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The combustion characteristics of a dual transverse injection system in a scramjet combustor were studied with

numerical methods. The effects of the jet-to-crossflow momentum flux ratio and the distance between injectors on

combustion characteristicswere investigated. It is shown that the dual injection systemhas verydifferent combustion

characteristics with respect to the single injection system; the burning process of the rear injection flow is strongly

influenced not only by the blockage effects but also by the preheating effects due to the chemical reactions of the front

injection flow. The dual injection system has a higher burning rate and a higher flame height but more loss of

stagnation pressure than the single injection system. It is also shown that there is an optimal distance between

injectors for combustion characteristics and that the optimal distance increases as the jet-to-crossflow momentum

flux ratio increases.

Nomenclature

J = jet-to-crossflow momentum flux ratio
rOH = effective radius of OH radical
W = molecular weight
�b = burning efficiency
�OH = standard deviation of OH radical distribution

Subscript

r = chemical reaction step

Introduction

T HE present study follows part 1 of the present paper [1] that
presented the mixing characteristics of a dual transverse

injection system in a scramjet combustor. In the present study, the
combustion characteristics of a dual transverse injection system are
presented. The physical phenomena, including burning process in a
dual transverse injection system, are even more complex. Figure 1
shows the schematic view of the burning processes such as ignition
and flame propagations. The bow shock wave in front of the
transverse jet raises the air temperature so high that the mixture of air
and hydrogen in the region right after the shock wave is self-ignited.
There is no self-ignition in the separation region because the mixture
temperature is not high enough. After the ignition, the flame
propagates through the mixture flow encountering vortex pairs,
separation bubbles, horseshoe vortices, wake flows, etc. Thus, the
flame surfaces are formed surrounding the jet boundaries.

There have beenmany research activities to investigate supersonic
combustion in the scramjet combustors [2–11]. It is known that the
combustion process in a scramjet combustor is strongly influenced
and limited by the fuel–airmixing process [2–5]. Lee et al. [5] studied
the parallel injection system of a scramjet combustor and reported
that the combustion characteristics are determined exclusively by the
mixing process. This could be true in a parallel injection case because
the flows are supersonic inmost regions and thus the flow time scales
are much shorter thanmixing time scales. However, as mentioned by
Segal et al. [4] and Mitani et al. [8], the combustion in a supersonic

combustor would be controlled by either the mixing rate or the
chemical reaction rate according to the gradients of thermo-fluid-
dynamic variables and the Mach number distributions in the flow
fields. Also, in a dual transverse injection system, there are many

subsonic regions such as recirculation zones and the regions between
injectors in which the mixing time scale is on the order of the flow
time scale. In the far fields the burning process would be controlled
by the diffusion process, but in the near fields the ignition and
burning process between two injectors would change the flow fields
and thermodynamic situation. Thus, the burning process would have
influences on the flow fields and the mixing process. Therefore, it is
necessary to investigate the combustion characteristics of a dual
transverse injection system. Another important problem is the

autoignition in a scramjet combustor. Recent research [12–14]
reported the importance of inlet air temperature for autoignition in
the supersonic combustors. Li et al. [13] suggested that the minimum
temperature for autoignition for a hydrogen–air mixture is about
1100K. Theflow and thermodynamic conditionswere determined to
satisfy the requirement. However, it is well known that autoignition
is also influenced by the other conditions such as flow structure and
combustor geometry. Thus, it is necessary to check the possibility of
autoignition for the flow and thermodynamic condition of the present
study.

The main objective of the present study is to analyze the
combustion characteristics of a dual injection system in a scramjet

combustor and to search for the relationships between mixing
characteristics and combustion characteristics. One of the key
questions of the present study is whether or not the combustion
characteristics are determined exclusively by mixing characteristics.
As mentioned in part 1 of this paper [1], the blockage effects due to
the flow blocking by the front injection flow have significant
influence on themixing process of the rear injection flow and thus the
global mixing characteristics. Thus, the blockage effects would have
significant influence on combustion characteristics. However,
conversely, the burning process at near fields of the injection system
would have significant influence on the mixing process by changing

