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a b s t r a c t

Hydrogen fueled scramjet is a candidate for use as the engine of the aerospace plane for its

high specific impulse. To further improve the specific impulse performance, analysis of

combustion mode and operating route for a hydrogen fueled scramjet engine was inves-

tigated in this study. A scramjet engine with two-staged hydrogen injection was simulated

by one-dimension numeric method within the acceleration from Mach 4 to 7. Three typical

combustion modes (scramjet-mode, transitional mode and ramjet-mode) could be attained

by changing the total amount of fuel added or adjusting the fuel distribution between two

injectors. Simulation results show that better thrust performance can be achieved as more

fuel injected at the upstream fuel injector as possible, while ensuring the engine safety.

From a standpoint of specific impulse maximization, an optimal scramjet combustion

mode database was presented and the boundary of the combustion mode transition was

determined. Meanwhile, optimal operating route was also suggested for scramjet operation

in this study.

Crown Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All

rights reserved.
1. Introduction One area of focus in this research was the definition and
Hydrogen fueled dual-mode scramjet engines can operate on

awide range of flightMach numbers [1] and have considerable

potential for trans-atmospheric vehicle applications [2,3].

Hydrogen possesses superior characteristics to any other hy-

drocarbon fuel in terms of ignitability, low ignition delay, and

higher flame stability. These inherent advantages turn it

received increased attention [4e6]. The wide range operation

of scramjet engine depends on the combustion mode transi-

tions during the ascent trajectory, in which the flow field in

the combustor changes from subsonic to supersonic or vice

versa. In addition, a reasonable selection of combustion mode

can reduce the heat load effectively. Therefore, the combus-

tion mode transition becomes a hot topic in current research

on the scramjet engine.
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identification of the combustion modes. Sullins [7] and Mitani

et al. [8] reported respectively that they observed two different

combustion modes with respect to the amount of fuel. More

detailed investigations were conducted by Masumoto et al. [9]

and Takahashi et al. [10e12]. They distinguished four different

combustion modes, namely non-ignition, weak combustion,

strong combustion and thermal choking. The different com-

bustionmodes were identified on the basis of the location and

brightness of the flame, the intensity of the heat flux, the

shock wave systems and the pressure rise. Further research

onmode transition was the transitionmechanism. Chun et al.

[13] expounded that the mode transitions were caused by a

higher effective back pressure and resulted in changes in the

shock train structures. Explanation of transition mechanism

put forward by Kanda et al. [14] was based on the formation of
.edu.cn (W. Bao).
rgy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

A area, m2

Cf friction coefficient

Cp specific heat of mixture, kJ/(kg K)

D equivalent diameter, m

E total internal energy, kJ/kg

F thrust increment of the combustor, N

F flux term

g gravity accelerator, m2/s

hf fuel combustion heat, kJ/kg

H source term

Isp specific impulse, m/s

k specific heat ratio

L length of combustor, m
_ma mass flow rate of air, kg/s
_mf mass flow rate of fuel, kg/s

Ma Mach number

p static pressure, Pa

p* pressure of specified unstart detection point, Pa

q heat flux, W/m2

Qlim limited integral value of the thermal flux, W

t time, s

T temperature, K

Tlim limited temperature, K

U solution vector

V velocity, m/s

x streamwise distance from the entrance of isolator,

m

x streamwise distance from the injector location, m

x4 length for complete mixing, m

4 fuel equivalence ratio

sp inlet unstart margin

di divergence angle of combustor, rad

hm combustion efficiency ¼ mixing efficiency

r density, kg/m3

Subscripts

0 entrance conditions of isolator

e exit conditions of combustor

ref reference condition
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the merged-recirculation region. Mitani et al. [8] focused on

the upstream propagation of the combustion region in the

weak mode to explain the mode transition mechanism and

their viewpoint had been agreed by Kouchi et al. [15]. The

latter thought that the driving force of the transition was

combustion-generated high pressure.

Most of the previous studies mentioned above have been

conducted in the direct-connected scramjet combustor with

constant entrance conditions or/and with one-staged fuel

injection. On one hand, however, throughout the flight en-

velope from Mach 4 to 7, the characteristic of scramjet en-

gine changes widely in the thrust and combustion mode. So

the optimal combustion mode should be employed to match

the thrust command. On the other hand, it is found that

there is sufficient preponderance in multi-staged fuel in-

jection [16,17]. One benefit of multi-staged fuel injection is

mitigating or avoiding the combustoreinlet interaction.

