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Characterization of Side-Dump Combustor Flowfield
Using Particle Image Velocimetry

Kyubok Ahn∗ and Youngbin Yoon†

Seoul National University, Seoul 151-742, Korea

An experimental study was carried out to investigate the instantaneous flowfield in a side-dump combustor
using particle image velocimetry and examine the systematic effects of geometric variations (inlet angle and
dome height) on the mean flowfield and the recirculation zones. The instantaneous velocity fields showed that the
recirculation zones in the combustor consisted of large-scale and small-scale vortices, and the flow pattern might
change periodically due to the oscillation of two inlet jets. The mean velocity fields indicated that as the inlet angle
increased, the height of the secondary recirculation zone and the maximum reverse mass flow rate at transport
into the primary recirculation zone increased almost linearly. The results also indicated that there was an optimum
dome height for each inlet angle even though the dome height did not significantly affect the flowfield downstream
of the combustor inlet. The values of the maximum reverse mass flow rate in the secondary recirculation zone were
equivalent to those in the primary recirculation zone, so the secondary recirculation zone was believed to be as
important as the primary recirculation zone for flame stabilization.

Nomenclature
H = inner height of the combustor
HSRZ = transverse height of the secondary recirculation zone
hD = dome height
h∗

D = nondimensional dome height (normalized by H )
L = inner length of the combustor
LSRZ = longitudinal length of the secondary recirculation

zone
ṁ in = total inlet mass flow rate
ṁmax,PRZ = maximum reverse mass flow rate in the primary

recirculation zone
ṁmax,SRZ = maximum reverse mass flow rate in the secondary

recirculation zone
ṁPRZ = reverse mass flow rate in the primary recirculation

zone
ṁri = mass flow rate transported into the dome region
U = longitudinal velocity
Uref = reference velocity
V = transverse velocity
W = inner width of the combustor
X = combustor longitudinal coordinate
X∗ = nondimensional combustor longitudinal coordinate

(normalized by H )
Y = combustor transverse coordinate
Y ∗ = nondimensional combustor transverse coordinate

(normalized by H )
θ = side inlet angle
ωz = vorticity component normal to the measurement

plane

Subscripts

PRZ = primary recirculation zone
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SRZ = secondary recirculation zone
max = maximum

I. Introduction

S UDDEN-EXPANSION-TYPE combustors have been studied
for a long time as a basic configuration for an integrated rocket

ramjet.1−3 Because the velocity of the airflow in the combustor is
in general higher than the flame propagation speed, it is necessary
to have a flame holder for flame stabilization. Instead of employing
conventional flame holders, combustors make use of recirculation
zones, which are formed by sudden-expansion areas that act as flame
stabilization regions. According to the inlet configurations, coaxial-
dump or side-dump combustors have mostly been used.4 For a side-
dump combustor, it is generally known that a primary recirculation
zone (PRZ) is generated between a dome and a combustor inlet,
and a secondary recirculation zone (SRZ) is formed near the wall
downstream of the combustor inlet.

Over the past decades, a number of researchers have investigated
the flowfield in side-dump combustors. Stull et al.5 showed the qual-
itative time-mean flow streamline patterns of a dual side-dump com-
bustor, taking photographs of air bubbles in a water tunnel combus-
tor model. They reported that the variations in dome heights greatly
affected the flowfield in the dome, but had little influence on the flow-
field downstream of the inlet ducts. Nosseir and Behar6 and Nosseir
et al.7 studied the characteristics of jet impingement in a side-dump
combustor and found that the strength and direction of rotation of
the vortices generated by the impingement of two jets were phase-
locked with the oscillations of the jets in and out of the dome.

Liou and Wu8 and Liou et al.9 investigated experimentally and
numerically the flowfield characteristics in a side-dump combus-
tor with two 60-deg curved inlets. They presented detailed quan-
titative profiles of mean velocities and turbulence intensities using
laser Doppler velocimetry. Liou et al.10 conducted numerical sim-
ulations with various turbulence models. With a varied inlet angle,
Manjunath et al.11,12 measured the effect of the mean flow and tur-
bulence characteristics on the mixing of two nonaxial plane jets
using pitot tubes and hot wires. They reported that the inlet an-
gle considerably affected the extent of the recirculation zones and
the rate of mixing of the two jets. Yen and Ko13 numerically stud-
ied the effects of the side inlet angle on the flowfield in a three-
dimensional side-dump combustor and found that the flowfield in a
three-dimensional side-dump combustor was much different from
that in a two-dimensional axisymmetric side-dump combustor due
to the different flow space.

