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Impingement of Single and Twin Turbulent
Jets Through a Crossflow

J. M. M. Barata,* D. F. G. Dur2o,t and M. V. Heitor*
Instituto Superior Tecnico, 1096 Lisbon, Portugal

and
J. J. McGuirkJ

Imperial College of Science and Technology, London, SW7 2BX England, United Kingdom

Laser-Doppler measurements of velocity characteristics of the flowfield resulting from the impingement of
single and twin jets against a wall through a low-velocity crossflow are presented and discussed together with
visualization of the flow. The experiments have been carried out for a velocity ratio between the jets and the
crossflow of 30, for a Reynolds number based on the jet exit Rej between 60,000 and 105,000, and for the jet exit
5 jet diameters above the ground plate. In addition, calculations based on a two-equation turbulence model are
presented for the three-dimensional flow characterized by the measurements, and comparison between ex-
perimental and numerical results show that the mean flowfield is well predicted. The calculation of the turbulent
field requires, however, consideration of the individual stresses.

Nomenclature
D = diameter of the jet
H = height of the crossflow channel
k = turbulence kinetic energy
Re = Reynolds number
S = distance between the jet along transversal direction
U = horizontal velocity, U = U + u'
V = vertical velocity, V - V + vf

X = horizontal coordinate (positive in the direction of the
crossflow)

Y = vertical coordinate (positive in the direction of the jet
flow)

Z = transverse coordinate (positive on the right side of
crossflow duct looking upstream)

Subscripts
j =jet exit value
0 = crossflow value

I. Introduction

T HE flow of single or multiple jets issuing into a crossflow
is of great practical relevance in many engineering situa-

tions. Examples are the discharge of exhaust gases from a
chimney into the atmosphere or of waste liquids into water,
film cooling of turbine blades, and dilution jets in gas-turbine
combustors. In addition, if the crossflow is confined and the
jet-to-crossflow velocity ratio is high, further complexity may
be introduced by jet impingement, and the most practical
relevance is to the flow beneath a short takeoff/vertical land-
ing (VSTOL) aircraft close to the ground. In this application,
the lift jets interact strongly with the ground plane and with
the crossflow, forming a ground vortex that wraps around the
impingement regions and an upwash fountain resulting from
the collision of the wall jets. These phenomena can lead to en-
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gine thrust losses following reingestion of the exhaust gases, to
oscillations in the pitching and rolling moments, and to en-
hanced entrainment close to the ground (suckdown).

The study of impinging jets through a crossflow provides a
basis for understanding the essential dynamics of these com-
plex engineering situations. Here, detailed laser-Doppler
measurements of typical single and twin jets against a wall
through a low-velocity crossflow are presented because they
are essential to improve understanding of the structure of the
comparatively more complex practical flowfields and to allow
the validation of numerical methods used to simulate those
practical flows. The measurements were obtained in a water
flow rig under isothermal conditions, and although they do
not represent the compressibility effects and coupling of the
energy equation that are present in the actual situation, they
do allow the analysis of the turbulence structure of the flows
under consideration and provide an optimum test case to vali-
date the physical modeling of the turbulent structure of
VSTOL applications. The results are used to validate numeri-
cal calculations of the flow, which are then used to extend the
experimental analysis of the entire flowfield.

