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Computation of Confined Turbulent
Coaxial Jet Flows

M. Nallasamy*
Sverdrup Technology, Inc., Cleveland, Ohio

Confined turbulent coaxial jet flows are investigated numerically, employing the k-e turbulence model. The
geometrical arrangement corresponds to the experimental study of Owen. The shape, size, and location of the
recirculation zones predicted by the present numerical model are in good agreement with the experiment. The
processes leading to the observed flow pattern are explained. It is shown that the shape, size, and location of
the recirculation zones are controlled by the central jet tip geometry and the velocity ratio of the jets.

Nomenclature
d = diameter of the central jet
DQ = diameter of the annular jet
De = diameter of the expansion chamber (Fig. 1)
DR = diameter ratio of the jets, D0/d
ER = expansion ratio, De/D0
k == turbulence kinetic energy
S^ = source term for </>, Eq. (1)
Ua = velocity of the annular jet
Up = velocity of the central jet
V = velocity vector
a = velocity ratio of the jets, U^/Up
F0 = diffusion coefficient of </>
e = dissipation rate of turbulence energy
p = fluid density
</> = fluctuating scalar quantity
Subscripts

in =at the inlet section
</> =of the fluctuating scalar quantity $

I. Introduction

THE everpresent demand for high-power-density engines
for spacecraft has resulted in engine designs that require

the combustion system to operate at high pressure levels,
higher fuel/oxidizer velocities, and increased outlet tempera-
tures. The new design methodologies are greatly assisted by
noninvasive laser Doppler anemometer (LDA) measurements
in model combustors and advancement in combustion
modeling resulting from the improvements in the numerics
and computer memory and speed. One of the flow con-
figurations often employed in modern combustors (for ex-
ample, the Space Shuttle) is that of coaxial jet flow. In this
configuration, when the ratio of the velocity of the annular
jet to that of the central jet is high, a large central toroidal
recirculation zone is formed in addition to the corner recir-
culation zone (Fig. 1). These are the most important flow
regions in any combustor flowfield. Most of the combustion
occurs in and near the recirculation zones. Maldistribution
of high temperatures occurs in the practical combustor
flowfield when the unburned fuel escapes the recirculation
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zones and travels downstream. To correct maldistribution of
high temperatures, details of the flowfield and the means of
controlling it should be known. Numerical simulation of the
flow is now increasingly employed to define and understand
the combustor flowfield.1'4

Practical combustor flowfields are turbulent, three-di-
mensional, multiphase, chemically reacting, and radiating.
Numerical simulations consider the complex processes
through appropriate simplified models.5'6 The turbulence in
the flow is taken care of by introducing closure models. The
two-equation, k-e model is often employed. In the currently
available numerical simulation methods, models for chemical
species calculation and radiation are particularly weak and
need improvement.2 A combination of idealized ex-
periments, predictive methods, and developments is helpful
in making progress in numerical modeling. With this in
mind, detailed experiments on two-dimensional axisymmetric
flow have been carried out and reported in the literature for
use in validating the mathematical models.

The coaxial jet flow is a complex one, consisting of large
recirculation zones whose occurrence depends on parameters
such as the ratio of the velocities of the jets, ratio of the
diameters of the jets, expansion ratio, inlet swirl, etc. Figure
1 shows the typical recirculation zones: 1) a corner recircula-
tion zone present in most coaxial jet flow geometries and
operating conditions with no inlet swirl and 2) a central
toroidal recirculation zone whose formation in nonswirling
flows depends mainly on the geometry and velocity ratio.
The numerical methods that model the coaxial jet flow need
to predict these flow regions reasonably accurately if the
models are to be useful to the designer. The availability of
reliable data for comparison with the calculation is a prereq-
uisite for testing a numerical model. In an effort to provide
such data and also to understand the nature of the flow in a
coaxial jet flow configuration of interest to a combustor
designer, Owen7 carried out detailed turbulence measure-
ments using LDA.

Novick et al.8, Syed and Sturgess,9 and Sturgess et al.10

predicted the confined coaxial jet flow corresponding to the
experimental conditions of Owen7 by employing the k-e tur-
bulence model. However, the predicted shape, size, and loca-
tion of the recirculation zones differed significantly from the
experiment. The reasons for the discrepancies were not clear.
A detailed examination of the k-e model predictions for
similar flows by the present author indicated that the tur-
bulence model cannot account for all the discrepancies. The
present investigation was undertaken to study the charact-
eristics of recirculation zones in coaxial jet flows in general
and, in particular, to examine and improve the predictions
corresponding to Owen's experiment.
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II. The Problem
In coaxial jet flows with a high velocity ratio, a central

toroidal recirculation zone is formed due to the imbalance of
the mass flow between the central and annular jets. The sud-
den expansion of the annular jet results in a severe (depend-
ing on the velocity ratio) adverse pressure gradient. When
this pressure gradient is too strong for the low-momentum
central jet. a central toroidal recirculation zone results in ad-
dition to the corner recirculation zone (Fig. 1). The size and
locations of these zones are important in combustors.

