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I. Introduction

B UZZ refers to the self-sustained oscillations of the terminal
shock in a mixed-compression supersonic intake where it is

periodically sucked into the intake duct and then forced out.
Correspondingly, the air mass flow rate entering the intake and the
intake backpressure (combustion chamber pressure) fluctuate. The
related phenomenon where the terminal shock emerges and
establishes itself outside the intake duct in a relatively steadymanner
is usually called unstart. Buzz oscillations have plagued every type of
supersonic intake ever since the phenomenon was discovered by
Oswatitsch [1], and ramjets are no exception [2,3]. There is a
heightened risk of intake unstart or buzz for ramjet-powered vehicles
during maneuvers such as accelerated climb where the fuel injection
rate has to be delicately balanced between the increased thrust
requirement and the decreasing air mass flow rate with altitude.
Besides, atmospheric disturbances that may trigger buzz/unstart are
the most severe at low altitudes, typical at the start of an accelerated
climb segment [4,5]. Hence, there is a need to actively control the
position of the terminal shock in the intake duct, usually by
prescribing a certain unstart/buzz margin [6] or, equivalently, an
intake backpressure (P4) margin [7]. The buzz or P4 margin is
maintained by control action, usually by manipulating intake air
bleed or by varying the exit nozzle throat area [8]. However, these
measures are successful, provided the terminal shock is maintained
inside the intake duct. Once unstart or full-fledged buzz has occurred,
more severe control action is necessary, and a low-order model for
large-amplitude buzz oscillations is required that is appropriate for
controller design.

The flowmechanisms responsible for buzz have been known from
the early work by Ferri and Nucci [9] and Dailey [10]. Many
experimental [11,12] and computational studies [13–16] of the buzz

phenomenon in supersonic intakes have been reported over the years.
However, as commented by Trapier et al. [17], there have only been
limited attempts to derive a theoretical model for buzz [18,19], and a
good prediction for buzz onset is currently unavailable. Although the
question of unstart/buzz onset may itself be addressed by linear
models [20–22], full-fledged buzz is an unsteady, nonlinear phe-
nomenon, with every buzz cycle passing through two distinct
regimes of flow physics. In the supercritical regime, the terminal
shock is inside the intake duct, and acoustic waves traveling back and
forth between the intake and the combustion chamber can influence
the shock position, and hence the intake total pressure recovery,
while mass flow rate is largely unchanged [23]. In contrast, the shock
is outside the intake duct in the subcritical regime, so the intake
backpressure regulates the mass flow rate entering the duct while
total pressure recovery is little affected. Obtaining a dynamical
model for buzz has therefore been a challenge.

A low-order model for unstart dynamics and control, by
considering the intake alone, has been derived by MacMartin [24].
For a coupled intake-combustor system, a low-order model for the
supercritical regime has been developed in recent work by Gupta
et al. [25], yielding a set of mathematical equations and relations [26]
that could be successfully used for controller design [7]. In the spirit
of this previous work, the present paper obtains a low-order
dynamical model representing buzz oscillations in a ramjet engine
with a variable-area nozzle throat. The buzz frequency is seen to be a
function of a parameterB�, similar to theB parameter in [25,26], and
along the lines of the Greitzer [27] B parameter for compression
systems.

II. Model Development

A typical ramjet engine layoutwith the different station numbers is
sketched in Fig. 1. For the supercritical regime, a simplified version
of the dynamical model in [25,26] is used by no longer solving
explicitly for properties at station 5. The subcritical model has been
obtained afresh. The models for both regimes have been compactly
written in Table 1 and are described next.

Given the intake properties, the fuel injection rate _mf, and the
combustor pressure Pc (see the equation on line 5 of Table 1), a
combustion model is used to obtain the other flow properties in the
combustion chamber. The combustion model may be a quasi-1d
model, as described in [25], or a simpler 0d model, as shown next,
presently used in this work:

_mcss
� _m4 � _mf (1)

T07ss �
_m4T04 � � _mf�cQ�=Cp

_m4 � _mf

(2)

P07ss
� rcP04 (3)

Fig. 1 Typical ramjet configuration with station numbers (1: nose
cone, 2: cowl lip, 3: terminal shock, 4: backpressure sensor location, 5:

fuel injection, 6: pilot flame, 7: combustor exit, 8: nozzle throat, and 9:

nozzle exit).
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where rc is the combustor loss coefficient, �c is the combustor
efficiency, Q is the fuel heating value, and Cp is the specific heat.
These properties are updated based on a first-order delay model (see
the equations on lines 6–8 of Table 1), where �d is the lag in the
downstream direction that depends on the mean flow velocity. These
relations are common to both of the regimes.