the thermodynamics and flow fields. The heat addition due to the
burning of the front injection flowmight lead to a remarkable change
of flow fields between injectors and thus lead to a change of blockage
effects with respect to the nonreacting case. The increase of
temperature due to chemical reactions would reduce the Mach
number and thus reduce the strength of the shock waves ahead of the
rear injector. Even in the far field the diffusion coefficients would
increase due to the increase of temperature. Therefore, a detailed
investigation is necessary. Another concern is if the concept of the
optimal distance between injectors for mixing characteristics is
maintained for combustion characteristics, and whether or not the
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optimal distance between injectors for combustion characteristics
coincided with that for mixing characteristics. Because the air inflow
is supersonic and most regions except near fields of the injection
system are supersonic, the rear injection flow would have less
influence on the front injection flow, which means that the blockage
effects still have the dominant role on the mixing process. Thus, the
optimal distance between injectors for combustion characteristics
would still exist. However, it is not clearwhether the optimal distance
for combustion characteristics is longer than that for mixing
characteristics. In the present study, three-dimensional Navier–
Stokes equations with a reliable chemical reaction model for the
hydrogen–air mixture were calculated to search for answers to these
questions.

The main parameters for combustion characteristics considered in
the present study are burning rate or burning efficiency, flame height,
and stagnation pressure loss. Burning rate is the most important
parameter of combustion characteristics, because faster burning
ensures higher thrust and a shorter combustor length. Flame height is
also an important parameter, because the flame should be far enough
away from the combustor wall to enhance fuel burning and to avoid
wall heating in a scramjet combustor. An excessive loss of stagnation
pressure should be avoided, because the loss of stagnation pressure
results in a loss of thrust.

Calculation Methods

Three-dimensional Navier–Stokes equations with a chemical
kinetics model are solved to simulate the burning process of the dual
transverse injection system. The governing equations are expressed
in vector form as follows:
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The details of the Navier–Stokes equations and the turbulencemodel
can be found in part 1 of the present paper [1]. The term SC is the
chemical kinetic source vector. Nine chemical species (H, O, OH,
H2O, HO2, H2O2, H2, O2, and N2) are considered. These chemical
species are treated as ideal gases. The chemical kinetic source terms
are represented as follows:

_� s �Ws

X
r

��bsr � �fsr��qf
r � qb

r � (2a)

qf
r � kfr

Y
s

�
�s
Ws

�
�fsr

and qb
r � kbr

Y
s

�
�s
Ws

�
�bsr

(2b)

where the symbols �fsr and �bsr are the forward and backward reaction
coefficients of the species s in the rth reaction step, respectively. The

symbols kfr and kbr are the forward and backward rate constants in the
rth reaction step, respectively. The Jachimowski’s hydrogen–air
chemical kineticmodel [15] developed for calculating the supersonic
combustion in a scramjet is used to calculate the chemical kinetic
source terms. The reaction steps including nitrogen are ignored for
convenience.

Most of the numerical methods for calculating flow fields are the
same as in part 1 of the present paper [1]. The chemical kinetic source
term is so stiff that the Jacobian of the chemical kinetic source term
should be included in the calculations. Thus, the time-integration
algorithm was the lower-upper symmetric successive overrelaxation
scheme [16] instead of the lower-upper symmetric Gauss–Seidel
scheme.

Results

Overall Combustion Characteristics

To compare the overall trends of the combustion characteristics
between the dual injection system and the single injection system, the
distributions of mass fraction of the OH radical and water vapor are
plotted in Fig. 2. Figures 2a and 2b compare the burning processes
between model S and model D4 when the magnitude of the jet-to-
crossflow momentum flux ratio J is 1.0, whereas Figs. 2c and 2d
compare the burning processes betweenmodel S andmodelD4when
the value of J is 2.0. In Fig. 2, the left column shows the distribution
of the mass fraction of OH radical, whereas the right column shows
the distribution of the mass fraction of water vapor (H2O). The inlet
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Fig. 1 Schematic view of ignition and flame propagations of the dual
transverse injection system.

Fig. 2 Comparison of combustion process between single injection

systems and dual injection systems.
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air temperature of the present study is slightly lower than that
suggested by Li et al. [13], but there are autoignitions at the regions
immediately after the strong bow shock waves. After that the flames
propagated through the flows such as vortex pair flow, recirculation
flow, and separation flow. The OH radical is mainly distributed on
the contact surface between the jet flow and the airflow, which
implies that the flame is located on the contact surface between the
airflow and hydrogen jet flow and thus is a diffusion flame. Thewater
vapor is mainly distributed on the flame surface and within the flame
surface but is scarcely distributed outside of the flame surface, which
is due to the fact that the mass diffusion between water vapor and
hydrogen is higher than between water vapor and air.