The present work follows that for single impinging jets pre-
sented in Refs. 1 and 2, which have first addressed the ques-
tion of the lack of available data on impinging jets through a
crossflow for low impingement heights. Detailed measure-
ments complemented by a numerical analysis of the flow were
presented for velocity ratios between the jet and the crossflow
between 30 and 73 and for an impinging height of 5 jet di-
ameters. Previous measurements of the flow properties of
twin-jet fountain flows are even more scarce than those of sin-
gle impinging jets and, again, have only been presented in the
absence of crossflow. The most relevant works are reviewed in
Ref. 3 and, in general, show that upwash flows are char-
acterized by high turbulence levels and considerably large
mixing-layer growth rates compared to conventional turbulent
shear flows, e.g., Refs. 4 and 5. However, different interpreta-
tions of the measurements have been presented due to the dif-
ficulty in measuring complex three-dimensional flows using
hot-film and pitot-probe techniques, e.g., Refs. 6 and 7. Only
Ref. 3 reports Laser-Doppler Velocimetry (LDV) measure-
ments, including those of shear stress, for twin axisymmetric
impinging jets with S/D = 9 and 14 and H/D = 3 and 5.5,
but again the existence of a crossflow was not considered.
Those measurements are complemented by the flow visualiza-
tion analysis of Ref. 8 and show a linear spreading of the
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Fig. 1 Diagram of flow configuration (the coordinate system shown
is valid for the twin-jet experiments; for the single-jet case the origin
of the coordinates is taken at the center of the jet).

fountain with a rate independent of the impingement height.
The maximum turbulence intensities were in the range of
50-60%.

Early detailed calculations of impinging jets have only been
attempted for single-jet flows, e.g., Refs. 9 and 10, and the
numerical analysis presented in this paper follows that of Ref.
2, which has shown that higher-order numerical schemes or
very fine meshes have to be used to obtain numerically ac-
curate solutions. This paper presents numerical results for the
twin-jet case using the QUICK scheme to evaluate the convec-
tive terms and examines the computational method perfor-
mance in this type of flow based on detailed measurements.

The next section describes the experimental method and
gives details of the flow configuration, the laser-Doppler velo-
cimeter, and errors incurred in the measurements. Section III
presents and discusses the results, and Section IV summarizes
the main findings and conclusions of this work.

II. Flow Configuration, Experimental Technique, and
Measurement Procedure

The experiments were carried out in a horizontal water
channel 1.50-m long and 0.5-m wide, made of perspex, as
shown schematically in Fig. 1. The apparatus was built to
allow multijet impingement experiments with variable block-
age ratio, H/D, but in the present study single and twin jets of
20-mm exit diameter have been used at a fixed impingement
height of 5 jet diameters. The crossflow duct extends 20Z>
upstream and 55D downstream of the central single-jet entry,
which is located at 12.5D from each side wall. The twin jets
are separated by 5D and are located at 1QD from the nearest
side wall. Each jet unit comprises a nozzle with an area con-
traction ratio of 16 and a settling chamber 0.56-m long, which
begins with a 7-deg flow distributor followed by flow
straighteners. The facility has a recirculating system whereby
both jet and crossflow water is drawn from a discharge tank
and pumped to a constant-head tank or supplied to each jet
unit via control valves. The uniformity of the crossflow was
ensured by straighteners and screens.

The origin of the horizontal X and vertical Y coordinates is
taken at the center of the single-jet exit, or between the twin
jets, in the upper wall of the tunnel: Xis positive in the cross-
flow direction, and Y is positive vertically downward, as
shown in Fig. 1.

The present results were obtained for jet exit mean velocities
between 3 and 5.1 m/s, giving rise to Reynolds numbers based

on the jet exit conditions between 60,000 and 105,000. The
nozzle exit turbulence intensity was measured to be approx-
imately 2%. For twin-jet flows, the two jets were carefully set
at equal strengths. The crossflow mean velocities were set to
give rise to velocity ratios between the jet and the crossflow of
Vj/U0 = 30 for all the flows studied to allow the simulation of
practical VSTOL applications. Measurements obtained in the
crossflow without the jet have shown that the local turbulence
intensity of the crossflow is about 18% and that the wall
boundary layer in the jets impingement regions has a uniform
thickness around 10 mm.

Flow visualization has been conducted using air bubbles as
tracer particles or by introducing a fluorescent dye into the jet
flow. Illumination of the flow was achieved by a sheet of light,
about 2-mm thick, obtained by spreading a laser beam (argon-
ion, 2 W, at 488 nm) with a cylindrical lens.

