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Investigation of Turbulent Jet Impingement in a
Confined Crossflow

G. D. Catalano,* K. S. Chang,t and J. A. Mathist
Louisiana State University, Baton Rouge, Louisiana

Measurements and computations are reported for the flow of a turbulent jet discharging into a crossflow confined
between two parallel plates. For jet-to-crossflow velocity ratios R equal to 2 and 4, mean and fluctuating velocity
components are measured by laser-Doppler anemometry. Calculated results are obtained by solving the steady,
three-dimensional elliptic forms of the Reynolds equations coupled with the two-equation k —z model of turbulence.
Comparison of calculated results with experimental data shows good agreement in the downstream region but only
fair agreement in the initial region. Results also show that impingement of the jet on the opposite wall occurs at

a velocity ratio of R =4.

Nomenclature
C = species concentration
(o = species concentration at the jet entrance

= constants in turbulence model
=jet diameter at the injection
d; = fringe spacing

d,, = probe-volume diameter

H = channel spacing

k = turbulent kinetic energy

Ly = probe-volume length

P = effective pressure, p + 2/3 pk
P = pressure

R = velocity ratio, V,/U,

U,V,W  =mean velocity components

u,o,W = fluctuating velocity components

U, = cross stream velocity (tunnel flow speed)
vV, = jet injection velocity

XY,z = Cartesian coordinates

y* = dimensionless value of y( = pk'?c}/*y/u)
I'e = diffusion coefficient

€ = dissipation rate of k

0 = beam-intersection angle

A = underrelaxation factor

Aaser = wavelength of laser beam

u = molecular viscosity

0] = general dependent variable

p = density

ar,0,,0, = turbulent Prandtl/Schmidt numbers
» = x-direction mean vorticity
) =rms of quantity

Introduction

HE flowfield produced by a single jet discharging into a
unbounded crossflow has been examined by many investi-
gators including Crabb et al.,! who also provided an extensive
review of earlier work. One important feature of the jet in a
cross stream is the deflection of the jet trajectory and the
creation of a bluff body wake in the cross stream. Another
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feature of the flowfield is the production of a pair of counter-
rotating vortices created by the shear along the edges of the
jet. If the velocity ratio is large enough to permit impingement
on the opposite plate, additional complexities arise in the
flowfield. The effect of the confining surface is examined in
this work.

Turbulent jets in confined crossflows have received consid-
erably less attention. Such configurations are relevant for
many practical applications such as gas-turbine combustors,
the internal cooling of turbine blades, and V/STOL aerody-
namics. Stoy and Ben-Haim? reported measurements of jet
trajectories for a single blockage ratio (H/D =3.05) and
provided empirical correlations of the impingement point in
terms of the velocity ratios for 2.5 < R <7.0. Holdeman and
Walker? investigated a geometry relevant to diffusion air jets
in gas-turbine combustion chambers. Their measurements
encompassed temperature fields for both a single jet and a
row of jets in a confined crossflow. This data was then used to
develop correlations characterizing the behavior of the jet in
terms of flow and geometric variables. Kamotani and Greber*
presented both velocity and temperature measurements of a
single jet, a row of jets, and two opposing jets in a crossflow.
The experiments were performed over a wide range of velocity
ratios and geometric variables. So far, no documentation of
turbulent quantities for the confined problem have been pro-
vided.

This paper presents both numerical calculations and exper-
imental results for the mean and fluctuating velocity compo-
nents and scalar fields of the confined problem for
jet-to-crossflow velocity ratios R of 2 and 4 at a fixed spacing
between two parallel plates (H/D = 10). The aim of this study
is to provide reliable measurements of the turbulent flowfield
for test cases of the present calculation procedure and, as a
consequence, to increase our understanding and ability to
predict this complex flow.

