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Effects of Side-Inlet Angle in a Three-Dimensional
Side-Dump Combustor

Ruey-Hor Yen* and Tzu-Hsiang Kot
National Taiwan University, Taipei 10764, Taiwan, Republic of China

A numerical study is performed on the flowfield in a three-dimensional side-dump combustor with dual
opposite side-inlets. Emphasis is given to effects of the side-inlet angle on the flow structures. It is found that
the side-inlet angle has a great influence on the recirculation structures which play a decisive role on the
combustion characteristics. The larger side-inlet angles are found to strengthen the structures of dome recir-
culation and cause more fluid to recirculate toward the dome region after it is dumped into the combustor.
However, the smaller side-inlet angles are beneficial to the continuous development of the recirculation structures
from the dome region, across the entrance region, and further to the downstream of the side-inlet. The effects
of the side-inlet angle on recirculations in the dome region or downstream of the side-inlet are both contrary
to the situation in two-dimensional cases, which clarifies several points of conflict existing from previous in-
vestigations of this aspect. Several important factors related closely to the combustion performance, including
the detailed three-dimensional vortex structures, the swirl intensity, and the total pressure loss of the flowfield
are also studied to supplement present knowledge with valuable information about the flow characteristics as
an aid for the combustor design from the viewpoint of fluid dynamics.

Nomenclature
A = surface area
A-m = cross-sectional area at inlet port
A(Xc) = cross-sectional area at a given X*c
CPL = total pressure loss coefficient
C^ = coefficient in turbulent model
Dc = combustor diameter
Ld = dome length of combustor
min = inlet mass flow rate
rhr = recirculated mass flow rate toward dome region
P = pressure
Rc = combustor radial coordinate
R J = nondimensional combustor radial coordinate,

Dc/2
S.I. = swirl intensity
Tr = ratio of mean temperature in dome region and

jet temperature
U = axial mean velocity
Ur = bulk mean velocity in combustor
V = radial mean velocity
V = velocity vector
Vj = velocity at inlet port_______
Vt = total velocity, \/U2 + V2 + W2

W = azimuthal mean velocity
Xc = combustor axial coordinate
Xc = nondimensional combustor axial coordinate

Xc < 0; X*c = XcILd, Xc > 0; X*c = XC/DC
s = dissipation rate of turbulence kinetic energy
0 = side-inlet angle
6C = combustor azimuthal coordinate
K = turbulent kinetic energy
/^ = molecular dynamic viscosity
p = fluid density

Introduction
rp HREE-DIMENSIONAL side-dump combustors have
A been researched as a possible alternative to the axisym-
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metrical coaxial dump combustors and are of practical im-
portance in integrated rocket-ramjet (I.R.R.) propulsion sys-
tems. There are two different types of side-dump combustors
which are designed according to different fuel injection po-
sitions. For the first type, fuel is injected from the dome-plate
end of the combustor while air is introduced from the side-
inlets into the combustor. The flame stabilization in this type
is determined by the vortex structure in the dome region of
the combustor because this is where the dominant mixing
process between fuel and air takes place. The flow in such
combustors has been investigated by many researchers1"6 with
numerical or experimental methods. In a study by Choudhury3

on this type combustor, it was found that there exists an
optimum dome length for flame stability, and that the side-
inlet angle has minimum influence on combustion perfor-
mance because the side-inlet angle does not have a great effect
on the dome vortex structures; therefore, no changes occur
in the mixing process of fuel and air in the different side-inlet
angles cases.

