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Planar turbulent jets are of great interest in a broad range of engineering applications such as combustion,
propulsion, and environmental flows. The influence of the turbulence intensity at the inflow and the shear-layer
momentum thickness, as well as the effects of discrete forcing on the initial development of the jet, are studied com-
putationally. It is found that the inflow fluctuation intensity and shear-layer momentum thickness have significant
impact on the initial growth of the jet. Higher fluctuation intensity and thinner shear layers lead to more rapid
growth of the jet with an asymptotic approach of the centerline turbulent kinetic energy to the self-similar values.
The influence of the shear-layer thickness suggests a strong dependence of the initial growth on the shear-layer
instabilities near the nozzle. Two-dimensional discrete forcing enhances the growth and two-dimensionality of the
large-scale structures in the near field of the jet. However, significant three-dimensional small-scale structures
coexist with the large-scale structures. The influence of the forcing is rapidly lost downstream as the large-scale

structures break down.

Introduction

HE flowfield near the nozzle in planar turbulent jets is initially

dominated by the shear layers at the jet edges. Michalke and
Freymuth! showed thatnear the nozzlelip the most strongly growing
disturbances are those corresponding to the shear layer. The shear
layers spread downstream and interact to form a fully developedjet.
Sato,”> Rockwell and Niccolls,’ as well as Antonia et al.,* showed
that near the jet nozzle the large-scale structures in the flowfield
are predominately symmetric for flat exit velocity profiles. When
the shear layers interact downstream, these structures reorganize
into an asymmetric configuration in the fully developed region of
the jet. This reorganizationas the flowfield develops from the shear
layers near the nozzle to the fully developed jet downstream has a
strong influence on the mixing in this region of the jet, which is not
well understood.

Although the developing region of planar turbulent jets is of
considerable engineering interest, most studies of turbulent plane
jets have concentrated on the self-preserving region far down-
stream where the turbulenceis fully developed. Bradbury,> Gutmark
and Wygnanski’ and Ramaprian and Chandrasekhara as well
as numerous others, measured statistical quantities in the self-
preserving region while Oler and Goldschmidt?-° Antonia et al.,*
and Mumford'® studied the organization of the large-scale struc-
tures in the fully developed region. Thomas and Goldschmidt,'- 1?
Thomas and Chu,'3 and Thomas and Prakash'* are perhaps the only
researchers to concentrate on the study of the transition from the
shear-layer dominated region near the nozzle to the fully developed
region of the jet downstream. In general, however, they concentrated
on the spectral development and reorganization of the large-scale
structures. Thomas and Goldschmidtidentified both symmetric and
asymmetric modes in the near field of the jet and suggested that
the asymmetric modes are caused by resonant forcing by the large-
scale structures downstream. Thomas and Chu further confirmed
the upstream feedback and suggested that it results from the loss
of symmetry of the large-scale structures downstream of the end of
the potential core. Finally, Thomas and Prakash studied the evolu-
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tion from the shear layer modes near the nozzle to the jet column
mode downstreamin an untuned jet, where the subharmonic growth
process in the shear layer is incapable of obtaining the jet mode.
In other words, the fundamental frequency of the jet column mode
fi is not related to the fundamental frequency of the shear-layer
instability £} by a simple power of two, f & f;/2".

Namer and Otiigen'’ performed an experimental study of the ef-
fects of Reynolds number on the initial developmentof the jet. They
found that as the Reynolds number increases the jet develops more
rapidlyin the near field. They also observe strongerovershootsin the
downstreamdevelopmentof the centerlineturbulenceintensities for
lower-Reynolds-numberjets. Hill and Jenkins!® studied the effects
of the nozzle exit velocity on the downstream evolution of the jet
centerlinevelocity and the fluctuationintensity in the shear layer for
nozzles with laminar and turbulentboundary layers. They found that
with turbulentboundary layers the evolution of the jet is insensitive
to variationsin the nozzle exit velocity while with laminar boundary
layers it is not. However, they did not determine whether the influ-
ence of the exit velocity (with laminar boundary layers) is caused
by changes in the Reynolds number, or to variations in the nozzle
conditions such as momentum thickness or fluctuation intensity.

Temporally and spatially evolving, two-dimensional plane jet
simulations have been performed by Comte et al.'” and Reichert
and Biringen,'® respectively. Dai et al.,'* as well as Weinberger
et al.,?% performed large-eddy simulation of three-dimensional,spa-
tially evolving plane turbulent jets using the Smagorinsky model,
whereas Le Ribault et al.,>! performed comparisons of three dif-
ferent large-eddy simulation models in these flows. However, to
the authors’ knowledge, no direct numerical simulation of three-
dimensional, planar turbulent jets has been performed outside of
the current study.

The purpose of this study is to characterize the influence of the
jet nozzle conditions on the downstream evolution of the jet using
directnumerical simulation (DNS). The effects of nozzle fluctuation
intensity and shear-layer momentum thickness on the jet growth,
centerline mean velocity decay, as well as centerline fluctuation
intensity, are discussed next. In addition, the influence of symmetric
and antisymmetric forcing at discrete frequencies on the evolution
of the near field of the jet is studied.

