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Abstract

The present study describes the numerical investigations concerning the combustion enhancement when a cavity is

used for the hydrogen fuel injection through a transverse slot nozzle into a supersonic hot air stream. The cavity is of

interest because recirculation flow in cavity would provide a stable flame holding while enhancing the rate of mixing or

combustion. Several inclined cavities with various aft wall angle, offset ratio and length are evaluated for reactive flow

characteristics. The cavity effect is discussed from a viewpoint of total pressure loss and combustion efficiency. The

combustor with cavity is found to enhance mixing and combustion while increasing the pressure loss, compared with

the case without cavity. But it is noted that there exists an appropriate length of cavity regarding the combustion ef-

ficiency and total pressure loss.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In the design of a supersonic combustion ramjet

(scramjet) engine a problem of fuel injection as well as

flame holding is known to play a very important role. In

order to promote its performance, fuel and air must be

mixed at the molecular level in the near field of the fuel

injection. The strategy often requires the placement of

physical obstructions in the combustor to provide

streamwise vortices that enhance the mixing of fuel and

air. One of the simplest approaches is to use the back-
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ward facing step [1]. While generating a recirculation

zone behind the step, that contains the hot gases in it, it

serves as a continuous ignition source. This approach

can provide sustained combustion, but it has a disad-

vantage of relatively high stagnation pressure loss. In

recent years, a cavity flame holder, which is an inte-

grated fuel injection/flame-holding approach, has been

proposed as a new concept for flame holding and sta-

bilization in supersonic combustor. It, designed by

CIAM (Central Institution of Aviation Motors) in

Moscow, was used for the first time in a joint Russian/

French dual-mode scramjet flight-test [2]. Experimen-

tally, the use of a cavity after the ramp injector was

found to significantly improve the hydrocarbon com-

bustion efficiency in a supersonic flow. Similar flame

stabilization method, employed by Ben-Yakar et al. [3]

in a solid-fuel supersonic combustor, demonstrated a

self-ignition as well as sustained combustion of polym-

ethyl-methacrylate (PMMA) for supersonic flow condi-

tions.

The presence of a cavity on an aerodynamic surface

could have a large impact on the flow surrounding it.
ed.
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Nomenclature

a speed of sound

ck mass fraction of species k
Cp constant pressure specific heat

Cv constant volume specific heat

D cavity depth

Dk diffusion coefficient of species k
e internal energy

F x-direction flux vector

G y-direction flux vector

h enthalpy

J Jacobian

kf i, kbi reaction rate constants

K thermal conductivity

L cavity effective length

M Mach number

p pressure

Pr Prandtl number

qx, qy heat flux

Q conservative variable

R right eigenvectors

Re Reynolds number

Ru universal gas constant

S source flux

Sc Schmidt number

T temperature

u x-direction velocity

v y-direction velocity

Wk molecular weight

x, y Cartesian coordinates

Greek symbols

c specific heat ratio

n, g computational coordinates

q density

l viscosity

s shear stress

x reaction rate

Superscripts and subscripts

k k-species
l laminar

n time step

ref reference value

t turbulent

v viscous

w wall value

1 free stream value
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The flowfield inside a cavity is characterized by recir-

culating flow that increases the residence time of the

fluid entering the cavity. Because the drag associated

with flow separation is much less over a cavity than for a

bluff-body, a cavity inside a combustor makes a stable

flame holder with relatively little pressure drop. A rect-
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Fig. 1. Various flowfields over cavity for
angular cavity driven by a free shear layer provides a

well defined configuration to study the flow separation

and reattachment. Basically, there are two types of

cavity flow: open or closed [4,5]. Their flow-fields are

schematically shown in Fig. 1. The open cavity flow

normally occurs for length-to-depth ratio, L=D < 10. In
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this case the shear layer formed at the separation corner

spans the entire cavity length and reattaches somewhere

along the cavity back face. For L=D > 10, the shear

layer is unable to span the entire length of the cavity and

reattach on the cavity floor, which is the closed cavity

flow. Therefore, the closed cavities are characterized by

a larger drag coefficient compared with open cavities so

that the latter is more desirable in a scramjet combustor.