Although understanding the dynamics of these flows is impor-
tant for designing the combustor and a number of studies have been

527



528 AHN AND YOON

performed for that purpose, our knowledge and our experimental
data on the flowfield remain incomplete. The main reasons are as fol-
lows: the limited literature available, the lack of instantaneous mul-
tidimensional quantitative measurement techniques, and the com-
plexity of varying experimental configurations. Accordingly, ex-
perimental data with two-dimensional instantaneous velocities and
two-dimensional mean velocities taking into account the systematic
effects of the inlet angle and the dome height are in limited number.

Therefore, the present research was carried out to investigate the
instantaneous flowfield in the side-dump combustor using a particle
image velocimetry (PIV) technique, which can acquire instanta-
neous two-dimensional velocities with high spatial resolution, and
examine the systematic effects of geometric variations (inlet an-
gle and dome height) on the mean flowfield and the recirculation
zones. The results of the study would help in understanding the flow
structures and designing the ramjet combustor and would provide a
quantitative database for numerical simulation researchers.

II. Experimental Apparatus and Condition
A. Experimental System and Particle Image Velocimetry System

Figure 1 shows the schematic of a side-dump combustor and a
particle image velocimetry (PIV) system. The combustor system
consists of a ring blower that produces air, a settling chamber for
stabilizing air, an aerosol generator for flow visualization, and a two-
dimensional shaped combustor with two symmetric inlets, which are
located at an angle of 180 deg. For a direct connect test, a blower
that could supply a maximum airflow of 8 m3/min and a settling
chamber with size 0.5 × 0.5 × 0.6 m were used. This blower could
be adjusted to give bulk velocities at up to 88 m/s in the combustor
inlet. Most olive oil particles, which were produced by the PIV par-
ticle generator, were 0.5–1.5 μm in diameter and had a peak value at
1μm diameter. The particles were transported into the settling cham-
ber. Particle seeding density could be controlled by a regulator and
valves, which were connected to pressurized air and Laskin nozzles.
The stabilized air in the chamber was separated into two rectangular
ducts to supply air into two symmetric inlets of the combustor. The
airflow rate through the inlets was controlled precisely by valves
and manometers, which were connected to rectangular ducts. The
inner size of the rectangular ducts was 16 × 46 × 600 mm.

The schematic of the PIV system setup is presented in Fig. 1. In
the present experiment, two 532-nm laser beams (second harmonic
beams of a Spectra Physics GCR-170 YAG laser) were used and
changed to sheet beams through a set of cylindrical lenses. The
energy of the laser beam per pulse was 30 mJ, and the duration of
each pulse was 8 ns. The pulse separation between two laser beams
was controlled by a delay generator (Stanford, DG535). The pulse
separation was confirmed using a photodiode and was fixed to 20 μs
throughout the experiments.

Scattered images from the seeding particles were recorded on
a digital camera (Kodak Megaplus ES1.0, 1008 × 1018 pixels)
equipped with an f/2.8 AF Micro Nikkor 105-mm lens. For syn-
chronization with the laser pulses, the exposure time of the cam-
era was also controlled using the delay generator. The velocity
vectors were calculated by the fast Fourier transform-based cross-
correlation technique. The resolution of an interrogation region was

Fig. 1 Schematic of experimental system and PIV system.

Fig. 2 Experimental setup of the model side-dump combustor.

32 × 32 pixels with a 50% overlap, which was equivalent to a spa-
tial size of 1.37 × 1.37 mm. Therefore, the minimum vortex that
could be properly visualized had a size of 4.1 × 4.1 mm because
vectors with a 3 × 3 matrix were needed to calculate the vorticity.
The correlation-based correction algorithm, which was proposed
by Hart,14 was used to improve the signal-to-noise ratio and remove
error vectors.