Numerical Techniques

The unsteady,compressible, Navier-Stokes equationsfor an ideal
gas are solved in the following form.
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Conservation of mass:
o,p+ 0;(pu;) =0 (1
Conservation of momentum:
0(pu;) + 0;(puju;) = —0;p + (1/Re)o; 7; 2)

where
7 = (0;u; + du;) — %@jak”k (3)

and the equation for conservationof energy written as an evolution
equation for the pressure

op+uo;p+ypdu; =(y/PrRe)o;o;T +[(y — 1)/Relz;;0,u;
()]

The Euler terms in these equations are marched in time using
the low-storage, fourth-order Runge-Kutta integration scheme of
Carpenter and Kennedy?* This low-storage scheme requires only
one additional array for each flowfield variable, thus reducing the
memory requirementsrelative to the classical Runge-Kutta scheme.
In addition, thisis a five-stage scheme for which the additional stage
is added to increase the overall stability of the scheme. Although
this scheme does require an additional evaluation of the right-hand
side of the governing equations, the relaxed stability criteria make
the scheme 40% more efficient.

The viscous and conduction terms in Egs. (1-4) are evaluated
using a first-order integration scheme. This is implemented by ad-
vancing the Euler terms as just described and then evaluating and
advancing the viscous and conduction terms with the first-order
scheme. This techniquerequires 20% less computational work than
advancing all of the terms using the Runge-Kutta scheme and has
negligible impact on the results for the conditions of the jets in this
study. The viscous and conduction terms are small compared to the
advectiveterms and the Courant-Friedrichs-Lewy criterionrequires
a time step small enough so that first-order accuracy is sufficient.

A nonuniform fourth-order compact derivative scheme is used
to evaluate the spatial derivatives. This scheme generalizes the uni-
form compactderivativesof Lele* to nonuniformmeshes. This cen-
tral derivative scheme is closed at the boundaries using inward bi-
ased, nonuniform, third-ordercompact derivatives based on the uni-
form derivativesof Carpenteret al.>* The normal second-derivatives
0%/9x2, 9%/ 0y?, and 9%/ 0z are evaluated using nonuniform, com-
pact,second-derivativeformulas, whereas the cross-derivativeterms
02/9xdy, etc., are evaluated using two successive applications of
the first-derivative formulas. This compact 3-4-3 derivative scheme
allows the simulation of problems on an open, nonperiodic, com-
putational domain while maintaining an overall fourth-order accu-
racy on the nonuniform physical grid. Similar nonuniform compact
schemes were analyzed by Gamet et al.>

All finite difference schemes generate their largest errors at
the highest wave numbers supported by the computational grid
k. =1/(2Ax). To eliminate these high wave-number errors, a
nonuniformfourth-ordercompact filter is used. As with the nonuni-
form derivatives, the nonuniformcompact filters generalize the uni-
form filters of Lele?* and provide fourth-orderaccuracyin the phys-
ical grid spacing Ax. This filter is tuned to significantly affect only
wave numbers k, > 0.85/(2Ax) so that the filter does not remove
dynamically significant scales of motion. All flowfield variablesare
filtered at the end of each time step. In the limit of a uniform grid, the
nonuniform derivative scheme and computational filters go exactly
to the uniform forms of Lele.

The computational grids used in this study are generated using
a simple geometric progression Ay; .1 =A;Ay;, where A; is the
cell growth rate. In the streamwise (x) direction the grid is uniform
A =1, everywhereexceptin the bufferzone at the outflow. In the lat-
eral (y) directionthe grid is uniformin the region —4.0h < y < 4.0h
around the core of the jet, where & is the jet nozzle width at the inflow
plane. Away from the core of the domain |y| > 4.0/, the stretchingin
the y direction is small, A <1.05. In the spanwise (z) direction the
grid is uniform throughout. For these grids the characteristicsof the
nonuniform derivative scheme and filters in the core of the domain
are similar to those of the uniform schemes of Lele.?> However,
the nonuniform derivatives and filters properly allow for the small

nonuniformity of the grid spacing while maintaining fourth-order
accuracy.

One of the greatestdifficulties in the simulation of spatially evolv-
ing flows is the formulation of the boundary conditionsrequired for
the open computational domain. In general, the flow occurs in an
infinite or large physical domain; however, with simulations it is
required to truncate the domain to the region of interest. During
this truncation, information about the flowfield is lost. At the in-
flow boundary the governing equations are solved in a characteristic
form. The time variation of the incoming characteristicvariables are
specified while the equation for the outgoing characteristic variable
is solved using internal biased derivatives. This treatment of the in-
flow plane allows the jet to be forced with proper specification of
the characteristic variables. In addition to this characteristic inflow
forcing, a simple exponential damping term of the form

0;(pu) = Standard Terms — o;(pu — pii) (5)

is added to the streamwise momentum equation at the inflow plane.
In this expression 6; =0.22 and p and & are the mean density and
velocity profiles. These weak damping terms are added to neutralize
the the long-time effects of the weak numerical diffusion, inherent
in all high-order central difference schemes, on the inflow profiles.
The weak damping terms coupled with the characteristic forcing
provide steady mean profiles while allowing the desired fluctuation
intensity about this mean.

For the downstream and sidewall boundaries the nonreflecting
boundary conditions of Thompson®®?” are used. The form of these
conditions is allowed to switch between nonreflecting inflow and
outflow at each point on the boundary based on the sign of the in-
stantaneous local normal velocity. The corner points on the outflow
boundary are treated as nonreflecting at an angle 45 deg from the
two adjacent boundaries. At all outflow points the pressure correc-
tion terms of Rudy and Strikwerda® and later discussed by Poinsot
and Lele?:

Aink Wiy = K(p — poo )/ pc (6)
where

K =oye(l - M2 )/L, (N

max

are used in conjunction with the nonreflecting boundary conditions.
In these expressions 7y is the normal to the boundary, W, is the
incoming characteristicvariable,and Ay, is the propagationvelocity.
M.« is the maximum Mach number in the domain, L, is the height
of the domainin the y direction, ¢ is the local speed of sound, and the
constant oy =0.25. In the spanwise directionthe domain is periodic.