For another type of side-dump combustor, addressed in this
article, the fuel is not injected from the dome-plate, but is
introduced from the side-inlets together with the ram air into
the combustor. The dome vortex structure is not so decisive
a factor as in the former type because the dome region is not
the only region in which the dominant mixing of fuel and air
takes place. Other effects—such as whether there exist any
recirculation structures at the downstream of the side-inlet,
which are highly related to the side-inlet angle—will become
more important, especially when the fuel injection position
is on the downstream side of the side inlet. Very little has
been published on the flowfield in this type of combustor.
Stull et al.7 and Vanka et al.8 investigated the flowfield char-
acteristics of such a three-dimensional side-dump combustor
by varying the position of the dome plate and the angle of
the side inlets with both experimental and numerical methods.
The experimental results obtained by Stull et al.7 showed that
combustion efficiency was more sensitive to the side-inlet an-
gle than to the dome length. This is the opposite of the sit-
uation in the former type combustor because of the different
fuel injection positions. Although the results calculated by
Vanka et al.8 agree qualitatively with the water tunnel flow
visualization, very little crucial information can be obtained
from the velocity vector plots shown in the report. In order
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to study the effect of the side injection angle, they calculated
only two cases, 45 and 60 deg. They found there existed a
small recirculation downstream of the side-inlet in the 45-deg
case, but the recirculation was considerably diminished in size
in the 60-deg case. Therefore, they inferred that for the small
side-inlet angle, the recirculation eddy would be stretched
further into the domain and become more important. Addi-
tionally, if the flow were injected at 90 deg to the combustor,
a helical flow pattern with an axis at the center of the cross-
stream eddy would be set up with no flow recirculation in the
axial direction. However, they did not calculate these cases
out. Liou and Wu9 experimentally investigated the flowfield
in a dump combustor similar to Stull and Vanka et al.7'8 except
that the azimuthal angle between the two side inlets was 180
deg, as opposed to 90 deg for Stull and Vanka et al.7-8 Al-
though their measurements were carried out only at a single
side-inlet angle of 60 deg, and most of the data are located
on the inlet and impinging planes (Oc = 90- and 0-deg planes,
see Fig. 1), these data are nonetheless very valuable to a
computational research to validate a computer code. From
their measured data on the inlet plane (0C = 90-deg plane),
they did not find the aforementioned secondary recirculation
zone downstream of the side inlet, which has been found in
two-dimensional modeling when the side-inlet angle was equal
to or larger than 75 deg. Therefore, they concluded that the
experimental results of the three-dimensional flow were con-
sistent with the computational results of two-dimensional flow
in this respect. This conclusion hints that the effects of the
side-inlet angle on this point for the two- and three-dimen-
sional combustor were consistent, i.e., a larger side-inlet angle
would more easily cause the recirculation to occur down-
stream of the side-inlets. However, this conclusion is ob-
viously contrary to the prementioned inference of Vanka's
work.8 Later, Liou et al.11- performed calculations for the same
combustor by using the algebraic Reynolds stress (ASM) tur-
bulent model, but no details about the effects of the side-inlet
angle were mentioned. Recently, Liou et al.12 reanalyzed their
experimental data and recalculated the flowfield by using a
K-e two-equation turbulent model to describe the relationship
between the positions of the stagnation points and the side-
inlet angles. Their discussions were based on a simple geo-
metrical relation assuming that the inlet jets impinged on each
other in a directly opposing manner. They also discussed the
relation between the dome length and the fraction of the mass
flow rate recirculated into the dome region, finding an opti-
mum dome length under the similar aforementioned assump-
tion which seems more suitable for two-dimensional flow than
three-dimensional flow. Zetterstrom et al.13 and Sjoblom14

also studied the flowfield in a side dump combustor with two
or four side-inlets by water tunnel observations, and combus-
tion tests. They found13 that a vane is required on the side-
inlet duct to avoid flow separation and to get a stable condition
for combustion performance. Additionally, the modification
on the fuel injector located in the side inlet duct was also
found to change the fuel distribution as the fuel is dumped
into the combustor together with ram air from the side inlets.

The distributions, which are highly related to the side-inlet
angle, influenced the flame stability and the combustion ef-
ficiency.

The flame stabilization which is expected in the recircula-
tion zones in the combustor, regardless of the recirculation
at the dome region or downstream of the dump inlet, is the
most important consideration in a dump combustor design.
When the fuel is injected into the combustor together with
the ram air from the side-inlets, whether and how much fuel
and air can be recirculated into the dome region or can be
retained in the recirculation zone at the downstream of the
side .inlets will influence the combustion efficiency and char-
acteristics very significantly.15'16 In particular, as mentioned
by Choudhury,3 the downstream recirculation will become
more and more important when the fuel injection position
moves toward the further downstream side of the combustor
in the dump inlets. It seems to be very clear that these recir-
culation structures are very sensitive to the side-inlet angle,
but from the literature surveyed above, the factors that affect
the recirculation structure have not been studied systemati-
cally. Even some inferences about the effects of the side-inlet
angle on the recirculation structures at the downstream of the
side-inlet made by previous studies are contradictory. In order
to obtain a more clear understanding of the flow structures
as a prerequisite to the study of the turbulent mixing process
of fuel and air, and the reacting flow, further investigation
will be worthwhile. This article will study the flowfield in a
three-dimensional side-dump combustor with dual opposed
side-inlets, with chief emphasis given to the effects of the side-
inlet angle on the recirculation structures, which have a de-
cisive influence on combustion characteristics.

Methods

Governing Equations
The dump combustor geometry is conveniently described

in the cylindrical polar coordinate system, as shown in Fig.
1. The computational domain excludes the side-inlets, and
the inlet conditions at the combustor entrance will be pre-
scribed before solving the flow in the combustor. Since the
flow consists of complicated three-dimensional recirculation,
the fully elliptic three-dimensional Navier-Stokes equation
will be solved. For simplicity, the flow is assumed to be in-
compressible, isothermal, and steady state in the mean. The
time-averaged equations for conservation of mass and mo-
mentum can be expressed in the tensor form as follows:

dP

(1)

(2)

Fig. 1 Geometry and coordinate of the side-dump combustor with
dual side-inlets.

