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Abstract 
 
Mixing characteristics in a rectangular chamber are investigated using experimental and numerical methods. A mixing chamber with 

an axial inlet (representing fuel inlet) and a side inlet (representing air inlet) is designed. Two jets with different momentum ratios 
through the two inlets are mixed in the chamber. Computational fluid dynamic simulation is validated by experimental data of particle 
image velocimetry that measures flow velocity distribution. The momentum ratios of the two jets and the height of the axial inlet signifi-
cantly influence the penetration depth of axial jet into the mixing chamber and the pressure drops at recirculation zones.  
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1. Introduction 

A ducted rocket is a ramjet propulsion system that uses in-
take air and fuel from a metalized solid gas generator [1]. 
Metal particles are applied to improve specific impulses and 
enhance combustion stability by particle laden flow [2]. A 
ducted rocket typically consists of two combustion chambers. 
The primary chamber is a fuel-rich gas generator that provides 
fuel-rich, gas-carrying metal particles into the secondary 
chamber. The secondary chamber, which is the focus of this 
study, has an air inlet duct and a fuel orifice connected to the 
primary chamber. In consideration of the long burn time of 
metal particles compared with that of gas-phase fuel, fuel and 
oxidizer are mixed properly by using a recirculation zone in a 
small volume [3]. Consequently, a well-designed secondary 
chamber plays an important role in for the complete combus-
tion of particles. 

Using the experimental approach, Hsieh et al. [4] visualized 
flow by laser Doppler velocimetry to study the mixing charac-
teristics in the secondary chamber of a ducted rocket. Stowe et 
al. conducted a water tunnel test [5].  

Using the numerical approach, Stowe et al. [6] conducted an 
ignition test with carbon particles to measure combustion effi-
ciency and compared it with experiments to evaluate its per-

formance. Ristori et al. [7] adopted a numerical method to 
vary the shape of ducted chambers and check the burning 
efficiency. Nakayama et al. [8] conducted an ignition test with 
a glycidyl azide polymer solid propellant and studied mixing 
characteristics and ignition delay using a numerical method.  

In this study, the detailed mixing characteristics of un-
burned fuel and air in the secondary chamber are analyzed. In 
this parametric study, the height of the injection orifice, as 
well as the momentum ratio of fuel and air, is selected as a 
design parameter. The mixing characteristics are dominantly 
influenced by the height of the orifice because the size of the 
recirculation zone varies depending on the location. For refer-
ence, an inclined height of a 25% chamber diameter, which 
has reasonable recirculation zone, is used [9]. For the working 
fluid of the fuel inlet orifice, air is chosen instead of unburned 
fuel for experimental convenience. Numerical and experimen-
tal methods are applied to investigate the mixing characteris-
tics of fuel and air to velocity ratios and fuel orifice heights in 
the secondary chamber.  

 
2. Experimental study 

In the experimental study, the particle image velocimetry 
(PIV) technique is applied to investigate the flow-mixing 
characteristics in the secondary combustor model of a ducted 
rocket. Fig. 1 presents the schematic of the PIV experimental 
setup used in this study. Dual-pulse Nd:YAG laser (Ever-
Green 145, Quantel) is installed on the upper side of the test 
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section and provides a thin-light sheet in the flow measure-
ment area. Spheric polystyrene particles with a diameter of 
5 mm  are selected as the PIV seeding particle. To float the 
PIV seeding particle uniformly in the measurement area, an 
in-house-made fluidizer (Fig. 2) is installed to supply the seed-
ing particle to the axial inlet duct.  

A laser pulse and a charge-coupled device (CCD) camera 
(PCO 1600, PCO.) shutter are synchronized by a pulse delay 
generator (9514 Pulse Generator, Quantum). Two pictures are 
taken by the CCD camera with a short time interval (6 μs). 
The displacements of particles in the two pictures are analyzed 
by a PIV data reduction program (INSIGHT 4G, TSI) to cal-
culate the flow vector field. 

Fig. 3 shows the test parameters in this study. The air ve-
locities of the axial and side inlets are defined as V1 and V2, 
respectively. The cross-section of the mixing chamber is 
square, and the height (H) and depth are 60 mm. The meas-
urement plane is located at the center of the duct, as shown in 
Fig. 3. The location of the axial inlet (h = 25% and 50% of H), 
the angle of the side inlet (θ = 60 degrees), and the location of 
the side inlet (L = 60% of H) are defined in Fig. 3. The side 
inlet flow is supplied by a blower, and the velocity of the side 
inlet flow in the flow mixing zone is fixed at 30 m/s. The air 

velocity of the axial inlet duct varies from 45 m/s to 150 m/s 
and results in velocity ratios (V1/V2) of 1.5, 3.0, and 5.0. 