In addition, a perfectly matched layer (PML) buffer zone based
on that of Hu*® is used on the sidewall and downstream bound-
aries to isolate further the interior of the domain from the effects
of the boundary conditions. In this technique a region is added at
the boundary in which the grid is stretched in the normal direction.
In this stretched region exponential damping terms are added to the
governing equations of the form (written for the density equation
on a boundary whose normal is in the x direction)

o;p = Standard Terms — ¢ (x)(p — p) (8)

where
$(x) = ¢, [(x —x/L,] 9)

In these expressions x * is the location of the interface between the
bufferzone and the domain interior,and L, = x,,,, — x*is the length
of the buffer zone. This term acts to damp the density to the spec-
ified value p across the buffer zone. Constant values of ¢,, =2.0
and B =2.0 are used on all three nonreflecting boundaries. On the
sidewall boundariesthe streamwise velocity is damped to the coflow
velocity, whereas on the outflow boundary the streamwise velocity
was damped to the profile of Bradbury":

(U = U,)/ AU. = exp{—0.6749(y* /5,)[1.0 + 0.027(y* /&) |}

(10)

where ¢y is the jet half-width, U, is the coflow velocity, and
AU, =U(y =0) — U, is the centerline velocity excess. A target
jet growth rate of &,/ h =0.1235(x/ h — 0.873) is used, where & is
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the jet nozzle width. The lateral velocity is damped to zero on the
sidewall boundaries and to the profile given by the requirement that
the mean field remains divergence free 0;U; =0.0 on the outflow
boundary. The value of the centerline velocity excess AU, in the
outflow buffer zone is selected to maintain the same excess momen-
tum flux:

J=p/ UWU - U,)dy (11)
atthe outflow plane as was presentat the inflow. The spanwise veloc-
ity is damped to zero on all boundaries, and the pressure and density
are damped to the constantinflow conditions. The grid stretchingin
the buffer zones is given by a simple geometric progression with a
5% stretching ratio.

The mean streamwise velocity profiles in the shearlayers on either
side of the jet at the inflow are given by a hyperbolictangent profile:

u = (U, +U,y)/2 + [(U, — U,)/2]tanh[yg/(26)] (12)

where yj is the distance from the shear layer, 6, is the shear-layer
momentum thickness, and U, and U, are the velocities of the high-
and low-speed streams, respectively. This profile is mirrored across
the centerline to obtain a top-hat profile with smooth edges. The
mean lateral and spanwise velocities are zero at the inflow. The
mean pressure and density profiles are uniform initially; however, a
small variation across the jet is generated because of the outgoing
acoustic waves.

Two types of forcing are used in the simulations discussed here,
broadband and discrete. The broadband forcing is designed to pro-
vide energy to the flowfield in a range of scales characteristic of
those present in an actual turbulent flow in order to increase the
rate at which the jet evolves from the top-hat profiles present at the
inflow to self-similar profiles downstream. This broadband forcing
is performed by convectinga box of data past the inflow plane as the
solution is integrated in time using a constant convection velocity
U.=(U, + U,)/2. A sixth-degreeinterpolating polynomial is used
to obtain the velocity, pressure, and density fields, which are then
used to calculate the incoming characteristic variables. Forcing the
inflow with a finite length time series in this way introduces a low-
frequency component caused by the periodicity of the inflow data.
However, with a carefully designed time series, such that the peri-
odic frequency at the inflow is far from the dominant frequenciesin
the flowfield, this has minimal effect.

The box of dataused in the broadbandforcing is generatedby first
generating a pseudoisotropic velocity field u?' with random phases

and a three-dimensional energy spectrum given by
E(x) = (*/16) exp[ —2(x/ 1))’ ] (13)

The peak spatial frequency «p is specified to be the fundamental
mode for the hyperbolic tangent shear layer given by )6, =
f*6,/ U, =0.033 (Refs. 31 and 32), where f* is the fundamental
temporal frequency. A target vorticity field o/ = S(y) is spec-
ified, where o™ is the vorticity field corresponding to the pseu-
doisotropic velocity field and S(y) is a shape function that peaks
in the shear layers on either side of the jet. The shape function
S(y) = exp(—yszlleg), mirrored across the jet in the same fashion
as the mean velocity profile, is used to provide fluctuations that
peak in the shear layer on either side of the jet. The velocity field
corresponding to this target vorticity field is calculated by solving
the Poisson equation 9, d,u} = —€;;,0; @] for each velocity compo-
nent. This yieldsadivergence-freefield. The correspondingpressure
field is calculated by solving 6,0, p =—p0d;u;0;u ;, and the density
is specified by p = p/c?, where c is the mean speed of sound. By
calculating the density fluctuations in this way, the production of
entropy at the inflow is reduced.

The discrete perturbations are added to the box of data used to
force the inflow using the formulas

1 2y, )
ut =3 —|:c05(y51) A sin(ysl):| sin(i x + ¢,) exp(—&)
Ky

2 2
Ky, x 90 90

2
vl == " sin(yy) cos(ic.x + ¢X>exp<—§) (15)

Ky, $x 0

and w? =0 for (i, ¢,) =(xg,0) and (x/2, 7/2). The perturba-
tions are mirrored symmetrically or asymmetrically across the jet
centerline to provide the discrete forcing used in this study. Like-
wise, these expressions are rescaled to provide the desired forcing
intensity.