Another more notable benefit is that it can increase the

thrust under the limitation of peak pressure by attaining an

additional pressure rise in the divergent section and broaden

the engine operating range in each combustion mode. For

these reasons, the analysis of combustion mode and oper-

ating route of a hydrogen fueled scramjet engine with multi-

staged fuel injection is imperative and should be paid special

focus to.

In the present study, the performance characteristics of

scramjet engine throughout the whole flight envelope from

Mach 4 to 7 were investigated and the combustion modes

were analyzed and optimized for the scramjet engine with the

two-staged fuel injection. For this purpose, a one-dimension

numeric simulation had been conducted herein to simulate

the engine performance with different flight conditions and

fuel injection. In order to make the results more to be close to

reality, some security restrictions for the scramjet operation,

such as inlet unstart, excess temperature and excess wall

thermal flux were considered. The final purpose of this study

was to suggest an optimal operation mode database for the
hydrogen fueled scramjet to achieve maximum engine per-

formance during the acceleration from Mach 4 to 7.
2. Description of numerical simulation

2.1. One-dimension analysis and performance
parameter definitions

There are a few of challenges in the numerical modeling of

scramjet engine, such as fuel-air mixing, aero-thermodynamic

heat dissipation, skin friction, heat addition due to combustion

and the separation of the boundary layer. Compared with the

multidimensional analysis approaches, the one-dimension

analysis has been historically relied on heavily in the design

and analysis of scramjet combustor. The analysis of heat

addition to a variable area duct was originally discussed by

Shapiro [1]. More recently, many scramjet combustor models

with different fidelity have been constructed to support the

scramjet design studies [18,19].

The governing equations for the scramjet combustor used

in this study are formulated using a strategy similar to that

in Ref. [20]. The equations are based on the following

assumptions:

1) Quasi-one-dimensional flow (therefore, all flow variables)

and the geometric area of the duct are functions of the axial

distance x along the duct.

2) The flow properties are uniform across any given cross

section.

3) The flow in the combustor behaves as an ideal gas with

variable specific heat.

4) The aero-thermodynamic process of flow in the combustor

is adiabatic process.

Due to the one-dimensional assumption, the two-

dimensional NaviereStokes equations could be reduced to a
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Fig. 1 e Schematic illustration of the simulated scramjet

combustor.
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set of one-dimensional unsteady inviscid flow equations and

rewritten in vector form as:

vU
vt

þ vF
vx

¼ H (1)

where

U ¼
2
4 rA
rVA
rEA

3
5 (2)

F ¼
2
4 rVA
rV2 þ rA
rVHA

3
5 (3)

H ¼

2
666664

0

�rV2A
2

4Cf

D
þ p

vA
vx

hf
v _mfhm

vx

3
777775

(4)

E ¼ p
rðk� 1Þ þ

V2

2
(5)

An experimental correlation in the following manner sug-

gested in Ref. [21] is used here to calculate mixing efficiency at

any streamwise distance x from the injector location:

hm ¼ 1:01þ 0:176� lnðx=x4Þ; (6)

and the length for complete mixing ðx4Þ can be calculated by

x4=x4ref ¼ 0:1791� exp
�
1:72�

�
4=4ref

��
; (7)

where the reference condition is different at each Mach

number.

The skin friction [22] is found by,

Cf ¼ 0:0018þ 0:001958ð4hmÞ þ 0:00927ð4hmÞ2

þ 0:0088525ð4hmÞ3: (8)

The empirical relationship [23] for the determination of the

specific heat of the gas mixture model used in this study is as

follows,

Cp ¼ 1:0575�103�4:4890�10�1Tþ1:1407�10�3T2�7:9999

�10�7T3þ1:9327�10�10T4: (9)

The parameter distributions along the combustor are ob-

tained by solving the PDEs using MacCormack’s method,

coupled to the models about some crucial physical effects.

This method is second-order-accurate in space and time [24].

The thrust F of a scramjet combustor is calculated as the dif-

ference between the impulse function at the combustor exit

and the isolator entrance (Eq. (10)). It should note that this

thrust is the thrust increment produced by the combustor.

F ¼ _maðVe � V0Þ þ
�
peAe � p0A0

�
(10)

Hence, the specific impulse Isp can be written as

Isp ¼ F
_mfg

¼ _maðVe � V0Þ þ
�
peAe � p0A0

�
_mfg

(11)

A lot of restrictions exist in the scramjet operation, such as

inlet unstart, excesswall temperature and excess thermal flux
through the wall. All of these abnormal modes will make the

scramjet engine unsafe and should be avoided. In this nu-

merical analysis, the operation safety boundaries about these

unsafe modes were defined respectively.