In addition to this operational transition depending on

the length-to-depth ratio (L=D), there is another notable
feature for cavity flows, which is related to acoustic wave

propagation inside the cavity. Researchers suggested

that cavity flow oscillations can actually be used to

provide enhanced mixing in supersonic shear layers. The

mixing was enhanced by the acoustic disturbance and

the rate of the enhancement was controlled by cavity

shape while the total pressure loss was negligibly small.

However before implementing such techniques, one

should carefully consider and evaluate any potential

thrust loss and noise generation associated with the

technique because of this unsteady nature of wave

propagation, the flow may become unstable, and un-

stable combustion in the combustor can be induced.

Several control methods have been proposed to suppress

the oscillations in cavity. Among others, a cavity with an

angled rear wall was devised to suppress the unsteady

nature of the free shear layer by eliminating the gener-

ation of traveling shocks inside the cavity as shown in

Fig. 2 [6]. Otherwise, a small disturbance produced by a

mass injector located at upstream of the cavity nearly

eliminated the pressure oscillation by altering the shear

layers instability characteristics [7]. The numerical

studies of cavity-based flameholder have also been done
Cavity with angled rear-wall

=> Non Acoustic Waves in Reattachment Process

Small Upstream Disturbances

=> Enhanced Shear Layer Growth 

Fig. 2. Flowfields over cavity with an angled rear wall with/

without fuel injection.
without chemical reaction [8,9]. However, for a practical

application to a supersonic combustion, a numerical

analysis on the cavity flow for flame holding with

chemical reaction is in high demand. Particularly, the

numerical analysis of the fuel injection system accom-

panied by the cavity is rarely studied while it is only

recent that its experimental work has been in progress

[10,11].

Based on these facts, the aim of the present study is

to investigate the flame holding and combustion en-

hancement when the inclined cavity is simultaneously

used with fuel injection upstream of it. Since a use of the

cavity leads to the pressure loss, a counter-balancing

effect of the pressure loss and combustion instability

should be optimized by exploring various types of cavity

configuration under a given condition to find a more

effective cavity-based fuel injection system.
2. Numerical formulation

2.1. Governing equations

The governing equations for a general coordinate

comprise the mass conservation equation, the full Na-

vier–Stokes equation, energy and species transport

equations for a chemically reacting gas composed of N
species as follows

oQ
ot

þ oF
on

þ oG
og

¼ oF v

on
þ oGv

og
þ S; ð1Þ

where the conservative vector is Q and the convection

and viscous terms in the n and g direction are F , G and

F v, Gv, respectively and defined as below. The source

term for chemical reaction is S.
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The shear stress and heat flux in viscous terms may be

denoted by the following equations
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where u and v are the velocity components in the x and y
directions. Symbols Re1, Pr, K, c, and Sc1 are the

Reynolds number, Prandtl number, thermal conductiv-

ity, specific heat ratio, and Schmidt number, respec-

tively. Dk , hk , and ck are diffusion coefficient, enthalpy,

and mass fraction for species k.
The transport properties used in this study consist

of viscosity, thermal conductivity, and diffusion coeffi-

cients, which can be represented by the sum of laminar

(molecular) and turbulent components as follows:

l ¼ ll þ lt; K ¼ Kl þ Kt; Dk ¼ Dkl þ Dkt: ð4Þ

The molecular transport properties need to be modeled

to account for the effects of temperature and composi-

tion. The coefficients thereby introduced have been de-

termined from the Chapmann–Enskog theory that

solves the Boltzmann equation with the singled-velocity

distribution function [12,13].