Results and Discussion

The variation of the physical parameters for the simulations dis-
cussed here is given in Table 1. The parameter 6y/ & is the ratio
of shear-layer momentum thickness to jet nozzle width, whereas
g/ AUy and qgisc/ AU, are the peak intensities of the broad-
band and discrete forcing at the inflow plane normalized by the
inflow centerline velocity excess. All of these simulations are
at an initial jet Reynolds number Re, =phAUy/u =3000 and
convective Mach number M, =AU,/ (c; + ¢;) =0.16. The final
downstream values for case A are Res =2p5, AU/ =4720 and
M, =0.10. Although these simulations are performed using the
compressible Navier-Stokes equations, they are essentially incom-
pressible because of the low convective Mach number. The ve-
locity ratio n=AU,/(U; + U,) is 0.83, and the Prandtl number
Pr=C,ulk=0.72.

All of the calculations in this study are performed on a grid
of physicaldimensions L, =13.5h + 1.6h, L, =13.4h + 2.8, and
L, =4h. This designationof L =ah + bh indicates that the interior
of the computationaldomain is of size ah with a buffer zone of size
bh.For all casesexcept E, the computational gridis 205 X 189 X 60,
and the grid spacing in the interior of the computational domain
is Ax =Ay = Az =0.066h. For case E the computational grid is
205 X277 X 60, and the grid spacing is Ax =Az =0.066h and
Ay =0.033h. The finer grid spacing in the y direction is required
to resolve the shear layer near the nozzle in this simulation.

Comparison with Experimental Data

Figure 1 shows the mean streamwise velocity profiles at sev-
eral downstream stations for case A compared against the ex-
perimental data of Gutmark and Wygnanski® and Ramaprian and

Table1 Inflow parameters

Case 9()/ h qh},/A Uy qdisc/AU()

A 0.05 0.10 0.0

B 0.05 0.05 0.0

C 0.05 0.025 0.0

D 0.09 0.05 0.0

E 0.025 0.05 0.0

F 0.05 0.05 0.02 (symmetric)
G 0.05 0.05 0.02 (asymmetric)

-3.0 -1.0 1.0 3.0

v/,
Fig. 1 Mean streamwise velocity profiles, case A: ——, x/h =10.0;
----,x/h=4.0; - - -, x/h =11.5; ], Gutmark and Wygnanski®; and O,

Ramaprian and Chandrasekhara.”
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Chandrasekhara! The sharp initial shear-layer profiles can be seen
for the station x = 0.0k. For this case the mean streamwise velocity
profiles exhibit self-similarity for stations downstream of x =4.0h.
This station is very near the point at which the two shear layers on
either side of the jet first merge. As can be seen, good comparison
with experimental data for turbulent plane jets is observed.

Analysis of the self-similar region of planar turbulent jets pre-
dicts a linear relationship between the jet half-width &, and the
downstream coordinate x:

Syl h =Ky, (x/h = Ky,) (16)

For case A the constants in this relationship are K;, =0.095 and
K,, =—0.823 based on the region x >7.5h. The growth rates K,
are a little low compared to the values of 0.100 of Gutmark and
Wygnanski and 0.110 from Ramaprian and Chandrasekhara. The
virtual origin K,, is the physical location at which the linear fit in
the fully developed region gives a zero jet width (the origin of a
point momentum source giving the specified linearly growing jet).
In general, there is a great deal of scatter in the values for K3,
because of their sensitivity to the conditions at the jet nozzle.

Analysis of the self-similar centerline velocity decay predicts an
inverse-squaredrelationship between the centerline velocity excess
AU, and the downstream coordinate:

AUUZ—C f_c 17
(AUc) - lu(;— ) a7

where AUy is the centerline velocity excess at the jet nozzle.
The constants in this expression for case A are C;, =0.212 and
C,, =0.760 (for x =7.5h). The centerline velocity decay rate Cy,
compares well with the experimentally observed values ranging
from 0.093 (Ref. 7) to 0.220 (Refs. 13 and 14).

For brevity, only a limited comparison of these results against
experimental data is discussed here. For a more detailed analysis of
a single simulation, as well as a more complete comparison with the
available experimental data, see Refs. 33 and 34.

The influence of grid resolution on these results has been an-
alyzed by comparison against a simulation performed with 17%
higherresolutionAx =Ay = Az =0.055 in the core of the domain.
The observation was made that there was little impact on the evo-
lution of the mean fields, self-similar growth rates, and centerline
velocity decay rates. There were small changes in the local values
of the fluctuation intensities; however, there was not a significant
change in the general trends. Likewise, Stanley and Sarkar™ studied
the influence of domain size on the evolution of two-dimensional
shear layers using the same boundary condition scheme used for
this study. An increase in the length of the computational domain
was found to influence only the region very near the boundary, and
in this region the effect was small, <4%. The impact on the three-
dimensional simulations in this study will be even smaller because
of the lack of strong large-scale structures. Truncation of the small-
scale turbulence in this study has less impact on the solution than
truncation of the two-dimensional vortex street.

Influence of the Inflow Fluctuation Intensity

In most experimental studies the fluctuation intensity at the jet
nozzle is only reported on the centerline. However, because of the
boundarylayersupstream, the fluctuationintensity peaksin the shear
layers on either side of the jet. Because the peak mean shear is also
in the shear layers near the nozzle, it is clear that the fluctuation
intensity in this region of the jet will have a strong influence on
the initial downstream evolution. To characterize the influence of
the fluctuation intensity on the initial development of planar jets,
results from three simulations, cases A, B, and C, with different
broadband intensities at the inflow plane are presented. It is be-
lieved that the broadband intensity in case C is relatively typical of
thatin experimental studies with laminar boundary layers while the
broadband intensity in case A is closer to that which would occur
in a jet exiting from a turbulent channel.

