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Numerical Model for Turbulent Jets Impinging on a
Surface with Throughflow

S. Polat,* A. S. Mujumdar,f A. R. P. van Heiningen,{ and W. J. M. Douglas}
McGill University, Montreal, H3A 2A7 Canada

Flow and heat transfer under confined turbulent impinging slot jets were predicted by solving iteratively the
two-dimensional Navier-Stokes, energy, and turbulence model equations. The turbulence model was the high-
Reynolds-number version of the well-known k-e¢ model. Recent work has shown that a modification of the
Chieng-Launder-type near-wall model gives better agreement with measurements at small nozzle-to-surface
spacings, H/w < 2.6. The predictive capability of this model was therefore tested for the effects of nozzle-exit
turbulence and of impingement surface throughflow for a single jet and for the industrially important system of
confined multiple jets with symmetrical exhaust ports, with and without throughflow. The model underpredicts
the enhancement of heat transfer with increasing nozzle-exit turbulence but accurately predicts the effect of
impingement surface throughflow for throughflow velocities less than 0.1 m/s. Heat transfer under multiple jets

was predicted within 30% of the experiments.

Nomenclature
A,B =constants of the equation for wall shear stress
with throughflow
C,,C,,C, =turbulence model constants, Table 1
E =a constant in the log law of the wall, Table 2

G =turbulence kinetic energy generation, Table 1
Gpw =turbulent kinetic energy at near-wall node
=nozzle-to-impingement surface spacing, mm

h = nondimensional enthalpy; Ay, at the
confinement surface; Aimp, at the impingement
surface

I; =turbulence intensity at jet nozzle exit

k =turbulence kinetic energy, m?/s?

k, =turbulent kinetic energy at the edge of viscous
sublayer

kp =turbulence kinetic energy at near-wall node

Mug =throughflow prameter, = u,/u;

Nu = Nusselt number, with characteristic dimension,
=w

NX =number of grid lines in x direction

NY =number of grid lines in y direction

D =static pressure, Pa

Qw =heat flux at wall, W

Re = Reynolds number

Ss =source term in Eq. (1)

St = Stanton number with characteristic dimension,
=w

u = velocity in x direction, m/s

u; =velocity at jet nozzle exit, m/s

U =throughflow velocity, m/s

v =velocity in y direction, m/s

v+ =nondimensional velocity, = v/v,

v, =friction velocity, =r,/pCV*k}?

w =nozzle width, mm

X = coordinate normal to impingement surface, m
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x* =nondimensional distance from wall, Table 2
Xy =distance from wall to edge of viscous sublayer,
m
Ax =distance between finite-difference layers in
x direction, m
y =coordinate parallel to impingement surface, m
Ay =distance between finite-difference layers in
~ y direction, m
T, =transfer coefficient associated with ¢, Eq. (1)
€ =dissipation of turbulent kinetic energy, m?/s’
K ‘ =von Karman constant, Table 2
I = dynamic viscosity, Pa-s
Heff = effective viscosity, u; + ur, Pa-s
173 =laminar viscosity, Pa-s
Ur =turbulent viscosity, Pa-s
v =kinematic viscosity, m?/s
0 =density, kg/m3
ox =turbulence model constant, Table 1
oy =laminar Prandtl number, = 0.7
or =turbulent Prandtl number, Table 1
o, = turbulence model constant, Table 1
Tw =wall shear stress, Pa
¢ = general variable, Eq. (1)
Introduction

HE design of an impinging jet system for a given thermal
application requires the specification of a large number
of geometric and flow parameters, e.g., jet-type (round/slot),
jet-exhaust configuration, nozzle-to-impingement surface
spacing, nozzle-to-nozzle spacing, jet confinement hood, and
jet Reynolds number. Additional important effects, depend-
ing on the application, include nozzle geometry, induced or
imposed crossflow, large jet-to-impingement surface tempera-
ture difference, moving impingement surface, mass transfer,
or throughflow or blowing at the impingement surface. With
this impressive number of design parameters, an advantageous
strategy is the use of complementary numerical and experi-
mental studies of transport processes under impinging jets.
An iterative solution of the exact transport equations for
turbulent flows is currently limited by computer capacity since
the small scale of turbulence requires an unrealistically large
number of grids in the flow domain. An alternative is the use
of a model to predict the turbulence quantities that appear in
the time-averaged transport equations for turbulent flows. For
the complex flow structure under impinging jets, earlier one-
equation models of turbulence have been replaced by higher-
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order models that solve transport equations for various turbu-
lence quantities, i.e., turbulent kinetic energy, turbulent
kinetic energy dissipation, or individual Reynolds stresses.
The high-Reynolds-number version of the k-e¢ turbulence
modell-¢ is preferred for impingement systems. The prediction
of impingement heat transfer by van der Meer? with an an-
isotropy model and by Looney and Walsh® with the algebraic
stress models of Rodi® and Ljuboja and Rodil? as well as with
the high-Re k-¢ model indicated that these higher models do
not improve predictions. The k-¢ model retains a reasonable
combination of economy and accuracy even for the complex
configuration of impingement flows.