The mean and fluctuating velocities were recorded with a
laser-Doppler anemometer (LDA) system adapted for the
measurement of highly turbulent flows and recirculating
flows. Such a system allows highly accurate, nonintrusive
measurements. The calculation procedure employed a finite-
difference scheme for the solution of the three-dimensional
elliptic forms of the Reynolds equations. The Reynolds
stresses appearing in the time-averaged equations are calcu-
lated by the two-equation model of turbulence in which the
transport equations are solved for the turbulent kinetic energy
k and its dissipation rate &.
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Mathematical Model

Governing Equations

The flowfield under consideration is governed by the fully
three-dimensional forms of the partial differential transport
equations for mass, momentum, and species. Most current
turbulence models rely on the solution of the Reynolds-aver-
aged equations in which the dependent variables are decom-
posed into time-averaged and fluctuating components. The
time-averaged equations are exact, since no assumptions have
been introduced in their derivation. However, they cannot be
solved, because the stress terms (usually called the Reynolds
stresses) arising from the turbulent motion appear as addi-
tional unknowns. Accordingly, additional assumptions re-
garding the relationship between the Reynolds stresses and
the time mean variables must be incorporated into the turbu-
lence model. In the k—¢ model, the Reynolds stresses are
related to the mean rate of strain via the Boussinesq eddy-vis-
cosity concept. The turbulent or eddy viscosity is expressed in
terms of the turbulent kinetic energy k and its dissipation rate
e. The standard version of the k—¢ model proposed by
Launder and Spalding® is used for the calculation procedure.
In Cartesian tensor notation, the governing equations may be
written in the following general form:

d i) oo
o, (pU; @) = o, (Fmaxj) +So (N

Equations for continuity, momentum, species concentra-
tion, turbulent kinetic energy, and dissipation rate of turbu-
lent kinetic energy are presented in Table 1, in terms of a
general dependent variable @, a diffusion coefficient I'y, and a
source term Sy.

Table 1. Governing equations®
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Ui=123 H — OP[0x; + 0/0x;[(1(0U,/0x,)]
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"P=p+2/3 pk; G =p,[(0U,/0x) + @U,/6x)l0UJ0x,); and pi, = c,pok?)e.
¢, =00906,=09,¢c,=144; and ¢, =192, 5, =10, 6, =1.3.

Calculation Method

The flow geometry under consideration and the coordinate
system used is shown in Fig. 1. The flow is symmetric about
the x—y plane (z =0). Computational results are obtained
using a revision of the SIMPLE algorithm.¢

"The computations were executed on an IBM 3090 computer
at Louisiana State University. A typical calculation using
20 x 15 x 15 nodes required approximately 250 iterations and
14 min of CPU time. Computer storage limitations in the
three-dimensional calculation necessitate the use of a rela-
tively coarse grid distribution. With the variations of the
dependent variables between grid points in the convection-
diffusion problems exhibiting an exponential behavior, a trun-
cated Taylor series in an upwind or central-difference scheme
fails to be an adequate representation except for fine grid size.
The power-law scheme adapted in this work provides an
acceptable representation of the exponential behavior and
therefore minimizes false diffusion. Demuren’ provides esti-
mation methods of false diffusion in three-dimensional calcu-
lations. However, for the present work, with the computer
storage available at this time, it is difficult to refine the
finite-difference grid further. There are, however, indications
that the results are grid dependent, as the contour shapes are
repeatable with a coarser grid size (15 x 10 x 10) but the

1531

WIND TUNNEL CROSS-SECTION 45 CM x 60 CM

[ [

vy, < i
o y
- z H
D™ L x i
< . /i I‘\
\ TR
| —
qi )
CJ VJ | i
FREQUENCY | |-
CRT SHIFTER PMT R
1 } \ BRAGG
APII’)I(':E T Ua/pH TRACKER CELL

;_“‘L—l ]
—L——% =
DRIVER | pvM| [RMS @

 —— |
=

Fig. 1 Schematic diagram of experimental setup.

magnitude of, for example, the x component of mean velocity
may vary up to 10%.

At each iteration, it is necessary to cmploy under-
relaxation when solving the algebraic equations (i.e.,
O=A0,, + (1 — )®,4). The number of iterations and the
stability/divergence of the solutions are directly affected by
the value of the underrelaxation factor A. Typical values of A
used are A =02 to 0.4 for the velocity components and
A =10.5 for all scalar variables. The iteration terminates when
the normalized sum of the mass source, which is a representa-
tion of the error in the mass conservation equation, is less
than 10~° and the variations of all the dependent variables
between two successive iterations are less than 0.1%.