Figures 2 and 3 show the variation with broadband inflow forc-
ing intensity of the evolution of the centerline mean velocity ex-
cess and the jet half-width, respectively. These figures clearly show

Table 2 Variation of the jet growth and centerline velocity
decay coefficients with inflow fluctuation intensity

Case qry! AU Ky Koy Ciy Cyy
A 0.10 0.095 —-0.823 0.212 0.760
B 0.05 0.102 0.476 0.216 1.78
C 0.025 0.103 1.13 0.224 248

0.8
0.0 5.0 10.0 15.0
x/h
Fig.2 Downstream evolution of the centerline velocity excess for dif-
ferent broadband inflow intensities: ——, /AU =0.025;----,q/AU =

0.05; and - - -, /AU =0.10.

14

12t

10}

5,/

08 |

06

0.4
0.0 5.0 10.0 15.0
x/h

Fig.3 Downstream evolution of the jet half-width for different broad-
band inflow intensities: , q/AU=0.025; ----, q/AU=0.05; and
---,q/AU=0.10.

that the inflow fluctuation intensity has a strong influence on the
initial growth of the jet. When the inflow fluctuation intensity is
increased from g,/ AU, =0.025 to 0.10, the length of the potential
core, based on the constancy of the centerline mean velocity excess,
decreases from 64 to 3h. However, in the self-similar region down-
stream the jet grows at nearly the same rate, and the centerline ve-
locity excessdecays at nearly the same rate for all inflow fluctuation
intensities.

Table 2 gives the parameters for the self-similarfits of the jet half-
width and the centerline mean velocity excess for all three cases.
The stationsx >7.5h, x >8.0h, and x >8.5h were usedin these fits
for cases A, B, and C, respectively. There is a strong upstream shift
(more negative) in the virtual origins K,, and C,, for increasing
inflow fluctuation intensity. This indicates a more rapid evolution
to the linear behavior characteristic of the self-similar region of the
jet. There is also a slight decrease in the jet growth rates K, and
centerline velocity decay rates Cy,. Although this change is small,
it is consistent across the range of g,/ AU, studied. Hussain and
Zedan®® observed a similar influence of the boundary-layer fluc-
tuation intensity on the self-similar growth rates of axisymmetric
turbulent shear layers. However, they observe that an increase in the
fluctuation intensity produces shear layers with larger growth rates
while we observe a small decrease in planar jets.
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0.10

0.08 |

0.06 |

K/AU®

0.04 |

0.02

0.00

0.0 5.0 10.0 15.0
x/h

Fig. 4 Downstream evolution of the centerline turbulence intensity
for different broadband inflow intensities: , g/AU=0.025; ----,
q/AU=0.05;and - - -, g/AU =0.10.

140
120
100
80
60 |

AUK/(3 ¢)

40

20 1

0.0 5.0 10.0 15.0
x/h

Fig.5 Downstream evolutionof the turbulentkinetic energy to dissipa-
tion ratio on the jet centerline for different broadbandinflow intensities:
,q/AU=0.025; ----,g/AU=0.05; and - - -, ¢/ AU =0.10.

Figure 4 shows the variation of the downstream growth of the
centerline turbulent kinetic energy with changes in the inflow fluc-
tuation intensity. As expected, the initial growth of the centerline
turbulent kinetic energy is more rapid for the highest inflow fluc-
tuation intensity than for the smallest. The region of strong growth
in the turbulent kinetic energy shifts from ~3.5h to = 7.0h with a
decreasein the broadbandforcingintensity from0.10t00.025. How-
ever, near the outflow of the domain, the centerline turbulentkinetic
energy for the cases with lower intensity inflow fluctuations ex-
ceeds the turbulent kinetic energy for the highest inflow fluctuation
intensity. For q,,/ AUy, =0.10 the centerline turbulent kinetic en-
ergy K/AU? grows asymptotically to a value = 0.07. Gutmark and
Wygnanski® observed a centerline turbulent kinetic energy of 0.075
while Browne et al.3” found 0.05. However for lower intensity fluc-
tuations at the inflow, the centerline turbulent kinetic energy over-
shoots to values of 0.08 and 0.09 in the DNS. With a longer compu-
tationaldomainitis speculated that a slow decay would be observed
downstream to the values more typical of turbulent planar jets.

Figure 5 shows the downstream evolution of the nondimension-
alized ratio of the turbulent kinetic energy K to the dissipation €
on the jet centerline for these three simulations. This, AUK /6y €,
is the ratio of the turbulence timescale to the mean-flow timescale.
The evolution of this ratio is an indicator of the relative state of
equilibrium of the turbulence. Near the inflow this ratio is large,
small dissipationrelative to the turbulent kinetic energy, indicating
that the turbulence is highly nonequilibrium. Downstream, the dis-
sipation grows relative to the turbulentkinetic energy, and this ratio
approaches a value of = 6.5 for all three inflow fluctuation intensi-
ties. For g,/ AUy =0.10 the turbulent fields approach equilibrium
quickly downstreamin the jet as indicated by the rapid approach of
AUK/(5y€) totheequilibriumvalue. However, for the lowerinflow
fluctuation intensities the development of equilibrium turbulence is

slower. This relatively larger region of nonequilibrium turbulence
for smaller inflow fluctuation intensities allows the overshootin the
turbulent kinetic energy downstream in the jet.

Similar overshootsin the turbulentkinetic energy were observed
by Namer and Otiigen' and Browne et al.”’ Namer and Otiigen also
observed an influence of the jet Reynolds number on the overshoot
in the turbulence intensities. They found that jets with lower initial
Reynoldsnumbers Re;, developedlarger overshootsin the centerline
streamwise fluctuationintensity. A large overshootwas observed for
aRe;, =1000jet, whereas for Re,, =7000no overshootwas observed
in the streamwise fluctuation intensity.

