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ABSTRACT

The coexistence of multiple stable states is indicative of self-organising processes occurring
in the course of the combustor-inlet interactions in a ramjet engine and give rise to the appear-
ance of various nonlinear phenomena. This paper provides a dynamic model that can describe
the multiple stable states and the corresponding nonlinear effects to further investigate the
dynamic interactions between combustor and inlet in a ramjet engine. Our study shows the
whole engine can display distinct dynamic behaviours ranging from irreversibility to hys-
teresis and to various mode transitions, depending on different physical parameters. With the
model, we also illustrate the role of the instability of the normal shock wave in impacting the
whole engine’s nonlinear dynamics. Additionally, we extend the previous studies of the clas-
sification of combustor-inlet interactions from a static framework to a dynamic framework,
which helps to clarify the transient processes of the nonlinear interactions. This work offers a
quantitative illustration of the combustor-inlet interactions in a ramjet engine by revealing its
nonlinear dynamics and associated characteristics, therefore advancing our understanding of
the nonlinear phenomena that exhibit in ramjet engines.
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a sound speed, m/s

A cross-sectional area, m?
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ratio of specific heats
Mach number

static pressure, Pa
total pressure, Pa
mass flow function
gas constant, J/Kg/K

N T g»

static temperature, K

=

total temperature, K

position of shock wave, m

mass flow rate, Kg/s

empirical constant

density

heat addition ratio

forward propagation time constant, s
defined by Eq. (6)

amplitude variation induced by heat addition

D A D DI =

Superscripts

oo  incoming flow

0 inlet entrance

m first throat

1 before the shock wave
2 after the shock wave
3 combustor entrance

4 combustor exit

s shock wave

th  second throat
Subscripts

steady-state parameter
~ nondimensionalised parameter

1.0 INTRODUCTION

Combustor-inlet interaction is a longstanding classic problem in air-breathing propulsion
engineering that is still not fully understood. Indeed, the suppression of combustor-inlet
interactions associated with heat release, which can cause unfavourable inlet unstart events,
represents a technological advancement of critical importance. Inlet unstart can cause violent
and unsteady thermal and aerodynamic loads, even leading to the destruction of the engine,
evidenced by the recent failure of the second X-51 flight experiment. The causes of inlet
unstart can be broadly divided into two groups: aecrodynamic phenomena associated with the
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inlet flow itself, such as changes in Mach number, angle-of-attack, or boundary layer separa-
tion on an intake surface, and processes that originate downstream in the combustion chamber
of the engine.!' The latter, involving complex interactions between the combustor and inlet,
are more difficult to understand and form the focus of the present investigation. Combustor-
inlet interactions in ramjet/scramjet engines are directly associated with critical operational
processes such as combustion mode (ramjet/scramjet mode) transition and the onset of inlet
unstart. Over the past few decades, much work has been accomplished toward understand-
ing the mechanism of combustion mode transition.) For example, Sullins® experimentally
demonstrated the mode transition in a ramjet combustor and observed the instability of the
shock system during the transition. Chun(® observed that the flame was located far down-
stream of the injector with low equivalence ratio; as the fuel amount increased, the flame
jumped from far downstream to the end of the injector and mode transition occurred. The
transition was caused by the change in shock wave structure triggered by the pressure rise
due to strong combustion. Eggers!”) discovered that under certain conditions, small devia-
tions in fuel flow may significantly affect the movement of shock trains, and the operation
mode may shift from scramjet mode to ramjet mode. Goyne® investigated the transition
between supersonic and subsonic combustion in a hydrogen-air combustor. Riggins® con-
ducted a numerical study and reported that the transition behaviour is characterised by a
decrease in entropy (increase in total pressure) with an increment of heat release. In addi-
tion to these studies on combustion mode transition, much work has also been done on
the mechanism of combustion-related inlet unstart. An incipient unstart is typically brought
about through one of two processes, or a combination thereof: (1) excessive heat release in
the combustion chamber, leading to the flow reaching sonic conditions and thus becoming
thermally choked; (2) the combustion-induced adverse pressure gradient causing the wall
boundary layer to separate, resulting in the formation of shock waves, which then propa-
gate upstream.(!?) If the combustion-related pressure rise is too great, the shock waves will
continue moving upstream and unstart the inlet. The flow phenomena associated with the
onset of unstart have been the subject of many numerical and experimental investigations.
Ferri(!V presented early approaches to a closely integrated inlet—combustor design. He cre-
ated concepts that tailored the aerothermodynamics of fuel injection, mixing, and combustion
to the desired engineering features of the engine. In the ground-test programs to develop
the techniques, considerable problems and delays were encountered due to combustor—inlet
interactions. Billig and Dugger!'? presented methods of modelling the process for cycle per-
formance calculations and there were many subsequent studies correlating the strength of the
pre-combustion shock with heat release, and others on the length of isolator needed to prevent
propagation of the disturbance up to the inlet. E T Curran et al.('®) used the “H-K” (thermal
energy versus kinetic energy) coordinates to explore and analyse the complex interactions
between the combustor and inlet. They concluded that the nature of interaction between the
combustor and inlet is different for ramjet and scramjet operations. Shimura et al.('? carried
out experiments on a large-scale scramjet engine. As the equivalence ratio was increased,
pressure spikes were observed to develop with a frequency that increased with the strength
of the subsequent unstart. The formation of an upstream-propagating separation bubble was
postulated as the source of the pressure spikes. O’Byrne et al.('®) investigated thermal chok-
ing behaviour in a simple combustor in the 7’3 reflected-shock wind tunnel. The experiments
were performed to examine the nature of the processes that lead to unstart in a thermally
choked combusting environment at different combustor entrance Mach numbers and fuel-air
equivalence ratios. Some evidences that combustion had an effect on the propagation of the