 
3. Numerical study 

Mixing phenomena should be analyzed in detail if calcula-
tion is conducted minutely. In the simulation, a commercial 
computational fluid dynamic (CFD) code ANSYS FLUENT 
12.1 is implemented. A k-epsilon turbulence model with en-
hanced wall functions is adopted to analyze the mixing char-
acteristics. This model is a relatively recent development 
compared with the standard k-epsilon, which is a semi-
empirical approximation based on solving transport equations 
for the turbulence kinetic energy, k, and dissipation rate, epsi-
lon, with empirical constants. Compared with the standard 
model, the current model has an improved equation for epsi-
lon and variable turbulence viscosity, which is constant in the 
standard model. Therefore, the current model has better per-
formance for flows that involve large rotation and recircula-
tion. A detailed description can be found in Ref. [11]. To ob-
tain accurate calculations, third-order monotonic upstream-
centered schemes for conservation laws are applied for spatial 
discretization [12]. Specific heat and viscosity are calculated 
by piecewise-polynomial and Sutherland’s law, respectively 
[13].  

Fig. 4 shows the 3D computational domain used to simulate 
the flow mixing inside the secondary chamber. The domain 
has approximately 3.1 million structured cells and contains a 
high-resolution grid near the axial inlet (inlet 1) and side inlet 
(inlet 2), where rapid flow mixing occurs, to reduce computa-
tional-scale efforts. The boundary condition uses measured 
parameters in the experimental study for precise simulation. 
The mass flow rate condition is applied for inlets, which are 

 
Fig. 1. Schematic of the PIV experimental setup. 

 

 
 
Fig. 2. Schematic of the PIV particle fluidizer. 

 

 
 
Fig. 3. Laser sheet in the experimental setup. 

 

 
 
Fig. 4. Schematic of the secondary chamber. 
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measured by a Venturi meter for every experiment. The outlet 
has a pressure condition and is fixed to atmospheric pressure 
because experiments are set to blast gas into the open area. 
The detailed parameters of the boundary conditions used in 
this study are summarized in Table 1.  

 
4. Comparison between numerical results and ex-

perimental measurements 

Fig. 5 presents the experimentally measured velocity data, 
and Fig. 6 shows the numerically calculated velocity distribu-
tion at the center of the Z-plane with a 50% height of inlet 1. 
These results are comparable with an almost similar flow 

structure, given that the experiment cannot acquire particle 
data near the wall. Experimental data have weak or no recircu-
lation zone on the upper side, whereas numerical results have 
a strong zone. However, numerical and experimental results 
have the same tendency. When a high speed jet from inlet 1 
crashes with a relatively low speed of air from inlet 2, it rises 
and attaches to the upper wall. Figs. 7 and 8 present a velocity 
contour in case of a 25% height. However, the velocity con-
tour is slightly different at a velocity ratio of 1:5. The core of 
the main structure rises fast in case of simulation. Experimen-
tal results with 1:5 velocity ratios have wide flow range. 
Therefore, PIV method detects the velocity of a particle with 
its own inertia moments depending on the poly (methyl meth-
acrylate) particle size. As a result, small particles follow the 
gas phase exactly, whereas large particles ignore the flow 
direction changes and penetrate the inertia momentum. The 
experimental and numerical results in case of a 1:5 velocity 
ratios with 25% height support this finding. Although the core 
of the main flow structure is slightly different, the numerical 
results are marginally acceptable than the experimental results. 
A large velocity ratio causes a steep rise of the main flow jets 
and early attachment at 50% height. This case has a com-
pletely adverse tendency compared with that at 25% height. 
Therefore, high-momentum jets penetrate deeply. A detailed 
discussion on the reason for this phenomenon will be given in 

Table 1. Boundary conditions used in each case. 
 

Case Inlet 1 position, vel. ratio 
(Momentum ratio) 

Mass flow rate 
of inlet 1 (kg/s) 

Mass flow rate of 
inlet 2 (kg/s) 

Case 1 25%, 1:5.0 (1:8.5) 0.034607 0.020520 

Case 2 25%, 1:3.0 (1:2.8) 0.014458 0.015782 

Case 3 25%, 1:1.5 (1:0.8) 0.007179 0.013888 

Case 4 50%, 1:50 (1:8.5) 0.0341960 0.019911 

Case 5 50%, 1:3.0 (1:2.8) 0.017748 0.018719 

Case 6 50%, 1:1.5 (1:0.8) 0.009089 0.016753 

 
 

 
(a) 50% height, velocity ratio = 1:5 

 

 
(b) 50% height, velocity ratio = 1:3 

 

 
(c) 50% height, velocity ratio = 1:1.5 

 
Fig. 5. Velocity contour measured by PIV at 50% height. 