Influence of the Shear-Layer Momentum Thickness

The momentum thickness of the shear layers at the jet nozzle are
often quoted in studies of planar jets. However, no consistent study
of the influence of the initial shear-layer thickness on the develop-
ment of the jet has been performed. To understand the influence of
the initial momentum thickness, three simulations have been per-
formed with varying shear-layerthickness. Cases D, B, and E have
initial momentum thicknesses 6, of 0.094, 0.05A, and 0.025h, re-
spectively. The initial fluctuation intensity for all of these cases is
q;,;,/A U, =0.05.

Figures 6 and 7 show the effect of varying the shear-layer mo-
mentum thickness on the centerlinemean excess velocity decay and
the jet half-width. Although the shear-layer conditions are often ig-
nored when comparing the evolution of jets from different studies,
the current results demonstrate unequivocally that the shear-layer
momentum thickness is an important parameter in the characteriza-
tion of the initialregionof planarturbulentjets. When the shear-layer
momentum thickness decreases from 0.09% to 0.025h, the length of
the potential core of the jet based on the constancy of the centerline
mean velocity excess decreases from 6.0/ to 3.5h. Likewise, there
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Fig.6 Downstream evolution of the centerline velocity excess for differ-
ent initial shear-layer momentum thicknesses: 5 00/h =0.025;----,
60/h =0.05; and - - -, 6y/h =0.09.
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Fig. 7 Downstream evolution of the jet half-width for different ini-
tial shear-layer momentum thicknesses: ——, 6y/h = 0.025;- - --,0y/h =
0.05; and - - -, 6y/h = 0.09.
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Table3 Variation of the jet growth and centerline
velocity decay coefficients with initial shear-layer

momentum thickness
Case O/ h K. K>, Ciy Cay
D 0.09 0.098 1.66 0.219 2.59
B 0.05 0.102 0.476  0.216 1.78
E 0.025 0.085 —2.08 0.162 —1.30

0.10

0.08

0.06

K/AU

0.04

0.02

0.00 .
0.0 5.0 10.0 15.0

x/h

Fig.8 Downstream evolution of the centerline turbulence intensity for
different initial shear-layer momentum thicknesses: ——, 6y/h = 0.025;
----,0¢/h=0.05; and - - -, 6y/h =0.09.

is a strong shift in the location at which the jet width grows strongly
from 6.0A to 2.0h.

As just shown for the inflow fluctuation intensity, the decrease
in the shear-layer momentum thickness is felt most strongly in the
virtual origins in the self-similar fits of the jet half-width and the
centerline velocity decay (Table 3). The stationsx >7.5h, 8.0k, and
8.5h were used in these fits for cases E, B, and D, respectively. With
a decrease in the momentum thickness, the mean velocity profiles
evolve more rapidly to self-similarbehaviorresultingin an upstream
shift in the virtual origins. There is also a significant influence of
the inflow momentum thickness on the jet growth rates K, and
centerline velocity decay rates Cy,. There is a 20% change in the
jet growth rates and a 35% change in the centerline velocity decay
rates over the range of momentum thickness studied. In contrast,
there is only an 8% change in the growth rates and 6% change in
the velocity decay rates for the range of inflow forcing intensity
discussed earlier. Although the change in the centerline velocity
decayrate is consistentacross the range of momentum thickness, the
change in the jet growthrate is not. In contrast, Hussain and Zedan?®
saw only a small 2% variation in the shear-layer growth rates with
a factor-of-threeincrease in the initial momentum thickness.

The idea of the initial conditions modifying the downstream be-
havior is not new to this paper. George® pointed out that the initial
conditionscan influence the downstreambehaviorof the large-scale
coherent structures in the flow. These structures will in turn affect
the downstream growth rates and centerline decay rates.

Figure 8 shows the downstream evolution of the centerline turbu-
lent kinetic energy for the three simulations. Decreasing the shear-
layer momentum thickness has a similar influence on the centerline
turbulent kinetic energy as an increase in the inflow fluctuation in-
tensity. As the shear-layer momentum thickness is decreased, the
region of strong growth in the turbulentkinetic energy shifts toward
the nozzle from = 6.0/ to = 3.0h. For the smallest shear-layerthick-
ness the centerline turbulentkinetic energy grows very strongly and
asymptotesrapidly to a value of 0.06. For the thicker shear layers the
growth in the turbulent kinetic energy is slower, and an overshoot,
with respect to self-similar values reported in experiments and ob-
served in the DNS with 6,/ h =0.025, occurs near the outflow of
the domain.

The overshootin the centerline turbulent kinetic energy that oc-
curs for the thicker initial shear layers can be related to the rate at
which the turbulence approaches an equilibrium state downstream.
Figure 9 shows the downstream evolution of the ratio of the tur-
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Fig.9 Downstream evolution of the turbulentKkinetic energy to dissipa-
tionratio on the jet centerline for different initial shear-layer momentum
thicknesses: ——, 6y/h =0.025;--- -, 6y/h =0.05; and - - -, 6y/h = 0.09.

bulent kinetic energy to the dissipation for the jets with differing
inflow shear-layer thicknesses. Again, near the inflow the turbu-
lence is highly nonequilibrium. For 6,/ h =0.025 the fluctuating
velocity fields rapidly develop to equilibrium turbulence while for
the thickerinitial shearlayersthis evolutionis slower. The difference
in the evolution of the turbulent fields to equilibrium for a change
in the inflow momentum thickness is more dramatic than was ob-
served earlier for variations in the inflow fluctuation intensity. For
6,/ h =0.09 the fluctuating fields remain highly nonequilibriumun-
til downstream of x = 6.0h, where there is a very rapid increase in
the dissipationrelative to the turbulentkinetic energy [indicated by
adecreasein AUK /(8y€)]. This is followed by a much slower ap-
proach downstream to equilibrium turbulence. This slow approach
to equilibrium allows a large overshoot in the turbulent kinetic en-
ergy downstream in this jet relative to the jet with 6,/ h = 0.025.