https://doi.org/10.1017/aer.2020.64 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2020.64

2004 THE AERONAUTICAL JOURNAL DECEMBER 2020

shockwave, in particular at the lower Mach number condition, were provided by the shad-
owgraph images and the pressure measurements. In addition, many other experiments and
numerical investigations were performed to examine the effect of varying inlet Mach num-
ber and fuel-air equivalence ratio on the nature and extent of the interaction between the
combustor and inlet.!!"'® Some mechanisms that might contribute to this phenomenon were
presented. These included separation of the boundary layer in the duct, formation of a det-
onation, and formation of shock waves by the region of thermally choked flow, and et al. In
some cases, the combustion-induced pressure rise was replaced with mechanical throttling of
the flow. Chen et al., Bogar et al., and Sajben et al.'*?* conducted a series of experimen-
tal investigations into inlet flows to better understand the flow behaviour in a ramjet engine.
Various flow phenomena, such as shock, induced separated flows, and shock/acoustic wave
interactions were investigated in detail. Van et al.>¥ studied a small-scale rectangular inlet
at Mach 3. Cowl length and cowl height parameters were studied for their effect on the inlet
starting characteristics, and inlet unstarts were classified as “hard” or “soft.” Hard unstarts
occurred when the flow choked at the inlet throat whereas soft unstarts occurred as large-
scale separation developed within the inlet. For shorter cowls and higher cowl heights, hard
unstarts were prevalent whereas the softer unstarts occurred for the longer cowl lengths and
lower cowl heights. Various flow characteristics were observed and measured by applying
simultaneous high-speed schlieren imaging and surface pressure measurements. Cui et al.®>
developed a low-order model of the time-dependent behaviours of shock motion to describe
the bistability and hysteresis behaviours of shock motion in a supersonic inlet. Theoretical
studies were also carried out focusing mostly in transient regimes and ramjet combustor-
inlet interactions. These analyses mostly assumed simple geometries, inviscid flows, while
the solution methods involved asymptotic methods, and (or) linear stability analysis. Culick
and Rogers®®® analysed the stability of normal shocks in the diverging section of inlets for
ramjet engines. It was determined that stability of the normal shocks in diverging channels
could be unfavourably influenced by the separation region created downstream of the shock.
Hsieh and Yang®” investigated the flow structures in a supersonic ramjet engine by consid-
ering both the internal flowfield in a mixed compression inlet and a coaxial dump combustor.
Their calculations suggested a strong coupling between the combustor and inlet. At present,
the problem of combustor-inlet interactions remains confusing to some degree. There are still
questions concerning the complex multiple interactions of shock waves with the boundary
layer, coupled heat release/shock wave generations and thermal chocking effects. Despite the
body of existing work, theoretical and experimental efforts aimed at describing the physics of
combustor-inlet interactions are an ongoing endeavour.

