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Numerical Study of Mixing Enhancement by Shock Waves
in Model Scramjet Engine
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A numerical study has been conducted to investigate the effect of shock waves on the supersonic hydrogen–air jet
� ame stabilized in a Mach 2.5 circular cross-section combustor. The numerical model utilizes multispecies Navier–

Stokes equationswith detailed chemical reaction models and employsa k–! shear stress transport model. A wedge
is mounted on the side wall of the combustor in order to � nd the interaction of the oblique shock waves with the
hydrogen–air jetlike � ame. The interaction between the shock waves and the mixing layer is classi� ed according to
the increasing tendency of the growth rate of the mixing layer downstream of the shock waves. It is found that the
shock waves create a radially inward/outward air� ow to the � ame and elongate a � ame-holding recirculation zone,
and thus fuel–air mixing is enhanced signi� cantly, resulting in improved combustion ef� ciency. Also, the overall
performance is investigated by changing the shock position and considering the mixing/combustion ef� ciency
and total pressure loss in a model scramjet combustor. Because there exists a tradeoff between the enhanced
mixing/combustion ef� ciency and the decreased total pressure recovery, it is suggested that the optimized shock
position needs to be determined in order to obtain the maximum overall combustor performance using the overall
performance index.

Nomenclature
dF = diameter of fuel nozzle lip
Iop = overall performance index
k = turbulent kinetic energy per mass
M = Mach number
P = pressure
P0;rec = total pressure recovery
U = velocity
xW = position of leading edge’s wedge
YH2 = mass fraction of hydrogen
±c = mixing layer thickness (based on fuel mass fraction)
± 0

c = growth rate of mixing layer thickness (D @±c=@x)
´c = combustion ef� ciency
´m = mixing ef� ciency
5 = total pressure loss
Á = equivalence ratio

Introduction

I N scramjet engines, combustion occurs at supersonic speeds
within a very short residence time of the order of 1 ms, and
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two issues are essential for ef� cient operation: the maximization of
rapid fuel–air mixing and the minimization of total pressure losses.
Unfortunately,shockwavesareoftenunavoidablein a scramjetcom-
bustor. However, when the shock waves are suf� ciently oblique to
the � ow, the total pressure losses are not appreciable.Thus, oblique
shockwaves may have positive effects in enhancingfuel–air mixing
and stabilizing the � ame.

One of the pronouncedeffects of shock waves on fuel–air mixing
has been identi� ed by Marble et al.1 They showed that the baro-
clinic torque creates shock-generated vorticity, enhancing fuel–air
mixing.Lu and Wu2 rigorouslystudiedmixing enhancementof con-
� ned supersonic mixing � ows by shock waves. They reported that
the mixing enhancementusing shockwaves might be effectiveif the
stimulation by shock waves is spatially continuousand begins very
far upstream. Drummond and Givi3 showed that mixing and com-
bustionef� cienciesare extremely low in supersonic� ows if the � ow
is not disturbed by shock waves. Also, Huh and Driscoll4 reported
that shock waves enhance fuel–air mixing and improve the � ame
stability limit substantiallywhen optimum oblique shock waves are
introduced in a supersonic jetlike � ame. However, there exists a
tradeoff in supersonic � ows between the mixing enhancement and
the total pressure recovery. From this point of view, they observed
only the mixedness using the � ame length and did not consider the
total pressure loss of a model scramjet combustor simultaneously.4

Hence, a new parameter is introduced in the present study: over-
all performanceparameter,which includesboth the thrust ef� ciency
and the combustion ef� ciency. Thrust ef� ciency is a measure of the
total pressure recovery associated with a given heat release due to
the combustion,whereas combustionef� ciency is simply a measure
of the degree of the completeness in mixing and subsequent heat-
releaseprocesses;i.e., the combustionef� ciencymay representonly
a part of the overall performance. Therefore, the objectives of the
present work are to quantify the mixing enhancement and pres-
sure losses using shock waves and to improve the understanding
of the mixing enhancement mechanism, which helps to determine
the optimized location of shock waves in order to achieve the best
performance of a model scramjet engine.
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Numerical Methods
Governing Equations and Numerical Methods