The factors that influence the size, shape, and location of
the recirculation zones hi a coaxial jet flow are the velocity
ratio of the jets, diameter ratio of the jets, details of the cen-
tral jet tip geometry, expansion ratio, and the properties of
the central and annular jet fluids. For the given fluids and
geometrical configuration, the velocity ratio influences the
recirculation zones. The aim of the present investigation is
twofold: 1) to predict the coaxial jet flow corresponding to
the experimental configuration of Owen7 and 2) to in-
vestigate the sensitivity of the recirculation zones to the
details of the central jet tip geometry and the velocity ratio
of the jets.

Owen's experimental configuration (Fig. 2) consisted of a
2.5 in. (6.35 cm) central jet surrounded by a 3.5 in. (8.89 cm)
annular jet. The jets discharge into a 5 in. (12.7 cm)
diameter chamber 48 in. (121.9 cm) long. The outer and in-
ner peak velocities were 96.0 and 8.0 ft/s (29.26 and 2.44
m/s), corresponding to Reynolds numbers based on respec-
tive diameters of 1.5 and 0.08 xlO5 . No measured inflow
profiles were reported.

III. The Numerical Method
Calculation of the confined coaxial jet flowfield with large

regions of recirculation requires the solution of the spatially
elliptic form of the governing equations. The equations
representing the conservation of mass, momentum, tur-
bulence kinetic energy, and its rate of dissipation are
represented in the general form,11

div(p V(j>) = (1)

where 0 is a fluctuating scalar quantity—a velocity compo-
nent, turbulence energy, or its dissipation rate. The equa-
tions are discretized by employing the finite-volume method
of discretization and the resulting equations are solved nu-
merically. The iniet section was located at a distance 0.75 D0
upstream of the expansion plane (Fig. 1). A fully developed
flow was specified at the inlet. The inlet profiles for k and e
were specified in the usual manner,12

= 0.003 -

ein=0.09 ArL5/(0.03

(2)

(3)

The computational grid used for all the computations con-
sisted of 40x40 nonuniformly distributed nodes, with a high
gridline concentration in the separated shear layer and near
the walls. The grid extended to an axial distance of 11.25 D0.
Tests showed that this nonuniform grid produced a nearly
mesh-independent solution (with little change in the size of
the recirculation zones). All the computations were per-
formed by means of the PHOENIGS computer program of
Spalding.13 One of the very useful concepts adopted in the
program is that of "porosity," used to modify the regular
grid cells. Irregular geometry and blockages in the flowfield
can be conveniently represented using the grid porosity. This
is done by specifying a set of factors that will multiply the
areas/volumes associated with the grid that has been
nominally established. In the present computation, partially
or fully blocked grid cells were represented by using
porosity.

IV. Discussion of Results
First, we will describe the predictions of the flowfield cor-

responding to the experimental conditions of Owen.7 Then,
we will discuss the sensitivity of the recirculating zones to
different controlling parameters.

Predictions of the Flowfield
for Owen's Experimental Configurations

The coaxial jet flow patterns corresponding to Owen's ex-
perimental configuration are shown in Fig. 3. The flow pat-
terns predicted by Novick et al.8 and Sturgess et al.10 are
shown here in Figs. 3a and 3b, respectively, for comparison.
In these predictions, the shape, size, and location of the
recirculation zones differ significantly from the experiment
(Fig. 3d). The flow pattern predicted by the present
numerical model (Fig. 3c) shows good agreement with trie
flow pattern obtained iri the experiment. The part of the pres-
ent numerical model/code responsible for the improved
prediction is discussed below.

Recognition of the fact that the central jet tip geometry is
the critical element and should be modeled accurately is
responsible for the present improved prediction. Use of the
grid porosity concept in PHOENICS code (Sec. Ill) to repre-
sent irregular geometry and blockages in the flowfield
facilitates an accurate modeling of the central jet tip
geometry. In the present prediction (Fig. 3c), the central jet
tip is modeled exactly as in the experimental setup (Fig. 2).
That is, the central jet tip projects into the expansion
chamber and is chamfered. This accurate modeling of the jet
tip simulates the experimentally observed flow pattern. (See
also the discussion corresponding to Fig. 9c).