The experimental equipment and measurement procedure
used in this study have been explained in detail in Ref. 1, and
only a brief description will be given here. The velocity field
was measured by a dual-beam, forward-scatter laser velo-
cimeter, which comprised an argon-ion laser operated at a
wavelength of 514.5 nm and a nominal power around 1 W.
Sensitivity to the flow direction was provided by light-
frequency shifting from acousto-optic modulation (double
Bragg cells), a 310-mm focal length transmission lens, and
forward-scattered light collected by a 150-mm focal length
lens at a magnification of 0.76. The half angle between the
beams was 3.48 deg (4.64 deg in air), and the calculated
dimensions of the measuring volume at the e~2 intensity loca-
tions were 2.225 and 0.135 mm. The horizontal U and vertical
V mean and turbulent velocity components were determined
by a purpose built frequency counter interfaced with a micro-
processor, as described by Ref. 11. The fluctuating velocity
components were also used, together with those at 45 deg, to
compute the local shear stress distribution u ' v f , as in Ref. 12.
Measurements were obtained up to 2 mm from the ground
plate, with the transmitting optics inclined at half angle of
beam intersection and with the scattered light collected off
axis. Results obtained 20 mm from the ground plate with both
the on-axis and the off-axis arrangements have shown a close
agreement within the precision of the equipment.

Errors incurred in the measurements of velocity by displace-
ment and distortion of the measuring volume due to refraction
on the duct walls and the change in refractive index were
found to be negligibly small and within the accuracy of the
measuring equipment. No corrections were made for sampling
bias, and the systematic errors that could have arisen were
minimized by using high data rates in relation to the funda-
mental velocity fluctuation rate, as suggested by Refs. 13 and
14. Nonturbulent Doppler broadening (systematic) errors due
to gradients of mean velocity across the measuring volume,
e.g., Ref. 12, may affect essentially the variance of the velocity
fluctuations, but for the present experimental conditions these
errors are sufficiently small for their effect to be neglected.
The maximum error is on the order of 10'4F^ and occurs at
the edge of the jet. Transit broadening has been shown by Ref.

crossflow

Fig. 2 Visualization of the up wash flow in the central vertical plane
for the twin-jet configuration for/tey = 105,000, H/D = 5,S/D = 5,
and V/UQ =30.
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a) Mean horizontal velocity U/Vj c) Variance of horizontal velocity fluctuations u'2/Vj2 X IO3
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b) Mean vertical velocity V/V, d) Variance of vertical velocity fluctuations i/'VF,-2 x IO3

Fig. 3 Horizontal profiles of velocity characteristics for twin-jet flow in the transversal vertical plane crossing the center of the jets for Re: -
105,000, Vj/U9 = 30, H/D = 5, and S/D = 5.

15 to be the principal source of error in laser velocimetry; for
the present optical configuration, the related signal-to-noise
ratio is about 69, and the maximum error in the variance of
the velocity fluctuations is on the order of 2 x 10'3 Vj.

The number of individual velocity values used in the experi-
ments to form the averages was always above 10,000. As a
result, the largest statistical (random) errors were 1.5 and
3%, respectively, for the mean and variance values, according
to the analysis referred to in Ref. 16 for a 95% confidence in-
terval.

III. Results and Discussion
The following paragraphs present and discuss the results

under two headings: the first considers flow visualization and

selected laser-Doppler measurements of twin-jet flows from a
more complete set of results; the second compares experimen-
tal results with numerical predictions obtained with a two-
equation turbulence model and the QUICK scheme for single-
and twin-jet flows and presents a numerical analysis of the
fountain flow.