The turbulent component for viscosity is calculated

using the algebraic eddy viscosity model that is devel-

oped by the Baldwin–Lomax [14], whereas those for

thermal conductivity and diffusion coefficient are ob-

tained by using the following relations

Kt ¼
Cplt
Prt

; Dkt ¼
Kt

qSct
ð5Þ

with the turbulent Prandtl number of 0.91 and Schmidt

number of 0.9.

For calculation of the specific heat for species k in
enthalpy, Cpk, a fourth order polynomial equation of

temperature is used [15]

Cpk=R ¼ a1;k þ a2;kT þ a3;kT 2 þ a4;kT 3 þ a5;kT 4: ð6Þ
Then, the specific heat for mixture at constant pressure

is estimated using

Cp ¼
XNs

k¼1
ckCpk: ð7Þ

In order to close the system of equations, Eq. (1), the

equation of state is also used for calculation of pressure.

The macroscopic thermodynamic properties of the gas

are related through the general equation of state such

that

p ¼ pðq; e; qkÞ; k ¼ 1; 2; . . . ;N � 1: ð8Þ

Since the total mass density is known, only N � 1 species

are independent for a chemical system of N species. If

the intermolecular forces and the volume occupied by

the molecules are negligible, the gas mixture pressure p
may be expressed by

p ¼ qRuT
XNs

k¼1

ck

Wk
¼ RuT

XNs

k¼1

qk

Wk
; ð9Þ

where Ru and Wk are the universal gas constant and the

molecular weight for species k. The mixture enthalpy is
denoted by

h ¼
XN
k¼1

ckhk ; hk ¼ h0fk þ
Z T

Tref

Cpk dT ; ð10Þ

where h0fk is the enthalpy of formation and Tref is the
reference temperature for thermodynamic properties.

The flux-splitting formulation in the present paper

requires a definition of the speed of sound and partial

derivatives of p with respect to q, e, and ck which are

denoted by pq, pe, and pck . These quantities can be ob-

tained from the equation of state as follows [16]
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where

W ¼ 1

1
q

� �PNs
k¼1

qk
Wk

� � ð15Þ

is the mean molecular weight for gas mixture. While the

constant-volume specific heat of the gas mixture is

Cv ¼
X

qi
Cpk

q
� Ru

W
ð16Þ

the specific internal energy for the kth species is

ek ¼
Z T

Tref

Cpk dT þ h0fk �
RuT
Wk

: ð17Þ
2.2. Chemical reaction model

The present finite rate chemistry model includes

seven species (H2, O2, N2, H, O, OH, H2O) and eight

elementary reaction steps. The kinetic data for this

model are taken from Evans and Schexnayder [17]. The

reaction steps and the rate coefficients are given in Table

1. For a set of Nr elementary reactions with Ns species,
the model is represented by the following equation

XNs

k¼1
m0i;knk ¢

kf ;i

kb;i

XNs

k¼1
m00i;knk ; i ¼ 1; 2; . . . ;Nr; ð18Þ

where, m0i;k and m00i;k are the stoichiometric coefficients for k
species. The forward and backward reaction rate con-

stants are given by the following Arrhenius type of ex-

pression

Forward reaction : kf ;i ¼ Af iT mfi exp

�
� Ef i

RuT

�
;

ð19Þ

Backward reaction : kb;i ¼ AbiT mbi exp

�
� Ebi

RuT

�
:

ð20Þ

The rate of change of mass concentration of species k for
reaction step i, then, becomes
Table 1

Chemistry model for hydrogen oxidation with air [17]

Reaction Forward reaction

Afk mfk E

H2 +M$H+H+M 5.5 · 1018 )1.0 51

O2 +M$O+O+M 7.2 · 1018 )1.0 59

H2O+M$OH+H+M 5.2 · 1021 )1.5 59

OH+M$O+H+M 8.5 · 1018 )1.0 50

H2O+O$OH+OH 5.8 · 1013 0.0

H2O+H$OH+H2 8.4 · 1013 0.0 10

O2 +H$OH+O 2.2 · 1014 0.0

H2 +O$OH+OH 7.5 · 1013 0.0

M : third body, kf ;i ¼ AfiT mfi exp
�
� Ef i

RuT

�
, kb;i ¼ AbiT mbi exp

�
� Ebi

RuT

�
.

