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Abstract: This work focuses on forced combustion with regards to the relationship between vent 12 
mixer models and several injection locations in unheated supersonic flow. A plasma jet torch was 13 
used to ignite the hydrogen–air mixture in a laboratory-scaled combustor duct. The flow field of 14 
the combustion was visualized with pressure and gas-sampling measurements. The vent mixers 15 
indicate good dispersion characteristics of the mixture for both parallel and normal 1 injections. 16 
However, forced combustion is dominantly governed by the injection rate toward the plasma jet 17 
(hot source) because the combustible region is restricted under the cold main flow. For this reason, 18 
the parallel injection, which provides the hydrogen–air mixture directly toward the plasma jet, 19 
shows good combustion performance. The normal 1 injection interacted with the vent mixers and 20 
shows slightly good combustion performance. Lastly, the normal 2 injection is little affected by the 21 
vent mixers and has poor combustion performance. 22 

Keywords: supersonic combustion; vent mixer; mixing; combustion performance 23 
 24 

1. Introduction 25 
Hypersonic vehicle concepts for high-altitude passenger planes or space launchers have been 26 

designed based on dual-mode scramjet engines or rocket-based combined cycle (RBCC) engines [1, 27 
2]. These hypersonic vehicles are initially accelerated by the rocket booster to obtain the sufficient 28 
inflow air speed required for start-up of the scramjet engines. Before the scramjet engines operate 29 
the inflow air into the combustor changes from subsonic to supersonic flow, which is called 30 
dual-mode. Dual-mode scramjet engines start from a flight Mach number of 2 with shock trains in 31 
the isolator [1]. When the flight Mach number goes beyond 5, the combustion mode changes to the 32 
supersonic combustion (or scramjet) mode. Under this transition mode, the isolator is generally 33 
used to prevent the shock train from affecting the intake of the vehicle [3].  34 

For supersonic combustion, it is necessary for some mixers to hold the flame and to blend the 35 
fuel–air mixture in the supersonic flow [4]. These mixers are generally categorized into two types: 36 
passive methods and active methods. Passive methods, such as a cavity [5] and a step [6,7], provide 37 
a space to hold the fuel–air mixture with minimum flow disturbance to the supersonic flow. Among 38 
them, the step mixer is often chosen as the passive mixing device due to its simple geometric 39 
structure. However, the recirculation region generated behind a step mixer is considered to be a 40 
dead region [6]. Although there is a circular flow in the recirculation region, it is not sufficient to stir 41 
the fuel–air mixture. Furthermore, even though several injectors are equipped to actively inject fuel 42 
into the recirculation region, mixing enhancement has not been observed in past studies [7]. The 43 
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active methods induce aerodynamic fluctuation to enhance mixing. For instance, Helmholtz 44 
resonators [8] create an acoustic wave and hyper mixers [9,10] generate stream-wise vortices by a 45 
pressure gradient. 46 

From these mixer models, to enhance mixing in the supersonic combustor, it is considered that 47 
a subsonic recirculation region is essential for an active stirring system. It is adequate to select the 48 
step mixer for a duct-type combustor to develop a new mixer associated with the concept. 49 
Moreover, for the dual-mode scramjet, the upstream area of the step mixer is the isolator and the 50 
enlarged downstream duct is used as the combustor. An air blowing device is applied to the step 51 
mixer to actively provide air into the recirculation region behind the step mixer. This new mixer is 52 
named vent slot mixer, and this has been already studied in previous work [11,12]. The detailed 53 
design is discussed later in this paper.  54 

In the previous work [12], the inflowing air through the slot enlarges the jet plume developed 55 
by the normal injection. The relationship between the vent mixer and the normal injection position 56 
has an effect on the mixing performance. In addition, the position of the injectors in the 57 
recirculation region is an important factor because the fuel (injectant) remnant is dependent on the 58 
injection direction in the recirculation region [13]. Because of this, several injectors were installed in 59 
different locations of the recirculation region in the current work. The previous work [12,13] 60 
utilized the slot to supply air into the recirculation region, but the current work considers the 61 
difference between the mixing and combustion performances according to the usage of the slot and 62 
circular holes. 63 