A recent review by Polat et al.!! indicated that for heat and
mass transfer rates under impinging jets, an aspect of great
engineering interest, the numerous studies with predictions
and measurements differ substantially. When a high-Re tur-
bulence predictive model is employed, the requirement of a
separate model to treat the near-wall boundary provides a
further source of error. Discrepancies may then derive from
either the turbulence model or the near-wall model. The effect

* of near-wall modeling on impingement heat transfer was re-
ported by Amano and Sugiyama!? and Polat!? for round and
slot jets, respectively.

For single and multiple confined turbulent plane jets, the
present study predicts heat transfer rates along the impinge-
ment surface by solution of the two-dimensional Navier-
Stokes, energy, and turbulence model equations using an up-
wind finite-difference scheme. The turbulence model used
was the high-Re version of the k-e model. Polat!3 showed that,
of the various near-wall models tested, a modified version of
the two-layer model of Chieng and Launder'S gives better
overall agreement between prediction and measurement at low
values of nozzle-to-surface spacing, H/w, where prediction is
most difficult. One objective of the present study is to test the
predictive capability of this model regarding the effects of two
important parameters: nozzle-exit turbulence and surface
throughflow. The second objective is to predict with this
model an industrially important configuration of confined
multiple impinging jets with symmetrical exhaust ports with
and without throughflow.

Mathematical Formulation of the Problem

TURBULENT JETS IMPINGING ON A SURFACE

173

where & represents the variables u, v, A, k, and e. The
variable I'y is the transfer coefficient associated with ®, and S;
is the corresponding source term. To express the governing
equation of a particular variable in this generalized form,
terms other than those in the form of ‘‘convection’ and
“‘diffusion’” terms are collected in the source term Sz. The
terms I'y and Sy are shown in Table 1. As turbulent viscosity
ur is determined by flow conditions, it must be modeled in
terms of measurable flow quantities. For this the two-equation
k-¢ turbulence model of Jones and Launder!® is used.

In the k-e model pr is related to the turbulence terms &k and
€ as

The generalized governing equation, including continuity, is
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Fig. 2 Flow configuration for multiple impinging jets.

Table 1 =  Summary of the equations solved

Equation & T's Sa
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Fig. 3 Near-wall model.

The transport equations for turbulent kinetic energy & and its
dissipation rate ¢ are summarized in Table 1.

Boundary Conditions in the Flows

For the two flow configurations (Figs. 1 and 2), the
boundary conditions include the following.

1) Nozzle exit: Uniform nozzle-exit profiles for velocity u;
and nondimensional enthalpy, 4; = 1.

Boundary conditions for v, k, and € are

y; = 0 kj = jzujz; € = C,ij-3/2/(0.03 %>

2) Symmetry axes:

————————— 0
dy dy dy ay
3) Outflow for a single impinging jet:
] k' 3 oh

_9v _9% 9 _oh_,

and u = uyy, a uniform velocity calculated from the overall
mass balance. Exhaust port width is twice the nozzle width.

Boundary Conditions at the Impingement and Confinement Surfaces
The confinement and impingement surface conditions are

u=0 or u; v=0; hon=1; hinp=0; k=¢=0

Definition of Near-Wall Flow Region

The high-Re version of the k-e model of turbulence implies
a negligible effect of viscosity on the energy containing mo-
tions and a negligible effect of the mean strain field on the
dissipative ones. Although valid in most of the flow domain,
in the immediate vicinity of the impingement and confinement
surfaces, direct viscous effects are influential due to the no-
slip condition. This very thin viscosity-affected flow region
must be handled separately due to turbulence model require-
ments. Boundary conditions are therefore specified not at the
wall but at the nodes closest to the wall. With the high-Re
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turbulence model, the first grid line must be sufficiently far
from the wall to be within the fully turbulent regime, whereas
the intermediate flow is handled by a near-wall model. The
general concept of the present near-wall model was introduced
by Chieng and Launder.'> In this model the near-wall flow is
considered viscous in the viscous sublayer and fully turbulent
beyond this point. The thickness of the viscous sublayer is
calculated assuming the value of the dimensionless distance
from the wall x * is constant and equal to 11.5 at the edge of
this layer, x, = 11.5u,/CY*pk}?.

