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Evaluation of a Navier-Stokes Prediction of a Jet in a Crossflow
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and
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The interaction between a subsonic jet exhausting perpendicularly through a flat plate into a crossflow is
investigated numerically using an implicit, two-factor, partially flux split solver for the thin-layer Navier-Stokes
equations. The numerical model is limited to steady and laminar flow for both the jet and crossflow. The
accuracy of the method is assessed by comparing computed and experimental results for flows with jet-to-
crossflow velocity ratios of 4, 6, and 8. Qualitatively, it is found that all of the global flow physics, including
the jet trajectory, the contrarotating vortex pair, entrainment, and the wake region near the flat plate, are
captured numerically. The computed velocity field is analyzed to determine the properties of the contrarotating
vortex pair. Reasonable quantitative agreement between the computation and the experiment is found for the
vortex properties as well as for the jet centerline and the plate pressure distribution. Computational flow
visualization techniques are used to provide insight into the physics of the three-dimensional flowfield.

Nomenclature

C, = pressure coefficient, (p — p..)/0.5p,.u2

D = jet diameter, in.

M = Mach number

p = fluid pressure, lb/ft?

(0] = vector of conservative variables

R = effective velocity ratio, M,/M,,

Re = Reynolds number, p u.D/pn

t = time, s

u,v,w = Cartesian velocity components, ft/s

x,y,2 = Cartesian coordinates normalized by jet
diameter

r = circulation, in.%/s

n = fluid viscosity, Ib/ft-s

ém,{,7 = computational variables

P = fluid density, slugs/ft>

¢ = cross-sectional inclination angle, deg

Subscripts

c = jet centerline

i,j,k = grid indices

i = jet exit conditions

max = maximum

min = minimum

v = local coordinate system based on the vortex
location

£ = freestream condition

Introduction

URING the transition from hover to wing-borne flight,
short takeoff and vertical landing (STOVL) aircraft rely
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on the direct thrust of lift jets to supplement tor aerodynamic
lift. The interaction of the lift jets with the flow over the
aerodynamic surface produces a complex, three-dimensional
flowfield around the aircraft. This interaction is due to jet
blockage, entrainment, separation of the wake, and lift-
induced vortices. In comparison with the linear addition of
wing lift and jet lift without interference, the interaction usu-
ally causes a loss of lift and an increment of nose-up pitching
moment, both of which tend to increase with forward flight
velocity. ,

The application of computational fluid dynamics to the
powered lift problem is evaluated in this study. As a logical
step toward the analysis of a complete STOVL aircraft
throughout its entire flight regime, a simpler flowfield that
isolates the physics of the jet/freestream interaction is inves-
tigated. The problem considered is a round subsonic jet ex-
hausting perpendicularly through a large flat plate into a sub-
sonic crossflow. This configuration retains the physics of the
aerodynamic/propulsive interaction probléem without the added
complexity of the aircraft geometry, engine inlet flows, ground
effects, and multiple jets.

The subsonic jet in a crossflow has been studied extensively,
both by experiment and by analysis, as reviewed in Refs. 2—
7. Many experimental investigations, for example, Refs. 8-
17, focused on determining the jet trajectory and the plate
pressure distribution and on describing the contrarotating vor-
tex pair. Finer scale flow features, such as the separated region
upstream of the jet, the jet development close to the exit,
and the detailed wake structure, have also been measured for
selected jet and freestream conditions.'®2' A sketch of the
global flow features, which is based on the qualitative de-
scription presented by Fearn?? and shown in Fig. 1, sets forth
the various regions of the jet plume together with the wake
region near the plate downstream of the jet orifice. These
properties of a jet in a crossflow depend primarily on the
effective velocity ratio, which is defined as the ratio of the
momentum flux across the jet exit to the momentum flux of
the crossflow over an equal area. Since both the jet and the
crossflowing air obey the same ideal gas equation of state and
assuming the static préssure at the jet exit is nearly equal to
the crossflow static pressure, the effective velocity ratio may
be stated as R = M,/M.. (see Ref. 23).

