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It is known that the standard K-e model does not provide an accurate prediction of the mean flow of turbulent
jets. This is so even when the Pope and Sarkar correction terms are included. It is suggested that the K-e model,
together with the Pope and Sarkar terms for nonplanar and high convective Mach number flow corrections, does
contain the essential ingredients of turbulence physics for adequate jet mean flow prediction. The problem lies in
the standard coefficients that were calibrated by using boundary-layer and low Mach number plane mixing layer
data. By replacing these coefficients by a new set of empirical coefficients, it is demonstrated that the model can offer
good predictions of axisymmetric, rectangular, and elliptic jet mean flows over the Mach number range of 0.4-2.0
and jet total temperature to ambient temperature ratio of 1.0-4.0. The present result conveys the message that it
is possible that there is no universally applicable turbulence model. The reason is that although the characteristics
and dynamics of fine-scale turbulence may be the same for all turbulent flows, the large turbulence structures,
having dimensions comparable to the local length scale of the flow, are significantly influenced by local boundary
conditions and geometry. Thus overall turbulence dynamics are somewhat problem type dependent.

I. Introduction

T HIS paper is motivated by the authors' interest in supersonic
jet noise prediction. It is known that both the large turbulence

structures and the fine-scale turbulence of a high-speed jet are impor-
tant sources of noise. The large turbulence structures radiate sound
in the form of Mach waves. They are the dominant source of turbu-
lent mixing noise of jets when the jet velocity is highly supersonic
relative to the ambient sound speed. The Mach wave radiation can
be predicted by a stochastic instability wave model theory.1 One
requirement of this theory is that the mean velocity and density pro-
files of the jet must be known. Thus, the calculation of the jet mean
flow distribution is a needed first step of high-speed jet noise predic-
tion. As the jet speed decreases, the contribution of noise from the
fine-scale turbulence becomes increasingly important. The intensity
of the radiated noise is directly related to the intensity of the fine-
scale turbulence. A first-order estimate of the turbulence intensity
can be obtained via the K-s turbulence model equations. The use
of the K-s model to calculate the mean flow and the length or time
scales and intensity of turbulence of a jet is, therefore, an attractive
way of obtaining valuable flow information for noise prediction.
This approach has recently been adopted by Khavaran et al.2 and
Bailly et al.3

The K-s turbulence model has proven, over the years, to be a use-
ful engineering approach for the prediction of the mean velocity pro-
files of turbulent flows. Much has been written about the model. For
a review on this subject and the broader subject of turbulence mod-
eling, the readers are referred to a recent review article by Speziale.4

In the development of the standard K-s model during the early
seventies,5"8 there was a general belief that the nature and char-
acteristics of turbulence were universally the same. As a result, a
good turbulence model was expected to be applicable to turbulent
boundary layers as well as to turbulent free shear flows. Most of
the early applications of the standard K-s model were for turbulent
boundary-layer and plane shear layer flows. Because of this, the un-
known constants of the model were determined by minimizing the
difference between the calculated results based on the model and
the measured velocity profiles of these flows. These constants have
been well accepted and widely used to this day.4

Received Dec. 12, 1994; revision received July 14, 1995; accepted for
publication Aug. 7, 1995. Copyright © 1995 by A. T. Thies and C. K. W.
Tarn. Published by the American Institute of Aeronautics and Astronautics,
Inc., with permission.

* Graduate Student, Department of Mathematics. Student Member AIAA.
^Professor, Department of Mathematics. Associate Fellow AIAA.