The nozzle properties are given by the isentropic relation:

T08 � T07 and P08 � rnP07 (4)

where rn is the nozzle loss coefficient. Subsequently, the choking
mass flow at the nozzle throat may be computed, and the difference
between the mass flow in the combustion chamber and that exiting
the nozzle yields the combustion chamber pressure, as indicated by
the equation on line 1 of Table 1. Here, Ath is the nozzle throat area,
and � and B� are defined as [7,26]

��
�����
�h
R

r �
2

�h � 1

���h�1�=�2��h�1��
; B� �

Z
7

6

Ac
�RT�x� dx (5)

where �h is the hot gas specific heat, Ac is the combustor cross-
sectional area, and B� is best obtained from a quasi-1d code [25].
This too is common to both the regimes.

Where the models for the two regimes differ is in the handling of
the intake. For the supercritical case, the intake backpressure is

dictated by the combustor pressure, and it may be obtained in the
steady state from a quasi-1d code, as in [25], or more simply by the
equation on line 2 of Table 1. In the transient,P4 is updated by a first-
order lag model in the equation on line 3 of Table 1, representing the
delay due to acoustic wave propagation upstream from the combus-
tion chamber to the intake against themeanflowvelocity, givenby �u.
As long as the terminal shock remains within the intake, this acoustic
signal cannot travel further upstream to the cowl lip, and thus cannot
influence the air mass flow rate entering the intake. Hence, given the
backpressure P4 and the freestream conditions f1g, the properties at
station 4 (Fig. 1) can be read from the intake relation equations on
line 4 of Table 1, to be described next. On the other hand, for a
subcritical intake, a change in combustor pressure Pc can be felt all
theway to the cowl lip, and it affects themassflow entering the intake
duct. An increase in Pc will encourage spillage at the cowl lip,
reducing the mass flow rate, whereas a decrease inPc can drawmore
air mass flow into the intake, and with it perhaps also suck the shock
back into the intake. Thus, for the subcritical case, there is no
equivalent of the equation on line 2 of Table 1 for the supercritical
intake, and the change in intakemass flow rate must bemodeled as in
the equation on line 3 of Table 1.Now, the intakemassflow rate along
with the freestream conditions f1g is used to read up the station 4
properties from the equation on line 4 of Table 1, exactly converse to
the supercritical case. The equation on line 3 of Table 1 for the intake
mass flow rate are similar to that in Greitzer [27] or Badmus et al.
[28], whereAi andLi refer to the effective intake cross-sectional area
and length, respectively.

The intake relation in the equations on line 4 of Table 1 are usually
specified in terms of a characteristic of static pressure rise and total
pressure recovery as a function of mass flow rate. A typical intake
characteristic, used in the present study, is shown in Fig. 2. Of this,
the supercritical leg and a brief subcritical segment to the right of the
arrowmay be obtained from steady-state numerical computations, as
described in [25,26]. The subcritical segment to the left of the arrow
is really the unstable part of the characteristic, and its general shape is
prescribed based on the description in [10,29]. Total temperature T04
may be taken to be the same as the freestream total temperature T01.
Applying the equations on line 4 of Table 1 to the intake
characteristic for a givenP4 in the supercritical case and the given _m4

in the subcritical case makes sense physically and from a numerical
sensitivity point of view.

III. Simulation

The model developed here is used to simulate a buzz oscillation
cycle for the ramjet configuration studied previously [25,26]. The
main parameters of interest are listed in Table 2. Exit nozzle throat

Table 1 Dynamical model for supercritical and subcritical regimes

Line Supercritical Subcritical

1 _Pc � �1=B��� _mc � Athrn�P07�=
�������
T07
p �� _Pc � �1=B��� _mc � Athrn�P07�=

�������
T07
p ��

2 P4ss
� Pc

3 _P4 � �1=�u��P4ss
� P4� �m4 � �Ai=Li��P4 � Pc�

4 P4, f1g ���! _m4, T04, P04 _m4, f1g ���! P4, T04, P04

5 _m4, T04, _mf, Pc ���! _mcss
, T07ss , P07ss

_m4, T04, _mf , Pc ���! _mcss
, T07ss , P07ss

6 �mc � �1=�d�� _mcss
� _mc� �mc � �1=�d�� _mcss

� _mc�
7 _T07 � �1=�d��T07ss � T07� _T07 � �1=�d��T07ss � T07�
8 _P07 � �1=�d��P07ss

� P07� _P07 � �1=�d��P07ss
� P07�

Fig. 2 Intake static pressure rise and total pressure recovery

characteristic.