Several solutions of the Reynolds averaged Navier-Stokes
equations have already been computed for both single?-24-3%
and multiple jets in a crossflow.3!-3 Previous elliptic solutions
of the three-dimensional Navier-Stokes equations computed
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Fig. 1 Schematic of a jet in a crossflow.

on relatively coarse grids have failed to provide a detailed
picture of the entire flowfield. For example, calculations of
a turbulent jet by Patankar et al.> exhibit good agreement
for the jet centerline and the rate of decay of the jet velocity,
but deviate significantly from the experimental velocity pro-
files along the jet axis after the jet deflects and in the reversed
flow region. In addition, Khan et al.>! and Demuren? utilized
systematic grid refinements in computing the flow induced by
a row of jets and found that it was not possible to obtain grid
independent results on the finest mesh tested.

Most recently, several higher-resolution computations, each
employing on the order of 100,000 grid points to discretize
the three-dimensional domain, have been reported. A de-

tailed picture of the jet plume and a discussion of the vorticity

dynamics for a turbulent jet with jet-to-crossflow velocity ra-
tios between 2 and 8 is given by Sykes et al.”” However, since
their primary motivation is the behavior of jets remote from
a wall, they do not attempt to resolve details of the wake
region. A steady, laminar calculation for a jet and its wake
at a velocity ratio of 8 by Harloff and Lytle*® does not show
satisfactory agreement with experiment for the jet centerline
or the vortex trajectory.

The present research is directed toward evaluating the fluid
mechanics of a jet in a crossflow on a refined computational
mesh with a particular emphasis placed on characterizing the
contrarotating vortex pair. In this paper, a brief description
of the numerical approach, including the computer code, the
computational grid, and the boundary conditions, is given and
numerical results are presented. When experimental mea-
surements are available, quantitative comparisons are made
between the calculated and measured data for the jet trajec-
tory, the plate pressure distribution, and the properties of the
contrarotating vortex pair. Visualization of the computed re-
sults on a graphics workstation is used to provide insight into
the physics of this three-dimensional flowfield.

Numerical Approach

Numerical Algorithm

The numerical scheme selected is contained in the general
purpose simulation code designated F3D.>* It solves the thin-
layer Navier-Stokes equations cast in generalized coordinates
and written in conservation law form. The numerical algo-
rithm incorporates two implicit factors and partial flux split-
ting. Flux splitting® and upwind differencing are used for the
convection terms in the freestream ¢ direction, whereas cen-
tral differencing is applied in the remaining spatial directions
7 and ¢{. This implicit, two-factored scheme is shown to be
unconditionally stable for a model scalar wave equation.* In

order to control nonlinear instabilities, a combination of sec-
ond- and fourth-order differences is added as smoothing in
the centrally differenced directions.* Numerical dissipation
is also added in the upwind direction, in this case through the
flux splitting. The F3D code has second-order spatial accu-
racy.

For the steady calculations considered here, a space-varying
time step is used to accelerate convergence.®” This time step
depends on the local grid spacing and renders the calculation
non-time-accurate. For laminar calculations, the coefficient
of viscosity u is obtained from Sutherland’s law. The code,
which is fully vectorized for supercomputers, requires 10-*
CPU s/iteration/grid point on the CRAY-2 computer.
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Computational Grid

A three-dimensional grid, shown in Fig. 2a, is set up for
the calculations. A right-handed Cartesian coordinate system
is used with x increasing in the freestream direction and z
pointing away from the plate. The rectangular grid is expo-
nentially clustered within the boundary layer of the flat plate
and around the jet exit, which is centered at the origin of the
Cartesian coordinate system. For calculations, the physical
domain is transformed to a computational space with uniform
grid spacing, as shown in Fig. 2a. The computational variables
&, m, ¢, and 7 are functions of the Cartesian coordinates x, y,
z, and ¢. In the transformed grid system, £ corresponds to the
freestream direction such that £, coincides with the upstream
boundary where x = x,;,, 17 spans the domain laterally, and
¢ is the direction normal to the body surface such that £,
maps to the solid surface.