Generation of Turbulent Kinetic Energy

It is assumed that the turbulent shear stress, zero within the
viscous sublayer, undergoes an abrupt increase at the edge of
the sublayer, thereafter increasing linearly (Fig. 3). The precise
form of this linear variation is obtained by connecting the
turbulent shear stress at the outer edge of the cell 7, with the
wall shear stress 7,,. Since there is no turbulence generation in
the viscous sublayer, Gp,, is evaluated as

1 d i}
GP,W - {-— S [TW * (Te_ TW)—x—:I <_v - ﬁ) dx} Ayns
Xe Xy Xe ox ay

L G+ G oo

To obtain the Table 2 equation for Gp,, this equation is
integrated by using the expression v = 7, fu(Ex *)/xpCL* k2
to calculate 6v/dx. In the Gp, equation, k, is used as the
approximate average k in the cell.

Dissipation of Turbulent Kinetic Energy

The dissipation rate of turbulence energy in the viscous
sublayer is given by e = 2»(3k/2/8x)? (Ref. 17). By assuming a
parabolic distribution of k in the viscous sublayer, k = k,(x/
x,)?, the expression for ¢ inside the viscous sublayer is ob-
tained as e = 2vk,/x2.

In the turbulent region, by assuming linear variation of &
with distance from the wall beyond the edge of the viscous
sublayer (Fig. 3), the expression e = C2'*k*?/kx (Ref. 18) is
integrated. By including the contribution of dissipation in the
viscous sublayer, the Table 2 expression for (pe)p,, is obtained.

Wall Shear Stress

The present near-wall model differs importantly from the
original form of Chieng and Launder in that 7,, is determined
using the turbulent kinetic energy at the grid node next to the
surface kp, not at the edge of visocus sublayer &, . Profiles of
shear stress and heat transfer along the surface are very sensi-
tive to this modification. The improvement in accuracy with
this modified modeling of the near-wall flow has been re-
ported.!?

Wall Shear Stress with Throughflow

To account for throughflow at the impingement surface, the
expression for wall shear stress must be modified to include
the effect of mass transfer at this boundary. This is accom-
plished in the following way. With u, dv/dx much greater than
v dv/dy in the neighborhood of the wall, the boundary-layer
equation becomes

y v _Ldr
Tdx  pdx
By substitution of the Prandt’s mixing length hypothesis,

7 = pk?x%(dv/dx)?, and solving for v, the following bilogarith-
mic expression is obtained:

1 wu
t=A+Bxt +——f2x* 3
v 4 vr x ®

where A and B are constants, and v, = 7,,/pCY*k}?.
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Table 2 Summary of equations of near-wall model®

k Equation:

Generation:
Goo = (u0e=) | ulre=1w) ()
P,w o pxCV”'kV \

|_w\?|au
+7 (Te-Tw) - Ay |p

Dissipation:

20V/443/2 C3/4
pw = {—“—— +

11.5xy KXe

E)u av
= X
™R Gy Yok v

and where

where

9[-
o

[ 22—k + 2a (k)2 — k1/2)+beAXWeAyns

+ —
P Ay

2
) ]}AXWe Ayns
P,

_1L5y kp—kz
C‘l/4k3/2’

a=kp————xp

(ke1/2__a1/2)(k3/2 + a1/2)

b=
a=0 0

ifa >Q a3/2 fa I:(ké/2~dl/2)(kg/2 + al/Z)]

tan—1—=
if a<0 2(—a)3/2<an (—a

k172
- -1 v
tan (—a)1/2

Wall shear stress:
Without throughflow:

Tw = KCI/4 pkal/z/Bn(Ex*')

With throughflow:

Us
Tw = KC1/4 pVPkl/2/|:3n(Ex+) WI/—Z £n? (P )]
where
CYpxpk}?
x* = —u PXPRP. =9; k=04
133
e Equation:
B C3/4k27/2
ep = —H——
KXp
Energy equation:
—qw Tw/ pVh

St = =

(hp—hw)ove  oT[l + P(ry/pv3)12] ;

where o7 = 0.7 and o7 = 0.9

P =9[(or/ o1)— 11(oL/ o)~ 1/

2Refer to Fig. 3 for nomenclature.

Theoretically, A and B should be functions of the through--

flow velocity u, (Ref. 24), and their values for the limiting case
of no-throughflow u, = 0.0, should logically be related to the
constants of the log law of the wall, A = E/k and B = 1/«.
In an attempt to find 4 and B in terms of u,, use of the data
of Favre et al.? indicated that B does not vary appreciably
with throughflow, whereas 4 displays a m‘aximum,”- with the
values calculated for u; = 0.0 being different from those ob-
tained from the preceding relations. However, the average
value of B was found to be 2.5, which equals the inverse of the
von Kdarmdn constant, « = 0.4. Because of the lack of detailed
measurements, as the best approximation, A was chosen in
such a way that the constant E in the log law of the wall
retained its original value of 9 for smooth, nontransplrmg
walls.