In the momentum equation, the body force has been ne-
glected, and the term —pu~Uj stands for the Reynolds stress
which must be modeled to close the above equation set.

Turbulence Model
It will be shown later that the simple standard K-S model

and the delicate ASM may both give reasonable mean veloc-
ities compared with experiments. However, since the ASM
model requires much more computing time than the K-S model,
the standard K-e model is therefore employed in this article.
All constants appearing in the turbulent model are given val-
ues recommended by Launder and Spalding.17

Boundary Conditions
The boundary conditions must be prescribed before solving

the above equations. They are given as follows (Fig. 1):
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1) Symmetric planes (Bc = 0 deg and 0C = 180 deg): dU/
dOc = dV/dOc = dK/dOc = ds/dOc = 0; W = 0.

2) Central axis (Re = 0): dU/dRc = dK/dRc = de/dRc =
0; y = W = 0.

3) Exit: The outlet boundary condition is usually assumed
to be fully developed, i.e., 8U/dXc = dV/dXc = dW/dXc =
dK/dXc = de/dXc = 0. However, the condition must be taken
with caution, depending on whether the computational do-
main is long enough to let the flow become developed. Nu-
merical tests have been performed by using 7DC, 10Z)C, 15DC
as the combustor length. It is found the differences of the
axial velocity along the combustor axis results from the cases
with combustor lengths as 10£)c, and 15DC are limited under
5%. This implies 10DC is long enough to adopt the fully de-
veloped condition at the exit, so all cases in the present study
will adopt IQDC as the combustor length.

4) Inlet: For one basic running case which was performed
to validate the computer program by comparing the numerical
and experimental results, the conditions for U, V, K are all
taken from the measured data of Liou and Wu.18 However,
since the s data cannot be obtained from measurements, the
e at inlet was estimated from the relation ein = C^K^2/O.Q3RC
according to Khalil et al.19 The remaining cases for the par-
ametric study adopt the uniform inlet conditions because of
the lack of the experimental data. The conditions are Uin =
Vj cos 8, V-m = -Vj sin 0, Win = 0, *in - 0.003(£/?n + V?n
+ W?n), 8in - C>^2/0.03 Rc, where Vj is the inlet velocity
at the combustor entrance. The above adoptions about the
inlet conditions of K and e are according to Khalil et al.19

Although the inlet conditions will influence the quantitative
results, the qualitative trend will be kept the same. Besides,
in practical applications a vane is usually equipped in the side-
inlet duct to avoid the flow separations which will make the
flow become nearly uniform at the combustor entrance.13

5) Walls: Nonslip conditions are employed on all solid walls,
but to avoid the need for detailed calculation in the near wall
region, where very fine grid is necessary to resolve the steep
change of the flow properties, the wall function is applied to
bridge the viscous sublayer and the fully turbulent zone.17

Numerical Method
The above partial differential equations along with the

boundary conditions can be converted into a set of nonlinear
algebraic equations by integrating every physical variable over
its own control volume which is formed by the grid system.
A staggered grid system is adopted in the present study, and
the finer grid size has been arranged in the domain with the
steep gradient. The power-law scheme20 is used to formulate
the total flux across the faces of the control volumes, including
the convective and diffusive terms. The SIMPLEC algorithm21

is employed to solve the equation set. The convergent criteria
in the present study is set as the normalized total overall
residue in the whole solution domain of all unknowns, in-
cluding mass, U, V, W, K, and e is less than 5 x 10~4. The
grid independent tests have been performed by using the grid
sizes, 45 x 20 x 15, 56 x 20 x 15, 56 x 32 x 15, and 60
x 20 x 25, in Xc, Rc, 6C direction, respectively. The dis-
crepancy of the axial velocity component at the combustor
axis solved.by the latter three grid sizes is no more than 4%.
Besides, the distributions of axial velocity calculated from the
grid sizes of 56 x 20 x 15 and 60 x 20 x 25 were shown
in Figs. 2a and 2b (the comparison between the results from
different turbulence models in these figures will be discussed
later), from which one can see very limited differences existing
between the results. Nonetheless, since a large amount of
computer resources are required, a thorough grid indepen-
dence check in all of the three directions was not performed.
However, the densities of the grid systems 56 x 20 x 15 and
60 x 20 x 25 are comparable with those used in other studies
on the similar problems.8-11 Consequently, the grid system 56
x 20 x 15 is believed to be sufficient to capture the main
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Fig. 2 Comparisons between the calculated and measured axial ve-
locity on a) 0C = 90-deg plane, b) Oc = 0-deg plane, and c) recirculated
mass flow rate in the dome region calculated by different turbulent
models.

flow characteristics considered, and therefore, is chosen for
the present study.