The case with a higher magnitude of J has a higher flame position
and a larger flame surface in a y–z plane in each model, which is
consistent with the fact that the case with a higher magnitude of J in
the nonreacting flow has a higher penetration and a larger mixing
surface. Model D4 has a higher flame position and larger flame
surface in a y–z plane thanmodel Swhen the values of J are the same,
which is consistent with the fact that the dual injection system has a
higher penetration and a larger mixing surface in nonreacting flows
than the single injection system. Thus, it can be stated that a dual
injection system has better combustion characteristics than the single
injection system and that the combustion characteristics are mainly
determined by the mixing characteristics.

As mentioned during the analysis of the mixing characteristics in
part 1 of the present paper [1], the augmentation of the mixing
characteristics is largely due to the “blockage effect” in which the
front injection flow blocks airflow and reduces the momentum of the
airflow towards the rear injection flow. Therefore, the effective jet-
to-crossflow momentum flux ratio of the rear injection flow may
increase, which might assist the rear injection flow in expanding
more strongly, to collide with airflow and thus to have stronger
chemical reactions. At this point, another question about the
blockage effects could be asked: Is the strength of the blockage
effects the same as those estimated with the nonreacting
calculations? To investigate the blockage effects in detail, the fields
of pressure, temperature, and Mach number near injection holes in
the x–z plane are plotted in Fig. 3. Darker regions in Fig. 3 have
higher values of pressure, temperature and Mach number,

respectively. The highest values of pressure, temperature, and Mach
number are 6:7p1, 2617 K, and 5.3, respectively. The figures in the
left column show the fields of nonreacting flows, whereas the figures
in the right column show the fields of reacting flows. The reacting
case has a stronger bow shock wave and a stronger separation shock
wave in front of the front injection flows than the nonreacting case
because of the strong generation of heat energy in the reacting case.
The reacting case has a higher pressure in the region right after the
front injector, which is due to the stronger shock waves. However,
the reacting case has weaker pressure in the region ahead of the rear
injection flow. These phenomena can be explained with the
comparison ofMach number distributions ahead of the rear injection
flow. The Mach numbers in the regions ahead of the rear injection
flow in the reacting cases are lower than in the nonreacting cases. The
reduction ofMach numbers results from the temperature increases in
the regions ahead of the rear injection flow due to the burning of the
front injection flow, which can be called “preheating effects.” The
reduction of Mach numbers in the regions ahead of the rear injection
flow results in a reduction of the strength of the shockwaves and thus
results in a reduction of static pressure. It also should be noted that
modelD7 shows a drastic decrease of the pressure in the region ahead
of the rear injection flow in the reacting casewith respect to that in the
nonreacting case. Also, model D3 shows a little decrease of pressure
in the region ahead of the rear injection flow in the reacting case with
respect to that in the nonreacting case. Thus, it can be stated that the
preheating effects increased as the distance between injectors
increased, which suggested that the optimal distance between
injectors for combustion characteristics would be longer than is
expected with the nonreacting calculations.

The variations of the height of the Mach disk due to the distance
between injectors and due to the magnitude of J are plotted to
confirm the changes of blockage effects mentioned in the preceding
paragraph. Figure 4 shows the variations of the height of the Mach
disks due to the magnitude of J and due to the distance between
injectors. The case with a higher magnitude of J shows a higher
height of the Mach disk and a larger difference of the height of the
Mach disk between the front and rear injection flows. TheMach disk
height of the front injection flow in the dual injection system is
smaller than that of the single injection system because the diameter
of the injection hole of the dual injection system is smaller than that of
the single injection system. The heights of the Mach disks of the rear
injection flows are higher than those of the front injection flows due
to the blockage effects. These trends are the same as those of the
nonreacting cases. The heights of the Mach disks of the reacting
cases in models S, D1, and D2 are almost the same as those of the
nonreacting cases. However, there are drastic changes in the heights
of the Mach disks of the rear injection flows, with respect to those of
nonreacting cases, in the models with longer distance between
injectors: in models D3, D4, D5, and D7 when the magnitude of J is

Fig. 3 Comparison of pressure field P, temperature field T, and Mach

number fieldM between the nonreacting case (NR, left column) and the

reacting case (R, right column).
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1.0 and in models D5 and D7 when the magnitude of J is 2.0. As
shown in part 1 of the present paper [1] regarding the mixing
characteristics, the height of the Mach disk of the rear injection flow
decreased steeply in the nonreacting cases. However, the height of
the Mach disk of the rear injection flow in the reacting case is nearly
maintained with the increase of the distance between injectors. This
implies that the blockage effects are strengthened due to the
preheating effects and that the preheating effects grow with the
increase of the distance between injectors. This is consistent with the
changes of the pressure fields ahead of the rear injection flows due to
the preheating effects. Thus, the optimal distance between injectors
would be longer than is expected with the analysis of mixing
characteristics of nonreacting cases.