A. Experiments in Twin-Jet Flows
Extensive flow visualization studies were conducted for a

range of single- and twin-jet flow conditions, and here typical
results are presented and discussed for the flow configuration
characterized by Rej = 105,000, F/t/0 = 30, H/D = 5, and
S/D = 5, which provides the basic benchmark data for twin-
jet flows. The results have shown for each jet a pattern similar
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(Continued next page)

Fig. 4 Vertical profiles of mean and turbulent velocity characteristics for twin jets in the vertical plane of symmetry (central plane between the two
jets) for Rej = 105,000, Vj/U9 = 30, H/D = 5, and S/D = 5.
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(Figure 4 continued from previous page.)

to that presented by Ref. 1 for a single impinging jet, compris-
ing an initial potential-core jet region and an impingement re-
gion characterized by considerable deflection of the jet. The
jet becomes almost parallel to the ground plate and originates
a recirculating flow region far upstream of the impinging jet
and an up wash flow equidistant from the two impinging jets
due to the collision of the two radial wall jets. Figure 2 identi-
fies the up wash in the vertical plane of symmetry, which con-
tains a stagnation line, and shows that the up wash directions
in this plane are asymmetric because upstream of the jets, i.e.,
for X< 0, the crossflow increases the inclination of the up-
wash with respect to the ground plane.

Visualization of the flow in the transversal plane containing
the center of the two jets has shown that the fountain behaves
independently of the main jets. A considerable entrainment of
surrounding fluid into the jets and fountain was observed in a
way similar to that described in Ref. 8. Visualization studies
have also shown that lateral-wall effects do not disturb the

fountain up wash flow and, in general, do not affect the con-
clusions to be drawn from this work. It should be recalled that
one of the main purposes of the present experiments is to vali-
date computer codes, which have to assume lateral boundary
conditions similar to those of the experiments.

Figures 3 and 4 show sample laser-Doppler measurements
of mean and turbulent velocities obtained in the vertical plane
crossing the center of the jets and in the vertical plane of sym-
metry. The results quantify the earlier description of the flow
and are analyzed in the following paragraphs.

Figure 3 shows horizontal transversal profiles of axial (/and
vertical V mean velocity components in the vicinity of the
ground plane, i.e., Y/D >3, and quantifies the development
of the impinging jets and of the central fountain upwash flow.
The measurements, particularly those of the vertical velocity
component, clearly identify a centrally located fountain rising
from the ground plate without interference from the main jets,
as it occurs in practical VSTOL applications. This shows that



600 BARATA, DURAO, HEITOR, AND McGUIRK AIAA JOURNAL

the inter jet spacing S used in the present experiments is large
enough to avoid a sensible deflection of the jets perpendicular
to the crossflow. The symmetry of the flow about the central
plane between the two jets is also clearly demonstrated in Fig.
3 along the horizontal profiles obtained at Y/D = 4. This
symmetry in the data distributions indicates the precise match-
ing of the strength of the two jets.

The profiles of the horizontal velocity U at Y/D = 3 and 4
show peaks along the jet boundaries, which are considerably
smaller in magnitude (about 0.4% Vj) and may be associated
with the transversal recirculatory flows originated by the cen-
tral and lateral collisions of the wall jets. It should be noted
that measurements obtained 2 mm downstream of the jet exit
have established precise boundary conditions typical of a
potential core jet flow with zero mean horizontal velocities.
Based on the detailed measurements of Ref. 2 for single impin-
ging jets for VJ/UQ = 30, it is observed that the influence of
the ground plate on the jet flows and the impinging region ex-
tend to about 3D and ID above the plate, respectively.

The deflection of the impinging jets by the crossflow is here
identified close to the ground plate, i.e., Y/D = _4.75, by the
negatiye values of the mean horizontal velocity U at the geo-
metrical axis of the jet, i.e., Z/D = ?.5. The negative values
of U at Z = 0 are a consequence of the longitudinal (i.e.,
along X direction) asymmetry of the fountain flow discussed
above and indicates that the central stagnation point is dis-
placed downstream by the crossflow. These features of the
mean flowfield can be readily analyzed by the vertical profiles
of the mean axial velocity, shown in Fig. 4a: the values at X =
0 are negative along the full profile and, in particular, the pro-
files at X/D = ±1.5 are asymmetric with increased absolute
magnitudes for X< 0.