Influence of Discrete Forcing on the Jet Development

This sectiondiscussesthe influence of forcing the jet inflow plane
using discrete forcing at the shear-layer fundamental and first sub-
harmonic frequencies. Forcing at frequencies associated with the
shear layers, rather than the downstream jet mode, is used because
the experimental work of Michalke and Freymuth! show that the
strongest growing modes near the nozzle in natural developing pla-
narjets are those of the shearlayer. However, it would be of interestto
perform future comparisons with forcing at the jet mode as well. The
two discretely forced cases F' and G include a broadband forcing at
the inflow plane with an intensity of g,,/ AUy =0.05 superimposed
with the two-dimensional discrete forcing with gg./ AUy =0.02
(Table 1). Case F is forced symmetrically with respectto the center-
line, whereas case G is forced asymmetrically. Although the broad-
band intensity is larger, the energy is spread across a large range
of scales. The energy in the discrete forcing, on the other hand,
is concentrated at only two frequencies (the fundamental and the
subharmonic shear-layer modes) and provides roughly an order-
of-magnitude larger energy in these modes than is present in the
broadband spectrum at the same frequencies.

Figures 10a and 11a show the spanwise vorticity contours on
an x/y plane (z =0.0%) and an x/z plane (y =0.5h), respectively,
for case A. This case has no discrete forcing and serves as the
unforced reference for the two discretely forced cases. For this sim-
ulation there are no strong large-scale structures in the flowfield
near the nozzle. For simulations with broadband inflow conditions,
the strongest growing mode near the jet nozzle is the shear-layer
mode (see Ref. 33). However, there is a rapid growth in the energy
at all scales because of nonlinear interactions, and no strong large-
scale structures appear in the visualization.The wide spacing,in the
z direction, between contour lines at x =0.0% in Fig. 11a, when
compared with downstream stations, indicates that the spanwise
vorticity contours are relatively two-dimensional near the jet noz-
zle. However, there is a rapid increase in the three-dimensionality
downstream. By x =5.0h strong small-scale, three-dimensional
structures are present in the flowfield.
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Fig.10 Spanwise vorticity contours on an x/y plane (z = 0.0h).

x/h
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Fig.11 Spanwise vorticity contours on an x/z plane in the upper shear
layer (y = 0.5h).

Figures 10b and 10c show the spanwise vorticity contours on an
x/y plane for the symmetrically and asymmetrically forced planar
jetsimulations, respectively. Although the large-scale structures did
not show strongly in the visualization of the vorticity field for the
unforced case, for the discretely forced simulations the large-scale
structures are very evident. In case F' strong symmetrically oriented
structures are present in the flowfield in the region 3.0h <x <7.0h,
whereas in case G the structures are arranged asymmetrically. Ac-
companying the large-scalestructuresin both simulations, there ex-
ists a greatdeal of small-scale three-dimensionalstructures. Down-
streamin the jets x > 7.0k, there is a strong breakdown of the large-
scale structuresto small-scaleturbulencein both forced simulations.

Figures 11b and 11c show the spanwise vorticity contours on
an x/z plane in the upper shear layer for the two discretely forced
simulations. Although there is considerable three-dimensionality
on the smaller scales, the large-scale structures present in the re-
gion 3.0h <x <7.0h are strongly two-dimensional (indicated by
the sharp break between the region of high vorticity and low vor-
ticity at x =6.0h for all values of z). This is a result of the fact
that the discrete forcing at the inflow plane is two-dimensional.
In Fig. 11b small-scale three-dimensional structures present within
the two-dimensional large-scale vortical structure can be seen in
the region 5.0h <x <6.0h. In this region the x/z slice in Fig. 11b
passes through the large-scale structure in the upper half of the jet.
The breakdown of the two-dimensionallarge-scalestructuresdown-
stream is evidentin Fig. 11b by the lack of two-dimensionality for
x > 6.0h. In the region downstream the strong growth in the three-
dimensional small-scale turbulent structures overwhelms the two-
dimensional forcing at the inflow.

Figures 12 and 13 show the downstream evolution of the cen-
terline velocity decay and the jet half-width for the two discretely
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Fig.12 Downstream evolution of the centerline velocity excess for dis-
cretely forced jets: , unforced; - ---, symmetrically forced; and

- - -, asymmetrically forced.
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Fig.13 Downstream evolutionof the jet half-width for discretely forced
jets: ——, unforced; - - - -, symmetrically forced; and - - -, asymmetri-
cally forced.
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Fig.14 Downstream evolution of the centerline streamwise fluctuation
intensity for forced jets: ——, unforced; -- - -, symmetrically forced;
and - - -, asymmetrically forced.

forced jets as well as the unforced reference. Although the discrete
forcing does influence the jet growth and centerline velocity decay
in the region 3.0h <x <10.0A, the effect is relatively small. The
strongesteffectis observedin the asymmetrically forced jet. Down-
stream, x > 10.0A, and the jet half-width and centerline velocity
excess collapse with that of the unforced jet. For the symmetrically
forced jet, case F, the effect of forcing is smaller, and the collapse
to the unforced behavioroccurs more rapidly. Thus, discrete forcing
influences the mean fields in the region near the jet nozzle; how-
ever, downstream, the mean field does not feel the effect of the
inflow forcing.