It became known in the late seventies that the standard K-s model
was not capable of predicting accurately the mean velocity profiles
of turbulent axisymmetric jets.9 In the intervening years, various
investigators proposed different schemes to correct this and other
deficiencies. One popular approach is to add correction terms. This
practice continues to the present time.10'11 Some correction terms
are purely empirical. We may regard them as a form of curvefitting.
Others, based on geometrical and physical reasonings, are quite
well justified. For example, Pope9 argued that turbulent axisymmet-
ric mixing was different from two-dimensional mixing layers. One
way to see Pope's argument is to recognize that turbulent motion
in jet flows ranges from large to very small scales. Although the
small-scale motion might be sufficiently universal and would not be
affected by the geometry of the flow, the large-scale motion, having
dimensions of the same order as the flowfield, is inevitably influ-
enced by the flow geometry. For this reason, the turbulence of an
axisymmetric jet would not be the same as that in a plane jet. Pope
quantified his argument by appealing to the notion of vortex stretch-
ing. He formulated a correction term according to this premise. By
design, Pope's correction term becomes identically equal to zero
for incompressible plane flows. For three-dimensional flows, it in-
creases the dissipation rate and hence reduces the turbulence inten-
sity. This results in an automatic reduction in the spreading rate of
the mean flow. To specify the value of the unknown constant of his
correction term, Pope used turbulent axisymmetric jet mean veloc-
ity data available to him at that time. It is worthwhile to point out
that the measurements used were from nearly incompressible jets.

For high-speed mixing layers and jets, it has been found ex-
perimentally that the efficiency of the mixing process is greatly
reduced.12"14 Papamoschou and Roshko14 demonstrated that the re-
duction in the growth rate of high-speed mixing layers correlated
well with the reduction in the growth rate of the instability waves of
the flow, when considered as a function of convective Mach num-
ber. This finding should not be too surprising since the instabilities
of the flow are the primary mechanisms that transfer energy from
the mean flow to the large turbulence structures. The large turbu-
lence structures, in turn, are the driving force of the turbulent mixing
process. Thus, the growth rate of the turbulent shear layer must di-
rectly tie in to the growth rate of the flow instabilities. Sarkar et
al.15 and Sarkar and Lakshmanan,16 motivated by these experimen-
tal observations, proposed the addition of a new correction to the
K-s model to account for this effect. He developed a correction
model based on a somewhat different argument. The form of the
correction model was found by an asymptotic analysis of the com-
pressible Navier-Stokes equations.15 The unknown coefficient was
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calibrated by direct numerical simulations of compressible isotropic
turbulence. Although the Sarkar model was derived on a vastly dif-
ferent physical basis, yet it has exactly the correct form to render the
observed high convective Mach number effects. Calculated results
consistently show improved predictions when the Sarkar correction
is included in the K-s model.

Our interest is to find a turbulence model that would allow us
to obtain reasonably accurate jet mean flow prediction over the jet
Mach number range of 0.4-2.0 and temperature ratio from 1.0 (cold
jet) to 4.0. This parameter range includes the operating conditions of
most commercial aircraft jet engines. Naturally, we tried to use the
K-s model together with the Pope and Sarkar corrections. Much to
our disappointment, we found quickly that our objective could not
be realized. This is so even if we confine ourselves to axisymmetric
jets alone. It turns out that in the literature others have documented
a similar difficulty.10'11

We have since performed a careful examination of the basis of the
K-s model and the Pope and Sarkar corrections. We are convinced
that the combined model does contain the essential physics of turbu-
lence needed for jet mean flow prediction. We suspect the problem
is, perhaps, not so much with the model but with the original be-
lief that the model should have universal application. Recall that
the coefficients of the standard K-s model were adopted as univer-
sal constants, although they were calibrated by using only turbulent
boundary-layer and plane mixing layer data. It is, therefore, possible
that these coefficients are not appropriate for jet flow prediction.

The purpose of this paper is to demonstrate that if the coeffi-
cients of the standard K-s model and the original coefficients of
the Pope and Sarkar correction terms are replaced by a new set of
values, found empirically, the calculated jet mean velocity profiles
agree well with measurements over the preceding specified parame-
ter range. These new coefficients and detailed comparisons between
calculated jet mean velocity profiles and measurements are reported
in Sec. IV of this paper. The K-s model, with the Pope and Sarkar
correction terms and the new coefficients, has also been applied to
the prediction of the mean flows of nonaxisymmetric jets. Specifi-
cally, both rectangular and elliptic jets have been considered. Good
agreements with experimental measurements are found (however,
not as good as for axisymmetric jets). It is believed that the calculated
results are good enough as a starting point for jet noise prediction.