Since the experimental measurements to be used in the
comparisons are for jets exhausting through a circular orifice,
the jet exit is approximated by a right-angled polygon of nearly
equal area in the Cartesian grid system, as shown in Fig. 2b.
Although the relatively sparse experimental measurements
indicate that the global features of the flow induced by a jet
in a crossflow are steady and symmetric, no symmetry as-
sumptions are made for the computational domain. Never-
theless, in accord with previous experimental studies, the y
= 0 plane is referred to as the symmetry plane. )

Initial calculations are made on a relatively coarse grid with
39 (freestream) % 35 (normal to the y = 0 plane) X 32
(normal to the flat plate) points. The coarse grid computations
are made on a GRAY-XMP computer. In order to investigate
the effects of the grid on the computation, the grid density is
increased from 39 x 35 X 32 (43,680 points) to 55 X 55 X
50 (151,250 points). The minimum grid spacing in the free-
stream and lateral directions is 0.125 jet diameters. The finest
mesh spacing normal to the plate is 0.005 jet diameters. De-
tails of the grid structure are stated by Roth.” Caiculations
on the refined grids required approximately 12 h CPU on the
CRAY-2 computer.

Boundary Conditions

The boundary conditions that are used for the jet in a
crossflow problem with the previously described grid topology
are the following: 1) freestream conditions on the upstream
boundary £,..; 2) extrapolation on the downstream boundary
&min» Such that

+1 —
;max.j,k - 2Q§max—1,j.k - Q:’max»Z,j,k

where @ is a vector containing the conservative variables,
imax corresponds to the £, plane, and ¢ refers to the time
level; 3) zero normal flow gradients on the lateral surfaces
Nmin a0d 1.5 4) no-slip velocity conditions on the flat plate
{min and X2 + y2 > 0.25; 5) jet exit profile for x2 + y? = 0.25
and {;,; and 6) freestream conditions for the top surface £,
In general, these conditions are implemented explicitly in
modular form within the code.

Three-dimensional mean flow and turbulence measure-
ments at the jet exit for flows with effective velocity ratios
<3 are presented by Andreopoulos!® and Andreopoulos and
Rodi.? Their results indicate that, at low velocity ratios, the
jet flow is affected up to 3 jet diameters upstream of the pipe
exit by the crossflow, but this distortion diminishes as the
velocity ratio is increased. The precise physical boundary con-
dition at the jet exit, for the jet and freestream conditions
investigated here, has not been measured. Previous authors
have imposed the jet exit condition by specifying uniform
vertical velocity*27 or uniform total pressure®-*? or by initi-
ating the calculation inside the jet supply pipe.* In this sim-
ulation, a uniform velocity profile jet is injected from the
lower boundary into the flowfield. This simplifying assump-
tion may lead to discrepancies between the computed and
measured results.

Results and Discussion

The computational cases, which were chosen to correspond
with the wind-tunnel tests of Fearn and Weston,'7->>38-3 are
summarized by the effective velocity ratio in Table 1. The
numerical results are computed on the three-dimensional
computational grid described in the previous section, which
has the grid density and the domain limits given in Table 1.
In order to investigate the effects of the domain size on the
solutions, computations were also made for the case R = 6
with the domain limits extended by 20—-25% in each direction;
no significant variation was found for the jet deflection, the
flow direction at the top and lateral boundaries, or the plate
pressure distribution.

In the measured flows, both the jet and the freestream flow
are turbulent; however, no turbulence modeling is used in
this numerical model. In experimental studies of flows with
relatively low velocity ratios, both Crabb et al.> and
Andreopoulos® found regions in which the turbulence field
is anisotropic, which suggests that the commonly used tur-
bulence models, such as eddy viscosity and k-& models, will
not be able to account for all of the features of the flow. Thus,
the exclusion of turbulence from the calculation permits the
evaluation of the numerical model without having to estimate
the errors associated with an inadequate turbulence model.

Complete quantitative agreement between the measured
turbulent flow and the calculated flow cannot be anticipated
since, for example, boundary-layer velocity profiles and sep-
aration point locations are dependent on the characteristics
of the boundary layer. However, the effective velocity ratio
is the primary variable determining the global features of the
jet such as the jet centerline, the contrarotating vortex pair,
and the plate pressure distribution. The computed resuits in-
dicate that these features are captured reasonably well in a
laminar simulation.