The axisymmetricNavier–Stokesequationformultispeciesisem-
ployed to analyze a chemically reacting supersonic viscous � ow in
a supersonicmodel combustor.The conservationform of these gov-
erning equation sets including N number of species is written as
follows:
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Conservative variable Q; convective � ux F, G; diffusion � ux Fv ,
Gv ; axisymmetric source term H, Hv ; and reaction source term W
are de� ned as follows:
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Details of the governing equations and thermal properties are de-
scribed in a previous paper.5 Roe’s � ux difference splitting (FDS)
method and the MUSCL scheme are formulated for multispecies
with convection � ux terms. Diffusion � ux terms are discretized by
the central difference scheme. The lower–upper–symmetric Gauss

Seidel (LU–SGS) method is used as a fully implicit time integration
method for the analysisof supersonicreacting � ows. The numerical
algorithm used in this study has been validated with experimental
cases,such as shock-inducedcombustionphenomenaarounda blunt
body and shock/boundary-layer interaction problems.6;7

Chemistry Model and Turbulence Model
The � nite rate chemistry model used in the present study consists

of 18 steps of chemical reactionswith eight reacting species (H, H2,
O, O2 , H2O, OH, H2O2 , and HO2/. The reactiondata are taken from
Jachimowski’s 33 detailed chemistry mechanisms for hydrogen–
air combustion.8 Jachimowski’s original mechanism includes the
oxidation process of nitrogen. However, nitrogen is assumed as an
inert gas in this study so that the reactionsteps are neglectedbecause
the oxidation process does not have a signi� cant effect on the � uid
dynamics in a combustor.

Menter’s shearstress transport(SST) model9 is used as a turbulent
model. This model is the blending of the standard k–" model that is
suitable for a shear layer problem and Wilcox’s k–! model10 that is
suitable for the wall turbulenceeffect. Bardina et al.11 reported that
the SST model shows good prediction for mixing layer and jet � ow
problems, and it is also less sensitive to initial values.

We validated our code with the experimental data of Evans and
Schexnayder.12 They performedexperimentsand numericalsimula-
tions; Mach 2.0 hydrogen fuel was injected into a Mach 1.9 air� ow,
and vitiated air was used to match it with high enthalpy conditions.
Our numerical results have a good agreement with experimental
data. To write this paper concisely, we did not include the � gures
for code validation. Also, this code was used for the previous re-
searches for the model scramjet engine.13;14

Model Scramjet Combustor
A schematic of the model scramjet combustor appears in Fig. 1.

The speci� c con� gurations and conditions of the combustor are
similar to those of experiments performed by Huh and Driscoll.4

However, an axisymmetric con� guration is adopted in this study. A
hydrogen fuel jet is injected at a sonic speed with the Mach 2.5 air
� ow using a thick-lip fuel nozzle, which acts as a bluff body. The
combustor is 27.3 cm long, and its radial diameter is 5.7 cm at the
fuel injectionlocation.The innerdiameterof the fuelnozzledF is 0.7
cm, and the outer diameter is 2.54 cm; thus, the nozzle lip thickness
H is 0.92 cm. The divergence angle of the combustor sidewalls is
4 deg from the � ow axis in order to prevent thermal choking.15

The wedges are mounted on the diverging sidewalls as shown in
Fig. 1 in order to investigatethe effect of shock waves. The angle of
the wedge is 10 deg to the side-walls, and the leading edge location
of the wedge is varied from 0 to 8dF downstream of the fuel injec-
tion plane. Hydrogen is injected at a sonic speed. Air is injected at
the Mach number of 2.5, where the static temperature is 888 K and
static pressure is 0.80 atm, as shown in Table 1. These conditions

Table 1 Initial conditions in a model
scramjet combustor

Component M U , m/s T , K P , atm

Fuel 1.0 1192 245 1.12
Air 2.5 1353 888 0.80

Fig. 1 Schematic of a model scramjet combustor and in� ow condi-
tions.
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correspond to the combustor inlet � ow conditions of Mach 6.0 su-
personic � ight at the altitude of 26 km from sea level, where the
atmospheric temperature is 223 K and pressure is 0.02 atm.

The shape of the wedge used in this simulation slightly differs
from that of the experiment of Huh and Driscoll.4 The former has
the slanted shape at both sides, and the latter has the shape of the
backward step in the aft part. However, the � ow� elds have very
similar pattterns because a recirculation zone is made behind the
backward step wedge and acts as a solid body, like a slanted wall.
Although the slanted wedges were used for computational conve-
nience, reasonable data can be acquired.

