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Numerical Study of Single Impinging Jets
Through a Crossflow

J. M. M. Barata* and D. F. G. Durapf
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and
J. J. McGuirkJ
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This paper describes the application of three-dimensional finite-difference calculation procedures to the
problem of a jet impinging on a flat plate through the influence of a confined crossflow. One procedure uses the
hybrid central/upwind difference scheme, and the other uses a quadratic upstream weighted difference scheme
(QUICK) to calculate the convection terms. The standard two-equation "& — c" turbulence model is used to
calculate the distribution of the Reynolds stresses. The difficulty of assessing turbulence model performance in
these complex flows due to the intrusion of numerical diffusion errors is demonstrated by comparing the
calculations on both coarse and fine meshes and by improving the accuracy of the convection terms discretiza-
tion using the higher-order QUICK method. The ability of the model calculations to simulate both the mean and
the turbulence fields is examined, particularly in the vicinity of the stagnation point. The results show the
advantages of QUICK differencing scheme over the hybrid treatment, since the same level of numerical accuracy
requires far less CPU time and computer memory when the QUICK scheme is used. The calculations reveal the
existence of large regions of low pressure, associated with an upstream recirculating flow region due to the
interaction between the upstream wall jet and the crossflow, which may produce a substantial lift loss for a
VSTOL aircraft.
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Nomenclature
= coefficients of the finite-difference equation
= constants in turbulence model
= diameter of the jet
= height of the crossflow channel
- turbulence kinetic energy
— cell face Peclet number
= Reynolds number
= source of dependent variable 0
= components of linearized source term
= horizontal velocity, _== V + u '
= vertical velocity, =V+v'
= horizontal coordinate (positive in the

direction of crossflow)
= vertical coordinate (positive in the direction

of jet flow)
= transverse coordinate (positive on right side of

crossflow duct looking upstream)
= Kronecker delta
= dissipation rate of k
= transport coefficient of dependent variable
= dependent variable
= values of </> at nodes P,N,S, W,E,L,R
= Prandtl/Schmidt numbers for k and e
= kinematic viscosity
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Subscripts
J
0

= jet-exit value
= crossflow value

I. Introduction

THE flow of a single jet issuing into a crossflow is a basic
flow configuration with many practical applications, such

as the dispersal of pollutants from chimney stacks, discrete-
hole film cooling of turbine blades, the injection of air into the
dilution zone of a gas-turbine combustor, the discharge of
waste liquids into rivers, and the flowfield beneath a short
take-off/vertical landing (VSTOL) aircraft close to the ground.
In this latter application, the lift jets interact strongly with the
ground plane, resulting in lift losses, enhanced entrainment
close to the ground (suckdown), in engine thrust losses follow-
ing re-ingestion of the exhaust gases, and in instabilities
caused by fountain impingement on the aircraft underside.

The study of a single jet in crossflow that subsequently
undergoes impingement on a ground plane provides a basis to
understanding the essential dynamics of these complex practi-
cal flowfields. The present paper describes a computational
study of the flow produced by a single round jet discharged
through the upper wall of a rectangular water channel of large
cross section (0.50x0.10 m) at right angles to the channel
flow, as shown schematically in Fig. 1. The objective of this
work is the development and validation of a computational
method based on the solution of time-averaged Navier-Stokes
equations and the k — e turbulence model. The method is then
used to study phenomena that affect vertical short take off
landing (VSTOL) aircraft performance and safety: the forma-
tion of a vortex that wraps around the impingement point and
the existence of low pressures in the neighborhood of the jet.