Analysis of the upwash flow shows that along any horizon-
tal profile in the central plane of symmetry, the mean axial
velocities increase in absolute magnitude at least up to X/D =
±2.7 and then decay with increased rates closer to the ground
plate. The vertical velocities show maximum upward values
around the central stagnation zone and then decay mono-
tonically to zero with X. At X/D. = 8, the maximum upward
vertical velocities increase with the distance to the ground
plate and are below 0.08 Vj. In agreement with the proceeding
qualitative analysis, the distributions of the mean velocity
components are asymmetric with respect to X = 0, with
higher upward vertical velocities upstream of the jets. For ex-
ample, at X/D = -4, the inclination of the mean velocity
vector reaches values three times larger than that at X/D
= +4.

Figures 3c, 3d, 4c, and 4djshow hojizontal and vertical pro-
files of the normal stresses u'2 and v'2 and show two regions
of intense velocity fluctuations, namely the shear layer sur-
rounding the impinging jets and the fountain upwash flow,
with maximum values similar to those found by Ref. 3 in the
absence of crossflow. Based on the previous measurements for
single impinging jets in Ref. 2, a third region of high velocity
fluctuations occur around the two impingement zones. These
three regions are characterized by the highest mean velocity
gradients and are associated with near-Gaussian velocity prob-
ability distributions, suggesting the absence of discrete fre-
quency oscillations. The development of the horizontal pro-
files of Figs. 3c and 3d quantify the turbulent diffusion along
the jets: the peaks of the normal stresses spread along the jet,
and the minima in the center of the jets increase in magnitude
as Finer eases. The consistent asymmetry of the distributions
of the normal stresses along the jets is probably associated
with convection from the highly turbulent upwash flow, which
exhibits maximum fluctuating values close to the ground
plate.

The flow is anisotropic in that, with exception of the initial
potential core, v'2 is largest around the jet and in the upwash
flow, with vTTVvTT^ >0.6 whereas, following Ref. 2, u^- is
largest along the wall jets, with VtFWT;^<1.4. The ani-
sotropy of the upwash flow is particularly observed along the

verticaljriane of symmetry; see Fig. 4e. Close to the ground
plate, u'2 is largest, with VTPVVTT^ = 1.8 at X/D = ±4
whereas ,_away from the ground plate and downstream of X/D
= +4, v'2 is largest with ^Tu^/^Tv^ = 0.65 at X/D = Q.

Figure 4f shows profiles of Reynolds shear stress along the
central vertical plane, which are consistent with the longitudi-
nal asymmetry of the upwash flow and, in general, with the
direction of the mean flow. For X<0, the shear stress is posi-
tive because faster moving elements of upward fluid (v' < 0)
tend to move far upstream (uf <0). Similarly, the shear stress
downstream of the jets, i.e. X> 0, is negative because there the
upward movement of fluid particles is associated with positive
axial velocity fluctuations.

The distribution of shear stress away from the fountain up-
wash flow may be analyzed on the basis of the results of Ref.
1. The impinging jets and the radial wall jets are dominated by
the mean strains dU/dYand dV/dX, respectively, and the sign
of the shear stress is related to that of each shear strain in ac-
cordance with a turbulent viscosity hypothesis. Around the
impinging point, the values of the mean strains have the same
order of magnitude3 because the flow is subject to strong sta-
bilizing curvature,17'18 and the gradient diffusion approxima-
tion does not represent the flow. The maximum values of the
correlation coefficient of shear stress occur along the imping-
ing wall jets and are about 0.55 and, therefore, close to the
values found in undisturbed shear layers. In the impingement
region, the correlation coefficient is below 0.2.