  
 

(a) 50% height, velocity ratio = 1:5 
 

(b) 50% height, velocity ratio = 1:3 
 

(c) 50% height, velocity ratio = 1:1.5 
 
Fig. 6. CFD results of the velocity contour at 50% height. 
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the next chapter.  
Figs. 9 and 10 present the velocity distribution along the 

center line of inlet 1 to quantitatively compare the penetration 
depths of jets quantitatively. Distance is normalized with 
height H. Fig. 9 presents the velocity distribution at 50% 
height of inlet 1. When the velocity ratio is 1:5, case (a) shows 
a similar velocity order, except at approximately 40 mm. Data 
are lacking between 0 mm and 15 mm at the experimental 
curve because the particle velocity near the wall cannot be is 
unable to measured. The penetration depth in the experiments 
is deeper than that in the simulation. Case (b), with a velocity 
ratio of 1:3, is almost comparable to with case (a). The ex-
perimental results show a high velocity at approximately 
40 mm distance. Case (c) denotes a different trend. A gap 
exists between 0 mm and 50 mm. The simulation predicts 
faster momentum diffusion as the velocity curve drops rapidly 
than that in the experiment. However, the simulation shows a 
similar penetration depth to that of the experimental data at 
approximately 80 mm. 

For the 25% height of inlet 1, penetration agrees well with 
the velocity ratios of 1:3 and 1:1.5, as shown in Fig. 10. How-
ever, some differences are observed in case Fig. 10(a) with a 
velocity ratio of 1:5. The experiment measures the particle 
velocity and not the direct velocity of the gas phase. A de-
tailed analysis will be discussed in the next chapter.  

5. Mixing characteristics  

5.1 Effect of velocity ratios on axial and side inlets 

Flow velocity profiles at the centerline are extracted from 
the computational domain and PIV data to examine the pene-
tration depth, which is defined by the end point of decreasing 
velocity that is less than 5% of the speed of inlet 1. Figs. 11 
and 12 show the experimental and numerical penetration 
depths at inlet heights of 50% and 25%, respectively. In Fig. 
11, the depth decreases from 86 mm to 48 mm as the velocity 
ratio increases from 1:1.5 to 1:5. This case may be considered 
an opposite trend on the basis of the velocity ratio because a 
large momentum of the main flow shows more penetration 
depth. However, a high velocity induces a strong recirculation 
and decreases the pressure in the recirculation zone to pull the 
main flow to float to the zone. As a result, a high velocity ratio 
has a short penetration depth at 50% height of inlet 1.  

Fig. 12 presents a contrast tendency that has an increasing 
depth from 59 mm to 62 mm with an increasing velocity ratio 
from 1:1.5 to 1:5. This tendency can be explained by the pres-
sure drop rate near the jet. Fig. 13 shows the minimum pres-
sure in the upper recirculation zone according to velocity ra-
tios.  

The pressure drops in the case of 50% height are larger than 
those in the case at 25% height, which results in different ten-

(a) 25% height, velocity ratio = 1:5 
 

(b) 25% height, velocity ratio = 1:3 
 

(c) 25% height, velocity ratio = 1:1.5 
 
Fig. 7. Velocity contour measured by PIV at 25% height. 

 

(a) 25% height, velocity ratio = 1:5 
 

(b) 25% height, velocity ratio = 1:3 
 

(c) 25% height, velocity ratio = 1:1.5 
 
Fig. 8. CFD results of the velocity contour at 25% height. 
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dencies. The 25% height has more influence on the flow mo-
mentum than pressure drop, which has an opposite tendency at 
50% height. 

 
5.2 Effect of recirculation intensity 

Recirculation at the fore dome (upper-left side in a contour) 
of the secondary chamber plays an important role to establish 
high-combustion efficiency in the secondary chamber because 
it extends the residence time of the combusting particle. Re-
circulation also affects the curvature of the main stream. Fig. 
14 presents the comparison of pressure distribution between 
two different heights of inlet 1, that is, 50% and 25%. Pressure 
in the upper zone of inlet 1 at 50% height decreases to 
98000 kPa because of strong recirculation, as presented in Fig. 

 
(a) 25% height, Velocity ratio = 1:5 

 

 
(b) 25% height, Velocity ratio = 1:3 

 

 
(c) 25% height, Velocity ratio = 1:1.5 

 
Fig. 10. Velocity distribution at the centerline of inlet 1 at 25% height. 