_xxk ¼ Wk

XNr

i¼1
ðm00i;k � m0i;kÞ kf ;i

YNs

l¼1
n

m0i;l
l

 
� kb;i

YNs

l¼1
n

m00i;l
l

!
;

i ¼ 1; 2; . . . ;Nr: ð21Þ

2.3. Numerical treatment

The solution of the governing equations for turbulent

supersonic flows requires use of robust as well as accu-

rate scheme. A finite volume approach is used to inte-

grate the governing equations using the Green’s theorem

and then evaluate the flux at each interface. The con-

vection terms are approximated by the spatially second

order Harten–Yee upwind TVD scheme, while the vis-

cous terms are approximated by the second order central

difference scheme [18].

Since a large number of species equations is included,

the size of blocks in implicit operator becomes so large

that the inversion of the implicit operator can be pro-

hibitively expensive without vectorization. As a result,

the LU scheme is particularly attractive for non-equi-

librium flow. In order to accelerate the computational

convergence, the local time stepping approach has also

been employed here.
3. Results and discussion

3.1. Code verification

The main objective of this work is to examine the

reactive, compressible, viscous, supersonic flow over the

cavity when the fuel is injected upstream of it. In order

to validate the present numerical method in computing

these complex flows, two computing cases are consid-

ered here.

As the first case, a problem of injection flow is con-

sidered following the experimental configuration and

flow conditions for the case of Aso et al. [19].
Backward reaction

fk Abk mbk Ebk

,987 1.8 · 1018 )1.0 0.0

,340 4.0 · 1017 )1.0 0.0

,386 4.4 · 1020 )1.5 0.0

,830 7.1 · 1018 )1.0 0.0

9059 5.3 · 1012 0.0 503

,116 2.0 · 1013 0.0 2600

8455 1.5 · 1013 0.0 0.0

5586 3.0 · 1013 0.0 4429
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Fig. 3. Wall pressure distribution for the case of injection on the flat plate. (a) Geometry, (b) grid system (141· 101), (c) results of grid
resolution, (d) wall pressure distribution.
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The geometry consists of a flat with a slot as in Fig.

3(a). The distance from the sharp leading edge to the
nozzle is L ¼ 330 mm, following the experimental con-

figuration. The calculation is conducted for the condi-



Fig. 4. Computational results for L=D ¼ 3. (a) Wall static pressure distribution, (b) streamline and pressure contour (left: Gruber’s

computational visualization, right: present results).
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tion of free stream Mach number of 3.75, total pressure

of 1.2 MPa, and total temperature of 299 K. A slot

nozzle is convergent sonic throat at the exit. Nozzle

width is 1.0 mm while nitrogen gas is injected with total

pressure of pj ¼ 10:29p1. The grid system of 141· 101 is
plotted in Fig. 3(b). In order to see the effects of grid

resolution, the static pressure distributions along the

wall are presented in Fig. 3(c). It is evident that the grid

system of 141 · 101 is good enough.
In Fig. 3(d), the surface pressure is plotted and

compared with the experimental data by Aso et al. as

well as other numerical results by Rizzetta [20] and

Chenault and Beran [21]. While the current results are

reasonable with other numerical results, there is still

some discrepancy compared with experimental data. It

should be noted that the experimental results do not

show a sharp pressure peak just upstream of the slot

leading edge. Furthermore, the measured pressure level

at upstream of the interaction region (x=L ¼ 0:9) is
somewhat higher, which maybe is attributable to sharp

leading edge of the slot in experiment, but is unac-

countable in computation.