II. K—£ Model Equations and Correction Terms
Dimensionless variables with PJ,PJ,TJ,UJ, and D, the noz-

zle exit density, pressure, temperature, velocity, and diameter, as
the density, pressure, temperature, velocity, and length scales will
be used. The turbulence quantities K and s will be nondimensional-
ized by u2 and by u*/D, respectively. The Favre-averaged equations
of motion, including the K-s model as well as the Pope and Sarkar
correction terms in nondimensional form, are
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where My is the jet Mach number and y is the ratio of specific heats.
Equation (1) is the continuity equation in which p has been elim-

inated in favor of p and T by the equation of state. The preceding
system of equations contains eight empirical constants, six of which,
namely, CM, Cei, Ce2, crT,aK, and as, are from the K-s model. The
constant Ce3 is from the Pope correction term and a\ is from the
Sarkar correction term. The choice of the values of these constants
is a critical issue in this work and will be discussed later.

For jet flows, Eqs. (1-5) may be parabolized to allow easy nu-
merical computation of their solution. An in-depth discussion of
the appropriateness of parabolizing these equations can be found
in Ref. 17 and the references therein. In this work, the following
steps are taken to achieve parabolization: 1) the dp/dx term in the
axial momentum equation (the x axis coincides with the centerline
of the jet) is neglected (boundary-layer approximation); 2) the pres-
sure gradient terms in the energy equation are neglected (boundary-
layer approximation); 3) outside the jet, it is assumed that there is
a uniform mean flow equal to 2% or less of the jet exit velocity
(parabolizing approximation); 4) all eddy viscosity terms involv-
ing x derivatives are neglected (small compared with derivatives in
the transverse direction); and 5) the diffusion terms of the energy,
turbulence energy, and the ss equations involving gradients in the
axial direction are neglected (small compared with diffusion in the
transverse direction).

Upon parabolization, Eqs. (1-5) may be cast in the form

where

du

u = [p, u, v, w, T, K, £V]J

(15)

and where T = transpose. In Eq. (15), u, v, and w are the velocity
components in the x, v, and z directions. It is worthwhile to note
that the right side F of Eq. (15) no longer contains any x deriva-
tives. Thus, starting from a set of initial conditions at the nozzle exit,
an accurate solution can be found by using a numerical marching
scheme in the* direction. In the case of axisymmetric jets, a simpler
system of equations may be used. This is accomplished by applying
the boundary-layer approximation to the radial momentum equa-
tion yielding p = const as the solution. Only the variables u, T, K,
and ss need to be calculated by the marching scheme. The remain-
ing unknown, the radial velocity component v, is determined by
solving the continuity equation implicitly after each marching step
has been completed. Extensive investigations indicate that both the
general marching method using Eq. (15) and the simplified method
for axisymmetric jets give essentially identical numerical results.18
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The two independent methods of solution provide assurance that the
numerical results are accurate.

A number of terms in Eqs. (5-14) have turbulence quantities
£, £v, or K in the denominator. Since these quantities are essen-
tially zero outside the jet, the terms may become numerically un-
bounded as a result of division by zero. To avoid such numerical
problems, in this work, the problematic denominators are replaced
by (£ + £o), fe+ £())> and (K + KQ), respectively. For example,
Re~l in Eq. (7) is replaced by

where SQ and KQ are small positive numbers. Numerical experiments
indicate that these modifications have negligible influence on the
computed solution. Their role is simply to prevent the computer
from executing division by zero.