Boundary Conditions

All of the dependent variables must be specified at the
inflow boundary and the jet exit. The boundary conditions are
prescribed, when possible, from the experimental measure-
ments. This data includes the x-component velocity at the
upstream boundary and the y-component velocity at the jet
exit.

1) At the upstream boundary, U=U,, V=W =C =0,
k =0.003U3, and & = k*2/0.06 H, where the turbulent field is
assumed isotropic.

2) At the jet exit, V=V, U=W=0, C=10,
k =0.002V3, and ¢ = k*?/0.6D, where k = (v + 2u?)/2, and
assumes a homogeneous flow in the x and z directions.

At the downstream plane, the gradients of all of the depen-
dent variables in the x direction are equal to zero. Practically,
the location of the downstream edge was adjusted such that
local variations of dependent variables are small, for example,
less than 1% of those of the inlet stream. This fully developed
condition was achieved at x/D =24 for R=2 and at x/
D =32 for R =4. At the symmetric plane, the normal gradi-
ents of all of the dependent variables except the normal
velocity component are taken to be zero; the normal velocity
is taken to be zero (W =0).

The location of the grid line nearest the wall is adjusted
such that all of the grid points on the line occur in the fully
turbulent region (11 < y* < 300) where the logarithmic wall
law profiles are valid. A two-layer model of the wall-function
method proposed by Chieng and Launder® is employed. In
this method, the dependent variables are patched onto the
wall law profiles and the mean generation rate and the
dissipation rate in the kinetic energy equation are evaluated
by accounting for the local variations of the turbulent quanti-
ties near the wall.
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The half-circular nozzle in the bottom plate is presented in
the Cartesian coordinate system by eight rectangular cells.
The cell’s surface areas are modified so that the specified jet
velocity produces the correct mass fluxes through the surface.

Experimental Setup and Measurement System

The experiments are performed in a subsonic wind tunnel in
the Experimental Fluid Dynamics Laboratory of the Mechan-
ical Engineering Department at Louisiana State University.
The dimensions of the test section are 60-cm wide, 45-cm
high, and 180-cm long. The nearly uniform flow in the test
section is attained by routing the airflow through a 12:1
contraction section and flow-straightening honeycomb tubes.
The freestream turbulent intensity is less than 0.8% in the
range of tunnel velocities (9.5-50.0 m/s). Optical access for
the LDA measurements is provided through a removable
plexiglass wall in the test section.

The jet stream is supplied from the laboratory’s compressed
air system and adjusted by a high-precision pressure regula-
tor. In order to minimize the effect of the tunnel wall
boundary layer, the jet exit is mounted flush onto a plate
placed 12 cm above the bottom wall of the tunnel and the jet
is aligned with the test section centerline. The maximum
obtainable jet velocity is approximately 50.0 m/s and the
corresponding Reynolds number based on the 1.27-cm jet
diameter is 3.9 x 10,

The near-exit plane mean velocity profiles of the jet flowfi-
eld are presented in Fig. 2 for R =2 and R =4. The turbulent
intensities §/V, are equal to 5.0% for the lower value of R and
equal to 1.4% for the higher value. Although not described
here, the autospectra of the jet exit field did not exhibit a
potential core behavior for R =2.
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Fig. 2 Free jet mean velocity profiles at y/D =1.0 and x/D = 0.0.

The velocity-ratio values are achieved by adjustment of the
compressed-air-line pressure regulator on the jet flow system
while keeping the tunnel flow fixed at 9.5 m/s. The assumption
of symmetry of the entire flowfield about the plane z = 0 was
also validated. In the work presented here, all of the experi-
mental data was obtained in the plane of symmetry.

