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Abstract 

In order to increase the fuel combusted efficiency, the numerical simulation of supersonic 
combustion flow field with high temperature transverse pulse hydrogen jet in the scramjet 
combustion chamber is carried out. The combustion flow fields are calculated with Reynold-averaged 
multi-component N-S equations, based on the finite volume method. The result shows with the same 
injection parameters as steady injection scheme, the pulse injection scheme has a positive effect on 
the lateral diffusion of hydrogen and water in the pulse interference zone; The maximum of amount 
of hydrogen combusted could reach 25.46% in the pulse interference zone, the total pressure 
recovery coefficient is 1.4% greater at the exit section of combustion chamber, and the inner thrust 
is 9.0% increased. 

Keywords: High temperature jet, numerical simulation, supersonic combustion, transverse pulse 
injection 

 

1. Introduction 
In order to improve the efficiency of fuel and air mixing and combustion as much as possible in the 
scramjet combustion chamber with limited time and space, the spatial layout of jet and the injection 
parameters are always the general ways to think about [1]-[4]. As it becomes widely used, the time 
effect of fuel injection is being taken seriously. Williams [5] explored the influence of sinusoidal pulse 
jet on jet penetration depth at different frequencies by using Fluent. The results showed that the 
16kHz pulse jet achieved the best improvement of jet penetration depth in both nearby and faraway 
fields of jet. Cutler and his team [6] studied the mixing characteristics of pulsed helium jet in 
supersonic tube flow. It was concluded that the cross-section plume size decreased with the increase 
of helium penetration depth. Kouchi [7] found that the penetration depth of pulse jet could be adjusted 
by changing the pulse period under the condition of fixed mass flow rate of nitrogen injection. ZHOU 
Song-bai [8] used the pulse injection scheme on the NAL dual-mode ramjet engine model. It was 
initially obtained that the pulse jet could reduce the separation in the isolator, the fuel enters the 
combustion chamber in a “pellet” way, and the combustion surface is shorter in the axial direction. 
It’s worthy to make a further study on the effect of pulse injection scheme on the fuel mixing and 
combustion characteristics.  
In this paper, the combustion flow field with the steady injection scheme and pulse injection scheme 
are numerically simulated. When the jet is open, the injection parameters are the same as the steady 
injection scheme, which means the mass flux of hydrogen is only the half of steady injection in the 
characteristic time. The flow field characteristics, distributions of hydrogen and water, amount of 
hydrogen combusted, total pressure recovery coefficient and inner thrust of two different fuel 
injection schemes are compared. 

2. Geometry and Methodology 
2.1 Numerical simulation method 
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In this paper, the finite volume scheme is used to solve Reynold-Averaged two-dimensional multi-
component N-S equations based on Hybrid Grid Technology. The second-order Roe scheme and 
SST k-ω two-equation are employed for spatial discretization and turbulence model. Dual time-
stepping for implicit scheme is adopted, and five-stage Runge-Kutta scheme is used for the sub-
iteration. The combustion reaction model is the 7 component 8 reaction hydrogen-air combustion 
model proposed by Moretti. The specific solution method has been described in references [9]-[11]. 

2.2 Calculation Model 
The model used is a 2D scramjet combustor with backward-facing step, and the detailed 
measurements are shown in Figure 1, in which the X and Y direction respectively represents the 
axial and transverse direction. The jet is 2.5mm wide and the backwards-stepping is 5mm height. 
Five pressure monitoring points are set during the unsteady calculation. The coordinates are shown 
in Table 1, and the positions are marked with numbers 1 to 5 in Figure 1. 

 

Figure 1 – Schematic of scramjet combustor (unit: mm). 

Table 1 – Coordinates of the monitoring points 

Point X/mm Y/mm 

1 46 5 

2 86.6 0 

3 120 40 

4 209 0 

5 222 42.2 

2.3 Mesh Independence Verification 
To study the effect of high temperature transverse pulse injection on the supersonic combustion flow 
field, the computational conditions are listed in Table 2. P∞, Ma∞ and T∞ indicate the static pressure, 
Mach number, and static temperature of the inflow respectively, while the Pj, Maj and Tj describe the 
injection parameters when the jet is open. Three mesh distributions are calculated to ensure that the 
mesh quantity is independent with the numerical results. The detailed information about meshed are 
shown in Table 3, in which Nc and h1 identify the number of mesh cells and the height of first layer 
mesh from the surface. The distributions of the pressure coefficient and the mass fraction of the 
combustion product water (Y_H2O) on the characteristic line (Y=4mm) are used to verify the mesh 
independence, shown as Figure 2. Since the lines of M2 and M3, denoting pressure coefficient and 
mass fraction of water, basically coincide, M2 is fine enough for the later calculation. The mesh of 
whole calculated domain and near the backward-facing step and jet are shown in Figure 3. 

