider a random stream disturbance in the form of a pressure
wave or a temperature wave impinging on the downstream side of
the shock. The flow properties are offset from their |
equilibrium values as determined from the Ranklne-Hugonlot
'relatlonshlps. To achieve equlllbrlum the shock strength
: must increase or decrease depending on whether the disturbance.
~1s in the form of a compression or a rarefaction wave, - This can
only be possiblerthrough a motion ef the shock itself so that
the relative velocity of the flow with respect to the shock
is changed.

In a duct system such as a diffuser, duriﬁg subcritical
operation, the normal shock is stabilized downstream of tﬁe throat -
in the diverging sectioh.z A pressure disturbance, gych as a
compression wave, originating from the downstream side of ‘the

ghock, on interacting with the shock, forces upstream. However,



25

-a furtherlupstream shock position in a diverging duct results
in the shock occurring in allower Mach number region hence a‘
_weaker shock, and the shock will therefore be forced back to its
original position. This supercritical shock position is stable
unless-ﬁhe Pressure disturbance is of such magnitude'that it
can force the shock past the throat whereby it is e#pelled.
- The resulting shook oscillations,-will therefore be damped out
- and the flow is stable until the next disturbance that can force
‘the shock out. This explains the felaxation type of oscillations
ocbserved at high mass flows where bursts of shock oscillations
occur at réndom intervals. At subcritical flow, the normal
shock is detached from the diffuser., Hence pressure disturbances
interacting with the shock cause a c¢hange in the spillage of mass
flow due to the shock motion., This change in mass flow generates
- pressure waves which traverse the diffuser duct system and under
the proper conditioos can be amplified and initiate tho.uostable '
flow procésses. This type of mechanism is proposed By Stoolman
(ref£.10) and agrees dqualitatively to his experimental investigations
on normal shock diffusers. |
Before cloéing this discussion on the mechanisms of
supersonic diffusers instability, the relationships between the
generation of.pressure waves and viscous effects in duct flows
muot be mentioned, Pressure waves are generated whenever the.iocal
flow?properties such as pressure, dehsity or temperature are

changed. Hence, it is obvious that the boundary layer build up



in a constant area duct flow reduces the effective flow area,
‘and changes in the flow propertiés then result. Changes in fluid
properties are accomplished by a transient phenomenon in the form
. of waves, propagating-at the local speed of sound throughout the‘
rest_of the fluid."Theréfore; the boundary léyer build up causes
~ a continuous change in the effective flow area, hence fluid
properties, and wéves are generated. In the case of supersonic
flows, the waves generated are swept downstream while the
upstream.conditions are uneffected and for the subsonic region
waves'can_propagate in both upstream and downstream directions.
It should be noted that waves generated by the boundary layer build
up are vefy weak ﬁnless-separation occurs where the flow area is.
substantially and abruptly reduced.'
| The above discussion is for straight ducts. For
nozzles and éiffugers where the duct area continuously changes
the local'fluid properties also change and waves are generated
'continﬁously as a result. The Mach lines or the expansion
waves systém in a supersonic nozzle can be easily observed from a
schlieren photograph and these waves are generated as a result
of changes in flow area.
Hence, it can be summarized that the whole problem of
supersonic diffusers instability can be traced to two maip
‘mechanisms: the generation of transient waves énd the subsequent

. effects of these waves on the system.



4. MEIEQQ§ 0F APPROACH FOR FURTHER STUDIES

From the extensive literatgre survey of previous investi-
gations, of which the significant ones are revieﬁed in seétion 2,
one can observe tﬁat-much.progress has been achieved in the study
of the origin 6f the instability phenomenon of;supersonic inlet.
floﬁs for various different types of diffusers. However, in
order to use this knowledge so acquiréd in the design of super=-
.sonic diffusg#s and the suppression of this undesirable phenomenon,
it is neéessary to study the.basic mechanisms of the unsteady
shock oscil;ation processes in a converging-diveréing duct. It
has been observed that during "buzz" the shock is alternately
swallowed and expelled irrespective of the flow regimes in which
the buzz  is fi;gt initiated. Hence an inQestigation of the shock
expelling-and swallowing processes, and the conditions when this
cén_occur, is necessary to further.an understanding of the phenom-
enon during the unsteady flow processes. The method of damping
out the shock motion will also be investigated in detail.

In Ref, 21, Kéntrowitz investigated the stability of
normai shock to stream disturbances in a converging-diverging
duct and concluded that the shock is stable in the diverging
section but not in the converging section. However, he did
not study the expélling and the re-swallowing processes and ;he
resultant mass flow perturbation on the self-sustained oscilla-
tions. This, the ﬁuthor believes is thé most important process in

buzz phenomenon and further investigations must be carried out



boﬁh‘theoretically‘and experimentally.