In the jet in a crossflow problem, the use of the thin-layer
equations allows the physically correct boundary condition to
be enforced on the plate, but their application must be viewed
with caution. The thin-layer approximation takes advantage
of the observation that, for many high Reynolds number flows,
the viscous effects are confined to a relatively thin region near
a solid boundary. Within the thin layer, high gradients are
found in only one direction, normal to the surface. Thus, the
thin-layer Navier-Stokes equations are computationally ad-
vantageous in comparison with full Navier-Stokes methods
since all viscous terms containing derivatives that are parallel
to the body surface are neglected and a highly clustered mesh
is required to resolve diffusive terms in only one direction.*
The jet in crossflow contains high flow gradients in all three
directions. Further, the flowfield contains curvature and a
three-dimensional, separated wake region. Although the high
gradients perpendicular to the plate within the boundary layer
may be captured, the thin-layer approximation becomes in-
adequate in other regions of the flow, such as the shear layer
between the jet-and the crossflowing fluid and the wake re-
gion. Even under such restrictions, the key features of the
flow are captured.

Computed Flow in the Symmetry Plane

Selected velocity vectors in the symmetry plane for the high
resolution R = 4 case are presented in Fig. 3a. The vector
plot shows the onset flow, the deflected jet plume, a reversed
flow region behind the jet, an upwash velocity component

Table 1 Summary of computational cases

M. Re min Xmax Ymax Zmax

020 500,000 39 x35x32 -50 150 95 180
0.19 500,000 55 x x50 -60 150 9.5 18.0
0.13 350,000 39 x x 32 =50 150 95 180
0.13 350,000 55 x55x50 -6.0 150 9.5 180
0.12 350,000 39 x x 32 =50 150 100 20.0

Grid size X

WA |y
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Fig. 3 Symmetry plane flow for R = 4.

JET IN A CROSSFLOW

that lies in the symmetry plane between the contrarotating
vortices sketched in Fig. 1, and, finally, the predominantly
stream-wise flow. The computed velocity field correlates rea-
sonably well with the symmetry plane velocity measurements
presented by Fearn and Weston!7-** and by Fearn and
Benson*! with the exception of the region located behind the
jet plume at approximately x = 1.5. In this region, computed
velocity vectors are rotated counterclockwise by angles up to
90 deg. This behavior is observed for all effective velocity
ratios computed but tends to be less apparent in the coarse
grid solutions in which numerical diffusion is increased. It is
concluded that the computed flow behavior is related to the
jet entrainment rate.

In the region close to the flat plate and immediately pre-
ceding the jet orifice, the velocity vectors have a downward
component, which suggests the presence of a weak flow sep-
aration. Flow measurements and visualization have shown
that a separated flow region dominated by a horseshoe vortex
system is buried within the boundary layer upstream of the
jet exit.1®-2142 The flow separation and formation of the horse-
shoe vortex system are primarily due to the adverse pressure
gradients and the deflection of streamlines caused by the
blockage effects of the jet. The detailed structure of the horse-
shoe vortex system depends on the plate boundary-layer pro-
file and unsteadiness as well as the effective velocity ratio.?!
Thus, with the numerical model constraints, these fine-scale
flow features cannot be fully resolved.

The deflection and penetration of the jet plume are illus-
trated clearly in the plot of Mach number contours shown in
Fig. 3b for the R = 4 jet. The small, nearly triangular contours
located just above the jet exit denote a region of high velocity.
This region, which reaches approximately 2 jet diameters into
the flow, is part of the jet core that is identified in Fig. 1.
The velocity field exhibits relatively slow changes within the
jet core in comparison with the high velocity gradients found
in the shear layer that exist at the interface between the jet
and the crossflowing fluid. Distortion, caused by the cross-
flow, and rapid diffusion by the shear layer eventually erode
the jet core.