Previously we applied topological theory to analyse the physics of combustor-inlet inter-
actions in a ramjet engine, and concluded that the complex combustor-inlet interactions are
governed by a geometrical rule.?® Further, we made a further step to use the concept of clas-
sification to mathematically rationalise the complexity of combustor-inlet interactions. As a
result, we proved analytically that there are mathematically 72 types of combustor-inlet inter-
actions in a ramjet engine, 11 of which are physically existent. > All these studies, however,
were performed in static frameworks, and can only make direct, instantaneous link between
system states and external perturbations using algebraic relationships. The disadvantage of
the static analysis lies in its disability in describing the time-dependent changes in the state
of ramjet engine, and accordingly the main obstacle is that the algebraic equations cannot
account for the dominate dynamic processes of the system, such as the unstable positive-
feedback effect and the duct volume effect. These effects are inherited in the system and have
strong influence on the complex combustor-inlet interactions in ramjet engine. For example,
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it is the existence of unstable positive-feedback effect that introduces such nonlinear effects
as multistability and hysteresis to ramjet engine, which will further give rise to the occurrence
of complex combustor-inlet interactions.

Good models are simple, yet capture the essentials. The present study is undertaken to pro-
vide a new low-order dynamic model for capturing the nonlinear properties inherited in ramjet
engines. The merit of the model is that it can describe the multistability phenomena of ram-
jet engines as well as the diverse hysteresis behaviours in the transitions among the engine’s
multiple states, which can be used as a theoretical basis to dynamic analysing the complex
interactions in ground and flight experiments. Additionally, we extend the previous studies of
the classification of combustor-inlet interactions from a static framework to a dynamic frame-
work, which helps to clarify the transient processes of the nonlinear interactions. Finally, this
model, consisting of a set of nonlinear, first-order differential equations, allows for rapid cal-
culations of system’s dynamics and can be a starting point towards a control-oriental dynamic
model of ramjet engine.

2.0 LOW-ORDER DYNAMIC MODEL

The coexistence of multiple stable steady states, referred to as multistability, is gener-
ally associated with a phenomenon of hysteresis in which a system jumps back and forth
between the two branches of stable states for different critical values of some control param-
eter. Multistability and hysteresis are indicative of self-organizing processes occurring in
the course of the combustor-inlet interactions and give rise to the appearance of various
combustor-inlet interactions in ramjet engine. The present study intends to provide a dynamic
model, which can describe these nonlinear effects to further investigate the dynamic inter-
actions between combustor and inlet. The complexity of dynamical behaviours involving
multistability and hysteresis originates from the memory effect of initial states and the exis-
tence of multi-solution domain. The control of these systems thus depends not only on the
instantaneous value of the input but also on the history of its operation. A better mathematical
description of these nonlinear effects may be useful as a guide in thinking about the stability
mechanism, designing the control routes, and actively controlling the dynamic behaviours of
combustor-inlet interactions in ramjet engine.

