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NUMERICAL INVESTIGATION OF JET IMPINGEMENT
WITH CROSS FLOW—COMPARISON OF YANG-SHIH
AND STANDARD k–e TURBULENCE MODELS

Lamyaa A. El-Gabry
General Electric Company, Global Research Center,
Niskayuna, New York, USA

Deborah A. Kaminski
Department of Mechanical, Aerospace, and Nuclear Engineering, Rensselaer
Polytechnic Institute, Troy, New York, USA

Computational fluid dynamics models are used to predict the heat transfer distribution on

a smooth surface under an array of angled impinging jets. The three-dimensional numerical

models simulate impingement with cross flow in one direction. Jet angle is varied between

30�, 60�, and 90� as measured from the smooth flat impingement surface. Conjugate conduc-

tion in the heated boundary is included in the analysis. Two turbulence models are exam-

ined, the standard k–e model and the Yang-Shih model. Local and average heat transfer

coefficients are compared with test data for 30 test cases. The Yang-Shih model was able

to predict average Nusselt number within 2–30%. The standard k–e model predicts average

Nusselt number with 0 to nearly 60% error.

INTRODUCTION

Impingement is a common means of convectively cooling surfaces in numerous
industrial applications. One such application is the cooling of gas turbine hot gas
path components such as the combustion liner, transition piece, and turbine buckets
and nozzles (airfoil, end-wall, and shroud). Other applications for impingement
include cooling of electronic components. A two- or three-dimensional array of jets
can be used for convectively cooling turbine parts. The air jets impinge at the surface
to be cooled and are directed along a channel formed by the cool surface and the jet
plate. In such arrangements, the downstream jets are subjected to a cross flow from
the upstream jets.

There are several factors that influence the effectiveness of jet impingement,
including the jet angle. The optimum impingement angle is 90� to the surface being
cooled. However, geometric constraints can make it impossible to direct the coolant at
an angle normal to the hot surface. One such example is the cooling of the edges of the
nozzle end wall; another example is the cooling of the edges or lips of combustion liners.

Researchers have investigated the flow from a single jet, both theoretically and
experimentally. Miyazaki and Silberman [1] analyzed a two-dimensional laminar jet
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issuing from a nozzle orthogonal to a flat plate. Gordon and Akfirat [2] studied the
heat transfer characteristics of a single turbulent air jet impinging on a flat plate by
solving the two-dimensional Navier–Stokes equations using a k–e turbulence model.
Calculations were made for three different wall boundary treatments, with all three
treatments yielding results that were close to experimental results as the distance
from the centerline increases. In the stagnation region there were some differences
between experimental and computational results.

The challenge of being able to predict the stagnation region below the jet and
the region far from the jet with equally good accuracy is one that many researchers
have struggled with. Polat, Mujumdar, and Douglas [3], and Amano and Jensen [4]
present numerical results using a two-equation turbulence model which predicted
a faster decay in Nu near the stagnation region than the experimental results.

Following the work on a single impinging jet, Polat, Mujumdar, and Douglas
[5] extended the scope of the research to include heat transfer under multiple
impinging jets. Under the jets, the computational model predicted Nusselt numbers
to within 50% of experimental data; away from the jets it was within 20% of experi-
mental data.

Launder [6] describes four strategies for improving heat transfer predictions in
turbulent flow. Two focus on refining the universal log laws for the velocity and tem-
perature profiles near the wall. The others do not use wall functions; one involves
detailed modeling of turbulent diffusivities across the near-wall sublayer, and the last
approach is a higher-order approach to modeling turbulent heat transport. Launder
recommends using a fine-grid, low Reynolds number treatment near the wall to com-
pute convective heat transfer in complex turbulent flows.

NOMENCLATURE

a speed of sound

cp, cv specific heat at constant pressure,

constant volume

Dj impingement jet hole diameter

e specific internal energy

h specific enthalpy

k turbulent kinetic energy

_mm measured mass flow rate of air

M mach number

N number of circular holes in jet plate

Nu nusselt number ð¼ hDj=jÞ
p instantaneous static pressure

P mean static pressure

PrL, PrT laminar, turbulent Prandtl number

qj heat flux vector

R perfect gas constant

Re average jet Reynolds number

ð¼ 4 _mm=mpDjNÞ
sij instantaneous strain rate tensor

t time

tij instantaneous viscous stress tensor

T temperature

ui instantaneous velocity in tensor

notation

xi position vector in tensor

notation

X streamwise spacing of jet holes of

impingement plate

Y spanwise spacing of jet holes of

impingement plate

Z distance between the jet plate and

the target surface

c specific heat ratio ð¼ Cp=CvÞ
d Kronecker delta

e turbulent dissipation rate

h jet angle (90� is orthogonal to the

impingement surface)

j thermal conductivity of air

m molecular viscosity

mT turbulent viscosity

q density

sij Reynolds stress tensor
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In the computational study by Craft et al. [7], four turbulence models were
tested to simulate the experiments conducted by Cooper et al. [8] and other experi-
ments published in the open literature. One of the turbulence models studied was the
k–e model, and the other three were second-moment closures in which a differential
transport equation is used to solve for the turbulent stress term. Results obtained
with the k–e model overpredicted turbulence levels near the stagnation point and
in the stagnation region. This was also true for the more basic Reynolds stress model
that was tested. The cause of the overpredicted stagnation region heat transfer is that
the length scales calculated by low Reynolds number forms of the k–e model are
much higher than experiment near the point of separation. Length scale is pro-
portional to the square of the dissipation rate, e; so one means of correcting the
length scale behavior is to correct the dissipation rate equation, which is what
Yap [9] achieves via an additional source, Se. Another approach to modeling
near-wall effects is to introduce damping functions into the turbulent viscosity ratio
definition or into the dissipation equation to increase dissipation at the wall [10, 11].
Durbin [12] defines a turbulent viscosity ratio using n2 as the velocity scale which is
modeled via a third transport equation in the k–e–n2 model, thereby avoiding the use
of an algebraic damping function.