Results and Discussion
The geometry of the side-inlet dump combustor for the

present study is similar to the case investigated experimentally
by Liou and Wu,9 which is shown in Fig. 1. The dome length
is kept as 0.5DC, and the axial positions of the side-inlets is
located at X*c = 0-0.54 for all calculated cases. Since the
main stress is focused on the effects of the side-inlet angles
on the flow structures, the calculations include 9 = 30-,
45-, 60-, 75-, and 90-deg cases. The inlet velocities are the
same for all cases. The Reynolds numbers based on the com-
bustor diameter and the bulk mean velocity are between 1.5
x 104 and 3.0 x 104. Because of the symmetric relation, the
following discussions are presented on only one-half of the
combustor, i.e., the flowfield in the region 0 deg < 6C < 180
deg-

Figures 2a-c present the numerical results of a basic run-
ning case by using the experimental data near the exit of the
side-inlet duct as the combustor entrance conditions to vali-
date the accuracy of the computer code. For this case, the
side-inlet angle is 60 deg. The inlet Reynolds number is about
2.6 x 104. Figures 2a and 2b show the distributions of the
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axial velocity component on the inlet (Oc = 90 deg) and the
impinging (0C = 0 deg) planes, respectively. The figures show
fair agreement between the numerical and the experimental
results, except that some large discrepancies exist near the
combustor entrance regions. These discrepancies have been
attributed to the fact that inlet data employed in the calcu-
lation are not exactly the same as the real conditions at the
combustor entrance.11 Since experimental results18 show there
exist very complicated secondary flows at the exit of the side-
inlet ducts and the data cannot be measured at the exact
combustor entrance due to some experimental difficulties,18

the inlet conditions employed in the calculation were not
measured at the combustor entrance but on the top planes
near the exit of the side-inlet duct. The numerical results of
Liou et al.11 calculated by ASM turbulent model are also
included in the figures for comparison purposes. It is found
the K-e model is comparable with the ASM model in pre-
dicting the average flowfield of the combustor. The distri-
bution shown in Fig. 2c is the fraction of the mass flow rate
recirculating toward the dome region along the combustor
axis, which is a very important characteristic in flows with
swirls and recirculation. It is found that the discrepancies
between the results predicted by the simpler K-e model and
the results predicted by the more complicated ASM model
are very limited. Therefore, the K-S model is believed to be
good enough to capture the correct flow characteristics in such
flowfields. A recent study of Liou et al.22 on the similar prob-
lem has arrived at the same conclusion.

Flow Structures in the Combustor
Figures 3a and 3b show the calculated flowfield of the 6 =

90- and 30-deg cases. The upper parts of the figures show the
three-dimensional velocity vector plots, and the lower parts
show the contours of the axial velocity component. The im-
portant flow characteristics consist of the vortex structures in
the dome region and those at the downstream of the side-
inlets. When the flow structures in the dome region are ex-
amined from the velocity vector plots in the case of 0 = 90
deg, and as shown in the Fig. 3a, the fluids near the jet in

Upper: -> 3.0 V/Ur

Lower: contour scaled by Ur

0.69 2.59

Upper: -> 3.0V/Ur

Lower: contour scaled by Ur

0.12 0.42 0.69 2.59

Fig. 3 Three-dimensional velocity vector plots and axial velocity con-
tours: a) 6 = 90 deg and b) 0 = 30 deg.

the dome region are found to be driven to flow forward to
the downstream by the shear force induced by the jets from
the side-inlets. However, due to the impingement and im-
pediment of the jet flows, they are forced to recirculate toward
the dome plate from the central regions of the combustor,
and then to flow out toward the downstream from the outer
regions due to the obstructions of the dome plate. A pair of
vortices with three-dimensional structures counter-rotate spi-
rally in the dome region and become weaker gradually as they
move close to the dome plate. The calculated flow charac-
teristics in the dome region match well with the descriptions
in an experimental study by Liou and Wu.9 For the case of
0 = 30 deg as shown in Fig. 3b, the three-dimensional vortex
structures in the dome region are not so obvious as in the
larger side-inlet angle case, since the impeding and the im-
pinging effects of the dual jets become much weaker in the
smaller side-inlet angle cases. It is also noticed that the fluids
recirculate to the dome region from the combustor perimeter
region in this case, which is different from the 6 = 90-deg
case.