The analytical dynamic model used is constructed with assumptions similar to those in the
Kantrowitz theory: (1) ideal gas and inviscid flow; (2) upstream conditions are constant; (3)
a fully enclosed inlet, i.e., the freestream velocity is normal to the entry plane, as shown
in Fig. 1; (4) the influence of the oblique shock waves on the system’s dynamics is not
considered. These assumptions make a drop in model accuracy, but enable an analytical inves-
tigation, and similar assumptions have been made by many other authors.%3%-3% Under the
preceding assumptions, a ramjet engine has three operation modes, i.e., scramjet mode (S),
ramjet mode (R), and inlet unstart (U) as shown in Fig. 2. Generally, the normal operation
mode of a ramjet engine is “ramjet mode,” and the thermal choking mechanism in super-
sonic flow gives rise to the appearance of normal shock wave at the diverging channel of the
inlet (see Fig. 2(a)). Under critical conditions, the increase of heat addition or the decrease of
inflow Mach number will cause the shock wave to move upstream and result in “inlet unstart”
(see Fig. 2(b)). Once the heat addition of the combustor is not enough to maintain the choking
conditions at the nozzle throat, the normal shock wave will move toward the nozzle throat and
finally disappear. As a result, the combustor flow will be supersonic, and we define this opera-
tion state as “scramjet mode” (see Fig. 2(c)). If one or more of the control parameters, such as
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Figure 1. Schematic diagram of a ramjet engine.
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Figure 2. Operation modes of a ramjet engine. a) Ramjet mode (R), b) Inlet unstart (U), c) Scramjet
mode (S).

T, Ay, A3, As, or M, are altered to critical values, switches between these operation modes
will take place. For the present investigation, the influence of the oblique shock waves on the
system’s dynamics is not considered. When the engine operates in the “inlet unstart” mode,
there will be no oblique shock waves in the channel flow. When the engine operates in the
ramjet or scramjet mode, there will be an oblique shock wave at the inlet entrance. In the
ramjet mode, the neglect of the oblique shock wave will cause a deviation of the calculated
position of the normal shock wave, because the total pressure loss of the oblique shock wave
is incorporated into the normal shock wave. As a result, the calculated total pressure loss of
the normal shock wave will be slightly larger, and the position of the normal shock wave will
get closer to the inlet throat. In the scramjet mode, the neglect of the oblique shock wave
will cause a deviation of the calculated Mach number of the channel flow as well as pressure
and temperature. The neglect of the oblique shock wave will introduce the corresponding
model error, but it has no influence on the description of the engine’s qualitative nonlinear
behaviours. At the same time, the characteristic time of the motion of the oblique shock wave
is small enough to be neglected and has little influence on the whole system’s dynamics.

The strong interactions between combustor and inlet are mainly determined by the stability
of shock motion in ramjet engine. The shock wave responds to both upstream and downstream
perturbations. Under the preceding assumptions, consideration is now limited to downstream
perturbations that arise from the choking flow at the throttle throat. During any transient oper-
ation, the shock wave and the choking flow at the throttle throat interact with each other, and
the inlet flow dynamics is mainly determined by these two transient processes as well as the
perturbation propagations between them. The shock dynamics itself can be thought as wave
propagation dependent on the velocity of the shock wave. The choking dynamics is mainly
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determined by the duct volume effect, i.e., a storage effect of mass and energy. The perturba-
tions, on a fundamental level, can be classified into three types: acoustic wave, vorticity wave
and entropy wave. If the flow is uniform and parallel, these perturbations are independent of
each other, and their effects are linearly superimposed. When any one of these perturbations
reaches the choking flow at the throttle throat, a transient is initiated that gives rise to two
new acoustic waves (one in each direction) and also a vorticity and an entropy wave. These
four waves will be referred to as product waves. Of these, acoustic waves are capable of prop-
agating both upstream and downstream at the speed of sound relative to the gas. Vorticity
and entropy waves are convected downstream at the flow speed. Only the upstream acous-
tic wave is capable of propagating into and affecting the shock wave. For the present study,
the flow is thought of as a known steady flow onto which the dominant unsteady effects are
superimposed. The dominant unsteady effects, from what has been discussed above, involve
shock wave propagation, duct volume effect and the upstream acoustic wave propagation. In
Ref. (25), we have provided a dynamic model to describe the bistability phenomena of shock
motion. In this paper, we will further present a dynamic model to describe the multistability
phenomena of ramjet engine, and this is its main difference from the previous one. Moreover,
the new model has taken the combustion heat addition into account, which enables a thorough
description of the whole dynamics of the engine, while the previous one can only describe the
dynamics of shock motion in a supersonic diffuser.