The flow predictions in Refs. 8 and 10 were obtained using
codes based on the TEACH code described in Ref. 14. The
TEACH and PHOENICS codes employ the same form of
time-averaged equations that govern the flow and k-e tur-
bulence models. Both codes use a finite-volume/area method
of discretization. The PHOENICS code employs an upwind
difference scheme and the TEACH-based codes a hybrid,

- EXPANSION PLANE

CORNER
RECIRCULATION
ZONE (CRZ)

Fig. 1 Definition sketch.

FRINGE PATTERN
MOVING WITH
VELOCITY fa

3.5 IN. DIA.

Fig. 2 Schematic of the coaxial jet flow experiment of Owen.7
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central-upwind scheme. A comparison of the predictions of
the two codes on a model problem—flow in a pipe expan-
sion—was made by Nallasamy and Chen.15 They found that,
although the details of the turbulence energy distribution and
the velocity profile near the wall produced by the two codes
differed slightly, the predicted flow patterns were similar. In
other words, the present improved prediction of the coaxial
jet flow is hot brought about by the nature of the formula-
tion or the solution algorithm of the PHOENICS code, but
by the accurate modeling of the central jet tip geometry. In
what if olio ws, a physical explanation of the processes leading
to the formation of recirculation zones of observed sizes is
given and then detailed comparisons of the predictions with
measurements are presented.

For the velocity ratio (=12) considered here, the growth
of the mixing layers emanating from the tips of the inner and
outer jet walls is essentially controlled by the outer jet. When
the inner jet wall ends at the expansion plane, the (virtual)
origins of both inner and outer mixing layers are at the ex-
pansion plane. Then, the spread of the two mixing layers is
about the same, resulting in the same value for the lengths of
the corner and central recirculation zones (Fig. 4). This is the
result observed in earlier predictions of the flow,8'10 as well
as in the present study of this configuration (see Fig. 9c
below). However, for the configuration of the experiment,
the origin of the inner mixing layer is shifted downstream to
02, while the origin of the outer mixing layer remains un-
changed. The spreading rate of the inner mixing layer is
about the same as before (except for the modification due to
the interactions of the two mixing layers). This results in a
longer central recirculation zone, as shown in Fig. 4. The
length of the corner recirculation zone is reduced because of
the stabilizing effect of the extending central jet wall. This is
similar to the stabilizing effect of the extending central jet
wall. This is similar to the stabilizing effect in the asym-
metric channel expansion—flow over a backward-facing

.10 30 .30 .40
AXIAL DISTANCE-M

a) Novick et al.8..

b) Sturgess et al.10

c) Present investigation.
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Fig. 3 Predicted and measured flow patterns. .
a) Novick et al.8 b) Sturgess et al.10 c) Present investigation, d)
Owen.7

step, where the length of the recirculation zone is small com-
pared to the symmetric channel expansion.12 These two pro-
cesses result in the observed shape, size, and location of the
recirculation zones.

The centerline mean axial velocities obtained in the present
prediction and experiment are shown in Fig. 5. The agree-
ment betweeen the two is good up to a distance of 2.25 D0.
Beyond this, the predicted value is smaller than the measured
one. This is due to the slow development of the flow beyond
the reattachment of the dividing streamline on the centerline.
The slow redevelopment of the flow has been observed in
most k-e model predictions of recirculating flows.16'17 The
observed redevelopment is due to the inability of the k-e
model to represent this region correctly where the flow is
changing from a separated to reattached one. It is not
characteristic of either a boundary or a free-shear layer. The
axial turbulence intensity on the centerline is shown in Fig.
6. The agreement with the measurements is very good up to
an axial distance of 1.75 £>0. Beyond this, the turbulence in-
tensity falls more quickly than it did in the experiment. This
appears to be due to the incorrect representation of the
redevelopment of the flow in the model. However, the
general shape of the profile is correctly predicted.

Figure 7 shows the radial profiles of the mean axial veloc-
ity at two axial locations, X=0.36 and 1.43 D0. The
predicted velocity profiles are in reasonably good agreement
with the measurements. The maximum discrepancies observed
are in the region of maximum shear. The mean radial veloc-
ity profiles at the two downstream sections are shown in Fig.
8. At the section near the jet exit (^=0.36 Z>0), the com-
putation shows a negative radial velocity region near the ex-
pansion chamber wall. No experimental points have been
shown in this region (the line drawn through the experimen-
tal points shows no negative velocities7). The negative radial
velocity observed in the prediction is to be expected, due to
the corner recirculation zone, and no velocity components
were measured in this zone. At the downstream section

Fig. 4 Growth of mixing layers (- - - experimental configura-
tion,—— predictions of Refs. 8-10).