Experimental and theoretical studies have been carried out
on these kind of flows with different motivations, depending
on the jet-to-crossflow velocity ratio and geometries. Much of
the published work is centered on the unconfined problem and
on large ratios between the height of the jet exit above the
ground plane and the jet diameter (H/D), and on such low-
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Fig. 1 Flow configuration.

velocity ratios (F//t/0< 10) as to be of little use in the present
context. The theoretical work on these flows has mainly in-
volved the application of integral methods. Keffer and Baines1

and Adler and Baron2 predicted jet trajectories using integral
methods that need as input the specification of an entrainment
function. In the former study, the jet cross section is assumed
to be elliptical or circular, but in the latter, the need of pre-
scribing the jet cross section was eliminated. Patankar et al.3
used a finite-difference method with a two-equation model of
turbulence and obtained good agreement with the experiments
of Refs. 1 and 4. Rodi and Srivatsa5 presented a locally elliptic
finite-difference procedure and showed total pressure distribu-
tions that agree with the experiments for a very low jet-to-
crossflow velocity ratio (0.1), but the agreement got worse as
the velocity ratio increased. Baker et al.6 used a three-dimen-
sional finite-element algorithm to study the flow produced by
a jet issued perpendicular to a flat plate into a crossflow at a
higher velocity ratio Vj/UQ = 10, but presented mean velocity
distributions only in the initial jet region. If attention is re-
stricted to the high-velocity ratios/small impingement height
combination, then no relevant numerical studies may be
found. Jones and McGuirk7 did report some calculations of
impinging jets in confined crossflow, but little attention was
given to the strongly impinging case. Although a two-equation
k — e model was employed in these calculations, the use of
first-order upwind differencing and very coarse meshes made
any statements on turbulence model accuracy impossible. This
question of false diffusion in three-dimensional jets-in-cross-
flow calculations has been addressed by Demuren,8 who found
it necessary to adopt higher-order discretization schemes for
the convection terms in order to obtain numerically accurate
solutions. Childs and Nixon9 presented calculations relevant
to the VSTOL problem using the k - e model and confirmed
the gross features of the flow, but little comparison was given
against experimental data to enable a quantitative judgment of
the calculations. Barata et al.10 have also reported some nu-
merical calculations for a jet configuration relevant to VSTOL
obtained with the hybrid central/upwind differencing scheme,
providing a preliminary examination of the k — e turbulence
model based on their detailed measurements, and also have
shown some qualitative results that indicate the need of a
higher-order method. The calculations presented in this paper
follow those reported by Barata et al.10 and show the improve-
ments that could be achieved by using the higher-order scheme
QUICK of Leonard.11

The next section gives the details of the mathematical
model. Section III presents a quantitative comparison of nu-
merical results with the measurements of Barata et al.10 in
order to evaluate the predictive capabilities of the solution

procedures, which is followed by an analysis of the pressure
field and the formation of the ground vortex. The final section
summarizes the main findings and conclusions of this work.

II. Mathematical Model
A. Governing Differential Equations

The time-averaged partial differential equations governing
the steady, uniform-density isothermal three-dimensional flow
may be written in Cartesian coordinates as

dP

and the continuity equation as

(1)

(2)

where the overbars represent averaged quantities. The turbu-
lent diffusion fluxes are approximated with the high Reynolds
number version of the two-equation k — e model described in
detail by Launder and Spalding.12 The Reynolds stresses may
be expressed as

2u u = -v

where j^is the turbulence kinematic viscosity, which is derived
from the turbulence model and expressed by

VT = (4)

The values for k and e are obtained by solving the following
transport equations:

. jHc_ = _d_(vr 3k ̂  _lp-7 3Ui_ _
J %V i J V X x r AOsLj OsLj \fffc O.

(5)

The turbulence model constants that are used are those indi-
cated by Launder and Spalding12:

c.
0.09

Q
1.44

C2

1.92
Ok
1.0

0e

1.3

The governing equations constitute a set of coupled partial
differential equations that can be written in the general form
as

dW<l>
az3X dY

a0 a a0 a a<
" + +

where 0 may stand for any of the velocities, turbulent kinetic
energy, or dissipation, and F0 and 5$ take on different values
for each particular 0.