2.1 Shock dynamics

The shock wave responds to both upstream and downstream perturbations. Consideration is
now limited to downstream perturbations. As presented in Ref. (25), the dynamic model of
shock motion can thus be obtained as

X . k+1 1
ai(xy) B 4le (x5) P1(x5)

[p2 — Pa(xs)] (D)

where p, denotes the perturbation downstream of the shock wave, x; denotes the position of
shock wave, k denote_s the ratio of specific heats, and the variables a; (speed of sound), p;
(static pressure) and M; (Mach number) denote the corresponding steady-state parameters.

2.2 Upstream acoustic wave propagation

The downstream pressure perturbations that arise from the choking flow at the throttle throat
will produce acoustic waves, which propagate upstream to the shock wave. The model of
upstream acoustic wave propagation was given in Ref. (25). But in this paper, a frictionless
constant-area burner has been added, compared to the physical model in Ref. (25). The effect
of combustion on the amplitude variation of acoustic wave propagation must be considered.

The acoustic wave propagation involves time delay, amplitude variation and waveform
variation due to the variation in wave speed with amplitude. Only the first two effects are
considered. The propagation velocity is the speed of sound, which depends on the local
temperature. The propagation also takes place within a variable Mach number flow. The
calculation of the forward propagation time constant o can be solved as

Xs 1 Xs 1
oo [ e &)
J. =, (M) — 1 KRTy 1+ [tk — DM
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where

M) =g [An/AX)] - 3)

and

2 k=1, =y
qM)=M| e (1475 M @)

Proximately, the upstream acoustic wave propagation can be described by adopting a simple
first order transient response model, which is given by

d 1
% = —— [p2— Qx)pul (5

where Q(x,) denotes the amplitude variation against the shock position, and the variation is
induced by the heat addition in the combustor.
If the normal shock locates within the inlet, then

As/A4s
S {(D_l {<I>[qsulb;s/Az)] ”

Q(xs) =

B
| =

x ket ... (6)

j ¢;{1(A/A) ’
2+(k—1){qsui[ﬁq{q’l{w”“
1 1/2
ol ()e] fre o

and g, is the subsonic solution of the inverse function ¢~
If the normal shock locates within the combustor, then

where

Qx,) = As /AT (%) /T .8
q {cbl { (¢ (As/A3)] () 52 ”
_k
X kit ... (8

2
2+ (k-1 {d>1 { (G (As/43)] /222 }}
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If the normal shock locates within the nozzle, then

k

k+1 }“
2+ (k — Diggp[As/Ase)l)

Q(x,) = { -9

where t(x) = T,(x)/ T}, and it is represented in non-dimensional form by a rational function
(ratio of polynomial functions) given by

0x
t)=14+4C—-1){———¢, 606=>1 ...(10
@ =1+( ){1+(9—1)x} (10)
where x = (x — x;)/(x4 — x;), T = T/ Ts3, x; 1s the axial location at which heat addition begins,
and 6 is an empirical constant, which depends on the mode of fuel injection and mixture.

2.3 Duct volume effect

Volume effect is a dominant unsteady process that indicates the air in the inlet volume varies
along with time in a dynamic progress, bringing the storage effect of mass and energy. The
continuity equation can be described as follow

. . dm
Phoe =ty = — - .11
where the mass change can be expanded as follow
. d(puV)
Titoe — Tty = CZ (12)

where V' is plenum volume of the duct. The density change will be related to the changes in
plenum pressure by

dpn _ P dpa

= ...(13
dt  kpy dt (13)
The expression for mass conservation in the plenum can thus be written as
dpm kpa _ . . kpwAay, dx;
£ — -7 ... (14
dt Vo [, — Mieo] + % dt (14)
where
. k
g = K[1 + otk = DD Agpy [/ Teo .. (15)
...(16)
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When the normal shock locates inside of the engine, the captured mass flow rate can be

expressed as

"hoo = KQ(MOC)AOPtOO/V Tio

When the inlet unstarts, the captured mass flow rate can be expressed as

Hoo = Kq(M o)A oo (X5)Pioo /v Tioo

where 4 is the inlet capture area.