2. Materials and Methods  64 
 65 

 66 
Figure 1. A rectangular duct-type supersonic combustor model (unit: mm).  67 

 68 
The rectangular duct-type supersonic combustor model was composed of a Mach 2 half nozzle 69 

and a discontinuous rectangular duct, shown in Figure 1. The isolator was 50-mm-long and 70 
30.7-mm-high, and the combustor was 210-mm-long and 36.7-mm-high. The pressure ratio between 71 
the isolator inlet and outlet was 2.1 and designed using Billig’s formula [3]. Air in the laboratory 72 
room was drawn into a vacuum tank of 5 kPa and then accelerated through the Mach 2 half nozzle. 73 
The unit Reynolds number of the mixer model was about 6.6 × 105 per meter. Hydrogen gas was 74 
used as an injectant. There were three injectors: a parallel injector (P), a normal 1 injector (N1) and a 75 
normal 2 injector (N2). A detailed description of these injectors is shown in Figure 1. 76 

 77 
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 78 
Figure 2.  Mixer models: vent slot mixer and vent circle mixer.  79 
 80 
 81 
The mixer models were attached to the lower wall. Two new mixer models were employed; 82 

one was a vent slot mixer (VSM), and the other was a vent circle mixer (VCM). The step mixer is 83 
generally chosen as the mixer model for a supersonic combustor owing to its simple structure; 84 
however, it has poor mixing performance in the recirculation region behind it. To enhance the 85 
mixing performance, the vent mixer was developed to actively provide air into the recirculation 86 
region behind the step mixer. The configuration of the vent mixers is shown in Figure 2. The vent 87 
mixer had an extended block from the step wall, which was 6-mm-long and 2-mm-thick. To supply 88 
the main air into the recirculation region, a slot or several circular holes were perforated in the 89 
extended block. The VSM had a slot and the VCM had circular holes, and these are detailed in 90 
Figure 2. The slot and circular holes were selected to compare the difference between the 91 
two-dimensional inflow of the slot and three-dimensional inflow of the circular holes in the 92 
recirculation region. 93 

The igniter and measurement methods in the current test were utilized under the same 94 
conditions of the previous tests [7,11-12]. A plasma jet (PJ) torch was used as the heat source to 95 
ignite the hydrogen [14]. The PJ was injected from a 1.5-mm-diameter hole, which was placed at 60 96 
mm from the mixer wall, with a power of 2.5 kW [15]. Schlieren images were captured using a 97 
stroboscope lamp with a pulse time of 180 ns and a digital camera (Canon EOS-D30), and then the 98 
original images were processed with the unsharp mask filter of Adobe Photoshop CS. Static 99 
pressures on the wall were recorded by strain-gauge type pressure transducers (PDCR23D-200psi, 100 
Scanivalve Inc.) with a frequency of 10 Hz. The injection pressure was measured by a PAB-A200KP 101 
pressure transducer (Kyowa Inc.). A gas-sampling technique was carried out to measure the 102 
residual gas on the lower wall through the pressure ports. The sample gas was evacuated to a small 103 
gas-sampling chamber of 0.4 kPa for 10 s after each run, and it was analyzed with a Micro-GC 104 
analyzer (CP-4900, Varian Inc). The gas-sampling uncertainty was less than 1% for N2 and 6% for O2 105 
and H2.  106 

3. Results and Discussions 107 
 108 
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 109 
Figure 3. Flowfield of various mixer models: (a) step mixer, (b) step mixer with an extended 110 

block, (c) vent circle mixer, and (d) vent slot mixer.  111 
 112 
The step mixer has a simple structure to hold the recirculation region behind it, but there is little 113 