The investigations of the flowfield at the downstream of
the side-inlets show some different vortex structures from
those in the dome regions. Widely extended recirculation zones
are found in the 0 = 30-deg case, which are indicated by the
negative axial velocity in Fig. 3b. But only a very small re-
circulation zone exists at the positions immediate downstream
of the side-inlet (X*c = 0.69) in the 0 = 90-deg case (Fig.
3a). The different phenomena are observed from the distri-
butions of the velocity components in the axial and radial
directions of the side jets with different inlet angles. For the
smaller side-inlet angle cases, e.g., 0 = 30 deg, the shear
driving effects of the jet can stretch toward the position further
downstream because of the large axial momentum of the jet.
Additionally, when the jet flows with small side-inlet angles
are injected into the combustor, there are strong axial con-
vections near the regions of the inlet plane in which the high-
pressure field also exists due to the impingement between the
dual counter-rotating spiral vortices, the axial recirculation
structures do not appear on the inlet plane itself, but distribute
in the azimuthally neighboring regions of the inlet plane. This
is one of the important characteristics in the three-dimensional
flow and is worthy of special attention when studying the
three-dimensional recirculation structures at the downstream
of the side-inlets. The weak spiral motion with wide axial
recirculation zones in this small side-inlet angle case, which
is the result of the small and large velocity components of the
jets in the radial and axial directions, respectively, makes the
three-dimensional vortex with recirculation structures move
along an axis inclined at an angle with the combustor axis.
Furthermore, in the small side-inlet angles cases, the impinge-
ments between the jets with the small radial velocity com-
ponent are not violent enough to separate the recirculation
zones at the downstream of the side-inlet from those in the
dome region, so a wide recirculation zone can continuously
extend from the dome region to the side-inlet downstream.
The flow characteristics can be found from the vector plots
in the 0 = 30-deg case. As in the large side-inlet angle case,
e.g., the case with 0 = 90 deg shown in Fig. 3a, the shear
driving effects of the inlet jets without any axial velocity com-
ponent, but with large radial velocity component into the
combustor, will result in very limited fluids at the immediate
downstream regions of the side-inlet to recirculate in the axial
direction. A pair of strong three-dimensional vortices caused
by the large radial velocity component of the inlet jet counter-
rotate spirally in the combustor along an axis nearly parallel
to that of the combustor. The structure is different from that
of the small side-inlet angle cases.

Regardless of side-inlet angles, the strength of the three-
dimensional vortex motion will gradually decrease as the flow
develops along the combustor downstream. Finally, the flow
becomes fully developed at some location of the downstream
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in the combustor which is obviously related to the side-inlet
angles.

Effects of the Side-Inlet Angles on the Recirculation Structures
As pointed by Kennedy,15 Shaft et al.,16 and Lefebvre,23

the recirculation structures have a great effect on the flame
blow-off velocities and the averaged residue time of the fuel
in the combustor, which both play an important role in de-
termining the combustion characteristics. The different trends
of the recirculation structures in 6 = 30-deg and 0 = 90-deg
cases have been pointed out qualitatively in the previous sec-
tion. The present section will study recirculation structures in
more detail in flows with the different side-inlet angles by
investigating the axial distributions of the fraction of the re-
circulated mass flow rate in the combustor quantitatively.
From Fig. 4, different recirculation structure patterns are found
in the cases with different side-inlet angles. In the dome re-
circulation structures, the larger side-inlet angle is found to
cause the larger fraction of the mass flow rate to recirculate
in the region, This is attributed to the more violent impinge-
ments and impeding effects of the side jets with larger inlet
angles. The present calculated results show the same trend
with the experimental formula proposed by Rosenthal24 which
described the relationship between the recirculated mass flow
rate and the side-inlet angles in his experimental study on the
combustion flow in a three-dimensional side-dump combustor

= 0.5 sin OT~ (3)

where ra0 mp 0, and Tr represent the dome recirculating mass
flow rate, the inlet mass flow rate of the side jets, side-inlet
angle of jet and the ratio of the mean temperature in the
dome region, and the jet temperature, respectively. This for-
mula also indicates the larger recirculated mass flow rate in
the larger side-inlet angle cases. It is noteworthy that the
effects of the larger side-inlet angles in causing the larger
recirculated mass flow rate in the dome region of the three-
dimensional combustor is opposed to the situation in the two-
dimensional axisymmetric combustor,10 in which the smaller
side-inlet angle is found to cause the larger recirculated mass
flow rate in the dome region. The differences are attributed
to the different flow space for the two- or three-dimensional
combustor. Since the flow space for the two-dimensional com-
bustor is limited in the XC-RC plane, the larger side-inlet angle
(but smaller than 90 deg) will cause the streamline of the inlet
jet to turn toward the downstream of the combustor with a
larger curvature immediately after being injected into the
combustor, which reduces the chance of the fluids recircu-
lating toward the dome region. On the contrary, the flow
space in a three-dimensional combustor, including not only
the XC-RC direction, but also the azimuthal direction, both
supply wide flow space. This makes the aforementioned ef-