Numerical Procedure

Finite-Difference Solution

Of the two common alternatives for the solution of finite-
difference equations, the upwind and hybrid schemes,¢ the
former yields better computational economy and stability and
faster convergence. However, a numerical error, ‘‘false diffu-
sion,”’ may occur where the streamlines are not perpendicular
to the grid lines. In the stagnation region small grid meshes
were used to accommodate the steep velocity gradients. As a
test, a single impinging jet case was solved with.both the
hybrid and upwind schemes. Since the difference in Nusselt
number profiles was everywhere less than 2%, a negligible
error of the false diffusion type was thereby demonstrated.
The higher under-relaxation necessary with the hybrid scheme
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slows the convergence rate considerably. In the present case
various factors contribute to making the false diffusion error
negligible, as detailed by Patankar!* and Polat.!?

The code 2/E/Fix of the CHAMPION series developed by
Pun and Spalding?! was modified for use in the present work.

Grid Layout and Grid Independent Results

A combination of uniform and nonuniform rectangular
grid size achieved accuracy with minimum computational
time.!® In the y direction, from the jet symmetry line to the
nozzle corner and for multiple jets from the exhaust corner to
the exhaust symmetry line, a uniform grid spacing was used.
The nozzle and exhaust port walls coincided with a control
volunie boundary. Downstream of the nozzle an expanding y
direction grid layout (factor 1.05-1.1) was adopted. In the x
direction the grid layout was uniform.

The following observations result from extensive tests with
the number and distribution of grids, performed to obtain
grid-independent results. High aspect ratio meshes (as high as
35) in the wall jet region were proven acceptable. The nondi-
mensional distance x * from the impingement surface to the
first grid line is an important parameter because the latter
must be within the fully turbulent regime, as-discussed earlier.
When the nondimensional distance of the grid next to the wall
was between 80 and 200, the shear stress and Nusselt number
profiles at the surface were found to be grid independent, as
defined by a maximum deviation of 5% at the off-stagnation
maximum of the Nusselt number profile. Centerline velocity
decay and surface pressure profiles are less dependent on this
near-wall grid spacing. Within the jet nozzle at least five grid
lines in the half-nozzle width are required for grid-indepen-
dent results. At the maximum Re of 44,300, decreasing the
number of grid nodes from 1000 (25 x 40) to 600 (20 x 30)
caused a maximum difference of only 3% in local Nusselt
number. The number of grid nodes required for results to be
grid independent increased with increasing values of Re as well
as with the dimensions in the x and y directions. All results
reported here are thus grid independent according to the crite-
ria noted earlier.

Results for Single-Jet Heat Transfer

The demonstration by Polat!® that the present numerical
model predicts accurately the heat transfer distribution under
a single turbulent jet impinging on an impermeable surface
suggested testing its ability to predict the effects of nozzle-exit
turbulence and impingement surface throughflow, two
parameters known to enhance heat transfer greatly.

Effect of Nozzle-Exit Turbulence

The extent to which convective transfer rate is increased by
increasing turbulence at the nozzle exit remains an important
question in impingement heat transfer. For H/w = 2 and
Re; = 11,000, Fig. 4 compares the predicted effect of jet inlet

80
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Fig. 4 Effect of nozzle-exit turbulence intensity on profiles of local
Nusselt number; Re; = 11,000, H/w = 2.
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turbulence intensity on Nu profiles with the experimental re-
sults of Gardon and Akfirat.?? In these runs the number of
grid nodes was 12 (uniform) x 35 (expanding with a factor
1.05).

The reasons for an off-stagnation minimum and maximum
at H/w spacings less than 8 was ascribed by Gardon and
Akfirat to boundary-layer transition. The minima in Nu pro-
files reflect the end of the growth of a purely laminar
boundary layer from its minimum thickness at the stagnation
point. The increase in heat transfer beyond the minima is due
to the enhanced transport characteristics of a boundary layer
in transition to turbulence. Beyond the off-stagnation max-
ima, Nu profiles decline again with growth of the turbulent
boundary layer. For H/w < 8, Gardon and Akfirat reported
that by using screens to increase the turbulence level at the
nozzle exit, the heat transfer was increased, mostly in the
stagnation region, but was increased substantially even out to
8w from the nozzle centerline. A similar observation was made
by Saad,? who varied turbulence intensity at the nozzle exit by
varying the width of slot nozzles over the range 2.5-13.3 mm.