As the second test case, a problem of the cavity flow

is considered following Gruber et al. [9] who studied

several cavity configurations for an unheated flow of

Mach 3. Cavities with depth of 8.9 mm were used for

experiment for the conditions of L=D ¼ 3, L=D ¼ 5
without aft angle, and L=D ¼ 3 with the aft angle (h) of
30�. In addition, initial stagnation temperature (T0;1)
and stagnation pressure (P0;1) of the free stream are 300

K and 690 kPa, respectively.

Fig. 4 presents the surface pressure distribution along

the cavity wall for the case of L=D ¼ 3. In the figure, the

effective distance comprises the cavity upstream forward

face from a separation corner, the cavity floor and the

cavity rear face. The present calculation is in good

agreement with Gruber’s experimental one. Also, the

computational image of flow field along the cavity are

shown and compared with the present numerical one.

Experimentally as well as numerically the vortices are

well defined within cavity and both compression and

expansion waves are well characterized over the cavity.

Similarly, Fig. 5 shows the wall pressure distributions

for L=D ¼ 5 without aft angle and L=D ¼ 3 with the aft

angle 30. A good agreement is also observed for the

computed and experimental results.

3.2. Numerical results

Based on the above validation, the numerical calcu-

lation is then applied to a reactive cavity flow with fuel

injection at upstream of the cavity for the conditions

given in Table 2 [5]. As schematically shown in Fig. 6,

the combustor is equipped with cavity, of which aft
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aft angle 30�.

Table 2

Computational conditions

Free stream Mach no. of air M ¼ 2:5

Static pressure and static

temperature

P ¼ 1 atm, T ¼ 1000 K

Initial boundary layer thickness d ¼ 4:5 mm

Mach no. at injector exit M ¼ 1.0
Stagnation pressure and

temperature at injector exit

P ¼ 7:57 atm, T ¼ 600 K

Size of injector exit d ¼ 1 mm (equivalence

ratio / ¼ 0:4)
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angle (hÞ is 30� for L=D ¼ 3. The model has upstream

depth Du ¼ 15 mm. While a no-slip condition is applied

along the wall surface, a symmetric condition is imposed

on the upper boundary. At the outflow, all the physical

variables are extrapolated from the internal cells due to

the supersonic flow.

For the basic comparison with other results, the re-

active flow field without cavity is solved with hydrogen

injected perpendicular to the supersonic freestream. Fig.

7 shows the contours of Mach number, pressure, and

temperature. A separation shock, bow shock, Mach disk

in the injected flow as well as reattachment shock at

downstream of the injector can be identified in the fig-
ure. The gas temperature contours show that it becomes

more than 2000 K in the upstream separation region

under the adiabatic wall condition because no heat

produced by the exothermic reaction is lost through the

wall. The high temperature region is located near the

upstream boundary of the jet above the small-scale re-

circulation rather than at the center region of the small-

scale recirculation. The vicinity of the wall near the small

recirculation as well as the downstream region of the

injector is filled with unburned fuel gases injected

through the injector. The temperature in that region is

lower than the injected gas temperature because of

under-expansion effects of the injected gas.

The computed results for an inclined cavity are

shown in Fig. 8. The bow shock wave by injected fuel jet

is seen to interfere with the boundary layer, thereby

generating a separation zone in front of the injector. The

recirculation zone at upstream of the injector becomes

broader compared with the one without cavity. This

may result from the lifting effect of the high temperature

gas mixture due to the vortices residing in the cavity.