The in� ow conditionwith turbulentboundarylayers is calculated
in advance, and then the main calculation is performed with the
obtained in� ow condition upstream of the combustor. Therefore,
the turbulent boundary-layer pro� le is taken into account partially
for the incoming � ows.

The no-slip condition is used around the boundary of the nozzle
lip, but the slip condition is used at the combustor wall bound-
ary. This slip boundary condition has advantages in computational
convenience because the slip condition requires fewer grids at the
wall boundary than the no-slip condition and the shock wave is not
smeared in a lower grid resolution.Thus, in the case of this slip wall
condition, the grid independency can be acquired at a lower grid
resolution than in the case of the no-slip wall condition.

We know that the interaction between thin boundary layers and
shock waves should be crucial to resolve the phenomena near the
supersonic combustor walls. However, the reason we used the slip
boundary condition in the present study is that wall boundary lay-
ers do not affect the interaction of shock waves and mixing layers
signi� cantly because this interaction occurs in the middle of the
combustor rather than near the wall.

In this simulation,the resolutionof the grid is 200 £ 100.The grid
independencywas tested with � ner grid sizes, and the present grid
size is believedto be � ne enoughto resolvequalitativetrendswithout
losing the detailed information obtained with the � ner grid sizes.

Results and Discussion
Flow Characteristics

Figure 2 shows the comparison of a numerical result with an
experimental result of Huh and Driscoll.4 The wedges are located at
4dF from the fuel nozzle.The inlet Mach numbersof air and fuel are
2.5 and 1.0, respectively.The general trends of shock wave patterns
obtained from the numerical simulation in Fig. 2b are similar to
the experimental observation in Fig. 2a. However, there is a minor
difference between the numerical and experimental results because

a)

b)

Fig. 2 Nonreacting � ow: a) schlieren photograph by Huh and
Driscoll14 and b) pressure contours obtained from the simulation.

of the axisymmetric geometry adopted in the present simulation
even thoughthe experimentwas performedin the three-dimensional
combustor. It is observed that expansion waves occur at the nozzle
lip due to the sudden increase in the area. Oblique shocks begin
to appear at the leading edge of the wedge. Recompression shock
waves are generated by the interaction of the boundary layer and
re� ected shock waves.

Figure 3 shows pressure, Mach number, mass fraction of hydro-
gen YH2, and turbulent kinetic energy contours when a chemical
reaction occurs at the initial conditions shown in Fig. 1. In the case
with shock waves, the wedge is located at x=dF D 4 from the noz-
zle. “Shock”indicatesthewedge-mountedwall,whichmakesstrong
shock waves, whereas “No shock” means the straight wall, which
does not generate arti� cial oblique shock waves but inevitably has
innateweak shock waves. The shock waves due to the wedge are ex-
pected to create a radially inward/outward air� ow to the � ame, addi-
tionalvorticity, and an adversepressuregradient.4 Hence, the air en-
trainment rate and the mixing rate are enhancednear the � ame base.

It is noted from Figs. 3a and 3b that pressure in this combus-
tor is increased by the shock waves. However, the Mach number is
decreaseddue to the shock waves resulting in the increment of sub-
sonic regionsbehind the bluff-bodyfuel nozzle,as shown in Figs. 3c
and 3d. The fuel mass fraction contours in Figs. 3e and 3f illustrate
that fuel consumption is signi� cantly increased near the fuel nozzle
using the shock waves. The turbulent kinetic energy k contours in
Figs. 3g and 3h show the increasedvalues and the broad distribution
of turbulence by the shock waves, where k is de� ned as follows:
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The valuesof turbulentkinetic energy k in Figs. 3g and 3f are nondi-
mensionalized by the square of the sonic velocity a2

1 .
Figure 3 indicates that strong compression shock waves play an

important role in improvingthe mixing conditionby intensifyingthe
turbulence� uctuationsthroughtheaccelerationof energyextraction
from the mean � ow, as mentioned by Lu and Wu.2

Recirculation Zones
Flame stabilization is an important issue in supersonic combus-

tion. This can be achieved by using a bluff-body fuel nozzle, which
provides the � ame holding recirculation zone downstream of the
fuel nozzle. A � ame can be stabilized when the local � ow ve-
locity is equal to the normal � ame propagation velocity at some
points within low-speed recirculation zones. The bluff-body stabi-
lized � ame has two counter-rotating recirculation zones; the inner
recirculation zone is driven by the fuel jet, and the other zone has
recirculation in the opposite direction and is driven by the air � ow.
It is reported that a reasonablesize of recirculationzones is required
to stabilize � ames in supersonic � ows.16