The details of the LDA setup are as follows:

Beam-intersection angle, § = 7.25 deg

Fringe spacing, d,=5 pm

Probe-volume diameter, d,, = 0.25 mm
Probe-volume length, /,, = 3.6 mm

He—Ne laser rated at 15 mW, A, = 632.8 nm

The jet stream and the freestream are seeded with olive-oil
particles using an aerosol generator. The mean oil-droplet
diameter is estimated to range from 0.8—3.0 um. This particle-
diameter range is appropriate to follow airflows where turbu-
lence frequencies exceed 1 kHz.®
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The Doppler signal from the detector (Photomultiplier) is
analyzed by a TSI LDA Tracker System Type 1090. Note that
both the jet and the crossflow are marked, thus enabling the
use of the tracker processor. The signals are first amplified to
an optimum signal-to-noise ratio and passed through se-
lectable bandpass filters prior to the signal analysis. The
tracker, which is a phase-locked-loop (PLL) device, converts
the Doppler signal into a continuous velocity signal as long as
at least one particle is present in the probe volume at every
time. At the low particle arrival rate, the continuous signal is
attained by a sample-and-hold circuit of the tracker, which
holds the previous reading until a new valid signal is retrieved.
The resulting instantaneous velocity signal from the tracker is
analyzed by an Apple Ile microcomputer after conversion
from analog signal to digital signal. Direct current and rms
voltmeters are used for the data validation. Mean and rms
velocities are averaged using more than 10° data points with a
data rate equal to 2kHz. The data is also corrected for
velocity bias. All of the experimental results are repeatable
within 5%.

When measuring the vertical velocity component and the
Reynolds stresses, the optical system is rotated - 30 deg in the
x—y plane. The Reynolds stresses are calculated by averaging
the projections of the velocity fluctuations in the plane.

Results and Discussions

The jet-to-cross-stream velocity ratios (R) investigated were
2 and 4. The spacing between the parallel plates is fixed at 10
jet diameters and each side wall is located 15 jet diameters
from the jet center. Figure 3 shows isocontour plots of the
nondimensionalized species concentration C/C; in the plane
of symmetry. The contours indicate the extent of the penetra-
tion of the marked jet particles into the outer stream. With the
presentation of the isocontours, the line S of maximum maxi-
morum (i.e., maximum of maximums) is identified. From this
line, a qualitative representation of the flowfield is achieved
including the extent of the jet deflection and the existence of
impingement. Note that impingement does not occur for
R =2. Total mean velocity vectors in the plane of symmetry
of the flowfield are shown in Fig. 4. With R = 4, significant
upward motion continues farther downstream. For the case of
R =2, the jet is deflected downward near the jet discharge and
more rapidly aligned with the cross stream. Note the wake
regions in the outer flow immediately upstream and down-
stream of the jet entrance.

The predicted isocontours of the scalar field at three trans-
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Fig. 3 Dimensionless scalar field C/C, and line of maximum
maximorum, S, in x—y plane (z=0): a) R=2; and b) R =4.
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Fig. 5 Scalar field C/C, in y—z plane at several downstream locations:
a) R=2;and b) R =4,

verse cross sections downstream are presented in Fig. 5 for
both the velocity ratios of 2 and 4. The top wall is not shown
for R =2 (Fig. 5a). The results indicate that the diffusion
characteristics of the jet stream strongly depend on the veloc-
ity ratio. For the lower velocity ratio, the jet is deflected
rapidly by the influence of the cross-stream momentum. The
jet stream is convected downstream and diffuses out in both
the vertical and transverse directions (y and z directions,
respectively). In the case of the higher velocity ratio, the jet
stream directly impinges on the opposite plate and diffuses
more rapidly in the side direction (z direction). The kidney-
shaped cross section of the jet is clearly seen as the jet
develops downstream. The point of the maximum scalar value
occurs on the top wall and along the centerline after the
impingement.
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Fig. 6 Streamwise component of mean velocity contours, U[/U, in y—z
plane: a) R=2; and b) R =4.

Figure 6 shows contours of the x-direction mean velocity in
the y—z planes at two downstream locations. The velocity is
nondimensionalized with the cross-stream velocity. In the
initial region, the crossflow is accelerated around the edge of
the jet and produces a velocity maxima near side of the jet
discharge. In Fig. 6, the jet stream gradually gains axial-direc-
tion momentum as it is convected downstream. Note that the
cross stream is deflected sideways in the initial region. This
cross stream then accelerates the jet stream from the edges of
the jet cross section after the jet is aligned with the cross
stream.