0.2 0.3
AXIAL DISTANCE, M

Fig. 5 Axial mean velocity along the centerline (— prediction, ©
measurement7).
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(^=1.43 Z>0), the predicted velocities are in reasonable
agreement with the measurements. The maximum discrep-
ancy occurs in the wake region of the jet wall at both axial
stations. This is in accordance with the observation of Pope
and Whitelaw.18

The detailed comparisons of axial and radial mean
velocities, turbulence intensities, and recirculation zones
show that the present computations produce the coaxial jet
flowfield reasonably accurately. The sensitivity of the recir-
culation zones to the central jet exit geometry is presented
below.

Effects of Central Jet Exit Configuration
The central jet exit geometrical configuration is designed

according to the requirements of flame length (recirculation
zone length) and stability. Five different configurations of
the central jet exit geometry and the predicted recirculation
zone boundaries for each case are shown in Fig. 9. The locii
of the flow reversals (t/=0) have been plotted for the corner
and central recirculation zones. The longitudinal extent of
these regions is in accordance with the expectations based on
Fig. 4. Thus, the effects of central jet exit geometry are
qualitatively well predicted in the present computations (no
experimental data are available for direct comparison). A
configuration similar to that shown in Fig. 9a is employed in
the Space Shuttle main engine injector elements to introduce
fuel and oxidizer into the preburners and the main combus-

0 ©
© ©

——Prediction
© Measurement(7)

0.1 0.2

AXIAL DISTANCE, M

Fig. 6 Axial turbulence intensity on the centerline.

NX=12.7cm

EXPERIMENT

tion chamber. In this case, the central recirculation zone
starts well before the expansion plane. In Fig. 9b, the
blunted edge of the central jet wall pushes the central recir-
culation zone a little downstream (due to a thicker wake
region) and increases the length of the corner recirculation
zone. The configuration studied by Novick et al.8 and
Sturgess et al.10 is shown in Fig. 9c. In this case, since the
two mixing layers grow from the same section (expansion
plane), the shape of the central recirculation zone is quite
different from those of Figs. 9a and 9b. The lengths of the
two recirculation zones [corner recirculation (CRZ) and cen-
tral toroidal (CTRZ)] are almost the same, as observed in
the previous investigations. Figure 9d shows the recirculation
zones for the case where the central pipe wall extends beyond
the expansion plane. This produces a location, shape, and
size of the recirculation zones very close to the experimentally
observed ones. However, only when the pipe edge is

X = 3.175 cm
© EXPERIMENT-*. ^ ©

X = 12.7 cm
S EXPERIMENT

Fig. 8 Mean radial velocity profiles.

^ f̂c^Sj
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.̂ w^S
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Fig. 7 Mean axial velocity profiles.

e)

Fig. 9 Variations of locii of flow reversals with central jet exit
configurations.
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chamfered, as in the experimental configuration (Fig. 9e),
will the size, shape, and location of CRZ and CTRZ be
similar to those of the measurements (see also Fig. 3c). Thus,
it is shown that the sensitivity of the recirculation zones to
the central jet exit geometry can be correctly predicted by the
numerical solution. This can aid the designer in selecting the
configuration of the central jet exit geometry.

The observed changes in the characteristics of the recir-
culation zones with the pipe wall exit geometry should result
in significant changes in wall static pressure beyond the ex-
pansion plane. Figure 10 shows the wall static pressure varia-
tion corresponding to Figs. 9a, 9c, and 9e. Only these cases
are shown for clarity. The pressure recovery is faster for the
configuration in Fig. 9a where the length of the CRZ is small
and the CTRZ starts well before the expansion plane. For
the case in Fig. 9c, the recovery is much slower because the
CRZ is longer. For the experimental configuration shown in
Fig. 9e, the wall static pressure variation is quite different
from those in Figs. 9a and 9c. The initial recovery is faster
since the length of CRZ is small, as in Fig. 9a. But the
pressure coefficient drops again due to the growth of the
width of the CTRZ even beyond the extent of the CRZ. The
wall static pressure in the expansion chamber is thus very
sensitive to the central jet exit geometry.

Effect of Velocity Ratio
It has been shown that for the experimental conditions of

Owen,7 the flowfield can be predicted reasonably well. For
the same geometrical configuration, the effect of the velocity
ratio on the recirculation zones is examined. The central
toroidal recirculation boundaries for four velocity ratios,
namely 12, 9, 6, and 3, are shown in Fig. 11. No CTRZ is
formed for a velocity ratio of 2 or 1. With the reduction in
velocity ratio from 12 to 6, the distance of the CTRZ from
the expansion plane increases, i.e., the separation bubble
moves downstream gradually. However, for a velocity ratio
of 3, the CTRZ is pushed far downstream.