Table 2 Ramjet system parameters for buzz simulation

Freestream Intake Combustor Other Nozzle

M� 3:0 Ai � 0:026 m2 Fuel–air ratio� 0:04 �d � 0:007 rn � 1
H � 10:0 km Li � 1:36 m �c � 0:99 �u � 0:003 �h � 1:4
Angle of attack� 0 rc � 0:95 Cp � 1000 kg=K 	 s Ath variable

Q� 45 MJ=kg � � 1:4
B� � 3:10�7 m 	 s2 R� 287 J=kg 	 K
Ac � 0:061 m2
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area is the variable parameter. The initial condition for the
simulations is selected as

_m4 � 4:78 kg=s; P4 � 199 kPa; _mc � 4:97 kg=s

T07 � 2309 K; P07 � 206 kPa

The model in Table 1 is a switched dynamical system with state-
dependent switching. As the mass flow rate corresponding to the
critical point (see Fig. 3) is crossed, the system is switched between
subcritical and supercritical submodels. The state variables are
passed from one submodel to the other, and the integration time is
reset. An initial simulation is done for the throat area,Ath � 0:03 m2.
For a small perturbation to the initial condition shown previously, the
system converges to a steady supercritical state, as shown in Fig. 3.
Further simulations are carried out with decreasing values ofAth until
the point of instability onset is identified as Ath � 0:0255 m2. For a
value slightly below this, such as Ath � 0:0254 m2, a small
perturbation (from the same initial condition) leads to a buildup of
oscillations ending up in a full-fledged sustained buzz limit cycle.
This is shown in the phase plane and in the mass flow rate, intake
backpressure time histories in Fig. 4. The oscillations build up to
constant amplitude and fixed frequency, typical of limit cycles. The
mass flow rate time history shows a typical profile with a near-
constant supercritical peak followed by a rapid excursion to a low
subcritical valley and back. In the phase plane, as the oscillations
develop, the system first goes along the subcritical characteristic
before being repelled back to the supercritical segment. However,
further cycles loop around the subcritical leg of the characteristic,
indicating that it is indeed an unstable segment. The extent of travel
of the terminal shock can be gauged from the leftmost point on the
phase plane in Fig. 4, where the buzz cycle intersects the subcritical
leg, and from the point at which the cycle reattaches to the
supercritical leg.

From the time history plots in Fig. 4, the frequency of buzz
oscillations can be estimated to be nearly 16 Hz. This is similar to
typical buzz frequencies reported in the literature: for example, in
[11,17]. Varying B� over a range of 10% below its value in Table 2
reveals the effect ofB� on the buzz frequency, as shown in Fig. 5. As
the parameterB� is correlated with the combustion chamber volume,
the buzz frequency is seen to fall with an increase in chamber volume.
Interestingly, precisely the same effect is seen experimentally in
compression systems for the surge frequencywith increasing plenum
chamber volume [30].

IV. Conclusions

A low-order dynamical model has been developed that captures
the phenomenon of buzz oscillations in a supersonic intake. The
model successfully couples the dynamics of the intake and the

Fig. 3 Intake characteristic (dashed line) showing initial condition,

critical point, and simulation (full line) converged to supercritical state

for Ath � 0:03 m2.

Fig. 4 Buzz limit cycles in phase plane and mass flow rate; intake

backpressure time histories for Ath � 0:0254 m2.

Fig. 5 Variation of buzz frequency with B
� parameter for fixed

Ath � 0:0254 m2.

J. PROPULSION, VOL. 27, NO. 2: TECHNICAL NOTES 505



subsonic combustor and the interaction between them, and it
correctly represents the different physics of the intake in subcritical
and supercritical operation. This yields a nonlinear, switched dynam-
ical system that, when simulated for a typical ramjet engine
configuration, shows limit cycle oscillations of a character and
frequency similar to those observed in experiments in similar
systems. The key parameters in the model are exit nozzle throat area
Ath and B

�; Ath controls the onset of instability leading to the buzz
cycle, and the buzz frequency is seen to be a function of B�.
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