EXPERIMENTAL APPARATUS

In this study, the numerical results are compared with experimental data given
by El-Gabry [13]. A detailed description of the experimental setup used in obtaining
data is found in [13] and [14]. The test rig simulates impingement heat transfer with
cross flow in one direction, as shown in Figure 1. Air is supplied to a pressure cham-
ber (plenum). At one end of the plenum, a jet plate is mounted. Air passes from the
plenum through the jet plate and impinges on a smooth test surface. A passage is
formed between the jet plate and the impingement surface by using a three-sided
spacer to guide the flow to exit in one direction. There is no initial cross flow of
air; the cross flow is generated from upstream rows of jets. Three jet plates of size
5.1 cm� 5.1 cm (2� 2 in.) were tested at different Reynolds numbers ranging from
10,000 to 35,000 impinging at two channel heights. The holes of the jet plate were
laid out in a square array. The hole spacings in the x and y directions are equal
(i.e., X ¼ Y ).

The tests were run at a pressure ratio of about 1.17, which is close to the
operating conditions in gas turbine applications. A constant heat flux boundary con-
dition was provided using a thin Inconel foil heater about 0.0254mm (0.001 in.) in
thickness. The surface temperature used in calculating the heat transfer coefficient
was measured using liquid crystal thermography. The chamber pressures and tem-
peratures were recorded. The temperature in the plenum is used in the definition
of the heat transfer coefficient.

NUMERICAL MODEL

Numerical models of the jet plate impingement configurations are developed
to predict surface Nusselt number distributions. Results from the computational
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models are compared with experimental results. The computational fluid dynamics
(CFD) code selected to solve this problem is FLUENT.

Governing Equations

The equations for the conservation of mass, momentum, and energy are solved
for a three-dimensional compressible flow with conjugate heat transfer effects. The
instantaneous form of these equations is as follows [15]:

qq
qt

þ q
qxi

quið Þ ¼ 0 ð1Þ

q
qt

quið Þ þ q
qxj

qujui
� �

¼ � qp
qxi

þ qtji
qxj

ð2Þ

q
qt

q eþ 1

2
uiui

� �� �
þ q
qxj

quj hþ 1

2
uiui

� �� �
¼ q

qxj
uitij
� �

� qqj
qxj

ð3Þ

where e is the specific internal energy, h is the specific enthalpy ðh ¼ eþ p=qÞ, tji is
the viscous stress tensor, and qj is the heat flux vector.

For a compressible flow, the viscous stress tensor, tji, is given by

tij ¼ 2msij �
2

3
m
quk
qxk

dij ð4Þ

Figure 1. Test rig in pressurized enclosure.
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sij ¼
1

2

qui
qxj

þ quj
qxi

� �
ð5Þ

The heat flux vector, qj, is

qj ¼ �j
qT
qxj

¼ � m
PrL

qh
qxj

ð6Þ

where j is thermal conductivity and the laminar Prandtl number is defined as
PrL ¼ cpm=j:

In addition to the conservation of mass, momentum, and energy, the equation
of state for an ideal gas is needed:

p ¼ qRT ð7Þ

The flow properties in the instantaneous equations can be decomposed into a
mean and a time-averaged component. For incompressible flows, the flow properties
are decomposed into a mean and a fluctuating component, and the equations are
averaged to yield the Reynolds-averaged equations. For compressible flows, there
are pressure and temperature fluctuations that need to be accounted for. Instead
of Reynolds averaging, we use Favre averaging or mass averaging.

The Favre-averaged form of the conservation equations is used in this study
because the flow is compressible; in regions of the flow field, the Mach number exceeds
0.5 (the highest Mach numbers are within the jet and near the exit of the channel).
When mass averaging, the flow properties are decomposed as follows [15]:

ui ¼ ~uui þ u00i
q ¼ �qqþ q0

p ¼ Pþ p0

h ¼ ~hhþ h00

e ¼ ~eeþ e00

T ¼ ~TT þ T 00

qj ¼ qLj
þ q0j

ð8Þ

Note that the density, pressure, and heat flux are decomposed into a mean part
(designated by bar) and a fluctuating part (designated by single dash) as with
Reynolds averaging, while the velocity, enthalpy, internal energy, and temperature
are decomposed into a mass-averaged component (designated by tilde) and a fluctu-
ating component (designated by double dash). Substituting Eqs. (8) into the instan-
taneous equations (1)–(3) yields the Favre-averaged equations for mass, momentum,
and energy [15]:

q�qq
qt

þ q
qxi

�qq~uuið Þ ¼ 0 ð9Þ

q
qt

�qq~uuið Þ þ q
qxj

�qq~uuj~uui
� �

¼ � qP
qxi

þ q
qxj

�ttji � qu00j u
00
i

� �
ð10Þ
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q
qt

�qq ~eeþ 1

2
~uui~uui

� �
þ qu00i u

00
i

2

" #
þ q
qxj

�qq~uuj ~hhþ 1

2
~uui~uui

� �
þ ~uuj

qu00i u
00
i

2

" #

¼ q
qxj

~uui �ttij � qu00i u
00
j

� �h i
� q
qxj

�qLj
� qu00j h

00 þ tjiu
00
i � qu00j

1

2
u00i u

00
i

� �
ð11Þ

And the equation of state is

P ¼ �qqReTT ð12Þ

As with Reynolds averaging, Favre averaging results in correlations of flow
property fluctuations. The Favre-averaged Reynolds stress tensor appearing in the
momentum equation (10) is