III. Computation Scheme and Initial
and Boundary Conditions

To facilitate marching in the x direction, the y-z plane is divided
into a rectangular mesh. A finer mesh is used in the mixing layer
region of the jet. A detailed layout of the mesh is given in Ref. 18.
Transverse derivatives in the y and z directions on the right side
of Eq. (15) are approximated by seven-point finite differences ac-
cording to the dispersion-relation-preserving (DRP) scheme.19 For
example, with subscripts / and m denoting the mesh points in the y
and z directions and superscript n indicating the number of steps in
the x direction, the transverse derivatives are approximated by

/(*. y) =

exp

exp

exp -

the grid lines are removed when the computation reaches the location
where the mixing layer thickness is twice that at the nozzle exit. This
coarsening of the grid does not compromise the spatial resolution
of the computation. But it allows the marching step size AJC to in-
crease. This greatly reduces the overall computation time. This grid
adjustment process is repeated several times during the course of a
complete run over the entire jet. To ensure accuracy, the computed
results have been selectively checked by occasionally repeating a
run using deliberately smaller grid and marching steps. It has been
found that as long as the AJC used is within numerical stability limit,
the computed jet velocity profiles remain essentially unchanged.

Initial jet flow data at the nozzle exit were often not measured in
most experiments reported in the literature. In the absence of such
information, the quantities v,w,K, and ss are simply initialized to
zero. The term p is set to unity. The remaining variables are chosen
to have the form

M(0, y, z) = MOO + (1 - Moo)/(y, z)

HO, y, Z) = TOO + (1 - roo)/(y, z)

(18)

(19)

where u^ and T^ are the freestream velocity and temperature out-
side the jet. The function / is taken to be

Axisymmetric jet:

f ( r ) =

Rectangular jet:

\y\-hy\ , (\z\-h

exp[-&v2((r - h)/b)2],
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(20)
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V
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+ j

where the coefficients a7 can be found in Ref. 20 and Ay and Az are
the mesh sizes. The axial marching procedure utilizes the third-order
Adams-Bashforth method. In discretized form Eq. (15) becomes

(17)

where A* is the step size.
Spurious numerical waves are inevitably generated by the initial

conditions and at the mesh interface where there is a change in
mesh size. To eliminate these unwanted waves, artificial selective
damping terms20'21 are added to the computation scheme. Detailed
analysis of the numerical stability boundary of the marching scheme
has been carried out.18 The stability requirements are most stringent
in the shear layer and at the outside edge of the jet flow. They dictate
the step size AJC used in the computation.

A nonuniform grid in the y-z plane with a larger concentration of
grid points in the mixing layer of the jet is used in the computation.
Close to the nozzle exit, a very fine grid is employed to resolve the
thin mixing layer. As the computation proceeds downstream, half of
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Fig. 1 Comparisons of computed and measured axial velocity profiles
for Schreck et al.'s22 cold, Mach 0.4, axisymmetric jet: D, x = 2.0; o,
x = 4.0; A, x = 6.0; and ffi, x = 8.0.
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Table 1 Axisymmetric jets

Source of data

Schreck et al.22

Schreck et al.22

Schreck et al.22

Laurence23

Maestrello and
McDaid24

Laurence23

Seiner25

Seiner et al.26

Seiner et al.27

Seiner et al.27

Seiner et al.27

Eggers28

MJ

0.4
0.6
0.9
0.7

0.66
0.7

1.5

2.0

2.0

2.0

2.0

2.22

Tr/Ta

1.0
1.0
1.0
1.0

1.0
1.0

1.12

1.0

1.12

2.72

4.0

1.0

Data type

Velocity profiles
Velocity profiles
Velocity profiles
Velocity profiles

Centerline velocity
Centerline velocity
Centerline velocity

and Mach number
Centerline Mach number

and jet half- width
Centerline velocity

and jet half- width
Centerline velocity

and jet half-width
Centerline velocity

and jet half- width
Centerline velocity

and jet half- width

Figure

1
2
3
4

5
5

6

7

8

9

10

11

Table 2 Rectangular and elliptic jets

Source of data

Schreck et al.22

Schreck et al.22

Schreck et al.22

Schreck et al.22

Schreck et al.22

Seiner25

MJ

0.4

0.6

0.4

0.6

0.9

1.5

Tr/Ta

1:0

1.0

1.0

1.0

1.0

1.12

Jet configuration

Aspect ratio 2
rectangular jet

Aspect ratio 2
rectangular jet

Aspect ratio 3
rectangular jet

Aspect ratio 3
rectangular jet

Aspect ratio 3
rectangular jet

Aspect ratio 2
elliptic jet

Figure

12

13

14

15

16

17

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Fig. 2 Comparisons of computed and measured axial velocity profiles
for Schreck et al.'s22 cold, Mach 0.6, axisymmetric jet: D, x = 2.0; o,
x = 4.0; A, x = 6.0; and XX, x = 8.0.