Fig. 4 Axial distributions of the fraction of recirculated mass flow
rate.

fects of the side-inlet angles on the dome recirculated mass
flow rate in the three-dimensional combustor different from
those in the two-dimensional combustor. Moreover, the val-
ues of the fraction of the recirculated mass flow rate in the
dome region are not constants indicating another character-
istic of the three-dimensional flows. Figure 4 shows that the
maximum of the mass recirculating flow rate in the dome
region occurs at about X*c = —0.2. for all side-inlet angle
cases, and decreases gradually as it nears the dome plate. The
maximum fraction among all the cases is about 18%, occurring
in the 6 = 90-deg case, which is the largest side-inlet angle
in the present calculations.

As for the recirculation structures at the downstream of the
side-inlets, wide recirculation zones are found in the cases
with the smaller side-inlet angles, including 0 = 30- and 45-
deg cases, to distribute continuously from the dome region
(X*c < 0), across the side-inlet entrance region (X*c = 0-
0.54), and then further downstream of the combustor, con-
sistent with previous observations from the velocity vector
plots. The recirculation zones stretching from the dome region
to the location of X*c = 1.8 in the 0 = 30-deg case are much
wider than those in the 0 = 45-deg case, which indicates the
smaller side-inlet angles are beneficial to the developments
of the recirculation structures further downstream of the com-
bustor. This is due to the fact that much fluid in the wider
regions near the jet path will be driven to flow in the XC-RC
direction by the shear forces induced by the jets with the
smaller side-inlet angles and the accompanying larger axial
velocity component. Additionally, the recirculations are found
from the figure not to be separated with those in the dome
regions, since the impingements between the small inlet angle
jets with the small radial velocity component are not so vi-
olent. Similar effects of the side-inlet angles on the recircu-
lation structures at the downstream of the side-inlets are also
found by Schadow and Chiese2 and Vanka et al.8 Schadow
and Chiese discovered widely stretched recirculation struc-
tures at the downstream of the side-inlets in the case with the
side-inlet angle equal to 30 deg, while he performed the water
tunnel flow visualizations on the isothermal flow in a side-
dump combustor with side-inlet angles of 30, 60, and 90 deg.
From the combustion tests in the same report, the best com-
bustion efficiency is found to take place in the case with the
side-inlet angle of 30 deg, which is also attributed to the
existence of the wide recirculation zones which recirculate
the hot products toward the upstream and increase the com-
bustion efficiency. In the aforementioned report by Vanka
et al.,8 it was also inferred that the smaller side-inlet angles
will be beneficial to the development of recirculation toward
the further downstream position of the combustor from his
study on the side-inlet angle effects by calculating the flows
in 0 = 45- and 60-deg cases.

While 9 increases above 60 deg, the smaller axial velocity
component of the jet flows makes the zones in which the
fluids are driven by the shear forces to flow in the XC-RC
direction become narrower, but the driving effects become
strong. The fluids will have a chance to recirculate toward
the upstream if an adverse pressure gradient exists. However,
the strength of the spiral vortex motion also increases due to
the larger radial velocity component of the jets with the larger
side-inlet angles. The continuous impingements between the
two counter-rotating vortices induce large pressure fields which
are detrimental to the formation of the recirculation on the
inlet plane near the jet entrance region where the vortex
motion is strongest. If the shear driving effects on the fluids
to recirculate toward the upstream cannot overcome the large
pressure fields, the fluids will be pushed to flow toward down-
stream, which leads to the three-dimensional vortex motion
without the axial recirculation structures. The disappearance
of the traces of the recirculation structures at the downstream
of the side-inlets in the 6 = 60-deg case is an example of the
result caused by the above effects. However, when the side-
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inlet angle increases to 75 deg, the driving effects on the fluids
become stronger and the influenced zone is concentrated more
closely to the jet entrance region. Therefore, traces of the
recirculation structures can be detected again in the cases from
Fig. 4 at the locations immediately downstream of the side-
inlets (near X*c = 0.54). In the 0 = 90-deg case, although
the distributed regions and the strengths of the recirculation
structures become larger than those in the 6 = 75-deg case,
they are still negligible when compared with the dome recir-
culation structures. Moreover, the recirculation zones at the
downstream of the side-inlet in the cases with larger side-inlet
angles have been separated by the strong jets from the dome
recirculation. The recirculation structures at the downstream
of the side-inlets are more easily developed in the smaller 0
cases, which is again opposed to the situations in the two-
dimensional axisymmetric cases10 because of the different flow
space in the two- and three-dimensional combustors, men-
tioned previously. The discovery of the effects of the side-
inlet angle on the recirculation structures points out that if
the fuel is designed to be injected from the location at the
downstream of the side-inlet, jets with small inlet angles must
be adopted in order to increase the fuel resident time in the
combustor and to obtain the stable flames with the higher
combustion efficiency by the widely stretching recirculation
structures at the downstream regions.