Inlet unstart: the pressure ratio between the specified

unstart monitoring point ( p*, 5 cm downstream from the

entrance of isolator in this simulation) and the entrance of the

isolator ( p0) exceed a set value sp (Eq. (12)).

inlet unstart :
p�

p0
� sp (12)

Excess wall temperature: the maximum temperature in the

combustor exceeds a limited temperature Tlim, which depends

on the heat-resistant limit of the material (Eq. (13)).

excess wall temperature : max½TðxÞ� � Tlim (13)

Excess wall thermal flux: the integral value of the thermal

flux along the engine wall exceeds a specified value Qlim

(Eq. (14)).

excess wall thermal flux :

ZL

0

qðxÞdAðxÞ � Qlim (14)

In the following simulation, critical values of the abnormal

modes are set as sp ¼ 1.05, Tlim ¼ 2000 K and Qlim ¼ 4 � 106 W

respectively.
2.2. Combustor configuration and simulation conditions

Fig. 1 presents the schematic diagramof the subscale scramjet

combustor simulated in this study. The rectangular

combustor, with a constant width of 100 mm, consists of a

constant-area isolator and a diverging combustion chamber.

Hydrogen was injected perpendicularly with sonic speed at

the location of 280 mm and 580 mm from the entrance of the

isolator. The hydrogen injection pressure is 2 MPa and the

injection temperature is 300 K.

In order to meet the purpose of this study, the acceleration

from flight Mach number 4 to 7 was simulated. The corre-

sponding inflow conditions of the isolator are presented in

Table 1. All these parameters are estimated based on the

designed scramjet flight envelope and inlet performance

analysis. For a designed flight trajectory, the flight Mach

number and other flow parameters can be calculated from the

flight altitude based on constant dynamic pressure flight tra-

jectory. The dynamic pressure used in this simulation is

50,000 N/m2. The outlet parameters of the inlet (the inflow

parameters shown in Table 1) are calculated using a universal

http://dx.doi.org/10.1016/j.ijhydene.2013.02.135
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Table 1 e Flow conditions of simulation.

Parameter Ma 4 Ma 5 Ma 6 Ma 7

Total pressure, Pa 884,880 1,224,700 1,972,600 3,080,000

Total temperature, K 955 1269 1504 2080

Ma0 1.5 2 2.5 3
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performance analysis model recommended in the reference

[25]. The inflow conditions of other flight Mach number is

obtained using linear interpolation.
Fig. 2 e Profiles of Mach number and static pressure for

three typical combustion modes of scramjet engine. The

plot in this figure is based on the simulation results.
3. Results and discussions

3.1. Definition of typical combustion mode

It is ascertained that there exist some combustion modes in

the scramjet engine and the mode transition should be

employed during the acceleration. As described previously,

various definitions and descriptions about combustion modes

have been used by many researchers. With all that in mind

and taking account to simulation results in this study, we

suggest a definition of the three typical combustion modes:

ramjet-mode, transitional mode and scramjet-mode. The

profiles of Mach number and static pressure through the en-

gine are plotted in Fig. 2 for each combustion mode which

occurs during vehicle acceleration. The three combustion

modes are marked by “A”, “B” and “C” respectively and drawn

in different shadows.

As the shadow areamarked by “A” in Fig. 2, at a lowerMach

number or/and at a higher total fuel equivalence ratio, a

strong pre-combustion shock train occurs in the isolator and

reduces the flow to subsonic. The heat addition is so strong

that the flow is thermally choked at the diverging area section.

We refer to this situation as the ramjet-mode. There are an

adverse pressure gradient in the isolator due to the shock

wave and a favorable pressure gradient in the combustor due

to the separated boundary layer reattachment in the ramjet-

mode.

As the vehicle accelerates, the Mach number increases,

and in this so-called transitional mode the Mach number at

the entrance of combustor remains supersonic. The strength

of the pre-combustion shock train weakens as compared with

that in the ramjet-mode, as shown in Fig. 2. There is believed

to be two sonic points in the combustor because of the

matching of the separated boundary layer and the heat

addition. So an adverse pressure gradient occurs firstly in the

upstream of the combustor and in the downstream, heat

added into subsonic flow cause the static pressure to decrease.

In the transitional mode the main combustion process occurs

in the transonic region.