As mentioned previously, a major feature of a jet in a
crossflow is the production of the counter-rotating vortices,
which are created by the shear along the edge of the jet.
Numerical calculations of this study predict the vortex pro-
duction (Fig. 7). The streamwise component of mean vortices
is calculated from the velocity vectors in the cross-section
planes. Here, the vorticity is defined as follows:

_aW[Uy) a(V|Uy)
3y/D) ~ /D)

Only the vortices in the half-plane extending from the sym-
metric plane are presented. The opposite half-plane can be
visualized with an opposite sign of the vortex strength. The
core of the vortex structure in each plane is seen to propagate
towards the upper surface as it is convected downstream. The
cross-sectional shape of the vortex structure seems to be simi-
lar to that of the scalar field drawn in the same cross-section
planes (see Fig. 5) except for the wake formed near the
bottom wall. It is interesting to note that the vortex structure
still exists after the jet impinges on the wall (Fig. 7b).

Two components of mean velocity are compared with
experimental results at four downstream locations in the x—y
plane (Figs. 8 and 9). The results show that agreement is

2 (2)
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generally fair. The main discrepancy, however, is the axial-di-
rection velocity component U, especially in the upstream
regions where the flow exhibits strong anisotropy. The stream-
wise component velocity profiles both at R=2 and R=4
clearly show wake behavior of the flow behind the jet and
close to the wall. The wake region is induced by the backflow
of the cross stream into the low-pressure region immediately
downstream of the jet discharge. The wake region extends
downstream but “lifts off” from the lower wall due to the
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Fig. 7 Streamwise component of mean vorticity contours, Q_ = [o(W[
U)o [D)] — [6(V[Up)[é(z/D)]: a) R =2; and b) R =4.

Fig. 8 Comparison between predicted profiles and experimental data in
x—y plane at R = 2. @, measurement and —, prediction: a) U/U,; and
b) VIV,.
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strong inflow of the cross stream towards the symmetric
plane. This inward motion carries high-momentum fluid from
the cross stream to the symmetric plane. Therefore, the axial-
component velocity profiles gradually smooth out down-
stream.

Measurements of the turbulent distributions are presented
in Fig. 10 for R =4 at four downstream locations in the x—y
plane. The turbulent shear stress uv are compared with the
calculation of the k-¢ model. Again the agreement is less in
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Fig. 9 Comparison between predicted profiles and experimental data in
x~y plane at R = 4. @, measurement and —, prediction: a) U/U,; and
b VIV,
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the initial region. Moving downstream there is a tendency
towards an isotropic flow and the agreement improves. The
position of the maximum # and wv profiles corresponds ap-
proximately to the center of the jet cross section where the
velocity gradients 0U/0X and dU/0Y are maximum. The &
profile maximum corresponds to the edges of the jet where
0V /0Y is maximum. Recalling from the turbulent and mean
kinetic energy equation, the maximum transfer energy from
the mean flow to the turbulent flow occurs when |pu,u;||0U, /
6Xj| is maximum. Thus, the turbulent intensities which are an
indication of the level of turbulence will be a maximum when
the Reynolds stresses and mean velocity gradient are maxi-
mum.

Summary

The present computational and experimental investigation
demonstrates the validity of the following observations:

1) The jet trajectory and the existence of impingement are
strongly dependent on the velocity ratio. For R=2, no
impingement occurs for a plate separation of ten jet diame-
ters.

2) The cross stream is deflected laterally in the region near
the jet entrance. The jet is deflected downward by the total
pressure forces. The high shear around the jet edges in the
near field results in a double vortex structure. The vortex
structure extends far downstream.

3) A wake region exists immediately downstream of the jet
discharge, but “lifts off” from the lower wall due to the strong
inflow of the cross stream towards the symmetric plane.

4) The turbulence field is highly anisotropic in the initial
region, although there is tendency towards isotropy further
downstream.

5) The two-equation model of turbulence, with comparison
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to experimental data, predicts the flow downstream accurately
but exhibits only fair agreement in the initial region where the
flow is highly anisotropic.
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