B. Model Combustor and Experimental Condition
The model side-dump combustor is shown in Fig. 2. The dome

height, which was defined as a length from the zero reference point
to the center point of the dome, could be 12.5, 22.5, 32.5, or 42.5 mm.
The dome was composed of two parts with a 2.0-mm vertical crevice
in the centerline to enable the laser sheet beam to pass the dome and
illuminate through the combustor. The inner size of the combustor
was 50 × 50 × 280 mm (H × W × L). A quartz window was built
ahead of the dome to pass a laser sheet beam and to block air leakage.
A visualization window was built into the front wall of the combustor
for taking photographs of seeding particles. No exit nozzle was used
in the present experiment. The combustor inlets were symmetric and
their angles could be varied to 45, 60, and 90 deg. The combustor
and rectangular ducts were mounted on a traversing device. This
arrangement made it possible to move the combustor system along
the X , Y , and Z directions to any desired location without realigning
the PIV system setup.

Because the length of the combustor was much greater than the
height, the recording area of the camera was selected as 8 × 8 cm.
By moving the combustor 7 cm along the longitudinal direction
using the traversing device, the flowfields in the combustor could
be measured at three different locations. Hence, the flowfields were
measured up to 18 cm downstream from the zero reference point.
The air velocity in the combustor inlet was fixed to 40 m/s, which
was used as a reference velocity (Uref) to normalize the experimental
results. The height of the combustor was used as a reference length.
The Reynolds number based on the combustor height was 8.8 × 104,
indicating that the flow was turbulent.

III. Results and Discussion
A. Instantaneous Velocity Characteristics

The instantaneous two-dimensional velocities in the combustor
were obtained for all three inlet angles and four dome heights.
Figure 3 presents those velocities in three different cases. In all
cases, a pair of counter-rotating vortices are shown ahead of the
impinging point. The centers of the counter-rotating vortices are
plotted as solid circles. The pair of counter-rotating vortices was
driven by sudden expansion of the inlet flow, by shear force of the
jet, and by spread-out flow of the jet impinging.8 Unlike the result of
the mean flowfield reported by Manjunath et al.,11 the vortices were
not symmetric, and moreover, they broke down into a few small
vortices that consumed their shear force. Although the combustor
was symmetric with respect to the X–Z plane and the velocities of
the two jets were equal, the flow near the dome region is shown to
be three-dimensional because the curvature in the curved combus-
tor inlet induced secondary flows, which break down into multiple
vortices, and complex turbulent characteristics.6,15,16

Inlet jets impinged on each other and then attached to the walls
downstream of the inlets. Because the adverse pressure distribu-
tion was formed near the wall behind the inlet, reverse flow regions
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Fig. 3 Instantaneous velocity vector plots.

occurred. The regions consisted of large-scale and small-scale vor-
tices. These vortices interacted violently with the jets and were
shown generally by X∗ = 1.8 as illustrated in Fig. 3. In the down-
stream direction of X∗ = 2.0, those vortices were not found any-
more. Like the flow in the dome region, the flow downstream of the
inlet was believed to be three-dimensional.

Nosseir and Behar6 found that part of one jet was deflected into
the dome and a moment later it was deflected out while the other jet
was deflected in. They concluded that the oscillation of each jet into
the dome was almost periodic and out of phase with the oscillation
of the other jet. Hence, to examine the change of the flowfield with
time, instantaneous two-dimensional velocities and vorticity field in
the case of θ = 60 deg and h∗

D = 0.45 are presented in Fig. 4. The two
jets in Fig. 4a are seen to be symmetric. However, a moment later
the impinging jet moved up (Fig. 4b) and then it moved down again
(Fig. 4c). The results confirmed that the flowfield might change
periodically with the oscillation of the two jets.

B. Mean Velocity Characteristics
Figures 5 and 6 show the mean velocity vector plots in the up-

per half and streamlines and vorticity fields in the lower half. In
contrast to the instantaneous flowfields, small-scale vortices were
not found, but only large-scale vortices existed near the dome and
the walls. Generally, a pair of counter-rotating vortices (the PRZ)
appeared between the dome and the impinging point, and a pair of
counter-rotating vortices (the SRZ) were generated near each wall
downstream of the inlet.