�qqsij ¼ �qu00i u
00
j ð13Þ

In the energy equation (11), there appears a correlation between the fluctuating
velocity, u00i , and itself; this is the kinetic energy of the turbulent fluctuations, i.e.,

�qqk ¼ qu00i u
00
i

2
ð14Þ

There also appears a correlation between the fluctuating velocity, u0j, and the
enthalpy fluctuations, h00, in the energy equation which represents the turbulent heat
transport, i.e.,

qTj
¼ qu00j h

00 ð15Þ

Also appearing in the energy equation are correlations between the viscous
stress tensor and velocity fluctuation, tjiu

00
i , representing molecular diffusion, and

correlations between velocity fluctuations and turbulent kinetic energy, qu00j
1
2 u

00
i u

00
i ,

representing turbulent transport of turbulence kinetic energy.
As we can see, the averaging of the conservation equations results in turbulent

stress terms, which are simulated with a turbulence model. Turbulence models that
are considered in this research are two-equation models. Two-equation models intro-
duce a transport equation for the turbulent kinetic energy, k, and one for the turbu-
lent dissipation rate, e, and then use the Boussinesq approximation to relate the
turbulent stress to the mean flow using a turbulent viscosity ratio which is some
function of k and e.

To derive the transport equation for turbulent kinetic energy, multiply the
instantaneous momentum equation by u00i and time average, substituting the
definition of turbulent kinetic energy in Eq. (14). This derivation is presented in
detail, showing the result of the time averaging on each term of the momentum
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equation, by Wilcox [15]. For brevity, the result of the derivation of the turbulent
kinetic energy transport equation is

�qq
qk
qt

þ �qq~uuj
qk
qxj

¼ �qqsij
q~uui
qxj

��ttji
qu00i
qxj

þ q
qxj

tjiu
00
i � qu00j

1

2
u00i u

00
i � p0u00j

� �
� u00i

qP
qxi

þ p0
qu00i
qxi

ð16Þ

The Favre-averaged turbulent dissipation rate is

�qqe ¼ �ttji
qu00i
qxj

¼ 1

2
tji

qu00i
qxj

þ
qu00j
qxi

� �
¼ tjis

00
ij ð17Þ

Now that we have conservation equations for mass, momentum, energy, turbu-
lent kinetic energy, and turbulent dissipation rate, we need a closure approximation.
For this, we use the Boussinesq approximation, which assumes that the turbulent
stress is proportional to the mean velocity gradient, i.e.,

�qqsij ¼ �qu00i u
00
j ¼ 2mT Sij �

1

3

q~uuk
qxk

dij

� �
� 2

3
�qqkdij ð18Þ

where mT is the turbulent viscosity or the eddy viscosity.
The turbulent heat flux approximation assumes that the turbulent heat flux is

proportional to the mean temperature gradient, i.e.,

qTj
¼ �qu00j h

00 ¼ � mTcp
PrT

q~TT
qxj

¼ � mT
PrT

q~hh
qxj

ð19Þ

where PrT is the turbulent Prandtl number, which is assumed to be 0.9.
The molecular diffusion and turbulent transport terms in the energy equation

are approximated as

tjiu
00
i � qu00j

1

2
u00i u

00
i ¼ mþ mT

rK

� �
qk
qxj

ð20Þ

where rK is a closure coefficient supplied by the selected turbulence model.
The pressure dilatation term is approximated as

p0
qu00i
qxi

¼ �2�qqeM2
t ð21Þ

where Mt is the turbulent Mach number, defined as

Mt ¼
ffiffiffiffiffi
k

a2

r
ð22Þ
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and a is the speed of sound,

a �
ffiffiffiffiffiffiffiffiffiffi
cReTTq

Substituting the closure approximations into the transport equation for the
turbulent kinetic energy yields an equation that is a function of the mean flow quan-
tities, the turbulent dissipation rate, e, for which another transport equation is
developed, and the turbulent viscosity.

In this article, two different turbulence models are evaluated. The first is the
standard k–e model and the second is the Yang-Shih low Reynolds number formu-
lation of the k–e model. The basic difference between the models is in the definition
of turbulent viscosity.

The standard k–e model was selected as a baseline. The model equations
are [16]

mT ¼
�qqCmk

2

e
ð23Þ

q
qt

�qqkð Þ þ q
qxj

�qq~uujk
� �

¼ �qqsij
q~uui
qxj

� �qqeþ q
qxj

mþ mT=rkð Þ qk
qxj

� �
� 2�qqe

k

a2
ð24Þ

q
qt

�qqeð Þ þ q
qxj

�qq~uuje
� �

¼ Ce1�qqsij
e
k

q~uui
qxj

� Ce2�qq
e2

k
þ q
qxj

mþ mT=reð Þ qe
qxj

� �
ð25Þ

where Ce1 ¼ 1.44, Ce2 ¼ 1.92, C m ¼ 0.09, rk ¼ 1.0, and r e ¼ 1.3.
The standard k–e model is valid in the turbulent flow region far from the wall.