Streamwise Vorticities

It is well known that streamwise vorticity has a great influence on
the mixing process and thus on the burning process in high-speed
flows [17,18]. To represent the effects of streamwise vorticity as a
scalar in a y–z plane, the circulation is plotted. The histories of
circulation of all models are plotted in Fig. 5. There are two jumps of
circulation at the front and rear injection holes in the dual injection
systems, whereas there is a single jump of circulation in the single
injection system. The first peak of the circulation in the dual injection
system is smaller than the peak of the single injection system because
the diameter of the injection hole of the dual injection system is
smaller than that of the single injection system. The circulation of a
dual injection system is higher than of the single injection system.
The strengths of the first jumps are the same, whereas the strengths of
the second jumps depend on the distance between injectors. The
strength of circulation is closely related to the magnitude of J. In the
case of a higher magnitude of J there is stronger streamwise vorticity

than with a lower magnitude of J. Also, strength of circulation is
closely related to the distance between injectors. The strengths of the
second jumps increased as the distance between injectors increased
until a critical distance was reached but then decreased after that
critical distance. These facts are the same as those of the nonreacting
cases. However, there are some changes of the features of the
circulations due to the chemical reactions. The circulation of the
reacting case is about 20% higher than of nonreacting cases. These
increases of circulation are due to the stronger shock waves formed
ahead of the front injection flow in the reacting case with respect to
those in the nonreacting case, as mentioned in the previous section.

Burning Rates

The burning rate is one of the most important parameters of
combustion characteristics. Even though there are many definitions
of burning rate, in the present study two kinds of burning rate are
introduced: production rate of water vapor and consumption rate of
hydrogen fuel. Figure 6a shows the variations in the production of
water vapor due to the distance between injectors and the magnitude
of J, whereas Fig. 6b shows the variations in the consumption of
hydrogen fuel due to the magnitude of J and due to the distance
between injectors. (�mH2

is the difference of mass flow rate between
the nonreacting case and the reacting case.) The trend of the
production rate of water vapor is almost the same as that of the
consumption rate of hydrogen fuel, which is due to the fast chemical
kinetics of the hydrogen–air reaction mechanism as expected. Thus,
the production rate of water vapor will hereafter be considered as the
burning rate, for convenience. The production of water vapor is
strongly related to the magnitude of J. The case with a higher
magnitude of J has a higher production rate of water vapor and a
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higher slope of production rate. This can be explained with the facts
that the casewith a highermagnitude of J has a highermassflow rate,
a higher penetration, and a larger effective radius of hydrogen fuel as
mentioned during the analysis of mixing characteristics. Also, the
production rate of water vapor is closely related to the distance
between injectors. Models D3 and D4 have almost the same
production rates of water vapor and also have higher production rates
than the othermodels when themagnitude of J is 1.0 althoughModel
D4 has a higher production rates than any other model when the
magnitude of J is 2.0. This implies that there is an optimal distance
between injectors for combustion characteristics and that the optimal
distance between injectors increases as the magnitude of J increases,
which is consistent with the analysis of mixing characteristics.
However, it should be noted that model D7 has a higher slope of
production rate and finally has a higher production rate at the far
downstream especially when the magnitude of J is 2.0, which is not
consistent with the expectation based on the analysis of mixing
characteristics. This is due to the preheating effects as mentioned in
the preceding sections. The case with a higher magnitude of J has
stronger preheating effects due to higher heat addition and a wider
preheating cross-section area.

The concept of the burnt fraction or burning efficiency is adopted
to quantify the burning capabilities. Burning efficiency is evaluated
by the consumed fraction of hydrogen mass flow with respect to the
hydrogen mass flow in the nonreacting case as follows:

�b�x� � 1 �
H R

�H2
u dy dzjreactingH R

�H2
u dy dzjnonreacting

(3)