Over the region of greatest sensitivity, 4 < y/w < 9, the
present predictions show a curious nonlinearity in that, as
nozzle-exit turbulence intensity is increased from 2.5 to 7%,
Nu is unaffected, but when exit turbulence intensity increased
further to 10%, Nu increases by 10-15%. In the stagnation
region Gardon and Akfirat’s measurements for the same H/w
and Re show a strong, continuous effect of nozzle-exit turbu-
lence level for their values of 2.5, 6, and 18%. For 18%
turbulence no profile of Nusselt number could be predicted
because of convergence problems. The increase in stagnation
region heat transfer measured by Gardon and Akfirat was so
large that by 6% turbulence intensity the off-stagnation mini-
mum becomes simply a plateau. With 18% turbulence the Nu
profile they measured decreases smoothly from the stagna-
tion-point peak to a value of Nu at y/w = 8, which, without
turbulence enhancement, would be that of the secondary
peak. The phenomenon of boundary-layer transition from
laminar to turbulent is beyond the ability of the present turbu-
lence!é and near-wall models.'® With the modeling used here
for turbulent kinetic energy and near-wall shear stress, predic-
tion of the off-stagnation minimum and secondary maximum
in Nusselt number profiles is therefore purely coincidental. No
near-wall model*%!° is able to simulate the phenomena that
create these off-stagnation features, namely, boundary-layer
transition from laminar at the end of the stagnation region to
turbulent at the off-stagnation maximum. The underpredic-
tion by the present model of the effect of nozzle-exit turbu-
lence on heat transfer may also derive from the inability of the
k-e turbulence model to simulate the actual anisotropy of
turbulence in stagnation flows.

Effect of Impingement Surface Throughflow

Effect on Heat Transfer

The values of Re;, H/w, and throughflow rates, listed in
Table 3, were selected to duplicate those for which heat-trans-
fer rates have been measured.!* The nozzle-exit turbulence
intensity used, 7% is within the range where the model is
insensitive to this parameter (Fig. 4).

Table 3 Parameter values for single-jet
simulations with throughflow at the impingement
surface, H/w = 2.5, I; = T%

Run no. Re; NX NY us, m/s Mus = us/uj

6 21,800 15 30 0.0 0.0

11 21,800 15 30 0.094 0.0044

12 21,800 15 30 0.256 0.012
7 35,800 20 30 0.0 0.0

13 35,800 20 30 0.109 0.0032
8 44,300 25 40 0.0 0.0

14 44,300 25 40 0.095 0.0023

15 44,300 25 40 0.237 0.0058
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Relative to the no-throughflow case, the model predicts a
uniform increase in Nu along the impingement surface with
application of uniform throughflow, exactly as is measured
experimentally.'®?* A comparison with measured heat transfer
rates (Fig. 5) is therefore made on the previously established
basis, i.e., as an enhancement of the average Stanton number
due to throughflow, ASt, relative to the nondimensional mea-
sure of throughflow, Mu,. The second feature documented
experimentally’® is that ASf/Mu, = 0.175, independent of
Mu,, Re;, and S/w. When the predicted results at S/w = 8
are cross plotted with respect to Mu,, the ratio ASt/Mu, is
seen to increase with Mu; rather than to be independent of
Mus. As Mu;— 0, the predicted ASt/Mu; approaches the
experimentally measured value, 0.175. Within the range 0 <
Mu; < 0.002 the predicted enhancement ratio ASt/Mu; agrees
within 10% of that measured experimentally,'? but for Mu, >
0.002 the model overpredicts the enhancement in average heat
transfer by throughflow. This limitation is not of much impor-
tance because the range Mu, < 0.002 covers throughflow
rates of particular interest for industrial application.

Various effects are responsible for the disagreement be-

tween the predicted and experimental values of ASt/Mu;, in

the stagnation region. Complete isotropy of flow, assumed by
the turbulence model, fails in this region. The assumptions of
Couette flow and of equilibrium between turbulent kinetic
energy generation and dissipation for 7,, expressions (Table 2)
also fail. Moreover, very near the stagnation point the pre-
dicted Nu profiles decay faster due to the choice of separate
modeling of near-wall flow. The value defined as stagnation-
point Nu is actually computed at the grid node next to the true
stagnation point; hence, its value is very sensitive to the loca-
tion of this node because 7,, and vp both approach zero as the
true stagnation point is approached.