There are two basic approaches to treating the near-wall region. The first approach
uses semiempirical formulas or wall functions to describe the viscosity-affected
near-wall region. This means that the wall region is not resolved; instead, the wall
function is used in this region to bridge the fully turbulent outer flow region and
the viscous inner region. Another approach to treating the near-wall region when
using high Reynolds number turbulence models that relies less on semiempirical rela-
tions than wall functions is to use a two-layer model. This model uses a turbulent
Reynolds number, Rey, defined in terms of a normal distance from the wall, y:

Rey ¼
�qq

ffiffiffi
k

p
y

m
ð26Þ

In the fully turbulent region (Rey>200) the k–e model is used, and in the
viscous near-wall region (Rey<200) a one-equation turbulence model is used. The
one-equation model uses a conservation equation for the kinetic energy and an
algebraic relation for dissipation based on empirically derived turbulent length
scales.

In this study, the baseline is the standard k–e model with a two-layer near-wall
treatment. This will be compared with the low Reynolds number Yang-Shih [17]
model. Low Reynolds number turbulence models include additional source terms
in the turbulence transport equation or the turbulent viscosity definition. They
may also include modified damping functions in the transport equation for e which
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are a function of boundary layer thickness or distance from the wall. The damping func-
tions allow the turbulence transport equations to be applied very close to the wall,
including the viscous sublayer, and do not require semiempirical wall treatments
such as wall functions and the two-layer zonal approach. The Yang-Shih model is a low
Reynolds number formulation of the k–e model given as [16]

mt ¼ �qqCm fm
k2

e
ð27Þ

q
qt

�qqkð Þ þ q
qxj

�qq~uujk
� �

¼ �qqsij
q~uui
qxj

� �qqeþ q
qxj

mþ mT
rk

� �
qk
qxj

� �
� 2�qqe

k

a2
ð28Þ

q
qt

�qqeð Þ þ q
qxj

�qq~uuje
� �

¼ Ce1f1�qqsij
e
k

q~uui
qxj

� Ce2f2�qq
e2

k
þ q
qxj

mþ mT
re

� �
qe
qxj

� �
ð29Þ

where the damping functions for the Yang-Shih model are

fm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� expð�1:5� 10�4 Rey � 5� 10�7 Re3y � 10�10 Re5yÞ

q
ð1þRe�2t Þ ð30Þ

f1 ¼ 0:95þ 0:05

e
sij

q~uiui
qxj

ð31Þ

f2 ¼
1

1þRe�2t
ð32Þ

The Reynolds number, Rey, is as defined in Eq. (26), and Ret is defined as

Ret ¼
�qqk2

me
ð33Þ

The model constants are identical to those for the standard k–e model, Ce1 ¼
1.44,Ce2 ¼ 1.92, Cm ¼ 0.09, rk ¼ 1.0, and re ¼ 1.3, so that in the limit away from
the wall, the turbulence model becomes the standard k–e model.

Boundary Conditions

The intent of the numerical model is to closely simulate the test conditions.
Figure 2 is a cross section showing the boundary conditions. The inlet of the model
is at a cross section of the plenum far from the jets. The mass flow rate and chamber
pressure measured in the experiments are used in specifying the inlet boundary
condition. The turbulence level at the inlet is specified using turbulence intensity
and a length scale. The turbulence intensity was not measured as part of the experi-
ment and was assumed to be 5% based on the fact that the plenum has low turbu-
lence levels. The length scale was equal to the hydraulic diameter of the plenum
section. A constant-pressure boundary condition was applied at the exit. The press-
ure at the outlet boundary is equal to that measured in the vessel in which the
plenum and jet plate system were tested. A no-slip wall velocity boundary condition
is applied to all walls.
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A symmetry boundary condition is used to reduce the size of the model,
neglecting end effects. Two parallel symmetry planes are used, the first one passing
though the centerline of the jets and the second between the rows of jets.

A sensitivity study was performed in which the turbulence intensity was varied
from 5% to 15%. The difference in Nusselt number was no more than 4%, demon-
strating that the solution is largely insensitive to the value of inlet turbulence intensity.

The heater that also forms the impingement surface is of finite thickness; it is
modeled as a solid with constant internal heat generation. The conduction equation
is solved within the solid domain, which is in contact with the fluid zone. This has
the effect of modeling conduction accurately as part of a conjugate heat transfer
problem. This approach was found to be more effective in matching test data than
a simple heat flux boundary condition on a wall of zero thickness.

Solver

The code used to solve the 3-D turbulent flow problem is the commercial code
FLUENT, which uses a finite-volume discretization method for formulating the

Figure 2. Boundary conditions obtained directly from test measurements.
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governing equations. The segregated (implicit) solver, which relies on the SIMPLE
algorithm, was chosen.

The solution was initialized using the inlet boundary conditions for pressure,
velocity, temperature, and turbulence. Convergence is reached when the changes
in solution variables (continuity, velocity components, turbulence quantities, etc.)
are negligible. The convergence criteria are 10�6 on scaled energy, 10�5 on conti-
nuity, and at least 10�3 on all other variables. In addition to monitoring scaled resi-
duals, the net heat flux out of the heater wall was monitored as an indicator of
convergence.