The injected gas flows turning after penetrate more into

the main stream than that without cavity. The reaction

in the cavity acts to expand the gas, causing the shear

layer to rise slightly. The strong trailing edge shock wave

is also created as the shear layer reattaches at the angled

back wall. In Fig. 8(a) the injected jet is seen to span

over the cavity until it reaches to the trailing edge of the

cavity. Therefore, it can be an open cavity flow. Due to

interaction with geometrical configuration, the shear

layer over the cavity vertically spreads more broadly

compared with the case without cavity. While traveling

over the cavity, the injected jet interacts with the strong

trailing edge shockwave, which might play an important

role in chemical reaction. Furthermore, since the trailing

oblique shock wave increases pressure and temperature

of the mixture, a shock-induced chemical reaction takes

place. It is usually known that a jet interaction with

oblique shock wave results in an enhancement in the

molecular mixing between supersonic air and jet fuel

[22]. The vortices generated by interaction between a

shock wave and a shear layer, have immediate influence

on the mixing enhancement in supersonic flows, which

then results in increasing combustion efficiency. The

trailing edge shock is therefore expected to deviate flow

direction behind it over the trailing edge of the cavity,

thereby, increasing the mixing, the static pressure, the

static temperature, and finally the reaction rate.

Figs. 9 and 10 plot a distribution of H2, OH and H2O

for the case with/without cavity. In case of without

cavity, the OH species are primarily produced in the hot

separation region upstream of the jet exit and behind the

bow shock and convected down stream with shear layer.

However, the OH mass fraction decreases as the gas

expands around the injected jet and the local mixture

temperature falls. It is evident from these results that
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improved injection schemes for better flame-holding

would be required for practical application in supersonic

combustors. In flows around two-dimensional cavities,

the boundary layer separate from the upstream lip and

reattaches downstream. As the boundary layer separates

from the leading edge of the cavity, a free shear layer

forms. Depending upon the pressure inside the cavity the

shear layer deflects upwards or downwards producing

compression or expansion wave consequently. Hydro-

gen gas is seen to penetrate deeper into the vertical di-

rection for the case with cavity so that the recirculation

zone in front of the injector also becomes larger. The gas

mixture creates a recirculation region inside the cavity

with a hot pool of radicals which will reduce the intro-

duction time, such that autoignition of fuel/air mixture

can be obtained. If appropriately considered, a cavity

can be an effective tool to improve combustion efficiency

as well as flame-holder. According to Figs. 9(b) and (c)

and 10(b) and (c), species of OH and H2O are found

even in recirculation zone at upstream of the injector,

which means that therein also occurs a chemical reac-

tion. Therefore, the cavity provides a stable pool of hot

reaction products. The OH species are primarily pro-

duced in the hot separation region upstream of the jet

exit and behind the bow shock and convected down-

stream with the shear-layer. In general, the flame zone is

found to be much broader along the downstream for the

case with cavity. In Fig. 10(b), the OH mass fraction

decreases a bit at midway in front of the trailing edge

shock, and then increases at further downstream so that

the trailing edge shock is seen to enhance the reaction,
thereby making the flame zone behind it broader. As

discussed previously, the flame has lifted above the shear

layer that separates the cavity fluid from the main-

stream. Thus, much of the heat being released by the

flow with the cavity is contact with the fuel–air mixture

in the mainstream. The lower portion of the mainstream

fuel has been reacted in the opening of the cavity, but in

the existence of any strong shocks to air in turning the

flow and hence spreading the flame, the reaction rate is

quite fast and eventually begins to enhance in the rapidly

the combustion.

A minimum total pressure loss as well as maximum

efficiencies of mixing and combustion should be con-

sidered for the optimization of an overall combustor

performance with the cavity configuration. Now in

order to discuss its performance, the mixing and com-

bustion efficiencies, and stagnation pressure loss are

considered in this study. The mixing efficiency is defined

in the manner described;

gm ¼
R

aRqudAR
aqudA

; aR ¼
a a6 aS
a 1�a

1�aS

� �
a > aS

(
; ð22Þ

where, a: fuel mass fraction, aS: stoichiometric fuel

mass fraction, aR: mass fraction of least available re-

actant.