Table 2 – Computational Conditions 
Free Stream Conditions Jet Flow Conditions 

p∞/kPa Ma∞ T∞/K pj/MPa Maj Tj/K 

50.66 2.5 1000 0.15 1.0 300 

Table 3 – Meshes used to verify the mesh independence 
Name  Nc  y+  h1/m 

M 1  52000 1.2 3.8 e-6
M 2  99000  1.0  3.2 e-6 
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M 3  142000 0.8 2.5 e-6

 
Figure 2 – Typical parameters distribution along the characteristic line 

 
Figure 3 – Computational mesh 

3. Results and Discussions 

3.1 Pulse Parameters Analysis 
The time parameters calculation methods of pulse jet time parameter and combustion flow field 
characteristic parameter are given below. Pulse injection starts after the stable transverse hydrogen 
injection combustion flow field established, where the time is defined as 0. The pulse injection 
scheme is shown in Figure 4, taking hydrogen transverse injection speed Vj as an example. The 
period of hydrogen ejected from the jet to the exit of combustor can be gotten according to (1) [8]. 

𝑡ଵ ൌ
௅భ
௏ಮ

ൌ ௅భ
ெ௔ಮ⋅ඥఊಮோಮ ಮ்

    (1) 

L1 is the distance from the center line of the jet to the exit of combustor (marked in Figure 1), V,   
and R respectively represents inflow velocity, specific heat ratio and gas constant. In this paper, 
t=0.2ms. According to the reference [8], this time period is divided into five pulse periods, so that 
each pulse period T equals 0.04ms, it is also called characteristic time. During the characteristic time, 
t1 / t2 = 0.5, so that t1 = t2 = 0.02ms. 

 
Figure 4 – Pulse injection scheme 

In the pulse injection scheme, the mass flux of hydrogen ejected is zero when the jet is off, so that 
the normal combustion efficiency formula [12] is no longer applicable. Therefore, a new characteristic 
parameter, amount of hydrogen combusted (Q(H2)burn), is defined to describe the performance of 
combustion on the characteristic section. 

𝑄ሺ𝐻ଶሻburn ൌ ׬
ଶ

ଵ଼
𝜌𝑢஺ 𝛼ଵ𝑑𝐴     (2) 

 is density of the mixture, u is axial velocity of the mixture, and 1 is mass fraction of water. 

The total pressure recovery coefficient [13] is defined as the ratio of the mass weighted average of 
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the total pressure on the characteristic section to the mass weighted average of the total import 
pressure on the inlet section. 

𝜎 ൌ ௠ሶ బ
׬ ௣೟ఘ௨ௗ஺ಲሺ೉సబሻ

⋅
׬ ௣೟ఘ௨ௗ஺ಲሺ೉ሻ

௠ሶ ሺ௫ሻ
    (3) 

Pt, 𝑚ሶ ሺ𝑥ሻ is total pressure and mass flux of the mixture on the characteristic section, respectively. 𝑚ሶ ଴ 
represents mass flux of inflow. 

The inner thrust of combustion chamber [14] is defined below: 

𝐹௜௡௧ ൌ ሺ𝑃௘𝐴௘ ൅ 𝑚ሶ ௘𝑢௘ሻ െ ሺ𝑃଴𝐴଴ ൅ 𝑚ሶ ଴𝑢଴ሻ   (4) 

With the subscript e means the parameters of exit of the combustor, and the subscript 0 stands for 
the inlet parameters. A is the area of section, and u is the velocity of mixture flow. 

3.2 Flow Field Characteristics 
The pressure of monitoring points changes with time are shown in Figure 5. The stable-pulse-flow-
field establishment needs 1.5ms. 