Computational Grid

The computational domain that was chosen for this model is shown in Figure 3,
with a close-up of the jet hole and air gap shown in Figure 4. The height of the plenum is
a factor of 10 or 20 times larger than the height of the air gap.

The plenum, air gap, and heater are meshed, with the plenum being of a coar-
ser mesh than the air gap. At the surface of the wall a fine mesh is used to maintain
the first control volume at y þ �1. Away from the wall, the mesh density is reduced.
The computational grid used hexagonal elements, as they provide the best para-
metric modeling capability and best mesh control.

Figure 3. Computational domain.
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To confirm that the solution is grid-independent, the mesh was refined twice
from the baseline case. In one refinement, the number of cells or volumes increased
by 56%. In the second refinement, the number of cells increased by over 300%.
The change in Nusselt number due to refinement was less than 3%; therefore, the
baseline mesh, which contains 600,000 control volumes, was considered sufficient
to capture the physics of the problem.

RESULTS AND DISCUSSION

Numerical results are obtained using the standard k–e and the Yang-Shih tur-
bulence models and are compared with test data for the various cases. Table 1 lists
the numerical simulations and the average Nusselt number for each of the test cases
using the two models.

There is no single turbulence model that is best for all cases studied. For the 30�

jet, the Yang-Shih model yields average Nusselt number results that are 30–40%
closer to test than the standard k–e model over the entire range of jet Reynolds
numbers. In the 60� jet, the standard k–e model generally yields average Nusselt
number results that are 3–5% better.

Results from Table 1 are represented graphically in Figures 5–10, where a
curve fit of the average Nusselt number is plotted against the jet Reynolds number.

Figure 4. Mesh of jet hole and transition from circular jet to rectangular air gap.
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The Yang-Shih and standard k–e models both predict the basic trend with
Reynolds number fairly well. At low Reynolds numbers, the Yang-Shih more closely
matches the test data.

For the orthogonal jets at a Z=Dj� 1 (Figure 6), both turbulence models
underpredict the average Nusselt number. One reason could be the presence of a
thermal boundary layer that is hindering the convective heat transfer. The main
difference between the cases shown in Figure 5 (Z=Dj� 2) and Figure 6 (Z=Dj� 1)
is that the cross-flow effects at Z=Dj� 1 are more dominant. The boundary layer
may be dominating and the mixing between the cross flow and the impinging jet flow
inaccurately accounted for.

The CFD predictions of average Nusselt number for the 60� jet at Z=Dj� 2
shown in Figure 7 are close to the test data, particularly at the higher Reynolds
numbers. Figure 8 shows that once again (as was the case for the orthogonal

Table 1. Numerical simulations and average Nusselt number

Jet

angle (deg)

Gap height,

Z=D Jet Re no.

Ave. Nu,

test

Ave. Nu,

Yang-Shih

Ave. Nu,

std k–e
Error,

Yang-Shih Error, k–e

90 2 15,399 57.6 54.7 52.1 5.0% 9.4%

90 2 19,303 67.2 65.8 61.3 2.2% 8.8%

90 2 23,257 77.2 82.1 70.1 �6.3% 9.2%

90 2 28,919 90.3 95.7 86.8 �5.9% 3.9%

90 2 34,751 103.8 111.7 108.0 �7.6% �4.0%

90 1 15,602 63.2 54.7 55.7 13.4% 11.8%

90 1 19,699 75.5 66.5 67.5 11.9% 10.7%

90 1 23,053 84.4 75.1 75.6 11.0% 10.4%

90 1 28,961 99.9 91.5 91.8 8.5% 8.2%

90 1 34,698 114.8 107.7 105.1 6.2% 8.4%

60 2 15,536 53.1 62.2 59.9 �17.2% �12.8%
60 2 19,235 64.0 68.1 65.7 �6.4% �2.6%
60 2 23,251 72.5 76.9 74.0 �6.1% �2.0%
60 2 28,993 85.0 88.9 85.0 �4.6% 0.0%

60 2 34,878 96.9 93.3 90.9 �3.7% 6.2%

60 1 15,407 53.5 42.5 44.1 20.5% 17.6%

60 1 19,373 62.7 51.7 54.1 17.7% 13.8%

60 1 23,045 74.9 59.9 62.7 20.1% 16.3%

60 1 28,795 87.5 72.1 75.8 17.7% 13.4%

60 1 34,577 99.4 84.8 88.5 14.7% 11.0%

30 2 14,733 48.2 62.6 76.8 �29.8% �59.3%
30 2 19,067 57.9 67.6 90.6 �16.7% �56.4%
30 2 23,049 67.1 76.9 103.2 �14.5% �53.8%
30 2 28,464 69.2 85.8 120.3 �23.9% �73.8%
30 2 34,409 89.8 101.8 140.3 �13.4% �56.3%

30 1 15,556 47.2 40.8 65.2 13.5% �38.1%
30 1 19,478 55.9 51.5 74.9 7.9% �34.0%
30 1 22,924 63.1 73.0 97.0 �15.8% �53.7%
30 1 28,634 73.8 89.2 116.2 �20.7% �57.4%
30 1 34,530 85.7 92.0 139.9 �7.3% �63.2%
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Figure 5. Average Nusselt number for orthogonal jets, Z=Dj� 2.