Effects of the Side-Inlet Angle on the Distribution of
Recirculation Zones

Figures 5a and 5b present the distributions of the recircu-
lation zones in the azimuthal direction for the cases of 0 =
30 and 60 deg, respectively. In the case of 9 = 30 deg, the
largest mr/min in the dome region (AT£ = -0.682, -0.227)
takes place on the impinging planes (0C = 0, 180 deg) where
the impingements between the jets are the most violent. The
value of mr/rhin on the inlet plane (6C = 90 deg) is always the
lowest since most of the fluids near the plane in the dome
region are driven to flow toward the downstream. The larger
values of mr/mm can still be found at X J = 0.025 near the
inlet plane, which shows the recirculation structure is not

0.0

r 6=30°
———— Xc'=-0.682
———— -0.227
———— 0.025
———— 0.599
———— 0.813
———— 1.144

a)

0=60°
———— X;=-0.682
———— -0.227
———- 0.025
———— 0.599
———— 0.813
———— 1.144

interrupted by the inlet jets at the entrance regions. As the
recirculation structures at the downstream of the side-inlet
are mentioned (X*c > 0.54), the maximum of the fraction
does not take place on the impinging planes, but always on
both sides of the inlet planes, which is consistent with the
previous observation from the velocity vector plots. The val-
ues of mr/m-m decreases gradually as the flow develops toward
the downstream, and the location of the maximum value of
mrlrhin gradually moves toward the inlet plane; the maximum
value of mrlm-m never appears on the inlet plane itself, how-
ever. Figure 5b shows the distribution of rhrlrhm for the case
of 0 = 60 deg, which is the same condition as the measured
case of Liou and Wu.9 The maximum of mr/mm in the dome
region still appears near the impinging planes, but their values
are larger than those in 6 = 30-deg case. Since the dome
recirculation zone would be gradually separated by the strong
jet flows with the larger side-inlet angles, the values of mrl
min at Xc = 0.025 near the inlet plane which are located in
the jet entrance region are smaller than those in 0 = 30-deg
case. Downstream of the side-inlets (X^ > 0.54) there are
no recirculation structures, which is consistent with the pre-
vious discussion and the experimental report in Liou and Wu.9
However, their inferences9 about the agreement between the
experimental results of the three-dimensional flow in which
there is no recirculation structures at the downstream of the
side-inlet on the inlet plane, and the computational results of
the two-dimensional flow,10 in which the recirculation will be
set up only when 6 > 75 deg can very easily give the mistaken
impression that the larger 6 would more easily cause the re-
circulation to appear at the downstream of the side-inlets in
the three-dimensional combustor, just as the situations in the
two-dimensional combustor. Actually, Liou and Wu's exper-
imental investigations, which only performed measurements
on the inlet and impinging planes, ignored the fact that the
smaller side-inlet angles are beneficial to the development of
the recirculation structures on both azimuthal sides of the
inlet planes, but not on the inlet plane itself at the downstream
of the side-inlets, which has been clearly presented in the
present work and is inferred similarly by Vanka et al.8 Since
the recirculation structures at the downstream of the side-
inlets has a great influence on combustion characteristics,
which has been pointed out by Schadow and Chiese,2 the
contrary effects of the side-inlet angle on the recirculation
structures in two- and three-dimensional combustors should
be noticed with special caution.

Effects of Side-Inlet Angles on the Swirl Intensity
An understanding of the development of the strength of

the three-dimensional vortex motion for the cases with dif-
ferent 6 is necessary for combustor design. The S.L is defined
in this article to examine the development of the vortex mo-
tion:

S.L =
•dA

I \
JA in 2

(4)
p(U2 + V2 +

Fig. 5 Azimuthal distributions of the recirculation zones: a) 0 = 30
deg and b) 6 = 60 deg.