stirring in this recirculation region. The upstream flow is separated at the edge of the step, and then 114 
the flow path is expanded inducing an expansion fan and shear layer downstream, as shown in 115 
Figure 3a [16,17]. A recompression shock is developed from the slope of the shear layer. From the 116 
step mixer, a 2-mm-thick and 6-mm-long block is extended from the step wall. There is a cavity 117 
under the extended block. The expansion fan and the shear layer can also be seen in Figure 3b. 118 
Compared with the step mixer in Figure 3a, the position where the recompression shock collides 119 
with the upper wall moves downstream in Figure 3b. This movement length is about 6 mm, which 120 
coincides with the length of the extended block. The extended block plays a role in extending the 121 
recirculation region and has little effect on the flow structure development. To provide the main 122 
flow into the recirculation region, several holes were perforated into the extended block surface. In 123 
Figure 3c, inflow air through the holes seems to be observed under the extended block. This inflow 124 
air stirs the recirculation region, leading to a fluctuating shear layer; weak shocks can be seen from 125 
the shear layer [17]. To increase the inflow air into the recirculation region, a slot was made in the 126 
extended block, as shown in Figure 3d. Compared with the flow structures around the shear layer in 127 
Figure 3c, weak shocks are clearly observed and a recompression shock is created far from the shear 128 
layer surface in Figure 3d.  129 

 130 
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 131 
Figure 4. Flowfield characteristics with regard to the injection locations for J = 1.6: step mixer (a, 132 

d, g, and j), vent circle mixer (b, e, h, and k), and vent slot mixer (c, f, i, and l). 133 
 134 
Figure 4 shows a flow field comparison of the three mixer models for J = 1.6. The hydrogen gas 135 

injectant was not burnt in the mixing test for safety reasons, and thus the momentum flux ratio was 136 
very low (the equivalence ratio (ER) was about 0.02). The step mixer was basically used to compare 137 
the vent mixer models in terms of their flow structure. Firstly, for the parallel injection, the injection 138 
hardly disturbs the downstream flow structures. The injection thickens the shear layer, and this 139 
affects the starting point of the recompression shock, as shown in Figure 4d. For the VCM, the 140 
recompression shock around the shear layer is changed from the single bold line (Figure 4b) to the 141 
Mach waves in Figure 4e. The VSM shows that the parallel injection slightly affects the shear layer 142 
increase in Figure 4f. The flow field of the VSM is similar to that of the VCM. The normal 1 injection 143 
is close to the step wall in Figure 4g. The injection interacts with the flow structures around the step 144 
corner. The downstream shear layer is, thus, fluctuating and the recompression shock shows a 145 
sinusoidal movement around the shear layer. The injection rate is very low; a bow shock is faintly 146 
seen at the step corner in Figure 4g. For the VCM, the normal 1 injection conflicts against the 147 
extended block and then runs downstream. Therefore, the normal 1 injection shows a similar flow 148 
field in comparison with the parallel injection, as shown in Figures 4e and 4h. For the VSM, on the 149 
other hand, the recompression shock near the shear layer disappears in Figure 4i. It is considered 150 
that the inflow air through the slot actively scatters the injection downstream. The normal 2 injector 151 
is located behind the extended block of both vent mixers. For the step mixer, the injection penetrates 152 
through the slope of the shear layer in Figure 4j. A bow shock is generated ahead of the injection, 153 
inducing fluctuation of the downstream shear layer. However, for both the vent mixers, the bow 154 
shock of the injection is not clearly observed in Figures 4k and 4l. This is because the weak bow 155 
shock is overlapped with the expansion fan at the edge of the extended block. The bow shock 156 
scatters the downstream shear layer, similar to the step mixer case in Figure 4g. Furthermore, the 157 
normal 2 injection has little effect on the shear layer growth when considering the recompression 158 
shock shape. The shear layer growth behind the mixers weakens the recompression shock 159 
development around the shear layer surface. 160 

 161 
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(a)  162 

(b)  163 

(c)  164 
Figure 5. Hydrogen gas concentration distribution for injection locations: (a) parallel injection, 165 