Figure 6. Average Nusselt number for orthogonal jets, Z=Dj� 1.
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Figure 7. Average Nusselt number for 60� jets, Z=Dj� 2.

Figure 8. Average Nusselt number for 60� jets, Z=Dj� 1.
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Figure 9. Average Nusselt number for 30� jets, Z=Dj� 2.

Figure 10. Average Nusselt number for 30� jets, Z=Dj� 1.
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jets at Z=Dj� 1), the turbulence models underpredict the average Nusselt number.
A possible reason is the ineffectiveness of the turbulence models in predicting the
mixing in the presence of a thick thermal boundary layer.

For the case of 30� jets at Z=Dj� 2, the Yang-Shih model more accurately pre-
dicts the Nusselt number across the entire range of jet Reynolds numbers considered.
The results for the 30� jets at Z=Dj� 1 shown in Figure 10 also show the Yang-Shih
model more accurately predicting the average Nusselt number over the entire range
of Reynolds numbers. A possible explanation for this observation is that the shallow
angle and the small channel (Z=Dj� 1) result in a flow regime more similar to tur-
bulent channel flow than a classic impingement in cross-flow regime. Jets are not
penetrating the cross flow as strongly as at steeper angles or at further distances
(where the Reynolds number in the channel is smaller). The damping functions
and constants used in the Yang-Shih turbulence model were developed and validated
using direct numerical simulations of turbulent channel flow. Therefore, one expects
this turbulence model to perform effectively under conditions that closely mimic tur-
bulent or transitional boundary-layer channel flow.

Spanwise Average Nusselt Number Results—90� Jets

Figures 11–13 show a comparison of the Nusselt number distribution for three
different Reynolds numbers using the orthogonal jets; the jet plate is at a nondimen-
sional distance Z=Dj of 2 from the impingement surface.

The results presented in Figures 11–13 show that although the basic trend
in Nusselt number is similar regardless of Reynolds number, there are key differ-
ences worth noting. First, all the figures showed regions of high error in the

Figure 11. Comparison of Nusselt number for orthogonal jet, Z=Dj� 2, Re ¼ 15,399.
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Figure 12. Comparison of Nusselt number for orthogonal jet, Z=Dj� 2, Re ¼ 23,257.

Figure 13. Comparison of Nusselt number for orthogonal jet, Z=Dj� 2, Re ¼ 34,751.

458 L. A. EL-GABRY AND D. A. KAMINSKI



stagnation-region Nusslet number and at the region of minimum heat transfer. The
turbulence models overpredict the stagnation-region heat transfer, likely a result of
the damping functions used in the turbulent viscosity and turbulent kinetic energy
transport equations.

At the stagnation region, there is a large transfer of energy; the turbulent
kinetic energy is transferred to viscous dissipation. Overpredicting the stagnation
region heat transfer means the production of turbulent kinetic energy is too large
or the dissipation of turbulent kinetic energy is too small and viscous effects are
not as dominant as they may be physically. The turbulent and viscous effects are
determined by the turbulence model and stagnation heat transfer that is too high
is a result of high turbulence levels and therefore a result of the inadequacy of the
model to accurately predict turbulent and viscous effects in this critical region of
steep gradients and high momentum and energy transfer.

The peak Nusselt number also appears to shift downstream with increasing jet
Reynolds number in the experimental results, but not as significantly in the numerical
results. This means that at the highest Reynolds number, there exists the largest shift
between the actual location and the predicted location of the peak Nusselt number.
The location of the peak Nusselt number moves due to the presence of cross flow
deflecting the jet. If the turbulence models are unable to predict the effect of cross
flow, then there will be an inherent error in the ability to predict the shift in stagnation
point. The case of impingement in the presence of cross flow is a test of the turbulence
models in a complex flow regime for which they have not been tested by the develo-
pers of the model; hence it is not unusual to uncover deficiencies in the ability to
predict local effects such as the shifting of the peak Nusselt number accurately.

Figures 14–16 show a comparison of the Nusselt number distribution for
three different Reynolds numbers using the orthogonal jets impinging on a smooth
surface; the jet plate for these cases is at a nondimensional distance Z=Dj of 1 from
the impingement surface.

The CFD-predicted Nusselt number distribution in Figure 14 differs from the
experimental results in several significant ways. First, there is an even greater error in
the shift in peak Nusselt numbers than was discussed earlier. The shift was attributed
to the inability of the models to effectively represent the effect of cross flow, which is
the physical phenomenon that would deflect the jets and cause a shift in the
stagnation-point location. The cross flow is dominant at low Z=Dj due to higher
Reynolds numbers in the channel and hence the ineffectiveness in predicting the shift
due to cross flow is further exasperated at lowZ=Dj. There is, however, a clear indication
that the basic trend in Nusselt number is captured; for instance, the CFD results
obtained with either turbulence model show the peak decreasing in the cross-flow direc-
tion and then increasing at the last few jets. The magnitude of the peaks and the average
Nusselt number predicted by the CFD model is close to experimental results.

At the low Reynolds number in Figure 14, we see a shift in the peak Nusselt
numbers and the start of a nonphysical Nusselt number distribution develop between
the jets using the Yang-Shih model, particularly at x=Dj of about 30, and that is the
presence of a flattening of the curve (representing a region of constant heat transfer
with no decay). This phenomenon is not observed in the experimental results. As the
jet Reynolds number increases, this trend grows more nonphysical as a secondary
peak begins to develop between the jets.
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Figure 15. Comparison of Nusselt number for orthogonal jet, Z=Dj� 1, Re ¼ 23,053.