Later Ngice (Ref. 22) investigated the stability of
shocks in a converging—diverging duct and proposed that mass :
removal by means of a surge tank could damp out transient shock
~motion caused by'pressure disturbances originating downstream of
the shock. With the'same method of approach the auvthor will
further investigate the effectiveness'of this method of damping
the shock_motipn in the ducts during the unsteady shock oscillation
and also the effect of mass removal on the performénce of thé
diffuser. The work in reference 22 will be further extended to
 the case where the pressure wave.originates from upstream in
. the éupersonic_region where it impinges on the upstream side of
the shock.

bue to the complexity of this problem, the proposed

investigations will be sub-divided into several phases such

- that the results cbtained from each of these separate phases

- will supplement one another. Finally the results can be
correlated together. Both theoretical and experimental work wiil

be performed for each of the different phases of this investigation._

- The division of this programme into separate parts will be as

follows:



4,1 Detailed Study of the Self-sustained Oscillation of the

Swallowing Processes in a Converging-Diverging Duct

The model chosen fo; this phase of the investigation
-will be a simple converging-diverging supersonic diffuser
followed by a short Plenum chamber and an exit nozzle. The
~analysis will be based on the supercritical or high mass flow
operating reéime of the diffuser where the shock is swallowed
and stabilized at the diverging section of the diffuser downstream
of the first throat. In this supercritical operating regime, the
shock is expected to be stable, and ﬁhe investigatipn will be
carried out on the interaction of a finite amplitude preséure
pulse with the shock causing it to be éxpelled from the diffuser
Being unstable in the expelled position, the shock will be
swﬁllowed again and will pérform_a series of relaxation cYcles
of oscillation before iﬁs moﬁion will be finally damped out.
The inté:action of a strong pressure pulse With the shock and
its subsequgnt motion, the expelling process once the shock is
forced past the throat to the converging‘section,_the re-swallowing
.process of the shock and the oscillations before the shock
motion can be damped out will be investigated in detail both
theéretically and experimentally.

Part II of this phase will investigate the self-
sustained oscillation of the shock when the flow conditions are
- adjusted so that the shock is stabilized at a position very near

the throat and is unstable to very small amplitudes of pressure



.diSturbances. The mechanism for the extraction of energy from
the flow by the shock to maintain the oscillation will also be
investigated,

The experiméntal model of this phase of the investigation
- will be a simple, constant area'converging—diﬁerging supersonic
‘aiffuser with suction applied at the thrdat to control the shock
1océtion._ A two dimensional meodel will be used and thé'non-
stationary processes will be studied by means of high speed

'schlieren movies and pressure transducers.

4.2 sShock bDamping by Mass Removal

The second phase of this investigation will be concerned
with the damping of shocks by means of mass rémoval.- When a
hormal shock propagating in a constant area cﬁannel reaches a
suddén opening to a large volume at a lower pressure, the
difference in pressure between the region behind:thé shoék and
the surge tank causes a mass outflow to the tank. Hence, thé
pPressure behind the.shock is reduced and the generafed rérefaction
waves catch up with the shock and weakeﬁ it. The shock
attenuation due to méss removal in a two—dimensional duct will
be investigated in detailby the method of characterist;qé of
one-dimensional unsteady flow. | |

The experimental model for this part of the investigation
-will be a constant area two-dimensional channel. The shock is

generated by a conventiocnal shock tube. Shock attenuation will



be measured by means of pressure transducers and,sghlierén

streak photographs will be used to study the wave interactions.,

4.3 The Damping of Shock Oscillations in a Diffuser by Means

of Mass Removal

The finai phase of the investigation will make use of
the results of the two studies described above. The effective~
ness of shock damping by mass removal in an actual‘diffuser will
be critically exémined. Its feasibility in actual practical
application will be discussed with quantitative results in mind.
The effectiveness of mass removal at only one section of the
-diffuser or at several locations will also be analyéed, With
the cbmpletion'of this investigation iﬁ is hoped that a furthér
understanding of the instability phencmenon of Buéersonic

diffusers can be obtained.



5. CONCLUSION

A diséussion of the instability phenomenon in superéonic
diffusefs.has been presented and a few exampleé of self-sustained
oscillations in reiated aerodynamic systems have been givén‘to
show the similarities of the unstable phenomenon. A review
of significant previous investigations is given in Section 2.

- The origin of instability are critically analysed in Section 3
with special emphasis on the geometriéal configuraﬁion of the
diffﬁser;- Tt is then classified into two baéic mechanisms,

one due to viscous effects and one due to the interaction 6f
pressure'disturbances with the shock system. The relationships
hetween the two are éointed out and thelcpnditions when one is
more‘domihant thaﬁ the other is linked with the geometry of
the diffﬁser.

| Methods of approach for further investigations are

_ Presented in detail in Section 4. The importance of the self-
asustained oscillation of the shock expelling and swallowing
progeééeé is pointed out. The study of the damping of shock
oscillations in a diffuser by means.of mass‘removal ié emphasized

in the proposed programme.



10.

11.

Oswatitsch; Kl.

Ferri, A.
Nucci, L.M.

Sterbentz, W.H.
Bvvard, J.C.

Sterbentz, W.H.
Davids,

Trimpi, R.L.

Trimpi, R.L.

Chang, C.C.
Hsu, C.T.

Herman

Daily, C.L.

Stoolman, L.