B. Finite-Difference Equations
The solution of the governing equations were obtained us-

ing a finite-difference method that used discretized algebraic
equations deduced from the exact differential equations that
they represent. This discretization involves the integration of
the transport equation (7) over an elementary control volume
surrounding a central node with a scalar value 0P (e.g., Leon-
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Fig. 2 Nodal configuration for the west face of a control volume.

ard et al.13), and as far as the convection terms are concerned,
it needs the spatial average value of 0 at each cell face. The
hybrid scheme uses central differencing in obtaining those
values when Pe<2 and upwind differencing for Pe > 2. In
the latter case, false diffusion is introduced into the finite-
difference equation (e.g., Leonard11). Erroneous solution may
then be obtained in regions of the flow with velocity vectors
inclined to the numerical grid lines and large diffusive trans-
port normal to flow direction if fine grids are not used, and
limit calculation of complex flows. The QUICK scheme pro-
posed by Leonard11 is free from artificial diffusion and gives
more accurate solutions with grid spacing much larger than
that required by the hybrid scheme. This is achieved by utiliz-
ing quadratic upstream-weighted interpolation to calculate the
cell face values for each control volume. Figure 2 shows the
west face of a control volume surrounding a central node with
a value $/>. For this face, using a uniform grid for simplicity,
the value of <£ is expressed by

<t>w) — <t>w (8)

if the convective velocity component Uw is assumed to have
the direction shown in Fig. 2. If t/^ were negative, then <t>ww
would be involved rather than <f>E. The first term in Eq. (8) is
the central difference formula, and the second is the important
stabilizing upstream-weighted normal curvature contribution.
Expressing the values of <t> at each cell face with the appropri-
ate interpolation formula and writing gradients also in terms
of node values, the finite-difference equation corresponding
to Eq. (7) may be written in the general form

where

(9)

(10)

Here, the summation occurs over the 12 nodes neighboring P
(see Fig. 3). The set of equations for the complete field is
solved by the method usually used with hybrid scheme formu-
lation (see Gosman and Pun14), but when using QUICK, the
Af coefficients may become negative and stable solutions
cannot be obtained, Han et al.15 inserted the curvature term of
Eq. (8) into the source term and used only the central-differ-
ence contribution to the convective term. This procedure re-
vealed the instabilities of the central differencing scheme, and
convergence could only be obtained by using a false transient
technique, although rather slowly. To avoid the false transient
terms and obtain faster convergence, these authors tested dif-
ferent decompositions of the quadratic interpolation expres-
sions using a part of the curvature contribution to evaluate the
convection term. These expressions had to be evaluated using
the values of 0 calculated at the previous iteration cycle;
otherwise, convergence was very difficult. Moreover, the
false-transient terms could not be avoided when calculating
turbulent flows, and the rate of convergence was deteriorated.
In the present work, diagonal dominance of the coefficient
matrix is ensured and enhanced by rearranging the difference

WW

Fig. 3 Nodal configuration for a control volume surrounding a cen-
tral node P.

equation for the cells where the coefficients Af become nega-
tive. This rearrangement consists in subtracting Af<$>P from
both sides of Eq. (9), eliminating the negative contribution of
Af and simultaneously enhancing the diagonal dominance of
the coefficient matrix. The source term S$ becomes

(11)

where <t>p is the latest available value of 0 at node P. Rhode et
al.16 recently used a similar practice, but have employed the
hybrid scheme in the A: and e equations following the sugges-
tions of Leschziner and Rodi.17 The reason given by these
authors was that in high shear zones, the k and eare source-
and sink-dominated, but no comparison between the two pro-
cedures was given. Han et al.15 present the effect of grid
refinement and use of QUICK for k and e on the distribution
of turbulent viscosity in a driven cavity, and found that the
calculated level of VT is particularly sensitive to numerical
diffusion. Therefore, at the present work, the QUICK scheme
is used in calculating all the variables.

G. Solution Procedure
The solution procedure is based on the SIMPLE algorithm

widely used and reported in the literature (e.g., Patankar and
Spalding18). It uses the staggered grid arrangement and a guess
and correct procedure to solve the problem of obtaining a
pressure field such that the solution of the momentum equa-
tions satisfies continuity.