Flowfields with inlet angle that varied at the same dome height
(h∗

D = 0.45) are presented in Fig. 5, where the mean velocity vectors
are 66% skipped from the full vector maps. As reported by Liou and
Wu,8 the flow out of the inlet was not uniform due to the separation
in the curved inlet duct. Flow speed in the front edge of the inlet
was, therefore, much higher than that in the behind edge. Mean
flow velocities in the PRZ and SRZ were much smaller than the
flow speed of the inlet jet so that such recirculation zones could act
as a flame stabilization region. As the inlet angle increased, the

a)

b)

c)

Fig. 4 Instantaneous velocity vector plots and vorticity fields with
time in the case of θ = 60 deg and h∗

D = 0.45: a) at t = T, b) at
t = T + τ1, and c) at t = T + τ2. T : any reference time; τ1,τ2: delay
time.
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Fig. 5 Mean velocity vector plots and streamlines/vorticity fields with
the inlet angle.

impinging point of two inlet jets moved upstream. Hence, primary
reverse flow in the case of θ = 45 deg did not reach the dome end,
whereas primary reverse flow in the case of θ = 90 deg reached the
dome end.

According to previous research,8 the SRZ in the three-
dimensional circular chamber existed when the dump angle was
equal to or larger than 75 deg. However, the present result in the
two-dimensional chamber showed that the SRZ took place even in
the case of θ = 45 deg. This is believed to be due to the different flow
space. As the flow proceeded downstream of the inlet, the maximum
axial velocity points approached the centerline and the flow devel-
oped initially with a bell-shaped velocity profile and then became
uniform.11

Flowfields with dome height that varied at the same inlet angle
(θ = 90 deg) are presented in Fig. 6. In the case of h∗

D = 0.25, the
primary reverse-flow region generated near the dome was much
smaller than the others because there was not enough space for the
reverse-flow. As the dome height increased, the reverse-flow region
became broader. However, in the case of very large dome height
(h∗

D = 0.85), the reverse-flow region did not increase any more. The
flowfield downstream of the inlet was not significantly affected by
the dome height.

From the vorticity fields (ωz = ∂V/∂ X − ∂U/∂Y ) in Figs. 5 and 6,
it was interesting to find that the high-vorticity region was near the
shear layer, which took place in the boundary between the impinging
jet and the reverse flow. The mean vorticity fields tended to induce
fresh flow toward the vortex core, and the flow might experience
fine-scale mixing brought about by vorticity fluctuation as shown in
Fig. 4.6

The longitudinal components (U ) of the centerline velocities are
shown in Fig. 7 as functions of the inlet angle and the dome height.
It is worth noting that the U profiles had almost the same trend
regardless of the dome heights, except for the case when θ = 90 deg.
At θ = 60 deg, the values of U/Uref in the PRZ had a similar negative
region (0 < X∗ < 0.4) and the values downstream of the inlet were
almost the same. At θ = 90 deg, however, the values in the PRZ had
a larger negative region with the dome height increased. Particularly,

Fig. 6 Mean velocity vector plots and streamlines/vorticity fields with
the dome height.

in the case of h∗
D = 0.25, the negative values of U/Uref were found

in a very narrow region, because there was not enough space for the
reverse flow. Similarly, for θ = 90 deg, the values downstream of
the inlet were almost the same regardless of the dome height.

Unlike the dome height, the inlet angle affected the flowfield sig-
nificantly. The impinging stagnation point, which had U = 0 and
V = 0, and the reverse flow region in the PRZ were generated fur-
ther upstream as the inlet angle increased; for 45-, 60-, and 90-deg
inlet angles at h∗