Although discrete forcing has little influence on the mean stream-
wise velocity field downstream, it is evident from Fig. 10 that dis-
crete forcing does influence the growth of the vorticity field in the
jet. Comparison of Figs. 10a and 10c shows that, for this instant
in time, the asymmetric forcing results in an increase in the down-
stream spread of the vorticity in the jet. This effect results in wider
profiles, across the jet, of the turbulentkinetic energy and dissipation
for the forced jets compared to the unforced jet. At x/ h =11.5 the
turbulent kinetic energy profiles, not shown, for the symmetrically
and asymmetrically forced jets are 12 and 18% wider, respectively,
than the profile for the unforced jet.

Figure 14 shows the downstream evolution of the streamwise
Reynolds stress on the jet centerline for the two discretely forced
jets as well as the unforced jet. Symmetric forcing at the inflow
dramatically increases the growth in the centerline longitudinal
Reynolds stress, which is largely an effect of the enforced symmetry
of the large-scale structures in the near field of the jet. The influ-
ence of the asymmetric forcing on the streamwise Reynolds stress
is significantly smaller, although there is some impact in the region
3.0h <x <7.0h. Downstream, the centerline streamwise Reynolds
stress for both of the discretely forced jets collapses to that of the
unforced jet. There is no significant influence of discrete forcing on
the downstream evolution of the streamwise Reynolds stress (not
shown here) in the shear layers (y = *£0.5h).

Figure 15 shows the downstreamevolutionof the lateral Reynolds
stress on the jet centerlinefor the two discretely forced jets as well as
the unforcedjet. Thereis no significantimpact of symmetricdiscrete
forcing on the evolution of the centerline lateral Reynolds stress be-
cause of the enforced symmetry of the large-scale structures. Sym-
metric large-scale structures do not impose lateral fluctuations at
the centerline of the jet; therefore, turbulent transport of the lateral
Reynolds stress from the shear layers is still the dominant means
by which the centerline values grow initially. Asymmetric forc-
ing, however, does strongly increase the downstream growth in the
lateral Reynolds stress. The asymmetric large-scale structures im-
pose large lateral fluctuations at the centerline of the jet. The lateral
Reynolds stress on the centerline for the asymmetrically forced jet
peaksrapidly and remains relatively constantthroughthe remainder
of the domain. With the domain size used in these simulations, a re-
laxation of the lateral Reynolds stress in the asymmetrically forced
jet back to the unforced values is not observed. In contrast to the
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Fig. 15 Downstream evolution of the centerline lateral fluctuation in-
tensity for forced jets: , unforced; - - - -, symmetrically forced; and
- - -, asymmetrically forced.

streamwise Reynolds stress, both the symmetric and asymmetric
forcing cause an increase in the downstream growth of the lateral
Reynolds stress (not shown here) in the shear layers (y = =0.5h).

There is negligible influence of the symmetric forcing on the
spanwise Reynolds stress and only a small influence of asymmetric
forcing. This is aresult of the two-dimensionalnature of the discrete
forcing used in this study. It is expected that some energy would
transfer from the streamwise and lateral componentsof the Reynolds
stress to the spanwise component through the pressure-strainterms.
However, it appears that this effect is small.

Conclusions

Although the flowfield conditions in the shear layers at the noz-
zle of planar jets are seldom reported in detail, it is clear from the
current results that they have a significant impact on the initial de-
velopment0.0 < x/ i < 10.0 in these flows. Variationsin the broad-
band fluctuationintensityin the shear layer as well as the shear-layer
momentum thicknesssignificantly affect the rate at which the jet de-
velops downstream. This is most strongly felt by an upstream shift
in the virtual origins for increasing inflow fluctuation intensity or
decreasing shear-layer thickness. This indicates a more rapid evo-
lution of the mean velocity field to self-similar behavior. Likewise,
higher fluctuation intensities or thinner shear layers lead to more
rapidly developing fluctuating fields with an asymptotic approach
of the centerline turbulent kinetic energy to the self-similar values.
Thicker shear layers or lower intensity inflow fluctuations result in
an overshoot of the centerline turbulent kinetic energy. This over-
shootis aresultof theinitialimbalancebetween turbulentproduction
and dissipation,characterizedby large values of the nondimensional
parameter AU K/ &, € for these jets. The self-similar values down-
stream in the jet are reached when the appropriate balance between
the production, dissipation,and transportis achieved. The influence
of the shear-layer thickness suggests that the initial development of
the jet is dominated by the shear-layerinstabilities.

Two-dimensional discrete forcing at the inflow plane of planar
turbulent jets has a significant impact on the initial development
of the centerline streamwise and lateral Reynolds stresses. This in-
fluence, however, appears to be predominantly caused by the en-
forced symmetry or asymmetry, as well as two-dimensionality, of
the large-scale structures near the inflow. Symmetric forcing en-
hances the growth of the streamwise Reynolds stress with no im-
pact on the lateral Reynolds stress, whereas asymmetric forcing
primarily affects the lateral Reynolds stress at the jet centerline.
The two-dimensional discrete forcing has only a small effect on the
downstream jet growth and centerline velocity decay as well as on
the spanwise Reynoldsstress. In general, discrete forcing,especially
asymmetricforcing, enhancesthe growth and two-dimensionalityof
the large-scalestructures near the jet nozzle; however, within the in-
terior of the structures significant small-scale three-dimensionality
is present. Downstream, these large-scale structures rapidly break
down to small-scale turbulence, and the influence of the discrete
forcing at the jet centerlineis felt only in the lateral Reynolds stress.
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The streamwise and spanwise Reynolds stresses on the centerline
as well as jet growth and centerline velocity decay rapidly converge
to values corresponding to the unforced jet downstream. However,
both symmetric and asymmetric forcing of the jet produce consider-
able widening of the turbulent kinetic energy profiles downstream,
x =11.5h.
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