The combustion efficiency is a measure of the degree

of the completeness of combustion, and defined as;

gC ¼ _mmfuel;in � _mmfuel;x

_mmfuel;in

ð23Þ
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where _mmfuel;x is local fuel mass flow rate.Also, total

pressure loss is

gloss ¼ 1�
R

PtqudAR
Pt;refqudA

ð24Þ
The total pressure is reduced by viscous forces in

boundary layer, flow separation, shock wave, fuel-air

mixing, and combustion.

First of all, the effect of a cavity on mixing and

combustion efficiencies is plotted in Fig. 11. When the
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cavity is installed, it is observed in the figure that the

combustion as well as mixing efficiency is greatly en-

hanced, since the mass and thermal transport pheno-

mena are much improved along the shear layer as well

as in the cavity. The combustion efficiency is directly

related to the total length required for the combustor.

The reason is that the higher the combustion efficiency,

the shorter the length of combustor becomes.

The cavity shape has to be derived from flow stabi-

lization and flame holding requirements. While the

cavity depth can be determined according to the re-

quired residence time which provides ignition, the length
has to be chosen to sustain a stable vortex inside the

cavity. For the cavity effect, we have to analyze the re-

active flow field of different cavity geometries; aft wall

angle, offset ratio (Du=Dd), and length L=D.
In Fig. 12, the effects of aft wall angle and offset ratio

(Du=Dd) of upper to downstream depth of the cavity on

the vortices are examined. Usually inside the cavity, a

couple of vortices are generated, in which the flow ve-

locity is smaller compared with the free stream velocity

above it. This induces enough time for the injected fuel

and free stream air reside in the cavity to be mixed and

then ignited. It is, therefore, evident that the existence of
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the reaction zone in the cavity plays an important role in

flame stabilization as shown in the Fig. 8. For an angle

of 15�, there are one strong and other minor vortices in
the cavity. However, as the aft wall angle increases, the

strength of strong vortex becomes weaker, while the

minor vortex renders stronger. As the offset ratio in-

creases, the right-hand side vortexes get stronger. These

variations in vortex behavior in the cavity may affect the

reaction flow field so that their effects are to be more

discussed in the below.

Fig. 13 represents the effects of the aft wall angle on

the combustion efficiency and total pressure loss. Gen-

erally, as the aft wall angle increases, the combustion

efficiency increases while the total pressure loss in-

creases. This results from the fact that the strength of the
trailing edge shock becomes stronger for higher aft wall

angle. Therefore, the combustion efficiency is enhanced

while the total pressure, which can be converted to

pressure thrust of the vehicle, decreases higher behind

the trailing shock.

Fig. 14 illustrates the effects of the offset ratio

(Du=Dd) on the combustion efficiency and total pressure

loss. Usually, a part of the injected gas impinges against

aft wall, contributing to a formation of trailing edge

shock above it, whereas the other part of injected gas

flows into the cavity, which reinforces the recirculation

zone inside the cavity and then a remaining part of in-

jected gas flows to downstream passing over the trailing

edge. The trailing edge shock formation and viscous

friction regarding the flows over the trailing edge must
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accompany the higher total pressure loss. In Fig. 14, as

the offset ratio increases, the combustion efficiency is

reduced while the total pressure loss decreases. For

higher offset ratio, geometrically, the height of trailing

edge is lower than that of upstream edge so that the

injected gas is more expanded. This would lead to a

reduction in gas temperature so that the chemical reac-

tion slowly occurs. Simultaneously, the strength of the

trailing edge shock is weaker, which results in smaller

total pressure loss. One interesting point in the figure is a

comparison between the case without cavity and one for

Du=Dd ¼ 1:5. It shows that the fuel injection without

cavity yields relatively poor combustion efficiency with

even higher total pressure loss. A more total pressure

loss for the non-cavity case is due to stronger viscous

friction along the wall compared with the case with

cavity. For the case with cavity, the reaction is lesser up
to the cavity trailing edge (x=D ¼ 6:5) because of geo-
metrical gas expansion so that the combustion efficiency

is also lower than for the non-cavity case as shown in the

figure. However, thereafter, since the flammable gases

are ejected from the cavity that plays a role of hot pool,

and the fuel lean gases comprises enough radicals, the

chemical reaction increases for the case with cavity,

whereas fuel is still rich along downstream for the non-

cavity. Consequently, based on this comparison, a use of

cavity is much preferred.