.17

... (18)

To scale the variables in these equations to a dimensionless form, the shock position is
nondimensionalised using the characteristic length / (length from “0” to “th”), the time vari-
able using the characteristic time //v,, the mass flow rate using the quantity ps,vacdg, and

the pressure using 100002, as follows

Xy = T
- t
T vs

p=1—r
1/2/00061%0

B m

m=——
PooVooAo

...(19)

Definitions of these variables allow expressing models in the dimensionless representation

dXx k+1 a; 1[~ 5 (%]
—_— = = — X
4 akMvep, D

dp; 1 . o
—_— = —Q s
T Gvoo/l[pz )pin]
dpun 4401  AkRTs

— =TT
di k+1)V @,

[t — Moo ()] +

... (20)

The coupled nonlinear are the equations that are to be solved in order to predict the transient

behaviours of shock motion in the ramjet engine.

3.0 DYNAMIC SIMULATIONS OF THE
COMBUSTOR-INLET INTERACTIONS
IN A CLASSIFICATION FRAMEWORK

In previous studies, the combustor-inlet interactions in ramjet engines have been classified by
using discrete mathematics. The studies, however, were performed in a static framework and
can only make a direct, instantaneous link between system states and external perturbations
using algebraic relationships. The main obstacle is that the algebraic equations cannot account
for the dominant dynamic processes of the system, such as the unstable positive-feedback
effect and the duct-volume effect. These effects are inherited in the system and have strong
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Table 1
Parameters for the dynamic simulations

Class Moo Am/A() A3/A(] Ath/A()
Type | 1.8 0.8 1.1 0.6
Type II 2 0.9 1.1 0.8
Type 111 2 0.85 0.9 0.78
Type IV 2 0.7 1.1 0.7
Type V 2 0.85 0.95 0.8
Type VI 3 0.9 0.95 0.75
Type VII 3 0.8 0.9 0.75
Type VIII 3 0.95 1.2 0.75
Type IX 3 0.95 1.1 0.8
Type X 3.5 0.9 1.4 0.9
Type XI 3 0.8 1.1 0.95

In the root level of the classification, the 11 types of combustor-inlet interactions fall
into three categories: “not startable,” “not restartable” and “restartable.”

influence on the combustor-inlet interactions in ramjet engine. In this section, the dynamic
behaviours of the combustor-inlet interactions will be simulated in a classification framework
as presented in Ref. (29) where we have used the concept of classification to mathematically
rationalise the complexity of combustor-inlet interactions, and proved analytically that there
are mathematically 72 types of combustor-inlet interactions in a ramjet engine, 11 of which
are physically existent.

Now that we have developed the low order dynamic model of the nonlinear shock
motion, we will use the model to explore the transient shock motion in response to external
changes under different combustor-inlet interactions. Simulations are performed under differ-
ent incoming flow conditions and geometric parameters as presented in Table 1. The ordinary
differential equations are numerically solved using the fourth-order Runge-Kutta method.
The time scale is chosen to be 10~*s, which is much less than the characteristic time scale of
the dominant unsteady effects, such as upstream acoustic wave propagation and duct-volume
effect. As the original point is set at the inlet entrance Xy, = 0, the other non-dimensional posi-
tions are x,, = 0.16, X3 = 0.65, X4, = 0.87 and X, = 1, respectively. Under these conditions, the
11 types of combustor-inlet interactions can be expressed in a dynamic framework.

3.1 Not startable

This category corresponds to such situation that the inlet is not startable, generally appearing
as the so-called “low Mach number unstart.” It indicates that the engine cannot operate either
in the ramjet mode or in the scramjet mode. Type I combustor-inlet interaction is the only
one that goes with this category. Figure 3 shows the dynamic response of shock position to
time following step decrease in the total hear addition rate T from a value to one (no heat
addition). The curve Pyy shows that the detached shock wave moves asymptotically toward
the inlet entrance, but cannot be swallowed into the inlet even when no heat is added into the
combustor. In the transient process, the decrease of heat addition increases the flow capacity
of the nozzle, resulting in the imbalance in the mass flow rate. The plenum pressure will
then change slightly due to the duct volume effect; this perturbation propagates upstream
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Figure 3. Dynamic simulations of type | combustor-inlet interaction. My, = 1.8, Am/Ao =0.8,A3/A0 =
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Figure 4. Dynamic simulations of type Il combustorinlet interaction. My, =2,Am/Ap=0.9,A3/A0 =
1.1, At /Ao = 0.8. a) Transient process, b) Type || combustor-inlet interaction