The reason why predicted AS?/Mu, increases with Muy is
probably the fixed values of A4 and B used in the bilogarithmic

Predicted Run no. Bxperiment ReJ Mu
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............... 12 A 21800 0.012
13 o 36800 0.0032
. 14 * 44300 0.0023
J 16 + 44300 0.0068
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0.0 : . . o
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Fig. 5 Profiles of enhancement of average Stanton number.
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formula, Eqg. (3), used to calculate wall shear stress in the case
with throughflow. Although A and B in the 7, equation for
throughflow should depend on throughflow velocity,?* the
values for the no-throughflow case were used. Attempts to
correlate A and B with u,, using the boundary-layer velocity-
throughflow measurements of various studies, especially that
of Favre et al.,2® were unsuccessful due to limitations in the
experimental data. Until more accurate studies appear, this
problem restricts the maximum throughflow rate for which
the model may be used.

Effects on the Flowfield

Since the model gives a remarkably good prediction of heat
transfer enhancement except for very high throughflow, sev-
eral of the predicted effects of throughflow on the flow are
now examined, specifically, the effects on axial velocity near
the impingement surface (Fig. 6), on profiles of lateral velocity
(Fig. 7), and on turbulent kinetic energy very close to the
impingement surface (Fig. 8).

For H/w = 2.5 the predicted lateral profiles of axial veloc-
ity at positions, H—x, of 0.5w (0.2H) and 0.1w (0.04H) from
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Fig. 6 Effect of throughflow at the impingement surface on lateral
profiles of axial velocity at 0.5w and 0.1w from the impingement
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the impingement surface (Fig. 6) show almost no effect of
throughflow even as close as 0.5w from the surface. At 0.1w
from the impingement surface, throughflow increases axial
velocity by an almost uniform amount everywhere, with the
relative increase becoming very large by even 1.5w from the
nozzle centerline. For a confined slot and an unconfined
round jet, respectively, Saad? and Obot* measured these
profiles at a position 2w (0.25H) from the surface when the
impingement surface was spaced 8w from the nozzle. Saad’s
measurements show that, at a uniform throughflow velocity
of 0.3 m/s, axial velocity increased by a constant amount
everywhere, independently of Re; (11,000 < Re; < 30,000).
At a jet Reynolds number of 38,000 and for a uniform u of
0.175 and 0.25 m/s, Obot observed the same effect. Contrary
to those measurements, the present predictions show a negligi-
ble effect of throughflow on axial velocity at 0.2H from the
impingement surface. )

The Fig. 7 comparison of predicted profiles of lateral mean
velocity across the wall jet, with and without throughflow,
indicates a negligible effect out to 3.7w from stagnation. By
10w from stagnation, the prediction is for lateral velocity near
the impingement surface to decrease slightly, by 5%. For
Mug, = 0.0058 the cumulative amount of air removed by
throughflow out to y/w = 10 is 12% of the jet inflow. The
measurements of Saad?? and Obot? indicate that throughflow
increases the streamwise velocity near the surface, as did the
mieasurements of Baines and Keffer? for an unconfined slot
jet impinging at a fixed wu,/u; value of 0.29%. Thus, the
predicted effect is opposite to three experimerntal’ observa-
tions. Limitations of the turbulence model may be a factor. It
is well known that the distance from the impingement surface
for the positions of zero shear stress and of maximum wall jet
velocity do not coincide. How throughflow affects. this rela-
tionship is unknown. A turbulent-viscosity model such as that
used here cannot predict the correct location of the wall jet
velocity maximum because it implicitly requires the zero shear
stress and velocity maximum to be ceincident. Moreover,
when a high-Re version turbulence modeé!l is used, near-wall
properties such as wall shear stress and heat transfer are
estimated using wall functions, with the consequence that
detailed features of the near-wall flow are not simulated.

Since Saad?® also found that throughflow did not affect
axial turbulence velocity, his axial turbulence intensity de-
creased with throughflow. For a round jet Obot® found the
same effects for both axial and streamwise turbulence. In Fig.
8 the predicted nondimensional turbulent kinetic energy pro-
files along the grid line next to the impingement surface, i.e.,
about 0.1w from it; are displayed for the same throughflow
rates as.those of Fig. 7. Thus, beyond the impingement region
the numerical model predicts a decrease in near-wall lateral
velocity (Fig. 7), accompanied by an increase in turbulent
Kipetic energy near the surface (Fig. 8). Both trends are oppo-
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Table 4 Parameter values for multiple-jet simulations

us, Mug,
Run no. H/w Re; I;j,% NX NY S/H m/s = ug/u;
16 8 21,0000 1 25 30 1.0 0 0
17 8 21,000 1 25 30 0.75 0 0
18 8§ 21,000 1 25 30 0S5 0 0
19 8 21,000 1 25 30 0.375 0 0
20 5 8200 5 20 25 0.5 0 0
21 5 8200 5 20 25 0.5 0.043  0.0031
22 5 8200 5 20 25 0.5 0.109  0.0079
23 5 8200 5 20 25 0.5 0.161 .0.0117
24 5 8200 5 20 25 0.5 0.268  0.0194

site to the measurements of Saad and Obot. Within through-
flow rates of industrial relevance the model therefore predicts

“about the correct enhancement in average heat transfer by

throughflow (Fig. 5), but paradoxically, the mechanisms by
which the model does this are not consistent with the experi-
mental evidence (Figs. 6-8).