Elliptic jet: An initial velocity and temperature distribution sim-
ilar to the preceding but expressed in parametric form is used (see
Ref. 18 for details).

In the computation, the core size h(hy and hz in the case of rect-
angular jet) and shear layer half-width b (or by and bz) are cho-
sen such that the solution matches the first measured data at some
downstream location. It is important that the solution has reached

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Fig. 3 Comparisons of computed and measured axial velocity profiles
for Schreck et al.'s22 cold, Mach 0.9, axisymmetric jet: D, x = 2.0; o,
x = 4.0; A, x = 6.0; and ffi, x = 8.0.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Fig. 4 Comparisons of computed and measured axial velocity profiles
for Laurence's23 cold, Mach 0.7, axisymmetric jet: D, x = 1.1; o, x =
4.0; A, x = 8.0; •, x = 12.0; XX, x = 16.0; and •, x = 20.0.

quasi-equilibrium before comparison with the data is first made.
Experience shows that nearly the same quasi-equilibrium solution
is obtainable from a range of initial conditions. Thus the computed
solution is not unduly sensitivity to initial conditions.

At some distance outside the jet, the flow is approximately ax-
isymmetric. In this region the flow is given by the linearized form
of Eq. (15). With u = u^ (the uniform flow outside the jet),
T = 7^, p = 1 + //, and V = radial velocity, the continuity and
radial momentum equations in cylindrical coordinates reduce to

(22)

yMj dr
(23)

To find the correct boundary condition for Eq. (15) in this re-
gion, we will first seek a solution of these equations for small
"oo(«oo <£ 1). The left and right sides of Eq. (22) are balanced if
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5.0 10.0 15.0 20.0 25.0 30.0

Fig. 5 Comparisons of computed and measured centerline velocity
distributions for Maestrello and McDaid's24 cold, Mach 0.663, axisym-
metric jet, o, and Laurence's23 cold, Mach 0.7, axisymmetric jet, D.

25.0 30.0

Fig. 6 Comparisons of computed and measured centerline velocity
and centerline Mach number distributions for Seiner's25 Tr/Tn = 1.12,
Mach 1.5, axisymmetric jet: o, measured centerline velocity and D,
measured centerline Mach number.

d/dx ~ (l/w00)(3/3r). Therefore, the appropriate dependent vari-
ables in this region of the flow (in the sense of a uniformly valid
perturbation solution) are R = Vr and S = p'r. The appropriate
independent variables are x and £ = u^r. Thus Eqs. (22) and (23)
may be rewritten as

dS_
~dx

—
~dx

(24)

(25)

A perturbation solution for small u^ in the form

R(x, £) = RQ(x, £) + MOO#I(*. £) + u2
OQR2(x, $) 4

can be found by substitution of Eq. (26) into Eqs. (24) and (25).

(26)

Fig. 7 Comparisons of computed and measured centerline Mach num-
ber and half-velocity point distributions for Seiner, et al.'s26 cold, Mach
2.0, axisymmetric jet: D, measured centerline velocity and XX, measured
half-velocity point.

25.0

Fig. 8 Comparisons of computed and measured centerline velocity and
half-velocity point distributions for Seiner et al.'s27 Tr/Tn = 1.12, Mach
2.0, axisymmetric jet: o, measured centerline velocity and XX, measured
half-velocity point.