by acoustic wave propagation to influence the dynamics of shock wave, and as a result the
shock wave moves asymptotically toward another equilibrium state. In the case, the engine
has limited flow capture capacity. Thus there is always a detached shock to provide overflow
to match the flow balance.

3.2 Not restartable

Within the 11 types of combustor-inlet interactions, 4 types as shown in Figs. 4-7 can be
grouped into this category. The similarity each type shares is that the inlet is not restartable.
That is, the flight Mach number is high enough to start the inlet, but the engine fails to restart
the inlet once inlet unstarts. The transient processes are shown by the curve Pyy in Figs. 4-7.
When the inlet is unstart, the decrease of heat addition ratio T will increase the mass flow rate
at the throttle throat. In response, the detached shock moves asymptotically back to the inlet
entrance to reduce overflow. But the detached shock cannot reach the entrance of the inlet and
can only be located ahead of the inlet entrance.

Generally, when the engine operates in the scramjet mode, the increase of the heat addi-
tion rate to a critical value will result in the flow choking at the nozzle throat. The choking
mechanism in supersonic flow gives rise to the appearance of shock wave at the nozzle throat.
Under the critical condition, the flow Mach number upstream of the shock is one, and then a
slight increase of the heat addition will cause the shock wave move upstream. The shock wave
will leave the convergent channel of the nozzle quickly because of the existence of instability
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Figure 5. Dynamic simulations of type lll combustor-inlet interaction. My, =2,An/Ag=0.85,A3/A0 =
0.9, Ath/Ap = 0.78. a) Transient process, b) Type Ill combustor-inlet interaction
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Figure 6. Dynamic simulations of type IV combustor-inlet interaction. Mo, =2, Am/Ao=0.7,A3/A0 =
1.1, A /Ao = 0.7. a) Transient process, b) Type IV combustor-inlet interaction
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Figure 7. Dynamic simulations of type V combustor-inlet interaction. My, =2,Amn/Ap =0.85,A3/Ap =
0.95, Ain /Ao = 0.8. a) Transient process, b) Type V combustor-inlet interaction

mechanism, and move upstream into the diverging channel of the inlet. At this time, the total
pressure recovery at the nozzle throat, as well as the flow capacity, will increase when the
shock approaches the inlet throat. When the shock wave reaches the inlet throat, but the flow
capacity at the nozzle throat is still not high enough to balance the incoming flow mass rate,
the shock wave will continue to move upstream and the inlet unstarts. The transient processes
are shown by the curve Psy in Figs. 4 and 5. Otherwise, the shock wave can be stabilised in
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Figure 8. Dynamic simulations of type VI combustor-inlet interaction. My, =3, Am/Ao=0.9,A3/A0 =
0.95, Ay /Ao = 0.75. a) Transient process, b) Type VI combustor-inlet interaction
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Figure 9. Dynamic simulations of type VII combustor-inlet interaction. My, =3, Am/Ap=0.8,A3/A0 =
0.95, Ain /Ao = 0.75. a) Transient process, b) Type VII combustor-inlet interaction

the divergent channel of the inlet, and the transient processes are shown by the curve Pgsg in
Figs. 6 and 7.

Generally, when the engine initially operates in the ramjet mode, the decrease of the heat
addition rate will increase the flow capacity of the nozzle throat. The plenum pressure will
then decrease dynamically to balance the mass flow rate of the engine; this perturbation prop-
agates upstream by acoustic wave propagation to influence the dynamics of shock wave, and
as a result the shock wave moves asymptotically toward the exit of the inlet. For one case, fur-
ther decrease of the heat addition will cause the shock wave to move toward the nozzle throat
and finally disappear. For the other, even the heat release is decreased to zero; the shock wave
can only be stabilised in the divergent channel of the inlet. The transient processes of the
formal case are shown by the curve Pgrg in Figs. 5 and 7. The transient processes of the latter
case are shown by the curve Pgrg in Figs. 4 and 6.