Vertical profiles of the freestream velocity component in
the symmetry plane at downstream locations of x = 2.0, 4.0,
and 8.0 are shown in Fig. 4 for the R = 4 cases. The location
of the jet centerline is closely approximated by the point of
maximum freestream velocity component. In Fig. 4, the max-
imum velocity peaks are more pronounced or tend to be greater
in magnitude on the fine grid than on the coarse grid. Al-
though these peaks do not reflect the same magnitude, in

39 X35 X32Grid @ | w===- 55 X b5 X 50 Grid O Fearn and Weston (1978)
16 a| T X
12 - - - B [— -l
x=2.0 x =40
. sl 11 1t 1
at it {1t 1
0
-1 -1 -1

u/u,,

ufu,

u/ug,

Fig. 4 Comparison of streamwise velocity profiles in the symmetry plane for R = 4,
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general, their vertical locations agree well. At the most down-
stream location, this difference is minimized due to the in-
creased similarity between the two clustered grids far down-
stream. A similar grid dependence was found by Khan et al.*!
and Demuren.*

As indicated in Fig. 4, the coarse and fine grid results vary
as much as 50% in the wake region, within 3 jet diameters
of the flat plate. Both solutions show a region of reversed
flow, but the numerical dissipation is increased and the bound-
ary layer is not resolved on the coarse grid. The experimental
measurements® that are plotted for the planes x = 4.0 and
8.0 in Fig. 4 show that the fine grid solution more accurately
characterizes the flow in the wake region. Although this dis-

. cussion pertained to R = 4, similar conclusions are valid for
R = 6 (see Ref. 7).

Jet Centerline

The jet centerline is defined to be the locus of points of
maximum velocity in the direction of the jet in the plane of
symmetry. In all of the cases examined, the computed cen-
terline compares favorably with Fearn and Weston’s experi-
mental data and with the empirically predicted jet center-
line.' This agreement is demonstrated in Fig. 5 using the data
for the most refined grids. Only small deviations occur be-
tween the jet paths computed on the coarse grid and the paths
calculated on the fine grid, which indicates that the jet cen-
terline may be captured with a relatively small number of grid
points. Furthermore, for the R = 4 cases, inviscid compu-
tations were also made. The computed jet trajectories are
nearly indistinguishable for the viscous and inviscid predic-
tions. This agreement shows that pressure, rather than vis-
cosity, is the primary mechanism governing the initial deflec-
tion of the jet.

The decay of the jet centerline speed for R = 4 is shown
in Fig. 6. For this velocity ratio, the computational results
show greater jet penetration and a more rapid velocity decay
than the experimental results.

Plate Pressure Distribution

A comparison of the calculated and experimental pressure
coefficients C, on the flat plate for the jet R = 4 is made in
the contour plot shown in Fig. 7. Contours of constant pres-
sure coefficient for the high resolution R = 4 computation
are plotted in the lower half plane in Fig. 7. The upper half
plane shows the corresponding contours from the experimen-
tal data.>* It is noted that, in regions of low pressure gradients,
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the experimental contours have an error band of up to 1 jet
diameter.?* The largest discrepancy between the calculated
and measured pressures occurs near the interface between the
jet and the crossflowing fluid. The numerical inaccuracy may
be induced by the constant velocity jet exit boundary con-
dition imposed in this simulation.

The following flow characteristics are evident from the pres-
sure distribution. First, upstream of the jet exit, there is a
positive pressure gradient. This high pressure region is similar
in area to the positive pressure region upstream of a solid
blockage of the same diameter.!> Next, the largest pressure
gradient occurs close to the side of the jet with the region of
minimum pressure centered approximately 135 deg from the
negative x axis. Although there are also low pressures at the
side of a solid blockage,'* the minimum pressure coefficient
for potential flow around a solid cylinder is only —3 and
occurs along x = 0. Thus, the low pressures near the side of
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the jet are probably due to entrainment and the presence of
the contraordinating vortices near the base of the jet. Finally,
the calculated pressures in the wake are, in general, higher
than the measured pressures.

Examination of the plate pressure distribution for a jet in
a crossflow shows a positive pressure region upstream and a
larger region of negative pressures to the side and downstream
of the jet. If a similar pressure distribution is induced on the
surface of a STOVL aircraft by the lift jets, it is evident from
the contours that the lift would be negative. Further, the
positive upstream pressures and the negative downstream
pressures will create a nose-up pitching moment on the aero-
dynamic surface. Both of these trends are also noted for STOVL
aircraft.!