D. Boundary Conditions
The computational domain has six boundaries where depen-

dent values are specified: an inlet and outlet plane, a symmetry
plane, and three solid walls at the top, bottom, and side of the
channel. The sensitivity of the solutions to the location of the
inlet and outlet planes was investigated, and their final posi-
tion is sufficiently far away from the jet so that the influence
on the computed results is negligible. At the inlet boundary,
uniform profiles of all dependent variables are specified from
the experimental results. At. the outflow boundary, the gradi-
ents of dependent variables in the axial direction are set to
zero. On the symmetry plane, the normal velocity vanishes,
and the normal derivates of the other variables are zero. At the
solid surfaces, the wall function method described in detail by
Launder and Spalding12 is used to prescribe the boundary
conditions for the velocity and turbulence quantities, assum-
ing that the turbulence is in state of local equilibrium. The
jet-exit boundary is represented by a right-angled polygon,
and the mass flow rates and the momentum of the jet are
matched to the experimental values. Preliminary tests used the
exact shape of the jet exit by modifying the cell face areas
where the hole boundary bisected the surface area of the
adjacent finite-difference control volume, so that the specified
jet velocity produces correct fluxes; the velocity distribution
downstream of the jet exit was relatively insensitive to the
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Fig. 4 Horizontal profiles of the mean horizontal velocity com-
ponent U/Vj at Y/D=4.1: o, measurements10; n , QUICK
30 X 17 x 17; > , QUICK 60 X 34 X 34.
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Fig. 6 Horizontal profiles of Reynolds shear stress u'v'/Vj x 103:
o , measurements10; ——, QUICK (30 x 17 x 17).
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Fig. 5 Vertical profiles at X/D =-2.5: o, measurements10;
(30 X17 X17); ———, QUICK (60 X 34 X 34).
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assumed shape of the hole. The jet-exit boundary conditions
are also prescribed from experiments.

III. Results and Discussion
The numerical predictions presented in this section are com-

pared with Laser Doppler Velocimetry (LDV) measurements
of Barata et al.10 obtained on the central plane of symmetry
using a single jet of 20-mm exit diameter D, 5 jet diameters
above the ground plate (i.e., H/D = 5). The jet Reynolds
number for the selected test case was Rcj = 60,000 for a jet-
exit mean velocity of Vj? = 3 m/s and a local turbulence inten-
sity of 2°7o and crossflow velocity of U0 = 0.1 m/s. This test
case was predicted using the standard k - e turbulence model
together with the hybrid and QUICK schemes to evaluate the
convection terms of the transport equations and meshes up to
60 x 34 x 34 nodes. The grid spacing was nonuniform with
grid lines clustered in the vicinity of the shear layers and
impingement locations.

The predicted horizontal profiles of the horizontal velocity
component U at a plane close to the impingement wall (Y/
D =4.7) are used to test the grid dependency of the computa-
tions. Figure 4 compares the velocity distributions with the
QUICK scheme for different grid refinements. The U velocity
profiles are in qualitative agreement although in the computa-
tions the values are larger than the measurements close to
the impingement point at - 3 < X / D < -0.5 and smaller for
X/D > 2, and this is independent of numerical influences. The

results for a 30 x 17 x 17 grid are similar to the values gener-
ated with the 60 x 34 x 34 grid and may be considered as
grid-independent. In contrast, the hybrid scheme solution for
a 30 x 17 x 17 grid shows significant grid dependence. Figure
5 compares predicted vertical profiles obtained with the hybrid
and the QUICK schemes and the coarse and the finer meshes.
It shows that the use of first-order hybrid difference treatment
for the convection terms can cause problems in allowing false
diffusion errors to present grid independence being achieved
on reasonable meshes and, thus, is masking the true perfor-
mance of the turbulence model. Although the mean horizontal
velocity profiles are well predicted with the two meshes and
numerical schemes, the predicted mean vertical velocity and
the turbulence kinetic energy profiles show clearly the effect of
refining mesh and of using the higher-order QUICK method.
Evidently, important savings in computing time and memory
can be made with quadratic upstream interpolation, especially
in three-dimensional flow. The present 30 x 17 x 17 QUICK
calculations required 1 MByte of memory and 3 s of CPU time
per iteration on the AMDAHL machine and were obtained
using 80% less computer storage and 90% less execution time
than the equivalent hybrid calculations.