Then consider the topmost shadow areas in Fig. 2a labeled

by “C”. Further acceleration leads to a high Mach number and

the scramjet-mode occurs. There exists no thermally choke

yet in the combustor and the flow keeps supersonic along the

duct in this combustion mode. Going a step further, scramjet-

mode can be divided into early scramjet-mode and late

scramjet-mode. In the early scramjet-mode, the boundary

layer separation and pre-combustion shock train still exist,
however, get thinner and weaker. So a small adverse pressure

gradient exists in the upstream of the combustor. Due to the

balance of the effective flow area and heat addition, nearly

constant pressure combustion occurs in themidstream. In the

late scramjet-mode, the disappearance of the pre-combustion

shock train and boundary layer separation are the principal

features.
3.2. Analyses process

In this work, we will find the optimal combustion mode and

operating route of the scramjet engine through analyzing the

various factors that determine the performance of the engine.

To make it easier to understand the analysis process, a brief

description of the analysis step is provided before the detailed

analysis.

Step 1: analyze the effect of two-staged fuel injection on the

engine performance.

Step 2: analyze the effect of security restrictions on the engine

performance.

Step 3: analyze the effect of flight Mach number on the engine

performance.

Step 4: select the optimal realizable operating mode.
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Fig. 4 e Variation of thrust with proportion of fuel injection.
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Firstly to understand the effect of two-staged fuel injection

on the scramjet engine performance, we consider the case of

scramjet operating at a constant Mach number of 5 and a

constant altitude firstly. In this case, as shown in Fig. 3,

different combustion modes could occur when the total fuel

equivalence ratio or the fuel injection scheme changes.

Fig. 4 illustrates the variation of the engine thrust incre-

ment F with the proportion of fuel injection, defined by the

percentage of the fuel flow injected at the upstream fuel

injector. A monotonic increasing relation is found between

the proportion of fuel injection and the engine thrust incre-

ment in each combustion mode. But it should note that the

rate of thrust change is clearly different at various modes and

there is an obvious drop in thrust at the mode transition

boundary between transitional mode and ramjet-mode. This

drop is mainly due to the sudden increase of total pressure

loss caused by the emergence of strong pre-combustion shock

train. Finally, it is found from the figure that the scramjet

engine can achieve a better performance as more as possible

fuel injected at the upstream fuel injector, while ensuring the

engine safety. The further simulation results show that this

tendency is kept at other Mach numbers.

However, as shown in Fig. 4, a lot of restrictions exist in the

scramjet operation and this could easily leads to the unsafe

work conditions if excess fuel injected upstream. At a lower

flight Mach number, the excess fuel injected upstream tends

to cause the inlet unstart; at a larger flight Mach number, it
Fig. 3 e Schematic of Mach number and static pressure for

constant flight Mach number of 5 and constant altitude.
could result in the excess temperature and excess thermal

flux. Hence, as shown in Fig. 5, a maximum allowable value of

the proportion of fuel injection exists at a selected flight Mach

number.

Now let’s focus on the effect of flight Mach number on the

scramjet engine performance. Taking account into the re-

strictions discussed above, the realizable operating mode of

the scramjet engine at different flight Mach numbers is

analyzed to get the most appropriate combustion mode. Figs.

6e8 show some results of the analysis for different Mach

numbers. In each figure, the horizontal axis is the total fuel

equivalence ratio from 0.15 to 0.6 and the vertical axis is the

engine thrust F. The unsafe operating conditions are also

displayed in the figures to help understanding the analysis

process of combustion mode selection. Note that there is a

black solid line between the safe and unsafe operating con-

dition in each figure. It means that the scramjet has the best

performance if it works at the condition marked on the curve.

We can find from the results that for a constant flight Mach

number, several possible combustion mode can be achieved

either by changing the total amount of fuel added or by

changing the proportion of fuel injection. Let’s take the case of

flight Mach number of 5 (Ma0 ¼ 2.0) shown in Fig. 7 for
Fig. 5 e Maximum allowable value of the proportion of fuel

injection vs. Mach numbers of isolator entrance.
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Fig. 6 e The operating mode of scramjet engine for

different Mach numbers.

Fig. 8 e Optimal scramjet combustion and operating route.
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example to analyze the mode transition characteristics in

detail. The scramjet engine is in scramjet-mode when the

total amount of fuel added is small. The mode transition from

scramjet-mode to transitional mode and from transitional

mode to ramjet-mode may occur as the fuel added is

increased. For a large equivalence ratio (generally larger than

0.3), three types of combustion modes can be obtained by

adjusting the proportion of the fuel injection: ramjet-mode

with more fuel injected upstream, scramjet-mode with more

fuel injected downstream and transitional mode with mod-

erate fuel distribution. However, it should be pointed out

particularly that if the fuel is injected too much in the down-

stream injector, the engine no longer operate at the scramjet-

mode but transitional mode because of the intensive heat

release. But less thrust is produced by the engine because the

fuel-air mixing and combustion is limited in a short space in

this case. This may not be a desired way in realistic operation

of scramjet engine.