The present results extend those analyses to the fountain up-
wash flow, which is again subject to strong curvature effects
and influenced not only by the competing magnitudes of the
mean strains dU/dY and dV/dX but also by extra rates of
strain. The shear stress around the stagnation point is close to
zero in zones of zero shear strain, and the high turbulence
levels measured there may be explained by the interaction of
normal stresses and normal strains. In general, the results re-
ported here suggest that the calculation of the turbulent struc-

a) Flow visualization using air bubbles as tracer particles

X/D -T6 -14 -12 - 1 0 - 8 - 6 - 4 - 2 0 2 4 6 8 10 12 14

b) Measured streaklines over 0.2 s

-16 -14 -12 -10 -8 - 6 - 4 - 2 10 12 14

c) Calculated streaklines over 0.2 s using the higher-order QUICK nu-
merical scheme together with the k - e model of turbulence in a mesh
of 30 X 17 x 17
Fig. 5 Experimental and numerical analysis of the single-jet flow in
the vertical plane of symmetry for Re* = 60,000, Vf/U0 = 30, and
H/D = 5.
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ture of the upwash flow requires consideration of the indivi-
dual stresses.

The nature of the turbulent structure of the upwash flow
can be readily analyzed from the values of typical structure pa-
rameters. The maximum absolute values of the correlation
coefficient of shear stress in the central vertical plane occur at
the location of maximum axial normal stress and are equal to
0.5 and, therefore, similar to those reported by Ref. 3 in the
absence of crossflow. The profiles of the ratio of shear stress
upon the turbulent kinetic energy, u'v'/k in Fig. 4g, show
maximum values equal to 0.3, similar to those found in un-
disturbed shear flows.19

B. Numerical Simulation of Single- and Twin-Jet Flows
The detailed nature of the mean and fluctuating velocity

measurements make the aforementioned data eminently
suitable for validation of numerical models of the flow.

Simulations consist of finite-difference solutions of the in-
compressible steady-state form of the Navier-Stokes equations
obtained with the method used in Ref. 2. Turbulence is
modeled with the standard "k - e" model using the constants
indicated by Ref. 2, which have been used in a wide range of
turbulent shear flows providing good agreement with experi-
ments.20

Reference 2 did report some preliminary calculations of sin-
gle impinging jet flows, using the k - e turbulence model
together with the first-order hybrid numerical scheme im-
plemented in a mesh of 30 x 17 x 17 nodes, and found it nee
essary to adopt a higher-order descretizatipn scheme for the
convective terms, or fine meshes, to obtain numerically ac-
curate solutions. Following the calculations in Ref. 2, Ref. 21
compares predicted profiles of Ut V, k, and u'v' obtained
with the hybrid and the QUICK scheme and different meshes.
The grid independent solution obtained with the QUICK
scheme and 30 x 17 x 17 nodes gives good agreement with
the measurements and is equivalent to the 60 x 34 x 34
hybrid solution. However, in the immediate vicinity of the im-
pinging point, the sign of the shear stress u'v' is wrong
because, as shown by Ref. 2, the gradient hypothesis does not
represent the flow in this region. Figure 5 shows the flowfield
of a single impinging jet visualized in the vertical plane of sym-
metry and compares particle tracks or streaklines of the
measured and predicted velocity fields in the same plane. The
figure allows a clear visualization of the impinging jet and the
upstream scarf vortex and shows that the QUICK scheme im-
plemented in a relatively coarse mesh may predict the gross
features of the flow.

The numerical method used by Refs. 2 and 21, which allows
good agreement with the measurements of the mean velocity
field, is now used to evaluate the ability of the k-e model to
simulate the previously described twin-jet flows. As in the case
of single impinging jets, the computational domain has six
boundaries where the dependent values are specified: an inlet
and outlet plane, a symmetry plane, and solid walls at the top,
bottom, and side of the channel. At the inlet boundary, uni-
form profiles of all dependent variables are specified from the
experimental results, and its location is sufficiently far away
from the jets so that the details of the boundary conditions
have a negligible influence on the results. At the outflow
boundary, the gradients of the dependent variables in the axial
direction are set to zero. On the symmetry plane, the normal
velocity and the normal derivatives of the other variables are
set to zero. The wall functions are used on the solid surfaces,
assuming that in the near-wall region the velocity profile is
given by the log-law (see Ref. 20). The jet exit boundary condi-
tions are also prescribed from the experiments.