Multiple-Jet Heat Transfer With and
Without Throughflow

The model was used to predict heat transfer for a multiple
confined jet configuration with exhaust ports located symmet-
rically between the jet nozzles (Fig. 2). The width of exhaust
ports is twice that of the jet nozzles. For such a multiple-jet
system composed of repeating units, or flow cells, of dimen-
sions § X H, Saad® established that flow cell aspect ratio
S/H is a basic parameter that defines conditions of geometric
similarity for flow and heat transfer. Because of flow symme-
try, only the domain of a single flow cell, S X H, needs to be
solved. Figure 2 indicates that each such flow cell takes half of
the flow from a nozzle. Since the only comparable experimen-
tal data are those by Saad without throughflow, and those of
Polat®® with and without throughflow, two series of simula-
tion runs were made (Table 4), one matching the conditions of
each of these experimental studies. '

Heat Transfer Profiles
Since Saad®® measured local Nusselt number profiles for

. multiple confined slot jets at Re; = 21,000, H/w =8 for flow

cell aspect ratio S/H of 1 and 0.75, the model was used to
predict Nu for these conditions. Two lower values of S/H, 0.5
and 0.375, were added to provide results for closely spaced
nozzles and exhaust ports. In these simulations H and w were
fixed, and the variation in S/H from 1 to 0.375 was obtained
by changing the nozzle-to-exhaust port spacing, S. The num-
ber of grid nodes was fixed at 25 x 30, and the nozzle-exit
turbulence instensity was fixed at 1%. Saad used elliptically
contoured entry nozzles in his multiple-jet study, for which he
measured nozzle-exit turbulence intensities of less than 1%.
Because the present model is insensitive to nozzle-exit turbu-
lence intensities of 2.5-7% even for a spacing as small as H/w
= 2 (Fig. 4), the choice of 1% intensity is reasonable.

The sharp increase in predicted Nu with approach to within
about 0.25w of the centerline of both the exhaust port and the
jet nozzle (Fig. 9) is the same characteristic apparent very near
the nozzle centerline for the single-jet profiles (Fig. 4). As
described earlier, the inability of the simulation to predict Nu
satisfactorily within about 0.25w of the jet and exhaust flow
centerlines is attributed to the wall function method used.

Over the central 80% of the nozzle-to-exhaust port spacing
S, Fig. 9 shows that the agreement between Nu predicted and
Nu measured by Saad is within 30% for S/H of 1 and 0.75.
Saad reported an uncertainty of less than 10% for those
measurements. No experimental data exist for S/H of 0.5 and
0.375. From his measurements over a wide range of S/H at
larger values of H/w, Saad predicted that the average heat
transfer rate at any H/w would pass through a maximum
value for a flow cell aspect ratio around S/H = 0.5. The Fig.
9 results indicate that the heat transfer rate increases as S/H
is decreased from 1 t0 0.75t0 0.5. For S/H = 0.375,i.e., S/w
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= 3, the simulation predicts a lower Nu over the central region
1 < y/w < 2.5 for which the simulation is not distorted by the
near-centerline problem discussed earlier. Thus, the simula-
tion model is consistent with the experimentally based predic-
tion of Saad that Nu passes through a maximum for a spacing
of about S/H =0.5.

The effect of throughflow on multiple-jet impingement heat
transfer was predicted in a second set of runs at S/H =0.5,
H/w=5, and with the other conditions corresponding to
available measurements.!?® In these runs the number of grid
nodes was 20 X 25, and the nozzle-exit turbulence intensity
was 5%. For the case without throughflow Fig. 10 displays the
predicted and experimental Nu profiles. For a flow cell this
narrow, the two critical regions with anisotropic characteris-
tics, i.e., the impingement and exit flows, are very close. The
prediction of such a flow configuration with a turbulence
model that assumes isotropy is expected to be less satisfactory.
However, agreement between experimental and predicted Nu
profiles is surprisingly good, within 15% over the central 80%
of the impingement surface, 0.25 < y/w < 2.25, i.e., exclud-
ing the two near-centerline regions for which the model is
never reliable.