 
Figure 5 – Pressure variations over time of five monitoring points under non-reacting flow 

The combustion flow fields of steady injection and pulse injection are given in Figure 6. The steady 
injection flow filed tells the complicated shock structures: The backward-stepping shock forms when 
supersonic inflow passing the corner of backward-stepping. Because of the interaction between 
inflow and jet, the bow shock appears in front of the jet. The two shocks are fused, forming one shock, 
and reflected on the upper wall. The upper wall separation shock forms as the boundary layer 
separated. Behind of the separated area, the upper wall reattachment shock shows up. The 
boundary layer behind the jet is separated and reattached, forming the jet reattachment shock. When 
the pulse flow filed stably established, the reflection point of backward- stepping shock at the upper 
wall moves behind, because of the weakened interaction between jet and inflow. The bow shock 
forms periodically, the jet reattachment shock cyclically moves left and right. The effects of pulse 
interference on the flow field is only concentrated in the local region, marked with the dash line, which 
means pulse injection will not bring excessive load to the combustion chamber. The pulse 
interference changes periodically, which is consistent with the pulse period. 
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Figure 6 – Pressure contour lines of reacting flow field 

The mass fraction of hydrogen is shown in Figure 7. When the injection is steady, hydrogen 
accumulates around the jet, completely blocking the mainstream air, so that the main mixing happens 
downstream. After the stable pulse flow field built, mainstream enters with the switch of jet, making 
the mix starts from the jet. The hydrogen penetration depth is smaller than the steady because of 
the half mass flux ejected, leading to a weaker interference of jet and inflow. Fig. 8 gives the 
transverse distribution of hydrogen mass fraction over the section of X=110mm, which is within the 
area of pulse interference. When the pulse injection adopted, Y_H2 is not decreased from 1, which 
means hydrogen and air have been mixed near the wall. The steady and pulse injection have 
basically the same hydrogen diffusion boundary, defined as the value of Y when Y_H2 is equal to 0, 
since Y(Y_H2=0) Steady=8.82mm, Y(Y_H2=0) Pulse=8.89mm. 

 
Figure 7 – Hydrogen mass fraction contours distribution 
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Figure 8 – Transverse distribution of hydrogen mass fraction on the section of X=110mm 

Figure 9 shows the mass fraction distribution of water. The area around jet contains water, where is 
total without water in the steady injection scheme. Within the area of pulse interference, the 
distribution of water changes periodically. The transverse distribution of water mass fraction on the 
section of X=110mm is shown in Figure 10. Y_H2O of the first point in pulse injection lines is bigger 
than zero, which indicates the distribution of water has been extended to the bottom wall. The 
maximum mass fraction of water is 0.195 in pulse injection and 0.181 in steady injection, which tells 
the pulse injection could promote the combustion. On the other hand, the water diffusion boundary 
of pulse injection scheme is a little higher than the steady. 

 
Figure 9 – Water mass fraction contours distribution 
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Figure 10 – Transverse distribution of water mass fraction on the section of X=110mm 

Figure 11, Figure 12 and Table 4 have compared three parameters to discuss the performance in 
the combustion chamber. The amount of hydrogen combusted is shown in Figure 11. The pulse 
injection scheme, which saves half of fuel, could even more hydrogen combusted in the region 
around jet, where is the pulse interference zone. The maximum increase reaches 
25.46%(X=127.5mm). However, when the region is far from pulse interference zone, the amount of 
hydrogen combusted is smaller than steady injection scheme since the decreased mass flux of 
hydrogen ejected becomes the main influence, and on the exit section of combustion chamber 
decreased about 10.12%. The total pressure recovery coefficient is given in Figure 12. On the exit 
section of chamber, the total pressure recovery coefficient is 0.8286 with pulse jet and 0.8174 with 
the steady jet, where is increased by 1.4%. Table 4 is the inner thrust comparison. adopting the pulse 
injection, the inner thrust is increased 9.0% only with a half fuel in the same time period. 

 
Figure 11 – Amount of Hydrogen combusted downstream of X=75mm along the axial direction 

 
Figure 12 – Total pressure recovery coefficient downstream of X=75mm along the axial direction 



High Temperature Transverse Pulse Jet 
 

8  

Table 4 – Inner thrust of steady and pulse injection schemes 
Scheme Steady Pulse 

Inner thrust/kN 2.101 2.290 
Difference - 9.0%↑ 

4. Conclusions 
Numerical results of high temperature transverse pulse injection supersonic combustion flow field 
are studied. Firstly, within the region of pulse interference, the flow field changes periodically. 
Secondly, the fuel mass flux of pulse jet is only a half of the steady jet in the pulse period, but the 
distribution of hydrogen and water is basically the same in the pulse interference zone, and the 
combustion surface is almost the same size. Thirdly, compared with the steady injection scheme, 
the amount of hydrogen combusted even 25.46% larger in the pulse interference zone, the total 
pressure recovery coefficient is 1.4% greater at the exit section of combustion chamber, and the 
inner thrust is 9.0% increased. Finally, the high temperature pulse injection scheme has a promoting 
effect on fuel mixing and combustion, which is as great as the combustion chamber performance in 
steady injection scheme while the fuel is saved.
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