D = 0.45, the stagnation points were found to be
at X∗ = 0.59, 0.41, and 0.25, respectively. Liou et al.9 reported
that the stagnation points could be expressed with the equation
X∗ = 0.5 × cot θ , where θ represented the inlet angle. Consequently,
the stagnation points were calculated to be at X∗ = 0.5, 0.29, and
0 for θ = 45, 60, and 90 deg, respectively. A comparison of the
calculated stagnation points with the measured data revealed that
these values were underestimated. It is believed that the equation
X∗ = 0.5 × cot θ does not assume the existence of a separation in the
curved inlet duct. However, as the inlet angle decreases, the differ-
ence between the calculated value and the measured value becomes
smaller. It is thought that for a smaller inlet angle, the effect of the
separation in the curved inlet duct decreases so that the difference
between the values becomes smaller. Considering the effect of the
separation and adding a correction constant, Liou et al.9 proposed
the modified analytical equation X∗ = 0.5 × cot θ + 0.1. From this
equation, the calculated stagnation points were at X∗ = 0.60, 0.39,
and 0.1. The calculated values when θ = 45 and 60 deg showed
good agreement with the measured values. However, the calculated
value when θ = 90 deg was still underestimated. Since the degree of
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Fig. 7 Longitudinal components of the centerline velocities with the inlet angle and the dome height.

separation in the curved inlet duct varied with the inlet angle, there-
fore, a correction constant larger than 0.1 should be considered for
θ = 90 deg.

Even though the longitudinal directional momentum of the jets
at θ = 45 deg was greater than that at θ = 60 deg, the maximum
value of the centerline velocities existed at θ = 60 deg, as shown
in Figs. 7c and 7d. The reason is believed to be that the height of
the SRZ at θ = 60 deg was greater than that at θ = 45 deg. Hence,
the area that the impinging flow could pass through became smaller
at θ = 60 deg compared to θ = 45 deg. It is interesting to note that
the minimum value in the centerline velocities was at θ = 45 deg.
It is believed that as the inlet angle increased, the two-dimensional
size of the reverse flow increased so that the minimum value in the
centerline increased.

C. Recirculation Zones
Figure 8 shows the effects of the inlet angle and the dome height

on the SRZ, where the length and the height were obtained by av-
eraging the sizes of the upper and lower SRZ. The length of the
SRZ was defined as the length between the points with U = 0 at
the wall and the height of the SRZ as the length between the point
with U = 0 and V = 0 (recirculation core) and the wall as shown in
Fig. 8a. As the inlet angle increased, the height of the SRZ increased
almost linearly regardless of the dome height. However, the length
of the SRZ generally had a maximum value at θ = 60 deg. From
the experimental results, the height of the SRZ normalized by the
combustor height could be expressed approximately as

HSRZ/H = 0.180 sin θ + 0.023 (1)

Because the inlet angle controlled the direction of the flow into the
combustor from the curved inlet and the impinging point of two inlet
jets, it affected the size of the SRZ significantly, so that the height
of the SRZ was varied almost linearly with the inlet angle as shown
in Fig. 8b. However, the length of the SRZ did not increase any
more in the case θ > 60 deg because the flow in the combustor was
confined and the impinging point of two inlet jets went upward with
the increase of the inlet angle. On the contrary, the dome height

had little effect on the size of the SRZ because the dome height
physically had little relation to the flow downstream of the inlet
duct.

The fraction of the inlet mass-flow rate that is transported into the
recirculation zones may have an important effect on the fluid mixing
and the flame stability inside a combustor.9,13,17,18 The maximum
reverse mass-flow rates normalized by the total inlet mass-flow rate
are presented in Fig. 9 as functions of the inlet angle and the dome
height. The reverse mass-flow rates were calculated by integrating
the vectors in the reverse flow region across the longitudinal di-
rection. The maximum reverse mass-flow rate in each recirculation
zone was chosen as the maximum value among the integrated val-
ues at every longitudinal position. The maximum reverse mass-flow
rates in the SRZ were obtained by summing the values in upper SRZ
and in lower SRZ. As shown in Fig. 9a, the maximum mass-flow
rate in the PRZ increased with the inlet angle. Fig. 9a points out that
the dome height at θ = 45 deg did not affect the reverse mass-flow
rate significantly, but the dome height h∗

D = 0.25 at θ = 60 deg and
θ = 90 deg limited the reverse mass-flow rate so that the size of h∗

D
needed to be greater than 0.25 for enough reverse mass-flow rates.
Except for the case of h∗

D = 0.25, the maximum mass flow rate in
the PRZ could be approximately obtained as

ṁmax,PRZ/ṁ in = 0.147 sin θ − 0.041 (2)

The values in the SRZ increased as the inlet angle was varied from
θ = 45 deg to θ = 60 deg as shown in Fig. 9b. However, the values
between θ = 60 deg and θ = 90 deg showed little difference except
for h∗

D = 0.25. The values in the SRZ were equivalent to those in
the PRZ so that the SRZ is believed to be as important as the PRZ
for flame stabilization.