(b) normal 1 injection, and (c) normal 2 injection. 166 
 167 
With the Schlieren images, the hydrogen gas concentration was measured from span 1 (S1) and 168 

span 2 (S2). For the parallel injection, the step mixer shows a peak value at Z = 0 and lower values 169 
toward the side direction in Figure 5a. This distribution pattern is sustained in the downstream 170 
region (S2). However, both the vent mixers have an even distribution with a high concentration 171 
value around the center region along span 1. The concentration around the side region is also 172 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 April 2019                   

Peer-reviewed version available at Energies 2019, 12, 1746; doi:10.3390/en12091746

https://doi.org/10.3390/en12091746


 7 of 14 

 

relatively high in comparison with that of the step mixer. The inflow air through the slot or the holes 173 
disturbs the parallel injection, and this contributes to enhancing the injectant dispersion downstream. 174 
For the normal 1 injection, the hydrogen concentration of the step mixer decreases by half of the 175 
proportion of the parallel injection case. This is because most of the injectant is thrown out to the 176 
main flow and not held in the shear layer, as shown in Figure 5b. Meanwhile, for both the vent 177 
mixers, the normal injection is obstructed by the extended block. Therefore, much injectant can be 178 
held in the shear layer and its concentration distribution depicts a highly flat pattern in Figure 5b. 179 
For the normal 2 injection, three mixer models show the same distribution pattern in Figure 5c. For 180 
the step mixer, the different normal injector positions have little effect on the concentration 181 
distribution, as shown in Figures 5b and 5c. Furthermore, the normal 2 injection is hardly affected by 182 
the inflow air of both the vent mixers. From the hydrogen concentration data, as a result, it is 183 
considered that the relationship between the injection position and the slot (or the holes) position 184 
plays a significant role in the mixing process in the shear layer. 185 

 186 

 187 
(a) Pressure distribution 188 

 189 
(b) Flow structures around the PJ 190 
Figure 6. Pressure distribution and flow structure by the effect of the PJ. 191 
 192 
Figure 6a shows the effect of the PJ used as the hot source in the flow field. Without the PJ 193 

injection, the pressure drops sharply in the expansion region behind the vent mixer and the pressure 194 
recovers through the recompression shock. The downstream pressure behind the PJ torch shows a 195 
large up and down pattern because the recompression shock also moves toward the downstream 196 
region. When the recompression shock collides against the upper wall, the boundary layer is 197 
separated, leading to expansion fan development and the reflected recompression shock toward the 198 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 April 2019                   

Peer-reviewed version available at Energies 2019, 12, 1746; doi:10.3390/en12091746

https://doi.org/10.3390/en12091746


 8 of 14 

 

lower wall in Figure 6b. The reflected recompression shock moves continuously toward the lower 199 
wall until it disappears downstream. This kind of flow structures, induced by the recompression 200 
shock, induces the pressure variation around the boundary layer in Figure 6a. When the PJ, which is 201 
the hot jet plume in Figure 6b, is injected, the downstream pressure increases and a pressure 202 
fluctuation due to the recompression shock and a bow shock can be seen in Figures 6a and 6b. To 203 
sum this up, the PJ has little effect on the upstream pressure, and the downstream pressure behind 204 
the PJ torch is mainly affected by the recompression shock. 205 

 206 

 207 
Figure 7. Combustion pressure distribution of the parallel injection for ER rise. 208 
 209 

 210 
Figure 8. Flow structure transition of the parallel injection for ER rise: vent slot mixer (a, c, e, 211 

and e’) and vent circle mixer (b, d, f, and f’). 212 
 213 
The isolator of the duct-type combustor is designed using the Billig’s formula and the pressure 214 

ratio (Pout/Pin) is about 2.1 in our case. The pressures ratio above 2.1 indicates that the flow is 215 
thermally choked in Figure 7. For ER = 0.02, the combustion pressure distributions of the VSM and 216 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 April 2019                   