Flow in Cross Sections

The most natural way to examine the contrarotating vortex
pair is in a cross section that is oriented perpendicular to the
jet plume. A cross section is described by specifying its in-

49
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Fig. 8 Flow in a cross section perpendicular to the jet plume: contours
of constant u,/u, are superimposed on the vectors (v, + w,)u_ for R
= 4; (x,7) = (4.16, 2.03); ¢ = 32 deg.

JET IN A CROSSFLOW

clination angle ¢, measured in degrees from the negative 2
axis, and the (x,z) location of the origin of the cross-section
coordinate system in the y = 0 plane. For examination, the
computed flow variables are interpolated onto a uniform mesh
in the cross-section plane and resolved into the local coor-
dinate system.

The computed velocity field for one cross section for R =
4 is shown in Fig. 8a and the experimental results of Fearn
and Weston®® are shown in Fig. 8b. The inclination angle is
¢ = 32 deg and the origin of the cross-section coordinate
system is located at (x,z) = (4.16, 2.03). The velocity com-
ponent perpendicular to the cross section is presented as con-
tours of constant u,/u, where u,. is the jet centerline speed
given for the cross section. At selected points within the cross
section, the projection of the velocity vector onto the cross
section, (v, + w,)u,, is presented.

The cross-section velocity plots show the flow structure in
the jet plume, and although there are differences in detail, it
is evident that the computation is describing the major fea-
tures of this flow structure. The contours show some of the
extent of the jet plume and exhibit the characteristic kidney
shape attributed to a jet in a crossflow. In addition, these
contours can be used to locate the jet centerline. The velocity
vector projections indicate that a pair of contrarotating vor-
tices is a significant feature of the flow.

Diffuse Vortex Method

The computed velocity field is analyzed using the diffuse
vortex method described by Fearn and Weston!” so that a
comparison of the global vortex properties can be made be-
tween the computation and the experiment. In the diffuse
vortex method, it is assumed that each vortex is composed of
a Gaussian distribution of vorticity. Then, the location, strength
and diffuseness of the vortex pair are determined from all of
the input upwash velocities within a vortex cross section. The
diffuse vortex method is a two-dimensional model and only
describes the vorticity component that is perpendicular to the
cross section. Thus, the numerical values that are inferred for
the vortex parameters should be considered as a rough de-
scription of the streamwise vorticity. In the region of the jet
plume far from the jet exit, the results of the diffuse vortex
method are not sensitive to relatively small changes in the
cross-section angle.

The results of the diffuse vortex method analysis for several
vortex cross sections are displayed graphically in Figs. 9 to-
gether with the results of Refs. 17 and 41. The vortex pen-
etration for R = 4 and 6 is shown in Fig. 9a. Figure 9b presents
the vortex half-spacing, and Fig. 9c presents the vortex strength.
The vortex strength is nondimensionalized by the value ob-
tained for a roll-up of the vorticity associated with two-di-
mensional potential flow around a circular cylinder, into a
contrarotating vortex pair as described by Chang.*

The vortex penetration curves for both the R = 4 and 6
jets computed on the fine grid are within 30% of a jet diameter
of the experimental curve. In each case, the curve for the
computed data is closer to the plate than the experimental
curve and shows less curvature. Further, the computed data
predicts that the vortices have less separation than in the
experiment, as indicated by the lower, flatter curves in Fig.
9b. Although the vortex penetration is highly dependent on
the effective velocity ratio, the vortex separation is only weakly
related to it. In addition to being closer together and closer
to the plate, the vortex strength plotted in Fig. 9¢c for the
computed flows is approximately 10% below the vortex strength
that was inferred for the experiment at x = 3.0 and is nearly
40% greater than the experiment at x = 10.0.

Examination of Fig. 9a—c shows that grid resolution affects
the properties of the contrarotating vortex pair. In short, the
R = 4 coarse grid solution is more diffuse than both the
experimental flow and the fine grid computation. Although
the numerical diffusion is reduced as the mesh is refined,
either turbulence modeling is needed to adjust the diffusion
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Fig. 9 Properties of the contrarotating vortex pair.

rate or some of the viscous terms that are neglectedy in the
thin-layer assumption must be included in the calculation to
provide better agreement with the physical flow.