The effect of shock waves on the size of the recirculationzone is
shown in Fig. 4. When the fuel is ignited, the size of recirculation
zones is elongated by about a factor of two compared to the nonre-
acting case. This may be attributed to the volumetric expansion of
highly mixed � ow behind the bluff body due to the elevated tem-
perature in the recirculation zone as a result of heat release. Also,
it is found that the shock waves further increase the recirculation
zone size, which is believed to be due to the strong adverse pres-
sure gradient causedby the shockwave near the recirculationzone.4

However, when the shock wave is generated at the downstream po-
sition (xw=dF D 8) in the reacting case, the size of the recirculation
zone is not affected by shock waves because there is no way to
affect the upstream in the � ow� eld with M > 1:0. But in the case
of xw=dF D 4, the recirculation size is affected by the shock waves.
This can be explainedby the Mach pocket that is shown in Fig. 3d;
the Mach number inside of the Mach pocket is not supersonic (i.e.,
less than 1.0), so that the shock could in� uence the recirculation
zone that is located upstream of shock waves. In the nonreacting
case, the size of the recirculation zone is not changed for the case
of x=dF > 2. The recirculation zone size is maximized when the
wedge is located around x=dF D 2 in the reacting case. This elon-
gated recirculation zone is known to stabilize the supersonic � ame
more effectively.17
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Fig. 3 Pressure, Mach number, YH2, and turbulent kinetic energy con-
tours with combustion. In the case of a shock wave, the wedge is located
at 4dF (xW = 4dF ).

Table 2 Crossing point position (reacting cases)

Shock positions xW =dF

Crossing point 0 1 2 3 4 8

CP1 4 5 6 7 8 16
CP2 14.5 15 16 17 18 26
CP3 19 19.5 20 20.5 22 32

Fig. 4 Effects of shock waves on the size of recirculation zone (thick-
ness of fuel nozzle lip H = 0.92 cm, dF = 0.70 cm).

Fig. 5 Schemetic of the � ow� eld affected by the shock waves.

Effects of Shock Waves on Mixing
Figure 5 is a schematic of � ow� elds affectedby the shock waves.

The wedge mounted on the wall generates the shock waves, which
interact with the mixing layer and the � ame. Also, the shock wave
changes the direction of the air � ow toward the center, which may
affect the size of the recirculation zone near the � ame base and
enhance the fuel–air mixing and the � ame stability. The mixing
layer thickness ±c is de� ned as the distance between the line of
YH2 D 4.25% (Á D 1:5) and the line of YH2 D 1.413% (Á D 0:5) on
the basis of fuel concentration. In this computation area, there ex-
ist three crossing points (CPs) where interactions occur between
the shock wave and the mixing layer, as shown in Fig. 5 (also see
Fig. 3f).The strong/weakCPs are classi� ed accordingto the increas-
ing tendency of the growth rate of the mixing layer downstream of
the shock waves. The strong interaction is observed at the � rst CP
(CP1), where the shock wave emerging from the leading edge of
the wedge interacts with the upstream mixing layer. The relatively
weak interaction is shown at the second and third CPs (CP2 and
CP3), where the broadeneddownstreammixing layer interacts with
the recompression shock wave issuing from the wall around the
trailing edge of the wedge and re� ected shock wave emerging from
the centerline, respectively.The positionsof CPs differ in each case.
These values are listed in Table 2.

At CP1, the shock wave re� ects outward and then the shock
wave is changed to the expansion wave; however, the mixing layer
is de� ected inward and immediately redirects outward again to-
ward the downstream owing to the momentum of � owing gases.
As a result, the growth rate ± 0

c of the mixing layer thickness starts
to increase signi� cantly after CP1, which indicates that mixing is
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improved by the shock wave. However, at CP2 and CP3 , the mixing
layer is de� ected by the shock wave. However, the shock wave is
not re� ected but refracted by the mixing layer. This is believed to
be due to a smaller density gradient between fuel and air within the
mixing layer than that of the � rst CP. Especially, it is noted that the
growth rates at the second and third CPs are not so large as shown
at the � rst CP. These are the different features between strong and
weak interactions.