According to Shahaf et al.17 and Kennedy,18 the fraction of the
inlet mass flow rate that is transported into the head region may
have an important effect on the fluid mixing and the flame stability
inside a combustor. Liou et al.9 studied the relation between the
mass flow rate into the head region and the optimum dome height.
They found that the presence of a peak ṁri/ṁ in was due to the
fact that only for a certain optimal head height the head vortex
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a)

b)

c)

Fig. 8 Effects of the inlet angle and the dome height on SRZ:
a) definition of HSRZ and LSRZ; b) height of SRZ; c) length of
SRZ.

tended to form a smooth circle that could be most easily driven
by the inlet jet. They also stated that the existence of an optimal
head height for the maximum ṁri/ṁ in, shown by their cold-flow
study, paralleled the existence of an optimal head height for the best
flame blowoff performance found experimentally by Choudhury19

and for the best combustion efficiency predicted computationally by
Vanka et al.20

As shown in Fig. 9, for θ = 45 deg, ṁmax,PRZ/ṁ in and ṁmax,SRZ/ṁ in

were not significantly dependent on dome height. For θ = 60 deg,
ṁmax,PRZ/ṁ in and ṁmax,SRZ/ṁ in did not increase in case of
h∗

D > 0.45. For θ = 90 deg, ṁmax,PRZ/ṁ in and ṁmax,SRZ/ṁ in had simi-
lar values between h∗

D = 0.45 and h∗
D = 0.65. However, as shown in

Fig. 6, the primary recirculation zone at h∗
D = 0.65 was believed

to be a little larger than that at h∗
D = 0.45. As the dome height

increases, the combustor may become heavy. Therefore, the op-
timum dome height was determined as the minimum dome height
that maximized the values of ṁmax,PRZ/ṁ in and ṁmax,SRZ/ṁ in. In
the present combustor, the optimum dome heights are believed to
be h∗

D = 0.25, 0.45, and 0.65 for 45-, 60-, and 90-deg inlet angles,
respectively.

a)

b)

Fig. 9 Effects of the inlet angle and the dome height on the maximum
reverse mass flow rate in the recirculation zones: a) PRZ; b) SRZ.

IV. Summary
Flow characteristics such as instantaneous velocity fields, mean

velocity fields, and recirculation zones in the two-dimensional side-
dump combustor with two symmetric inlet ducts were investigated
by varying the inlet angle and the dome height. The main findings
are as follows:

1) Two pairs of counter-rotating vortices were formed upstream
of the impinging point of two inlet jets (the PRZ) and near the wall
behind the inlet (the SRZ). Unlike the result for the mean flowfield,
these vortices were not symmetric. Moreover, they broke down into
a few small-scale vortices consuming their shear force. It was found
that the flowfield might change periodically with the oscillation of
two jets.

2) The longitudinal components of the centerline velocities at
the same inlet angle had almost the same trend regardless of the
dome height. The stagnation points were found to be at X∗ = 0.59,
0.41, and 0.25 for 45-, 60-, and 90-deg inlet angles, respectively.
These values were a little different from the values calculated by the
analytical equation proposed by Liou et al.9 because the degree of
separation in the curved inlet duct varied with the inlet angle.

3) The inlet angle affected the size of the SRZ significantly; the
height of the SRZ was almost linear with the inlet angle. However,
the dome height had little effects on the size of the SRZ. The max-
imum reverse mass-flow rate, which was transported into the PRZ,
increased with the inlet angle. The values of the maximum reverse
mass-flow rate in the SRZ were equivalent to those in the PRZ, so the
SRZ is believed to be as important as the PRZ for flame stabilization.

4) From the viewpoint of ṁmax,PRZ/ṁ in and ṁmax,SRZ/ṁ in on the
mean flowfield, there was an optimum dome height for each inlet
angle. In the present combustor, the optimum dome heights are
believed to be h∗

D = 0.25, h∗
D = 0.45, and h∗

D = 0.65 for 45-, 60-,
and 90-deg inlet angles, respectively.
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