Shapiro, A.H.

et

REFERENCES

Pressure Recovery for Missiles with

- Reaction Propulsion at high Supersonic

Speeds.

NACA TN 1140. 1947,

The Origin of Aerodynamic Instability of
Supersonic Inlets at Subcrltlcal
Conditions,.
NACA RM L50K30. 1951

Criterions for Prediction and Control
of Ram Jet Flow Pulsations.

NACA RM’E51C27 May, 1951.

Amplitude of Supersonlc Diffuser Flow
Pulsations.
NACA RM EHK2124, 19520

An analysis of Buzzing in Supersonic
Ram Jets by a Modified One~Dimensional
Non-Stationary Wave Theory. :
NACA RM L52A18.

A Theory for Stability and Buzz Pulsation
Amplitude in Ram Jets and an Experimental
Investigation including Scale Effects,
NACA RM L53G28. 1953,

Aerodynamic Instability of Supersonic
Inlet Diffuser.
ARC Journal, May, 1960.

Supersonic Inlet Diffusers and Introduction

to Internal Aerodynamics,
Minneapolis-Honeywell Regulator Company.

Supersonic Diffuser Instability.

JAS Vol.22, No.ll, pp. 733-749. Nov.1955.

Investigation of an Instability Phenomenon

In Supersonic D:Lffug)ers°

CIT Thesis. 1953

Dynamics and Thermodynamics of Compress-
ible Flow.

Volumes I and II, Ronald Press.



12.

13.

14,

15.

16.

17.

18.

19.

20,

21.

22.

Hartmann, J,
Prandtl, L,

Grocco, L.

Chu, B.T.
Chu, B.T.

Mirel, H.
Tsien, H.S.

Pearce, R.B..

Hermann
Hsu

Kantrowitz, A.

Neice, S.

On a New Method of Generating Sound Waves.
Physics Review 20, pp. 719. 1922.

Essentials of Fluid Dynamics,
Blackie and Sons Ltd.

Supercritical Gaseous Discharge with High
Frequency Oscillation.

Paper presented at the 8th International
Congress of Applied Mathematics and
Mechanics. August 1962.

Stability of Systems Containing a Heat
Source - The Rayleigh Criterion,
NACA RM 56D27. 1956,

Pressure Waves Generated by Addition of
Heat in a Gaseous Medium.
NACA TN 3411, 1955

Acoustic Analysis of Ram Jet Buzz.
NACA TN 357%.

Transfer Punction in Rdcket Nozzle,
JRS Vol. 22, No. 3, p. 139. May 1952,

Causes and Control of Powerplant Surge.
Aviation Week, Vol. 52, No. 3, pp. 21~ 25
January 16, 1950

Free Flight Simulation of the Testing of
Supersonic Inlet Diffusers in a Free Jet
Wind Tunnel with 50% Area Ratio in the
Mach No. Range from 1.5 to 3.0.
Rosemount. Aero Lab. November 1955,

The Formation and Stability of Shock
Waves in Channel Flows.

NACA TN 1225,

A Method of Stabilizing Shock Waves in
Channel Flow by Means of a Surge Tank.
NACA TN 2694,



\
\
\
\
\
\\ | ’(-' ******
\\*_-’,/ :
: . .'
t
.-".'"."-.- :
, .
/ \\.,_.
,. -._._-__-_.“-
‘ "
, .
/ i
/ Ab A A

" FIG.1 SCHEMATIC SKETCH OF A
CONVERGING ~ DIVERGING SUPERSONIC DIFFUSER



1

SUPERCRITICAL
FIG.2 OPERATING REGIMES OF .
A SUPERSONIC  DIFFUSER



CRITICAL

‘SUBCRITICAL

SUPERCRITICAL

@9

Ao
Ao

FIG.3 TYPICAL DIFFUSER PERFORMANCE CURVE



o \Mf"’
| é o LIMITS OF snocu oscn.l.A'rloNs
" _ _

JET BOUNDARY PRIOR

TO MODEL ms:n'nou'

T —

| STABLE 1 UNSTABLE |

FIG.4 CHARACTERISTICS

OF THE HARTMANN

SOUND = GENERATOR



SUPERSONIC JET.

IN A

x
0
0
I
o
.|
<
P 3
o
o
z
<
e
o
T
G
<
x
O
z
o
a
<
T
7]
-D.
2
[T

DIFFUSER




DETATCHED SUBCRITICAL SHOCK

 SHOCK /
TRIPLE
POINT

SPIKE DIFFUSER

5
2

GENERATED VORTEX SHEET

FIG.6 SHOCK CONFIGURATION AT
SUBCRITICAL  OPERATION FOR A SPIKE DIFFUSER



~SHOCK SYSTEM

A ,//////III/I/////IIIIIIIII/I//1,, -

ah

- '"'Il//////////////y////////////’ -

"BOUNDARY ssmnmou |
REDUCING THE com: rt.ow ARI-:A'-

'FlG 7 DIFFUSER A'l" SUPERCRITICAL OPERATION
SHO\VING BOUNDARY LAVERQ SE_PARA_TION