Figure 14. Comparison of Nusselt number for orthogonal jet, Z=Dj� 1, Re ¼ 15,602.
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The reason the Yang-Shih model exhibits this behavior may be the model’s
attempt at predicting transitional boundary layers that separate and reattach in
the region in between the jets, where the wall jets from two adjacent jets collide to
form a recirculation zone as shown in Figure 17. The Yang-Shih model incorporates
a weighting function based on the thickness of the boundary layer and this weighting

Figure 17. Flow pattern between jets 1 and 2.

Figure 16. Comparison of Nusselt number for orthogonal jet, Z=Dj� 1, Re ¼ 34,698.
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function or intermittency function is used to model transition. As the boundary-layer
thickness varies, the intermittency factor varies and the turbulent viscosity ratio var-
ies, creating regions of locally high turbulent kinetic energy where there is recircula-
tion or large changes in the boundary-layer shape.

Figure 18 shows the contours of turbulent kinetic energy, turbulent dissipation
rate, and static temperature contours with the Yang-Shih model. The two perpen-
dicular surfaces are the target surface (impingement surface) and the symmetry
plane along the jet centerlines. Note that the turbulent kinetic energy contours
have the largest gradients in two regions in particular, that is, behind the upstream
of the jet and the region of wall jet collision shown in Figure 17. In these regions, the
boundary-layer shape changes drastically and hence the intermittency factor
responds by changing the fm, in turn changing the turbulent viscosity ratio and the
production of turbulent kinetic energy equation (28). Hence we see large gradients
in turbulent kinetic energy contours in response to changes in the flow pattern
(turning, separation, etc.). Figure 18 also shows that where there are gradients in
the turbulent kinetic energy in the symmetry plane, there are gradients in the turbu-
lent dissipation rate at the impingement surface. Furthermore, where there are
gradients in the turbulent dissipation rate, there are gradients in the wall temperature
and ultimately peaks in the heat transfer as observed in the Nusselt number plots.

Figure 19 is the equivalent to Figure 18 for the standard k–e model. Note that
in Figure 19, the turbulent dissipation rate is not to the same scale as in Figure 18, to
enable discussion of the behavior of the turbulence model features. In Figure 19, we
also see that regions of large turbulent kinetic energy (TKE) gradients correspond to
regions of large turbulent dissipation rate gradients. We also see that, unlike the
Yang-Shih model, there is no localized production of TKE at the region of recircula-
tion flow where two adjacent wall jets collide. Therefore, we see a peak in TKE at
the stagnation point only, and hence we see heat transfer coefficient peaks near
the stagnation points only, with no secondary peak between the jets.

The Yang-Shih model attempts to capture the highly complex flow patterns
characterized by attached and then separated boundary layers using the intermit-
tency factor, and the intermittency factor, could be too sensitive to small changes
in the shape of the boundary layer and hence the results appear to peak as the model
transitions between turbulent and laminar regimes. Even in these cases that appear
nonphysical, the basic trends are captured by the CFD models; both models do pre-
dict decreasing and then increasing peak Nusselt numbers, and both predict average
Nusselt numbers, to within 10% for the case presented in Figure 16, which appears
to be the most nonphysical from this set of results.

Spanwise Average Nusselt Number for 60� Jets

Figure 20 shows a comparison of the Nusselt number distribution for
Re ¼ 23,251; the jet plate is at a nondimensional distance Z=Dj of 2 from the
impingement surface.

Both the Yang-Shih and standard k–e models yield similar results. The Yang-
Shih model again exhibits the nonphysical phenomenon discussed earlier between
the jets in regions of colliding wall jets and separating boundary layers. The
Yang-Shih model is more effective at predicting the local minimum values of the
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Nusselt number distribution at the highest jet Reynolds number tested; however, for
other Reynolds numbers, both the standard k–e model and Yang-Shih model predict
the local minima with approximately equal accuracy.

Figure 18. Yang-Shih model turbulent kinetic energy, dissipation rate, and static temperature.
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Figure 19. Standard k–e model turbulent kinetic energy, dissipation rate, and static temperature.
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Figures 21–23 show a comparison of the Nusselt number distribution for
Re ¼ 23,045 using the 60� angled jets impinging on a smooth surface. The jet plate
for these cases is at a nondimensional distanceZ=Dj of 1 from the impingement surface.

Figure 20. Comparison of Nusselt number for 60� jet, Z=Dj� 2, Re ¼ 23,251.

Figure 21. Comparison of Nusselt number for 60� jet, Z=Dj� 1, Re ¼ 23,045.
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Figure 24 shows a comparison of the Nusselt number distribution for
Re ¼ 23,049 using the 30� angled jets impinging on a smooth surface; the jet plate
is at a nondimensional distance Z=Dj of 2 from the impingement surface.

Figure 22. Comparison of Nusselt number for 60� jet, Z=Dj� 1, Re ¼ 28,795.

Figure 23. Comparison of Nusselt number for 60� jet, Z=Dj� 1, Re ¼ 34,577.
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Figure 24. Comparison of Nusselt number for 30� jet, Z=Dj� 2, Re ¼ 23,049.

Figure 25. Comparison of Nusselt number for 30� jet, Z=Dj� 1, Re ¼ 22,924.
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Figure 25 shows a comparison of the Nusselt number distribution for
Re ¼ 22,924 using the 30� angled jets impinging on a smooth surface; the jet plate
for these cases is at a nondimensional distance Z=Dj of 1 from the impingement
surface.