The above definition is similar to that in Liou and Hwang,11

but the term (pV-dA) is changed into its absolute value to
tavoid cancelling between the positive and negative terms in
performing the integrations for the cases with recirculation
zones. Figure 6 shows the axial distribution of S.I. for different
0 cases. It can be found that the larger S.L appears in the
larger 6 cases, in which a wider space is required for the flow
to develop into a unidirection flow pattern. In all cases, the
largest S.L takes place as expected at the entrance region of
the side-inlets, and decays rapidly to only about one-third of
the largest value around the location of X^ = 1.5. The rapid
decay of S.I. results from the violent impingements between
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the counter-rotating spiral vortices in the combustor, which
causes the very steep velocity gradient to transfer the kinetic
energy of the mean flow into the turbulent kinetic energy.
Since the strong vortex motion is beneficial to the fuel and
air mixing, the fast decay of the S.L indicates that the fuel
injection position should be arranged as close as possible to
the side-inlet, especially when it is designed to be located at
the downstream of the side-inlets. Otherwise, the chances to
increase the mixing between the fuel and air by using the
strong vortex motion will be greatly reduced.
Effects of Side-Inlet Angles on the Total Pressure Loss

The total pressure represents the mechanical energy in the
flows. Too large a total pressure loss will reduce the magni-
tude of specific impulse for a propulsive system. Therefore,
from the viewpoint of combustor design, an understanding
about how the values of 0 to influence the total pressure loss

is another important point in addition to the mixing of fuel
and air. The total pressure loss coefficient is defined as

[ \P 4- \p(U2 + V2 + W2) \V-dA\JA™ I 2___________J____

[ \P(U2 + V2 + W2)|V-cL4|
J^in 2

I P + \ p(U2 + V2 + W2) \V-dA\
JA(X£) |_ 2 J

| -JA-m 2

(5)
p(U2

In the definition the absolute value of (V • cL4) is adopted for
the same reason as in the definition of S.L Since there is no
energy source in the nonreacting flows, the values of CPL in
the present calculation cases are all positive. Figure 7 shows
the distribution of the CPL for the different 0 cases. The trends
in all cases are very similar. The steep changes of the values
of CPL takes place near the inlet entrance region where the
violent impingements between the vortex motion exists to
dissipate a lot of the mechanical energy. The changes become
more tender and the magnitude of CPL gradually approaches
a constant. Figure 8 presents the CPL at the combustor exit
for the different side-inlet angle cases, among which the 0 =
60-deg case has the smallest value of CPL, indicating the small-
est total pressure loss in the case. However, the differences
between these cases are very limited, which shows the similar
results obtained by Stull et al.7 and Sjoblom14 when they
investigated the total pressure recovery experimentally in the
combustion flow.

Summary and Conclusions
The three-dimensional flowfields in a dual opposite side-

inlet dump combustor with various side-inlet angles have been
investigated in detail. The important conclusions are as fol-
lows:

1) The larger side-inlet angle will strengthen the recircu-
lation and result in a larger fraction of the mass flow rate to
recirculate toward the dome region after being injected from
the side-inlets. This trend is contrary to the situations in a
two-dimensional axisymmetric side-dump combustor due to
the different flow space in two- and three-dimensional com-
bustors.

2) The effects of the side-inlet angles on the recirculation
structures at the downstream of the side-inlets are very com-
plicated. The smaller side-inlet angle is beneficial to the de-
velopment of the recirculation zones which are continuously
distributed from the dome region, across the inlet entrance,
and further downstream of the side-inlet. The strongest re-
circulation structures do not take place on the inlet plane, but
on both of its azimuthally neighboring side regions. This is
one of the characteristics of the three dimensional flows and
should be taken with special caution when investigating the
recirculation structures in a three-dimensional combustor. The
recirculation structures do not occur at the downstream of the
side-inlet if the side-inlet angle increases to 60 deg. Until its
value is larger than 75 deg, the recirculation structures appear
again at the immediate downstream region of the side-inlets.
But the distributed region and the strength of these recircu-
lations are relatively small compared with the dome recir-
culation, and are separated by the strong impinging jets from
the dome recirculation zones. The recirculation structures in
these cases are different from those in the cases with smaller
side-inlet angles. The discovery of the relationship between
the side-inlet angles and the three-dimensional recirculation
structures, which is definitely different from the two-dimen-
sional flow, clarifies conflicting statements made in previous
studies.
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3) The larger side-inlet angle will increase the swirl intensity
of the flow. The strongest vortex motion, as expected, takes
place near the downstream of the side-inlet in all calculated
cases, and it should be noticed that the intensity diminishes
very fast as the vortex motion develops downstream. Only
one-third of the largest swirl intensity can be retained at the
position of about one combustor diameter downstream of the
side-inlet. The fast decay of the swirl motion indicates that if
the fuel is designed to be injected at the downstream of the
side-inlets, its position should be arranged at the position as
immediate as possible to the side-inlet in order to take ad-
vantage of the strong swirl motion to increase the mixing of
fuel and air.

4) As with similar descriptions by previous studies on the
combustion flow in the three-dimensional side-dump com-
bustor, the total pressure losses in the present calculated cold
flows are found to be insensitive to the side-inlet angles.
Therefore, the considerations about the total pressure loss in
determining the side-inlet angle for combustor design are less
important.
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