Taking the results shown in Figs. 6e8 together, we can

found that the realizable operating mode of the engine is

distinct at various flight conditions, as shown in Fig. 9. To

keep the graph simple and clear, only the data of lower
Fig. 7 e The allowable operation mode of scramjet at

different Mach numbers.
and upper boundary are represented here. The region of

different combustion mode is rounded up approximately by

different line patterns. At a low flight Mach number, the

engine can operate at ramjet-mode and transitional mode.

As the flight Mach number increase, the scramjet-mode can

be achieved as well. When the flight Mach number is greater

than 6, the scramjet-mode is almost the attainable operating

mode of the scramjet engine in consideration of the per-

formance and safe restrictions. These simulation results

excellently agree with the conceptual analysis of the dual-

mode scramjet.

As the point “A” plotted in Fig. 9, for a certain flight Mach

number, a specified thrust, generally required by flight

vehicle, can be achieved through operating at different com-

bustion mode (overlap region between the combustion

modes). Among these practicable combustion modes, there

exists an optimal operating mode, with which the engine has

the maximum specific impulse. From the analyses above we

know that to maximize the engine performance, more fuel is

preferred to be injected upstream,while ensuring the safety of

the engine. Hence, the ramjet-mode is the preferential selec-

tion of the engine operating mode in the case like at point “A”,

and the transitional mode can be taken second place. The last

option is the scramjet-mode if it comes to that.
Fig. 9 e The allowable operation mode of scramjet at

different Mach numbers.
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Fig. 10 e Optimal scramjet combustion and operating

route.
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3.3. Analysis results

Based on the analysis of combustion mode above, we can

obtain an optimal scramjet combustion mode database as

shown in Fig. 10. For the scramjet operation, the input pa-

rameters are thrust demand F and the flight Mach number.

The output parameters are the combustion mode, the fuel

equivalence ratio and the proportion of fuel injection. Hence

here the optimal combustion mode database is an optimized

relational table about the inputs and outputs. In this database,

for a certain flight Mach number and a specified thrust F, the

implementation of the combustion mode becomes definite

and almost optimal.

To help understand the function of the optimal combus-

tion mode database, a detail example about the application of

the database is given below. In Fig. 10, the dash line represents

a typical operating route of scramjet engine. The inputs and

outputs of database along this operating route are shown in

Table 2. The outputs of the database are the optimal inputs for

the scramjet engine to achieve the specified thrust F.

By this time, the mode analysis and optimization for the

dual-mode scramjet has been accomplished. Furthermore,

the boundary of the combustion mode transition has been

determined concurrently. During the typical operating route

in Fig. 10, the combustion mode transition will occur on the

point “A” and “B”, and specific control strategy should be

designed to carry out the transition and deal with the special

problem accompanied in practice, for instance, the dis-

continuousness of the thrust.
Table 2 e A detail example about the application of the
database.

Inputs of database Outputs of database

Ma0 F(N) 4 Proportion
of fuel injection

Combustion
mode

1.5 2250 0.48 0.3 Ramjet-mode

2 1700 0.45 0.6 Ramjet-mode

2.5 1300 0.4 1 Transitional mode

3 480 0.3 1 Scramjet-mode
4. Conclusion

A one-dimension numeric simulation method for the

hydrogen fueled scramjet engine, which had a constant area

isolator, followed by a divergent combustor with three

different divergence angles, was used to investigate the

optimization of scramjet combustion mode. The simula-

tions were conducted within the acceleration from Mach 4

to 7 flight conditions. In these simulations, the hydrogen

was injected into the combustor with two-staged fuel in-

jection scheme, both in upstream and downstream, to

examine the effect of fuel distribution on the scramjet en-

gine performance.

By varying the total amount of fuel added or adjusting

the fuel injection scheme, three typical combustion modes

can be attained: scramjet-mode, transitional mode and

ramjet-mode. The results show that better thrust perfor-

mance can be achieved as more fuel injected at the up-

stream fuel injector as possible, while ensuring the engine

safety.

Under some circumstances, the thrust demand can be

supplied through different combustionmodes. From a specific

impulse maximization viewpoint, there is an optimal oper-

ating mode to meet the demanded engine thrust uniquely.

Thus an optimal scramjet combustion mode database is ob-

tained to guide the scramjet operation and meanwhile, the

boundary of the combustion mode transition has been

determined. The optimal operating route was also suggested

for scramjet operation.
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