The results obtained with the Yang-Shih model for the 30� jets at Z=Dj� 1 are
more accurate than those obtained with the standard k–emodel over the entire range
of Reynolds numbers simulated. The effectiveness of the Yang-Shih model in this
case can be attributed to the fact that the model was developed and tested based
on turbulent channel flow regimes, to which the 30� jet at Z=Dj� 1 can be likened.

CONCLUSIONS

A finite-volume-based computational fluid dynamics code, FLUENT, was
used for performing the numerical analysis. The standard k–e model was evaluated
and compared to the low Reynolds number Yang-Shih model.

The standard k–e model is a high Reynolds number turbulence model and is
best able to model turbulent core flow regions and does not apply very near the wall,
where viscous effects are dominant. Therefore, this model is used in conjunction with
a two-layer near-wall treatment to account empirically for viscous effects.

The low Reynolds number models can be integrated to the wall, thereby elim-
inating the need for special wall treatment. The Yang-Shih model, though it overpre-
dicted peak Nusselt numbers (more so than the standard k–e model), was more
effective in predicting heat transfer between jets.

It is not possible to conclude that one turbulence model is more accurate across
all cases than another. The standard k–e model was more accurate in some simula-
tions, while the Yang-Shih was more accurate in others. In all cases, the numerical
models were able to predict accurately the effect of cross flow in terms of the Nusselt
number trend in the cross-flow direction.

REFERENCES

1. H. Miyazaki and E. Silbarman, Flow and Heat Transfer on a Flat Plate Normal to a
Two-Dimensional Laminar Jet Issuing from a Nozzle of Finite Height, Int. J. Heat Mass
Transfer, vol. 15, pp. 2097–2107, 1972.

2. R. Gardon and J. Akfirat, The Role of Turbulence in Determining the Heat Transfer
Characteristics of Impinging Jets, Int. J. Heat Mass Transfer, vol. 8, pp. 1261–1272, 1965.

3. S. Polat, A. Mujumdar, and W. Douglas, Heat Transfer Distribution under a Turbulent
Impinging Jet—A Numerical Study, Drying Technol., vol. 3, pp. 15–38, 1985.

4. R. S. Amano and M. K. Jensen, A Numerical and Experimental Investigation of Turbu-
lent Heat Transport of an Axisymmetric Jet Impinging on a Flat Plate, ASME Paper
82-WA=HT-55, 1982.

5. S. Polat, A. Mujumdar, and W. Douglas, Prediction of Flow and Heat Transfer under
Multiple Impinging Jets Using Two-Equation Model of Turbulence, Drying Technol.,
vol. 2, pp. 868–879, 1986.

6. B. E. Launder, On the Computation of Convective Heat Transfer in Complex Turbulent
Flows, J. Heat Transfer, vol. 110, pp. 1112–1126, 1988.

468 L. A. EL-GABRY AND D. A. KAMINSKI



7. T. J. Craft, L. W. Graham, and B. E. Launder, Impinging Jet Studies for Turbulence
Model Assessment—II. An Examination of the Performance of Four Turbulence Models,
Int. J. Heat Mass Transfer, vol. 36, pp. 2685–2697, 1993.

8. D. Cooper, D. C. Jackson, B. E. Launder, and G. X. Liao, Impinging Jet Studies for
Turbulence Model Assessment—I. Flow-Field Experiments, Int. J. Heat Mass Transfer,
vol. 36, pp. 2675–2684, 1993.

9. C. R. Yap, Turbulent Heat and Momentum Transfer in Recirculating and Impinging
Flows, Ph.D. thesis, The University of Manchester, Manchester, UK, 1987.

10. B. E. Launder and B. I. Sharma, Application of the Energy Dissipation Model of
Turbulence to the Calculation of Flow near a Spinning Disc, Lett. Heat Mass Transfer,
vol. 1, pp. 131–138, 1974.

11. C. K. G. Lam and K. A. Bremhorst, Modified Form of the k–e Model for Predicting Wall
Turbulence. J. Fluids Eng., vol. 103, pp. 456–460, 1981.

12. P. A. Durbin, Separated Flow Computations with the k–e–n2 Model, AIAA J., vol. 33,
pp. 659–664, 1995.

13. L. A. El-Gabry, Local Heat Transfer Distribution on Smooth and Roughened Surfaces
under an Array of Angled Impinging Jets, Ph.D. thesis, Rensselaer Polytechnic Institute,
Troy, NY, 2003.

14. L. A. El-Gabry and D. A. Kaminski, Experimental Investigation of Local Heat Transfer
Distribution on Smooth and Roughened Surfaces under an Array of Angled Impinging
Jets, Proc. 2001 ASME Int. Mechanical Engineering Congress and Exposition, Paper
2-14-1-1, 2001.

15. D. C. Wilcox, Turbulence Modeling for CFD, DCW Industries, La Canada, CA, 1998.
16. Fluent, FLUENT 5 User’s Guide Volume 2, 1998.
17. Z. Yang and T. H. Shih, A k–e Model for Turbulent and Transitional Boundary Layers,

in R. M. C. So, C. G. Speziale, and B. E. Launder (eds.), Near-Wall Turbulent Flows,
Elsevier, Amsterdam, 1993.

JET IMPINGEMENT WITH CROSS FLOW 469