Peer-reviewed version available at Energies 2019, 12, 1746; doi:10.3390/en12091746

https://doi.org/10.3390/en12091746


 9 of 14 

 

the VCM show the same pattern, which matches the hydrogen concentration distribution in the 217 
mixing test in Figure 5a. As the ER increases, the VSM has a higher combustion pressure than the 218 
VCM. The combustion can be held in the hot region for forced ignition under the cold flow condition. 219 
For our case, hydrogen is burned in the PJ and not ignited in the cold main flow. In this sense, for the 220 
same ER, the VCM scatters the hydrogen more toward the span-wise direction so that it is not 221 
burned by the PJ compared with the VSM. For ER = 0.02, the combustion is very weak so the 222 
upstream pressure of the PJ is not affected and the recompression shock can be still seen in Figures 223 
8a and 8b. For ER = 0.03, the combustion becomes stronger and induces boundary layer separation 224 
around both the vent mixers in Figures 8c and 8d. The combustible region is restricted around the 225 
lower wall with the hot source due to the cold main flow. For this reason, boundary layer separation 226 
first develops from the lower wall and then the upper boundary layer separation follows, which 227 
contributes to the asymmetric oblique shock train. The pressure ports in the isolator are embedded 228 
on the upper wall. The combustion pressure of the VSM is higher than that of the VCM in Figure 7. 229 
The oblique shock train of the VSM is strong and the upper boundary layer separation goes close to 230 
the isolator outlet in Figure 8. For ER = 0.04, the VSM shows the unstart condition. The pressure 231 
increases in the nozzle outlet and all pressure ratios exceed 2.1 in Figure 7. Under the unstart 232 
condition, the shock train intrudes into the nozzle exit and the downstream flow becomes subsonic. 233 
However, in the suction-type test facility, the main flow recovers to supersonic flow due to the 234 
vacuum suction, which comes to be the unstart again. This process is quickly repeated, as shown in 235 
Figures 8e and 8e’. The oblique shock train goes toward the nozzle exit in Figure 8e. After the shock 236 
train intrudes into the nozzle, the lambda shock train can be seen in Figure 8e’. For the VCM, the 237 
shock train displays upstream and downstream movements in the isolator and does not go into the 238 
nozzle, as shown in Figures 8f and 8f’. 239 

 240 

 241 
Figure 9. Combustion pressure distribution of the normal 1 injection for ER rise 242 
 243 
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 244 
Figure 10. Flow structure transition of the normal 1 injection for ER rise: vent slot mixer (a, c, 245 

and e) and vent circle mixer (b, d, and f). 246 
 247 
In the case of the normal 1 injection, both the vent mixers show similar combustion pressure 248 

patterns in Figure 9. For ER = 0.02 and 0.03, the downstream combustion pressures are low and are 249 
affected by the recompression shock. In Figures 10a-d, the shock structures, such as the 250 
recompression shock and the bow shock, can still be seen around the upper wall region and the four 251 
figures show little difference in the flow fields. For ER = 0.04, the flow is thermally choked in the 252 
combustor and the shock train exists in the isolator for both the vent mixers. This can be seen in 253 
Figures 10e and 10f. Although the normal 1 injection results in good mixing performance in Figure 254 
5b, the amount of hydrogen supplied into the PJ is reduced by the wide dispersion, contributing to 255 
the weak combustion. However, as the combustion is strong enough to affect the side region, the 256 
combustion pressure rises sharply. 257 

 258 

 259 
Figure 11. Combustion pressure distribution of the normal 2 injection for ER rise 260 
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 261 
Figure 12. Flow structure transition of the normal 2 injection for ER rise: vent slot mixer (a, c, 262 

and e) and vent circle mixer (b, d, and f) 263 

 264 
Figure 13. Span-wise pressure distribution comparison. 265 

 266 
In Figure 11, for the normal 2 injection, there is no thermal choking for all ER ranges. For ER = 267 

0.02, both the vent mixers show the same combustion pressure pattern. For ER = 0.03, the VSM is 268 
superior to the VCM in the downstream combustion pressure. In Figure 12, the recompression shock 269 
is observed in all figures, and the downstream jet plume fluctuates intensely according to the ER 270 
increase. The span-wise combustion pressure measured from span 3 is displayed in Figure 13. The PJ 271 
without combustion shows a flat pressure distribution. For ER = 0.2 and 0.3, the weak combustion 272 
has a somewhat high pressure in the center region relative to the surrounding pressures. This is 273 
considered to be owing to combustion only occurring weakly in the PJ. As mentioned earlier, the 274 
normal 2 injection supplies most of the hydrogen gas into the cold main flow, so it will not be burned 275 
by combustion. Because of this, combustion occurs just in the jet plume due to the small quantity of 276 
hydrogen gas. As the injection rate increases, the span-wise combustion pressure rises evenly.  277 
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 278 
Figure 14. Combustion performance comparison. 279 