Upon partitioning terms according to powers of u^, the lowest order
outgoing wave solution is found to be

Vr = = F(X -

pr =
(27)

where F is an arbitrary function. On noting that v = V cos 0 and
ID = V sin 0, where r, 0, and x are the cylindrical coordinates,
the boundary condition for the variables v, w, and p in the region
outside the jet flow is obtained by eliminating the unknown function
F of Eq. (27) through differentiation. Thus

(r\* 8
I — I MjU^ —
V-/00/ 9^

a+— = 0 (28)
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30.0

Fig. 9 Comparisons of computed and measured centerline velocity
and half-velocity point distributions for Seiner et al.'s27 Tr/Tn = 2.718,
Mach 2.0, axisymmetric jet: o, measured centerline velocity and XX,
measured half-velocity point.

25.0

Fig. 11 Comparisons of computed and measured centerline velocity.
and half-velocity point distributions for Eggers'28 cold, Mach 2.22, ax-
isymmetric jet: O, measured centerline velocity; and XX, measured half-
velocity point.

25.0

Fig. 10 Comparisons of computed and measured centerline velocity
and half-velocity point distributions for Seiner et al.'s27 Tr/Tn = 4.004
Mach 2.0, axisymmetric jet: o, measured centerline velocity and XX,
measured half-velocity point.

Fig. 12 Comparisons of computed and measured axial velocity profiles
in the major and minor axis planes for Schreck et al.'s22 cold, Mach 0.4,
aspect ratio 2, rectangular jet: D, x = 1.778; o, x = 5.333; and XX,
x = 7.111.

The boundary conditions for the remaining variables of Eq. (15) are

K 0 (29)

In the numerical solution of Eq. (15), the spatial derivatives arising
from 3/dr = co$(/)(d/dy) + sin0(d/dz) of boundary condition
(28) are implemented by using backward difference stencils.20 Also
for axisymmetric, rectangular, and elliptic jets, there are two planes
of symmetry. Thus, computation needs to be carried out only in
the first quadrant of the y-z plane. On the x-y and x-z planes,
symmetry conditions are enforced.

IV. Numerical Results and Comparisons
with Experiments

It is our belief that although many of the characteristics of the fine-
scale turbulence of most turbulent flows are universally the same,
those of the large turbulence structures are not. Because their size is

comparable to the characteristic length of the flow, the large turbu-
lence structures are significantly influenced by the local boundary
conditions and geometry. These reasonings lead us to suspect the
wisdom of using the standard K-s model coefficients (calibrated
using boundary-layer and incompressible two-dimensional mixing
layer data) for high-speed turbulent jet flow calculations. Here, in-
stead of the standard coefficients, the following empirically selected
values are used in all of the numerical computations:

Cf, = 0.0874, Cei = 1.40, C£2 = 2.02

Ce3 = 0.822, yaT = Pr(turbulent Prandtl number) = 0.422

aK = 0.324, a£ = 0.377, on = 0.518

To demonstrate that the K-s model, together with the Pope
and Sarkar corrections and the preceding empirical constants, can
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Fig. 13 Comparisons of computed and measured axial velocity profiles
in the major and minor axis planes for Schreck et al.'s22 cold, Mach 0.6,
aspect ratio 2, rectangular jet: D, x = 1.778; o, x = 5.333; and XX,
x = 7.111.

Fig. 15 Comparisons of computed and measured axial velocity profiles
in the major and minor axis planes for Schreck et al.'s22 cold, Mach 0.6,
aspect ratio 3, rectangular jet: D, x - 2.667; o,x = 8.0; XX, x = 10.667;
and A,JC = 16.0.

3.5

Fig. 14 Comparisons of computed and measured axial velocity profiles
in the major and minor axis planes for Schreck et al.'s22 cold, Mach
0.4, aspect ratio 3, rectangular jet: D, x = 2.667; o, x = 8.0; and XX,
x = 10.667.