Figure 7 shows the variations of the burning efficiencies due to the
magnitude of J and due to the distance between injectors. In Fig. 7
burning efficiency is evaluated by the ratio of consumed hydrogen
mass flow with respect to the hydrogen mass flow in the nonreacting
case. Burning efficiencies are closely related to the magnitude of J.
The case with a higher magnitude of J shows lower burning
efficiencies than that with a lowermagnitude of J, which is consistent
with the fact that the case with a higher magnitude of J has a lower
mixing efficiency asmentioned in part 1 of the present paper [1]. The
burning efficiency of a dual injection system depended on the
distance between injectors.Models D3 andD4 show almost the same
burning efficiency and have a higher burning efficiency than the
othermodelswhen themagnitude of J is 1.0, whereasmodels D4 and
D5 have almost the same burning efficiency and have a higher
burning efficiency when the magnitude of J is 2.0. These trends are
almost the same as those mentioned in the analysis of the mixing
characteristics. However, the variation of burning efficiency did not
coincide exactly with the variation of mixing efficiency estimated
with the nonreacting calculations. Model D2 has a higher mixing

efficiency than model D4 when the magnitude of J is 1.0, whereas
model D4 has a higher burning efficiency than model D2. Also,
model D3 has almost the same mixing efficiency as model D4 when
the magnitude of J is 2.0, whereas model D5 has a higher burning
efficiency than model D3. These facts suggest that the optimal
distance for burning efficiency is longer than expected with
nonreacting calculations, which is due to the preheating effects as
mentioned in the preceding sections.

The effective radius of the OH radical and the standard deviation
of the effective radius are introduced to estimate the relationship
between burning rates and flame structures. The case with a larger
effective radius would have a wider distribution of the OH radical or
a larger flame, whereas the case with a larger standard deviation
would have amore complex flame structure or a wider flame surface:

rOH�x� �
H R

�OHjr� cj dy dzH R
�OH dy dz

(4a)

�2
OH�x� �

H R
�OH�jr� cj � rOH�2 dy dzH R

�OH dy dz
(4b)

The vectors r and c are the position vector at a location in a y–z plane
and the position vector of the mass center of the OH radical,
respectively. Figure 8 shows the comparison of the effective radii of
the OH radical in a y–z plane. The first peak of the effective radius in
the dual injection system is smaller than the peak of the single
injection system because the diameter of the injection hole in the dual
injection system is smaller than that of the single injection system.
The effective radius is related to themagnitude of J, but the degree of
variation is relatively small considering that the case with twice the
magnitude of J has twice the mass flow rate. The case in which the
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magnitude of J is 2.0 has a slightly larger effective radius and a
slightly larger standard deviation than the case in which the
magnitude of J is 1.0. This means that the relative flame surface
decreased as the magnitude of J increased, which is consistent with
the analysis of burning rate mentioned in the preceding paragraph.
The effective radius is strongly related to the distance between
injectors. Models D3 and D4 show almost the same radii and
standard deviations and have larger effective radii of the OH radical
and standard deviations than the othermodelswhen themagnitude of
J is 1.0, whereas model D4 has the largest effective radius of the OH
radical and the largest standard deviation when the magnitude of J is
2.0. These facts are consistent with the facts that models D3 and D4
have higher burning rates than the other models when the magnitude
of J is 1.0, whereas model D4 has the highest burning rate when the
magnitude of J is 2.0, as mentioned during the analysis of burning
rates. Thus, it can be stated that the concepts of the effective radius
and its standard deviation are good indicators of burning capabilities.
In the nonreacting calculations, model D3 has a larger effective
radius of hydrogen and its standard deviation case than model D7.
However, in the nonreacting calculations, model D3 has a smaller
effective radius of the OH radical and its standard deviation than
model D7. This reversal is due to the preheating effects as mentioned
in the preceding sections.

Flame Heights

In a real scramjet combustor, the flame region should be separated
as far from the combustor walls as possible to minimize wall heating
and tomaximize combustion efficiency. Thus, the variations offlame
height due to the magnitude of J and due to the distance between
injectors are investigated. The flame height is estimated by the mass
center of the OH radical from the lower wall as follows:

ZOH�x� �
H R

�OHz dy dzH R
�OH dy dz

(5)

Figure 9 shows the comparison of flame height. The reference
location z� 0 is the lower wall. In every case, the flame height
increased rapidly right after the injection, but the increasing rate of
flame height decreased gradually and finally became nearly constant
at the far field. The flame height of a dual injection system has a
higher penetration than of the single injection system. The flame
heights are closely related to the magnitude of J. The case with a
higher magnitude of J has a higher flame height. This is due to the
fact that the jet flow with a higher magnitude of J has a stronger
inertia and penetrates higher into the crossflow than the flow with a
lower magnitude of J, which is matched well with the analysis of the
penetration distance estimated with the nonreacting calculations.
There is also a strong relationship between flame height and the

distance between injectors. Models D3 andD4 show nearly the same
flame height and have higher flame heights than the other models
when the magnitude of J is 1.0, whereas model D4 has the highest
flame height when the magnitude of J is 2.0. These facts suggest that
there is an optimal distance between injectors for flame height and
that the optimal distance increases as the magnitude of J increases.