Flow Visualization

Streamlines

Flow visualization of the computed results is accomplished
by constructing particle traces on a graphics workstation. For
steady flows, particle traces or equivalently, three-dimen-
sional streamlines, are computed by releasing a particle that
moves with the local fluid velocity originating from selected
spatial locations. The computed streamlines for the case R =
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6 are shown in Fig. 10a. Particles are released both upstream
of the jet within the boundary layer at a height of 0.005 D
and from within the jet exit itself.

Fluid from the jet exit, which will be referred to as jet fluid,
exhausts into the flowfield and is deflected by the freestream.
The fluid on the upstream part of the jet undergoes rapid,
viscous interaction with the freestream. In contrast, the fluid
on the aft part follows a more vertical trajectory before being
deflected. The pressure imbalance resulting from the rela-
tively high pressure upstream of the jet and the low pressure
wake region behind the jet contributes to the curvature of
the streamlines. It is interesting to note that the streamline
emanating from the center of the jet orifice coincides with
the jet centerline computed using the definition stated earlier
in this paper. This confirms that the jet trajectory determined
through flow visualization techniques, such as the water in-
jection method used by Margason,'® corresponds closely to
the jet centerline.

a) Particles are released within the boundary layer upstream of the
jet and within the jet exit

“/

b) Surface streamlines at height 0.005 D
Fig. 10 Particle traces for R = 6.
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The boundary-layer fluid approaches the jet, moves around
it staying relatively close to the plate, and some of the fluid
is swept up into the aft side of the jet plume, which consists
of the original jet fluid together with entrained boundary-
layer and freestream fluid. The boundary-layer fluid that re-
verses and moves between the two vortex cores is drawn into
the low pressure region in the jet plume close to the aft side
of the jet. Finally, some of the deflected boundary-layer fluid
continues moving downstream before being caught up in the
jet plume. This feature is emphasized in flow visualization
studies by ONERA..1¢

Surface Streamlines

Surface streamlines are constructed by restricting particles to
the plane just above the flat plate; that is, the normal velocity
component is set to zero during the time integration. These
surface streamlines, which are analogous to the surface shear
stress lines that are seen in surface oil flow visualization ex-
periments, describe the steady flow characteristics within the
boundary layer of the plate. In Fig. 10b, the surface stream-
lines taken at a height 0.005 D above the plate for R = 6 are
shown. The freestream flow decelerates upstream of the jet
exit due to the presence of the jet and then accelerates around
the jet. Some of the surface streamlines bend in toward the
jet and seem to terminate at the edge of the orifice. Other
streamlines are deflected around the jet periphery and into
the boundary of the wake region downstream of the jet exit.
Within the wake region, some fluid moves upstream, toward
the jet exit. Directly behind the reverse flow region, wake
flow moves away from the jet and into the wake boundary,
which may consist of a horseshoe vortex formed around the
jet core. Further details of the surface flow topology are ex-
amined in Ref. 7.

Conclusions

The accuracy of a three-dimensional, thin-layer Navier-Stokes
code applied to a jet in a crossflow was evaluated through
comparisons with experimental measurements. It was found
that the jet centerline can be predicted accurately with a small
number of grid points and is relatively insensitive to viscous
effects. With the exception of rapid pressure recovery in the
wake, the general trends of the plate pressure distribution
matched the experiment. Overall, reasonable agreement was
demonstrated between the computation and the experiment
for the vortex strength, location, and diffusivity calculated
using the diffuse vortex method. The flow visualization showed
that the jet centerline is comprised primarily of original jet
fluid, whereas the cores of the contrarotating vortices contain
fluid that originated within the flat plate boundary layer as
well as jet and freestream fluid. This method provides an
adequate model for the global characteristics of the flowfield
but is not capable of describing finer scale flow features such
as the upstream separation vortex or the detailed wake struc-
ture, which would require grid refinements, full Navier-Stokes
equations, and turbulence modeling.
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