In Fig. 15, the effect of cavity length is sought for

L=D ¼ 2; 3, and 4. As the cavity length increases, the

total pressure loss does too. However, the combustion

efficiency is the highest for medium cavity length of

L=D ¼ 3. In other words, a very short cavity length

yields a poor combustion while too long cavity length

results in a higher total pressure loss. Consequently, a



4.0 6.0 8.0 10.0 12.0
0.0

0.1

0.2

0.3

0.4

0.5

3

2

E
ffi

ci
en

ci
es

,
T

ot
al

P
re

ss
ur

e
Lo

ss

X / D

With cavity
Without cavity

1

1: Combustion efficiencies
2: Mixing efficiencies
3: Total pressure losses

Fig. 11. Combustion and mixing efficiencies for the combustor

with/without cavity.

4.0 6.0 8.0 10.0 12.0
0.0

0.1

0.2

0.3

0.4

0.5

Solid : Combustion efficiency
Hollow : Total pressure loss

Baseline (without cavity)
15o

30o

60o

C
om

bu
st

io
n

ef
fic

ie
nc

y,
T

ot
al

pr
es

su
re

lo
ss

x / D

Fig. 13. Combustion efficiency and total pressure loss for var-

ious aft wall angles.

284 K.M. Kim et al. / International Journal of Heat and Mass Transfer 47 (2004) 271–286
use of appropriate length of cavity is preferred to attain

best combustion efficiency with moderate total pressure

loss.

Fig. 16 shows the change of the location of the in-

jector; Linj ¼ Du, Linj ¼ 1=2Du, and Linj ¼ 1=4Du. If the

injector is relatively far from the leading edge of the

cavity, the cavity has formed small vortices because

the mixture entering the cavity was not enough. For the
Fig. 12. Streamlines for various cavity configurations. (a) Angle variat

h ¼ 30�.
reason, the shear layer goes down to the cavity opening.

Also the cavity has weak trailing edge shock. On the

other hand, if the injector is relatively closer, injected

fuel does not deeply penetrate in the free stream due to

the flow turning by the cavity configuration so that the

plenty of the mixture enters into a cavity. Therefore, the

reactive region in the cavity can not transfer much re-

leased heat to the shear layer due to the formation of
ions in case of Du=Dd ¼ 1:0. (b) Offset ratio variations in case of
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recirculation region with low temperature. These result

in low combustion efficiency.
4. Conclusions

In this study, the effects of the cavity on the hydrogen

injection into the supersonic air flow have been investi-

gated. Usually, the cavity was found to increase both the

total pressure loss and the temperature of the combustor

while enhancing the combustion of fuel and oxidizer. By

varying the aft wall angle, the offset ratio of upstream to

downstream depth and the cavity length the following

main results were found.

(1) When the aft wall angle of cavity increases, the com-

bustion efficiency is improved, but total pressure loss

increased. In these regards, the trailing edge shock

over the cavity must play an important role.

(2) When the offset ratio of upper to downstream depth

of the cavity increases, the combustion efficiency as

well as the total pressure loss decreases. For higher

offset ratio, geometrically the injected gas has ex-

panded more, resulting in reduction in gas tempera-

ture so that the chemical reaction has been retarded.

Based on comparison with the case without cavity, a

use of cavity is much preferred.

(3) When the cavity length is changed, the combustion

efficiency is the highest for an appropriate cavity

length with moderate total pressure loss. Conse-

quently, a best choice for the length of cavity exists

regarding the combustion efficiency and total pres-

sure loss.
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