3.5

Fig. 16 Comparisons of computed and measured axial velocity profiles
in the major and minor axis planes for Schreck et al.'s22 cold, Mach
0.9, aspect ratio 3, rectangular jet: D, x = 2.667; o, x = 8.0; and XX,
jc = 10.667.

provide reliable jet mean flow prediction, we have carried out exten-
sive comparisons between numerical results and experimental mea-
surements. In these comparisons, the jet Mach number Mj ranges
from 0.4 to 2.2 The jet reservoir temperature to ambient temperature
ratio Tr/Ta varies from 1.0 (cold jet) to 4.0. Table 1 lists the source
of the 12 sets of axisymmetric jet data for which comparisons have
been made. The comparisons are shown in Figs. 1-11. In Figs. 1-4,
the computed and measured profiles of the jet axial velocity u as
a function of the radial coordinate r are compared. In Figs. 5-11,
the axial distributions of the jet centerline velocity uc, the centerline
Mach number Mc, and the half-width of the jet velocity profile r0.5
are displayed. As can be seen, there is good agreement in each case.
For jet noise prediction purposes, the accuracy of the calculated
mean flow is definitely sufficient.

Table 2 lists the source and parameters of the rectangular and el-
liptic jet data used for comparison. The rectangular jet data are from
nozzles of aspect ratio 2 and 3 operating in the subsonic Mach num-
ber range. For elliptic jets, only one set of data is available in enough

detail in the literature for comparison. In this work, the width of the
nozzle in the minor axis plane of the rectangular jets is used as the
length scale. The equivalent diameter is used as the length scale for
the elliptic jet. Comparisons between the calculated and measured
axial velocity distributions in the major and minor axis planes are
shown in Figs. 12-17. There are reasonably good agreements. How-
ever, they are not as good as for axisymmetric jets. One reason could
be that the prescribed initial conditions do not match well with those
of the experiment. Also we are informed29 that the elliptic nozzle
used in the experiment has a small dent. This introduces a small
asymmetry in the measured velocity profiles even along the major
and minor axes. Because of the noncircular geometry of the jets, the
mixing rate is nonuniform around the jet perimeter. The numerical
results appear to have captured this phenomenon. In the literature,
there is almost a complete absence of work on predicting the mean
flow of rectangular and elliptic jets. Our finding assures that the
K-s model with appropriate correction terms offers a reliable way
for computing this type of flow.
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Fig. 17 Comparisons of computed and measured axial velocity profiles
in the major and minor axis planes for Seiner's25 Tr/Tn = 1.12, Mach
1.5, aspect ratio 2, elliptic jet: D, x = 1.265; o, x = 5.057; and JX,
x = 10.111.

V. Concluding Remarks
In this work, we have demonstrated that by using a new set of

empirical constants, the K-s model, together with the Pope and
Sarkar corrections, can provide accurate jet mean flow predictions
over the Mach number range of 0.4-2.0 and jet total temperature to
ambient temperature ratio of 1.0-4.0. This applies to axisymmetric
as well as nonaxisymmetric jets.

It was stated earlier that the computed results of the parabolized
equations are not too sensitive to initial conditions prescribed at
the nozzle exit. This is generally true. But a reasonably good set
of initial conditions is still needed if an accurate prediction is to be
obtained. The fact that the solution does possess some dependence
on the initial condition does not reflect a deficiency of the method but
rather the actual variability in high Reynolds number jet flows. The
jet Mach numbers of Refs. 24 and 23 are nearly the same. The former
is 0.663 and the latter is 0.7. However, the jet of Ref. 24 issued from
a long pipe nozzle so that the boundary layer at the nozzle was quite
thick. As a result, the centerline velocity distributions of the two sets
of data as shown in Figs. 5 and 6 are quite different. Thus, the initial
conditions used to obtain the velocity distributions are different.

It turns out, in the absence of measurements, that the initial con-
ditions needed for accurate prediction of cold jets are easier to con-
struct than hot jets. Unless the jet is discharged from a very long
nozzle, the initial mixing layer thickness of a cold jet is usually very
thin. The mixing layer develops very rapidly into a quasi-equilibrium
state. For this class of jets, the use of a very thin initial mixing layer
will often suffice. In contrast, the Reynolds numbers of hot jets are
lower. The initial mixing layers are often in a transition state and
only develop into fully turbulent conditions at some distance down-
stream. Furthermore, the boundary layer at the nozzle exit is often
quite thick. Accurate prediction of hot jet mean profiles is, therefore,
more difficult. In any case, if the initial profiles are provided, the
parabolized code is a reliable prediction tool.
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