Figure 6 compares the measured and predicted horizontal
profiles of the Reynolds shear stress for a plane close to the
impingement plane (Y/D = 4.7) and shows not only large
overpredictions of absolute values, but also significant regions
where the sign is wrong. The turbulence structure in the im-
pingement zone is obviously not simulated well by an eddy
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Fig. 7 Predicted contours of Reynolds shear stress u'v'/vf x 103 on the central symmetry plane (QUICK, 30X17x 17)
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Fig. 8 Measured and predicted streak lines in the vertical plane of symmetry showing the ground vortex.

viscosity model. Away from the impingement point, the sign
of the shear stress is related to the sign of the shear strain in
accordance with a turbulent viscosity hypothesis, and the sign
of the predicted values is correct (see Fig. 7), and its magni-
tude is similar to the measured values of Barata et al.10 In spite
of the failure of the turbulence model to predict the structure
of the impinging zone, it should be pointed out that the
corresponding effect on the simulation of the mean flow is not
too significant, as shown in Fig. 5, because the flow is domi-
nated by large pressure gradients.

Figure 8 shows particle tracks or streak lines of the predi-
cated velocity fields on the vertical symmetry plane, which
shows clearly the impinging jet with its exit located 17.5D
downstream of the crossflow entrance and the ground vortex
due to the interaction between the upstream wall jet and the
crossflow. The measured mean velocities (in the region of the
X-Y plane in which they are available) have been fed into the
same streak-line plotting program to enable an easy compari-
son with the predictions. The QUICK predictions contain the
flow features, although the location of the vortex seems to be
predicted about 2D too far upstream. Figure 9 shows a streak

line started in the upstream edge of the jet exit near the vertical
plane of symmetry and gives the shape of the vortex, which
also captures fluid from the crossflow. Figure 10 gives isobars
in the impingement plane and shows a low-pressure region
located under the ground vortex, and high-pressure zones
upstream of the reverse flow region and downstream the im-
pinging point (where the maximum value occurs, p/
\pVj = 0.84). The low-pressure region results from the accel-
eration of the crossflow over the ground vortex, which has a
maximum height of about 40% of the jet-exit height H. Figure
11 presents isobars on the jet-exit plane and shows a small
region of high pressure in the upstream side of the jet exit,
whereas the lowest values occur in the sides of the jet. Figure
12 is a three-dimensional perspective of the pressure distribu-
tion in a horizontal plane at Y/D = 3.46, confirming the
existence of the low-pressure zone with a shape similar to the
shape of the ground vortex. These results seem to indicate that
the suckdown effect may be enhanced when the aircraft is
operating close to the ground with a crosswind present due to
the formation of the ground vortex, which is associated with
lower pressures.
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Fig. 9 Three-dimensional streak lines.

IV. Conclusions
Two numerical procedures have been used together with

the two-equation k — e turbulence model to simulate the flow
of a single impinging jet through a confined crossflow for
H/D = 5 and V//U0 = 30. The hybrid central/upwind differ-
encing scheme allows false diffusion errors that prevent grid
independence being achieved on reasonable meshes. The use
of the quadratic upstream-weighted differencing scheme yields
more accurate solutions with coarser meshes. The results pre-
sented here are only a sample of those computed in evaluating
this method, but illustrate the good agreement with experi-
ments. However, the shear stress distribution in the impinge-
ment zone is not predicted correctly due to known shortcom-
ings of the k — e turbulence model. The calculations obtained
with the QUICK differencing scheme show that the maximum
height of the ground vortex is about 40% of the jet-exit height
and reveal the existence of large low-pressure regions that for
a VSTOL aircraft may produce a substantial negative lift.

Fig. 10 Isobars on the impingement plane, p/-pVJ.

Fig. 11 Isobars on the jet-exit plane, p/—

Fig. 12 Three-dimensional perspective of the pressure distribution in
a horizontal plane at Y/D = 3.46.
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