The numerical results presented in Figs. 6 and 7 were ob-
tained using a grid of 16 x 27 x 23 nodes with a nonuniform
spacing to get finer spacing near the jet and upwash. A grid of
20 x 35 x 30 nodes was also used to investigate the grid de-
pendency of the solution. The effect of this grid refinement is
illustrated in Fig. 8, which presents measured and calculated

o.o

-0.1
-4 -2

a) Mean horizontal velocity

i.o

0.5

o
Z/D

-0.5

b) Mean vertical velocity
Fig. 6 Measured and calculated (QUICK scheme with 23 X 16 x 27
nodes) horizontal profiles of velocity characteristics for twin-jet flow
in the vertical plane crossing the center of the jets at Y/D = 4, Re, =
105,000, Vj/U0 = 30, H/D = 5, and S/D = 5: measurements: o;
predictions: —.

a) Streaklines over 0.04 s along half of the vertical plane crossing the
center of the jets

b) Streaklines over 0.04 s along the central vertical plane of symmetry

Fig. 7 Numerical analysis of twin-jet flow using the QUICK scheme
with a mesh of 23 X 16 x 27 for Re, = 105,000, K./t/0 = 30, H/D
= 5, and S/D = 5.

horizontal profiles in the vertical plane of symmetry at Y/D =
4. The agreement with the measurements is not improved with
the finer mesh, which gives similar results to those obtained
with the 16 x 27 x 23 mesh, and therefore the grid refine-
ment is not worth the extra computational effort involved.

Figure 6 shows measured and calculated horizontal profiles
of velocity characteristics in the vertical plane crossing the
center of the two jets (X = 0). The numerical results show that
the gross features of the mean flowfield and in particular the
impinging jet are well predicted. Nevertheless, the sign of the
predicted mean axial velocities at Y/D = 4 is wrong due to the
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Fig. 8 Measured and calculated horizontal profiles of U/Vj in the
vertical plane of symmetry at Y/D = 4: measurements: o; predic-
tions: o 16 X 27 X 23 mesh, n 20 X 35 X 30 mesh.

failure in predicting the exact location of the central stagna-
tion point, which is at X/D = +0.1, instead of the calculated
value of X/D = -0.1.

The preceding paragraphs have considered the validation
procedure of the numerical method used to simulate the twin-
jet flows under consideration. We now turn to the numerical
analysis of the up wash flow. Figures 7a and 7b show predicted
streaklines in the vertical plane crossing the center of the two
jets and in the central plane of symmetry. The figures allow a
clear visualization of one impinging jet and of the fountain,
which follow the three-dimensional flow patterns described in
the previous section. Each impinging jet is considerably
deflected by the ground plate, and the consequent inner wall
jets are further subject to strong curvature at the fountain up-
wash flow.

IV. Conclusions
Laser-Doppler measurements have provided information

about the mean and turbulent velocity characteristics of the
flows created by a single round jet impinging on a ground
plate through a confined crossflow for H/D = 5 and Vj'/U0
= 30 and by axisymmetric twin jets positioned side by side
with a spacing of 5D with fountain formation. The experimen-
tal results were used to validate numerical calculations of the
flow based on the solution of the finite-difference form of the
fully tridimensional Navier-Stokes equations, incorporating
the turbulence viscosity concept. The following is a summary
of the more important findings and conclusions of this work:

1) The experiments have shown large penetration of the im-
pinging jets, which exhibit a similar pattern for single- and
twin-jet configurations. For the latter, the fountain upwash
flow formed by collision of the radial wall jets is deflected by
the crossflow.

2) The shear layer surrounding the jets, the impingement re-
gion, and the fountain are zones of intense velocity fluctua-
tions. The latter are dominated by strong curvature effects,
and the calculation of their turbulent structure requires con-
sideration of the individual stresses.

3) Grid independent numerical calculations of the single-
and twin-jet flows with the QUICK scheme and the k - e turbu-
lence model are shown to represent adequately the gross
features of the flows. The method fails to predict the turbulent
structure of the impingement zones and the fountain flow
because of the inapplicability of the turbulent viscosity
hypothesis.
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