3.3 Restartable

The last six types of combustor-inlet interactions as shown in Figs. 8—13 can be grouped into
this category. The similarity each type shares is that the inlet is restartable. It indicates that the
engine has high flow capacity. Once the inlet unstarts, it can be restarted simply by decreasing
the heat addition.
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Figure 11. Dynamic simulations of type IX combustor-inlet interaction. M =3, Am/Ap =0.95,A3/A0 =
1.1, At /Ap = 0.8. a) Transient process, b) Type IX combustor-inlet interaction
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Figure 12. Dynamic simulations of type X combustor-inlet interaction. My, = 3.5, An /Ao =0.9,A3/A0 =
1.4, Ay /Ao = 0.9. a) Transient process, b) Type X combustor-inlet interaction

When the engine initially operates in the unstarted state, the decrease of heat addition
increases the flow capacity of the nozzle. The plenum pressure will then change slightly
and this perturbation will propagate upstream by acoustic wave propagation to influence the
dynamics of shock wave, and the shock wave moves asymptotically toward the entrance of the
inlet. In the case, the engine has enough flow capture capacity, and under critical conditions
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Figure 13. Dynamic simulations of type XI combustor-inlet interaction. My, =3, Am/Ao =0.8,A3/A0 =
1.1, At /Ap = 0.95. a) Transient process, b) Type XI combustor-inlet interaction

the shock wave can move to the entrance of the inlet. At this moment, even a slight decrease
of the heat addition will cause the shock wave move into the inlet and leave the convergent
channel of the inlet at a high speed. Subsequently, if the choking conditions of the nozzle
throat flow are no longer satisfied, the shock wave will move towards the nozzle throat and
finally disappear. As a result the engine operates in the scramjet mode. Otherwise the shock
wave will be stabilised at a position of the divergent channel of the inlet, and the engine oper-
ates in the ramjet mode. The transient processes of the formal case are shown by the curve
Pys in Figs. 8 and 9. The transient processes of the latter case are shown by the curve Pyg
in Figs. 10-13. When the engine initially operates in the ramjet mode, the increase of the
heat addition will cause the shock wave move upstream, and the inlet will finally unstart if
the total heat addition is high enough. The transient processes the mode transitions are shown
by the curve Pry in Figs. 8-13. On the contrary, the decrease of the heat addition will cause
the shock wave to move downstream. Subsequently there will be two cases that happen when
further decreasing the heat addition, as shown by the curve Pgg in Figs. 8,9, 11 and 13, or by
the curve Pgrg in Figs. 10 and 12.

4.0 CONCLUSIONS

A dynamic model is developed analytically to capture the complex combustor-inlet interac-
tions in a ramjet engine. This model, consisting of a set of nonlinear, first-order differential
equations, allows for rapid calculations of system’s dynamics and can be a starting point
toward a control-oriented dynamic model of ramjet engines. At present, the model can
describe the multiple stable states of the engine and the corresponding nonlinear effects such
as irreversibility, coexistence, hysteresis and various mode transitions in a dynamic frame-
work. In contrast to the previous static analysis, the advantage of this dynamical model is
the capability to simulate and analyse the dynamics behaviour of the engine not only in the
steady state but also in the transient regime. Specially, its distict character lies in the capabil-
ity of describing the unstable processes in the transitions between the multiple stable states
of the engine, and thereby it reveals that the corresponding unstable mechanisms have sig-
nificant influence on the whole engine’s nonlinear interactions. On the base of the model’s
capability in describing the unstable mechanisms of the engine, we extend the previous stud-
ies of the classification of combustor-inlet interactions from a static framework to a dynamic
framework, which helps to clarifying the transient processes of the various combustor-inlet
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interactions, and further advancing our understanding of the nonlinear phenomena induced
by these nonlinear interactions.
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