In compressible � ows, development of the mixing layer is re-
strained by compressibility. The mixing layer enhancement by a
shock wave is one of the effective methods. In this research, the
effect of a shock wave is quanti� ed by the measurement of mixing
layer growth. Figure 6 shows the change in the mixing layer thick-
ness in nonreacting and reacting cases. The mixing layer thickness
is increased abruptly at the strong interaction point (CP1), but the
mixing layer growth rate is suppressed slightly at the weak inter-
action points (CP2 and CP3). The growth rate ±0

c of mixing layer
thickness is increased by a factor of 3.3 to 4: i.e., it is varied from
0.02 to 0.08 in the nonreacting case and from 0.015 to 0.05 in the
reacting case. The increased values of mixing layer growth rate ±0

c
after a shock wave do not depend on the location where the shock
wave and mixing layer interact.

Mixing can also be quanti� ed by the plume penetration length,
which is de� ned as the radial distance from the centerline to the
edge of the mixing region, where the fuel mass fractionYH2 is 0.5%
(Ref. 18). Figure 7 shows the penetration trajectory, which is de-
� ned as the variation of the plume penetration length. It is noted
that the peak value locations shown in Fig. 7 are almost matched
to the CPs shown in Fig. 6. It is known that the fuel penetrates

a)

b)

Fig. 6 Increase in mixing layer thickness after interaction with a shock
wave.

Fig. 7 Variation of plume penetration length. In the shock wave cases,
the wedge is located at xw /dF = 4.

Fig. 8 Radialconvectivemass � uxalongthe stoichiometric line in com-
bustion.

Fig. 9 Effect of shock wave location on the decay of centerline fuel
mass fraction (no combustion case).

farther into the airstream in both the reacting and the nonreacting
cases when the wedge-generatedshock waves are present. This in-
dicates that the mixing is enhanced due to the shock wave, which
can be explained by the increase in the radial convective mass � ux
along the stoichiometric line, as shown in Fig. 8. The total in� ows
and out� ows of mass � ux are increased when the shock waves in-
teract with the supersonic � ame. In the shock wave/combustion
case, the penetration trajectory appears to jump in the near-� eld
region.

Figure 9 shows the decay of the fuel mass fraction along the cen-
terline.This is the result of the nonreactingcase.We found the same
trend of fuel decay along the centerline in the reacting cases. How-
ever, the fuel decay in the reacting cases is in� uenced by not only
the shock waves but also the fuel consumption due to the chemical
reaction.Thus, we used the nonreactingcase in the present study in
order to see the effect of shock waves on the mixing with respect
to the fuel decay. The location of the wedge is varied from 1 to
8dF downstream of the fuel nozzle exit. It is shown that the shock
waves cause intense mixing in the near-� eld recirculation region,
as evidenced by the rapid decay of the fuel concentration between
x=dF D 5 and 10. With the proper location of the shock wave, the
centerline fuel mass fraction is signi� cantly decreased as compared
with the no shockcase.The decayof the fuel mass fractionis depen-
dent on the locationof the shock waves; as the shock wave is moved
upstream properly toward the fuel nozzle, the fuel concentration is
decreasedmore rapidly.Bryant and Driscoll19 reported that the fuel
concentrationalong the centerline disappearedwithin a distance of
six times the fuel nozzle diameter when they performed the planar
laser induced � uorescence (PLIF) measurement of acetone seeded
into the fuel stream. It is certain that this rapid mixing in the near-
� eld region has a strong effect on supersonic � ame ignition and
combustion.
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Fig. 10 Performance parameters for a model scramjet combustor by
varying the location of shock waves within the computational domain
up to x = 38dF .

Performance Parameters of a Model Scramjet Combustor
Figure 10 shows the ef� ciencies of the model scramjet related

to the position of the shock wave. The mixing ef� ciency, the com-
bustion ef� ciency, the total pressure recovery, and the overall per-
formance case are plotted. The mixing ef� ciency in the globally
fuel-lean case is de� ned as described by Mao et al.20:

´m .x/ D
R

½uYR d A

.
R

½uYF d A/x D 0

(4)

where

YR D
»

YF ; YF < YF;s

YF;s.1 ¡ YF /=.1 ¡ YF;s/; YF > YF;s

YF and YF;s denote a fuel mass fraction and a stoichiometric mass
fraction of fuel, respectively. YR is the mass fraction of the least
availablereactantthat reacts if completereactiontakesplacewithout
further mixing. It is noted that the overall mixing ef� ciency is over
90% for the shock case (1 < xW =dF < 4), whereas it is below 60%
for the no shock case, which also indicates that the location of the
shock wave has a strong effect on the mixing ef� ciency.