Stagnation Pressure Losses

Generally, the mixing and burning process produces losses of
stagnation pressure that result in a loss of thrust. Therefore, it should
be determinedwhether or not there are additional losses of stagnation
pressure due to mixing and combustion augmentations. Figure 10
shows the histories of average stagnation pressure along the
streamwise direction normalized by the stagnation pressure of air
inflow. All models show very similar histories of stagnation
pressures; the stagnation pressure decreases slowly in the region
before the front injection holes but begins to decrease very steeply
from the region right after the injection holes. These rapid decreases
of stagnation pressure are due to the bow shock wave and the
separation shock wave formed in front of the jet flows and due to the
mixing and burning of hydrogen fuel. It should be noted that the
reacting case suffers more loss in stagnation pressure than a
nonreacting case by 2 or 3% (see the analysis of nonreacting
calculations), which is due to the heat addition and thus due to the
increase of entropy in the reacting case.

Stagnation pressure losses are strongly related to the magnitude of
J. The case of a higher magnitude of J showsmore loss of stagnation
pressure. The increase of stagnation pressure loss with the increase in
the magnitude of J is due to the stronger shock waves and stronger
streamwise vorticity. In general, a dual injection system shows more
loss of stagnation pressure than the single injection system, which is
due to the augmentations of mixing rate, penetration, and burning
rate. However, the increase of stagnation pressure loss in dual
injection systems is not too detrimental because the combustion is
improved when compared with that of the single injection system.
Model D1 shows less loss of stagnation pressure than the single
injection system and is an exceptional case. This can be explained
with the analysis of burning rate mentioned in the preceding section
where model D1 shows a less or slightly higher burning rate and
penetration than the single injection system and with the fact that the
strength of the shocks in front of the injection flows is much weaker
than the single injection system.

Conclusion

In the present study, the combustion characteristics of the dual
injection system in a scramjet combustor are studied with numerical
methods. Two kinds of parametric studies are conducted to
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investigate the variations of combustion characteristics due to the jet-
to-crossflowmomentum flux ratio, J and due to the distance between
injectors.

The combustion characteristics of a dual injection system are very
different from those of the single injection system. A combustor with
a dual injection system has better combustion characteristics than the
single injection system: higher burning rates and higher flame
heights. The rear injection flow in a dual injection system is strongly
influenced by the front injection flow. The rear injection flow has a
higher flow expansion due to the blockage effects, which is expected
with nonreacting calculations. However, the blockage effects in
reacting cases are stronger than is expected with the nonreacting
calculations, which is due to the preheating effects. The preheating
effects led to the augmentation of flow expansion and the
improvements of the ignition and burning of the rear injection flow.
The case with a longer distance between injectors has higher
preheating effects due to more burning of the front injection flows.
Thus, the effects of chemical reactions should be considered to
investigate the performance of a dual transverse injection system in a
scramjet combustor.

The combustion characteristics of the dual transverse injection
systems are strongly related to the jet-to-crossflow momentum flux
ratio J. The case with a higher magnitude of J has a lower burning
rate and a lower burning efficiency but a higher flame height. The
combustion characteristics in a dual injection system are closely
related to the distance between injectors. The burning rate and flame
height increased as the distance between injectors increased until a
critical distance was reached and decreased after that critical
distance. Thus, there existed an optimal distance between injectors
for combustion characteristics, and the optimal distance between
injectors for combustion characteristics increased as the magnitude
of J increased. However, the optimal distance for combustion
characteristics is longer than is expected with the optimal distance
between injectors for mixing characteristics, which is due to the
preheating effects.

Stagnation pressure loss is strongly related to the magnitude of J.
The case with a higher magnitude of J shows more loss of stagnation
pressure. A dual injection system suffered more loss of stagnation
pressure with respect to the single injection system. The case with a
higher burning rate and a higher flame height suffered more loss of
stagnation pressure. However, the increased loss of stagnation
pressure of a dual injection system is not so great considering the
enhancement of combustion characteristics with respect to that of the
single injection system.
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