Average Heat Transfer

The predicted effect of throughflow (Fig. 10), like that
measured experimentally, is for local enhancement of heat
transfer by an almost uniform amount across the impingement
surface, excluding the 10% of the surface adjacent to the
two centerlines, where, as discussed, the simulation is invalid.
For the average heat transfer comparison of Fig. 11, the
predicted values of Nu were calculated by excluding the region
of invalid predictions within 0.25w of the nozzle and exhaust
port centerlines. The agreement between predicted and mea-
sured average heat transfer with throughflow, good for Mu;
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< 0.01, becomes much too high at higher Mu, for the reasons
noted in the single-jet case. Hence, for such a multiple-jet
system this near-wall model can be used only for values of the
throughflow parameter, Mu;, smaller than 0.01. For a single
jet the upper limit on throughflow rates for which the model
gives good predictions of the heat transfer enhancement by
throughflow is much smaller yet, about Mu, = 0.002. How-
ever, because the simulations for the single jet were performed
at much higher jet Reynolds numbers, 22,000-44,000, this
limiting value of Mu;, for a single jet corresponds to a through-
flow velocity u; about the same as that for the multiple jets at
Re; = 8200 and Mu, = 0.01, i.e., u;= 0.1 m/s in both cases.
This value is within the range of throughflow velocities
achieved in experiments with the proposed combined impinge-
ment and through dryer for paper,!? 0.05 < u, < 0.27 m/s.

The tests performed thus establish that, for multiple con-
fined slot jets, the present model predicts Nusselt number to
within 30% of that measured experimentally and shows trends
close to those observed for the effect of internozzle spacing
S/H and for the effect of the throughflow up to industrially
relevant values of u;. ’

Summary

Flow and heat transfer under confined turbulent impinging
slot jets were predicted by solving iteratively the two-dimen-
sional Navier-Stokes, energy, and the turbulence model equa-
tions. The turbulence model used was the high-Reynolds-num-
ber version of the well-known & -¢ model. The near-wall model
used was of the Chieng-Launder type, as modified by Polat et
al.!® The predictive capability of this numerical technique was
tested for the effects of nozzle-exit turbulence and of surface
throughflow for a single jet and for the industrially important
case of a confined system of multiple jets with symmetrical
exhaust ports with and without throughflow.

When turbulence intensity at the nozzle exit is increased for
small nozzle-to-surface spacings, the model fails to predict the
enhancement of impingement heat transfer observed experi-
mentally out to about 8w from stagnation. This deficiency
relates to the inability of the technique to predict the
boundary-layer phenomena involved in that enhancement.

The prediction of enhancement of heat transfer by through-
flow at the impingement surface according to this model is
accurate to within 10% for practical rates of throughflow,
Mug < 0.002, for the single jet. For higher throughflow rates,
the model substantially overpredicts the enhancement. The
source of this error is probably that, due to a lack of studies on
the effect of throughflow on the near-wall flow, the parame-
ters of the bilogarithmic formula used for wall shear stress
cannot be related to throughflow rate.

For the case of a confined multiple-jet configuration with
exhaust ports located symmetrically between the jets, the pre-



180 POLAT, MUJUMDAR, VAN HEININGEN, AND DOUGLAS

dicted Nu profile is as much as 30% lower than that measured.
When the nozzle centerline-to-exhaust centerline spacing S
was varied, the model results indicate that an average Nu
passes through a maximum near the same value of the flow
cell aspect ratio, S/H = 0.5, as was indicated by the experi-
mental measurements of Saad.?® The predicted effect on heat
transfer of throughflow at the impingement surface agrees
quite well with experimental measurements for values of the
throughflow parameter up to Mu; = 0.01, beyond which the
model overpredicts the enhancement, as for a single jet. The
limiting value of Mu, for good agreement between predicted
and experimental results for the effect of throughflow is quite
different for single and multiple jets, but, interestingly, the
throughflow velocities corresponding to these limiting values
of Mu; are about the same, u; = 0.1 m/s.

In conclusion, the enhancement of convective heat transfer
due to throughflow at the impingement surface can be pre-
dicted with reasonable accuracy up to substantial throughflow
rates of 0.1 m/s but is overpredicted at higher throughflow.
The model does not predict the heat transfer enhancement
with increasing nozzle-exit turbulence which has been mea-
sured. This technique, which incorporates a high-Re version
of the k-¢ model with a modified Chieng-Launder-type near-
wall model, thus lacks the accuracy and generality that is
sought for numerical prediction methods. The use of a more
detailed turbulence model may be justified in view of the
complex turbulence structure of a confined impinging jet sys-
tem. Such models, not yet adequately tested, are still in the
development stage. Prediction of heat transfer under imping-
ing jets remains a particularly stringent test for the perfor-
mance of any such turbulence model.
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