 280 
In order to compare the overall combustion performance, each combustion pressure difference 281 

between the combustion pressure (Pcom) and the pressure without combustion (PPJ) is summarized 282 
and normalized by the total pressure (Ptotal). The combustion pressure increment (∆P) is evaluated 283 
by:  284 

 285 

   286 

 287 
If the combustion pressure increment exceeds unity in Figure 14, the combustor enters the 288 

thermal choking condition and the shock train is developed in the isolator. In the one-dimensional 289 
Rayleigh flow condition [18], the heat addition (or equivalence ratio) required to choke the flow is 290 
dependent on the inflow total temperature. For instance, if the inflow total temperature is about 1047 291 
K, which corresponds to a flight Mach number of 4 [19], the equivalence ratio of hydrogen gas for 292 
choking at the constant duct exit is about 0.1 [20,21]. In our case, the inflow air is not hot to be 293 
combustible but ambient air, so the equivalence ratio for choking the flow is about 0.03 for the inflow 294 
total temperature of 296 K. In this sense, for ER = 0.03, thermal choking begins in the case of the 295 
parallel injection for the three mixer models. This indicates that the hydrogen is mostly burned in the 296 
combustor and the combustion efficiency is high. In the mixing test, the remaining hydrogen volume 297 
of the normal 1 injection of the two vent mixers is secondary to the parallel injection in Figure 3. 298 
Therefore, for ER = 0.04, the combustion pressure increments of the normal 1 injection for the two 299 
vent mixers go beyond unity in Figure 12. All injection cases show thermal choking in the combustor 300 
for ER = 0.06. 301 

5. Conclusions 302 
This work was carried out to study the performance of vent mixer models in a 303 

laboratory-scaled supersonic combustor facility, with forced ignition by a plasma jet torch 304 
performed with the cold main flow.  305 

In the mixing test, the inflow air through the slot or circular holes of the mixers enhances the 306 
mixing characteristics, particularly span-wise dispersion, while the injectant is emitted in the 307 
recirculation region. In other words, the mixers are effective at dispersing the hydrogen–air mixture 308 
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by direct interaction between the inflow air and the injection. On the other hand, injection out of the 309 
roof-plate of the mixer is little affected by the inflow air through the slot or circular holes of the 310 
mixers. Furthermore, the mixing pattern shows similar performance irrespective of hole shape, such 311 
as slot or circular hole, on the roof-plate of the mixer.  312 

Under the unheated main flow condition, the combustion is sensitive to the hydrogen flow rate 313 
supplied to the plasma jet in the small-scaled combustor. Although the fuel–air mixture is widely 314 
dispersed in the shear layer or the recirculation region, it is difficult to ignite the fuel–air mixture 315 
without the hot source. First of all, thermal choking occurs for the parallel injection for ER = 0.03 316 
regardless of the mixer models, compared with the normal 1 and normal 2 injections.  For the 317 
parallel injection, although the mixing performances of the VSM and the VCM are similar to each 318 
other, thermal choking is observed earlier for the VSM than the VCM. For the normal 1 injection, 319 
both the vent mixers show similar mixing and combustion performances. The normal 2 injection 320 
has the poorest combustion performance compared with the other injection cases, and the VSM is 321 
slightly superior to the VCM in terms of the combustion pressure rise. The flow is easily thermally 322 
choked for lower equivalence ratios due to the low total temperature of the main flow. In this sense, 323 
particularly for the small combustor, it is considered that the subtle difference between fuel–air 324 
mixture rates toward the plasma jet leads to a large difference in the combustion performance. 325 
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