 
 

 
 
Fig. 11. Penetration depth for 50% height. 

 
(a) 50% height, Velocity ratio = 1:5 

 

 
(b) 50% height, Velocity ratio = 1:3 

 

 
(c) 50% height, Velocity ratio = 1:1.5 

 
Fig. 9. Velocity distribution at the centerline of inlet 1 at 50% height. 
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15. The decrease in pressure in case Fig. 15(b), which has 
25% height, is minimal. The reason for this may be that the 
volume of the upper recirculation zone at 25% height is larger 
than that at 50% height. Therefore, the recirculating intensity 
decreases. Fig. 15 shows a Z-direction vorticity to visualize 
the recirculation intensity. In the upper zone, strong counter-
clockwise recirculation is observed because of the shear layer 
of high-speed flow from inlet 1, whereas weak intensity is 
detected in the lower zone. The recirculation direction is de-
termined in an opposite direction of the shear flow. As the 
pressure decreases more in the upper recirculation zone, the 
main flows are forced backward to the flow direction and 
attached to the upper wall further upstream than those at the 
25% height case. The injection angles from inlet 2 are also 
affected by pressure drop. The angles are approximately 90°, 
70°, and 60° with velocity ratios of 1:5, 1:3, and 1:1.5 respec-
tively. As the angle of inlet 2 is 60°, the flow leans backward 
when pressure drops at the fore dome.  

 
5.3 Mixing efficiency 

Mixing efficiency is compared at the fore dome. Two air 
species from inlets 1 and 2 are calculated individually with 
species transport to visualize the mixing rate. In this study, the 
normalized mixing efficiency, ζ, is defined as follows: 

2

2 1 2

,
/ ( )inlet inlet inlet

MF
m m m

z =
+& & &

  

 
where 2MF  is the mass fraction of air from inlet 2 at the fore 
dome, and 1inletm&  and 2inletm&  are the mass flow rates of air 
from inlets 1 and 2, respectively.  

Fig. 16 presents the normalized mixing efficiency at the fore 
dome for all six cases. The 25% height case shows the highest 
efficiency at 0.555 at a low velocity ratio, but it has the lowest 
efficiency at a high velocity ratio. The overall tendency shows 
gradually increasing mixing efficiency for the reference cases 
(cases 1 to 3), whereas the others (cases 4 to 6) show rapidly 
decreasing efficiency. The reason for this phenomenon is the 
different influences from the recirculation zone depending on 
the height of inlet 1. As mentioned earlier, the 50% height 
case has strong vorticity with a high velocity ratio at the fore 

 
 
Fig. 12. Penetration depth for 25% height. 
 

 
 
Fig. 13. Pressure drop in the upper recirculation zone. 

 

 
(a) 50% height of inlet 1 

 

 
(b) 25% height of inlet 1 

 
Fig. 14. Pressure contours at a velocity ratio of 1:5. 

 
 

 
(a) 50% height of inlet 1 

 

 
(b) 25% height of inlet 1 

 
Fig. 15. Z-vorticity contours at the axial and cross-sections at a veloc-
ity ratio of 1:5. 
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dome that causes a short penetration depth with a high veloc-
ity ratio. Therefore, a high velocity ratio has strong vorticity, 
which creates good mixing efficiency. However, the 25% 
height has an opposite tendency in terms of velocity ratio and 
vorticity coupling. In the 25% height case, a high velocity 
only makes flow penetrate deeply, but the mixing efficiency 
decreases. The influence of velocity ratio on vorticity is also 
stronger at 50% height than at 25% height based on the com-
parison of their slopes.  

 
6. Conclusion  

The mixing characteristics in the secondary chamber of a 
ducted rocket are experimentally and numerically studied. The 
PIV experimental results and CFD results are in a good 
agreement. The penetration depth of the axial inlet flow, i.e., 
inlet 1, presents a contrast tendency to velocity ratio at differ-
ent heights of the axial inlet. The depth of the main stream in 
case of the 25% height of inlet 1 increases from 59 mm to 
62 mm, which is proportional to the velocity ratio. However, 
the depth decreases from 86 mm to 48 mm in case of the 50% 
height. A larger pressure drop occurs in the recirculation zone 
of the 50% height of inlet 1 than in other cases. This phe-
nomenon is supported by the experimental and numerical 
results. The normalized mixing efficiency depends on the 
velocity ratio of the axial and side inlets. The mixing charac-
teristics studied in this work can be applied when designing 
high-velocity mixing chambers.  
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