The observed behavior of the CTRZ with the velocity ratio
may be understood from the mixing layer characteristics.
Figure 12 shows the growth rate of the thickness of a two-
stream mixing layer plotted against the velocity difference
parameter X (adopted from Brown and Roshko19). If Ul and
U2 are the velocities of the two streams, then X is defined as
\ = (U{ - U2)/Ul + U2). As we decrease the velocity ratio
from 12 to 6, the growth rate of the mixing layer decreases
gradually. The smaller the growth rate the farther the separa-
tion bubble moves from the expansion plane. For a velocity
ratio of 3, X becomes 0.5 and the growth rate differs
significantly from that for a = 6. This means slow develop-
ment of the mixing layer, which is reflected in the movement
of the CTRZ far downstream for a = 3. For a velocity ratio
of 2, the growth rate is small and the adverse pressure gra-
dient is not strong enough to produce a CTRZ. It is in-
teresting to note that the length of the CTRZ does not
change significantly when the velocity ratio increases from 3
to 12.

The maximum return flow velocity in the CTRZ increases
with increase in velocity ratio a (Fig. 13). It is seen that the
maximum return flow velocity occurring on the centerline) is
nearly proportional to the strength (Ua-Up) of the mixing
layer.

The characteristics of the corner recirculation zone are
more complicated by the confining wall and the interaction
of the two mixing layers. The variation of the length of the
corner recirculation zone with velocity ratio is shown in Fig.
14. The increase in the length of the CRZ is gradual with the
decrease of the velocity ratio up to 3. For a = 2, with no
CTRZ, the length of the CRZ increases sharply. With a
velocity ratio of unity, the flow resembles that of a simple
pipe expansion flow and has a longer CRZ. The length is
now 7.7 H, where H is the step height defined as .
(De —D0)/2. For a simple pipe expansion of the same expan-

0.2
AXIAL DISTANCE, M

Fig. 10 Computed wall static pressure (—configuration of Fig. 9a,
- • -configuration of Fig. 9c, - - - configuration of Fig. 9e).

Fig. 11 Effect of velocity ratio on the central toroidal recirculation
zone(——a = 12, ---a = 9, - - -« = 6, -—a = 3).
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Fig. 12 Mixing layer growth rate as a function of the velocity dif-
ference parameter, X = (#i - U2)/(Ul + U2).

sion ratio, the length of the CRZ was S.I H according to
Moon and Rudinger.20 The pipe wall extending beyond the
expansion plane (see Fig. 9e) is responsible for the lower
value of 7.7 //, as explained previously. With the tip ending
at the expansion plane (Fig. 9c), the length of the CRZ is ob-
tained as 8.5 H (shown in the figure by the point ©). It is
instructive to note that Habib and Whitelaw17 observe an in-
crease in the length of the CRZ when the velocity ratio is in-
creased from 1 to 3, in contrast to the present results.
However, it should be noted that for a = 3, they do not
observe any CTRZ in their geometry (expansion ratio of 2.81
and diameter ratio of 2.76). Johnson and Bennett21 also do
not find a CTRZ for a = 3.11 for their geometry (expansion
ratio of 2.07 and diameter ratio of 1.93).
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Fig. 13 Effect of velocity ratio on the maximum return flow velocity
in the central toroidal recirculation zone [ 0 - Umsa[9 m(Ua — U p ) ] .

E

©

VELOCITY RATIO

Fig. 14 Effect of velocity ratio on the length of the corner recircula-
tion zone.

V. Conclusions
1) In a coaxial jet flow, the corner and central recircula-

tion zones are very sensitive to the central jet exit geometry.
The numerical solution can predict them reasonably
accurately.

2) The velocity ratio determines the axial location of the
central toroidal recirculation zone.

3) For the geometrical configuration studied, the length of
the corner recirculation decreases with increase in velocity
ratio, in contrast with the results of Habib and Whitelaw.17

4) For a velocity ratio of 3, the experimental configuration
of Owen7 results in the formation of the central toroidal
recirculation zone, while the configurations of Habib and
Whitelaw17 and Johnson and Bennett21 produce no CTRZ.

5) The k-e turbulence model predicts .the location, shape,
and size of the recirculation zones fairly well. In these
regions, the predicted axial and radial mean velocities and
axial turbulence intensity are in good agreement with the
measurements. However, the redevelopment of the flow

beyond the reattachment on the centerline is slow compared
to the measurements.
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