The combustion ef� ciency is a measure of the degree of com-
pleteness of the mixing and combustion and is de� ned as

´c.x/ D 1 ¡
R

½uYF d A

.
R

½uYF d A/x D 0

D 1 ¡
Pm F

. Pm F /x D 0
(5)

The combustion ef� ciency in the shock case of xW =dF D 3 is more
than doubledcomparedwith that of the no shock case.As a result, it
is known that shock waves enhance the combustion of mixed reac-
tants by increasinglocalpressureand temperatureandby decreasing
local velocity, which results in longer residence time.

The total pressure P0 of incoming air and fuel is reduced by the
viscous force in the boundary layer, � ow separation, shock waves,
fuel–air mixing, and combustion. The total pressure recovery P0;rec

is de� ned as follows:

P0;rec.x/ D
R

½u P0d A

.
R

½u P0d A/x D 0

(6)

Then the total pressure loss is de� ned as 5.x/ D 1 ¡ P0;rec. A
value of 5 D 0 indicates no total pressure loss. As expected, the
total pressure recovery is decreased when shock waves are intro-
duced into the � ame. Also, the amount of total pressure recovery is
very sensitive to the location of a shock-generatingwedge. Hence,
to evaluate the overall performance of a supersonic combustor, it is
better to consider “mixing/combustion ef� ciency” and “total pres-
sure loss” simultaneously.

Figure 10 shows that shock waves have a strong effect on the
increase in the mixing and combustion ef� ciencies and that the two

ef� ciencies have a similar trend. However, the increased total pres-
sure loss is incurred inevitably despite the increased ef� ciencies of
combustionand mixing in the presenceof shock waves. To evaluate
this tradeoffbetweenenhancedcombustionef� ciencyanddecreased
total pressure recovery, we introduced a new parameter, which is
called the overall performance index, Iop:

Iop D ´c P0;rec (7)

Because the mixing ef� ciency is closely related to the combustion
ef� ciency as shown in Fig. 10, we selectedcombustionef� ciency as
one of the important performance parameters. Also, the total pres-
sure tendsto decreaseby the useof additionalshockwaves, although
the mixing and combustionef� ciency can be increasedby the shock
waves. Accordingly,we realized that the combustion ef� ciency and
total pressure recovery should be considered simultaneously as im-
portant performanceparameters in the present study.

It is found that the overall performance index is generally in-
creased when the shock waves are added, even though the overall
performance is the function of shock wave positions. This means
that the combustor performance can be maximized when wedges
are properly located in the combustor. The best result is obtained
when 10-deg wedges are placed at the location of xW =dF D 2 to 4
in the present model combustor.

Conclusions
Shock wave effects are investigated numerically by changing

shock position with particular emphasis on mixing ef� ciency, com-
bustion ef� ciency, and total pressure loss of a supersonic hydrogen
jet � ame in a model scramjet combustor.The increase in the mixing
layer is explained by the increase in mixing layer thickness. The
major conclusionsof the present study are as follows:

The shock waves are bene� cial to the fuel–air mixing, especially
in the near � eld of the fuel nozzle, as shown by the rapid increase
in plume penetration length and by the rapid decay of fuel concen-
tration on the centerline. This is believed to be due to the fact that
the total in� ows and out� ows of mass � ux are increased when the
shock waves interact with a supersonic � ame.

The � ame-holding recirculation zone is elongated by a factor of
2 due to the shock waves behind the bluff body in the nonreact-
ing case, which can be explained by the strong adverse pressure
gradient caused by the shock wave near the recirculation zone. In
the reacting case, the shock waves cause the further elongation of
the recirculation zone due to the volumetric expansion of the com-
bustible mixture. Hence, an upstream location of the shock wave is
recommended to increase the size of the � ame-holdingrecirculation
zone.

In the presence of shock waves, the increase in total pressure
losses is unavoidable despite the increased ef� ciencies of mixing
and combustion. Hence, both the combustion ef� ciency and the
total pressure loss should be considered simultaneously. Results
show that the overall combustor performance can be maximized
when the shock waves are properly located in the combustor.
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