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A Computational Fluid Dynamic (CFD) study based on Reynolds Averaged Navier-Stokes (RANS)
approach is carried out to predict the mean velocity field and the heat transfer rate of an impinging jet
in cross-flow configuration on a heated wall-mounted cube. Targeting an electronic cooling configura-
tion, the aim is to investigate the effect of geometrical modification of the component on the cooling
effectiveness. For the same cross flow Reynolds number Rey = 3410, three levels of impinging jets are
computed as well as a case without impinging jet that will serve as baseline case for comparison. The
results from the RANS computation are compared to experimental data from published scientific litera-
ture. The validation shows qualitatively good agreement and almost all flow structures are well repro-
duced by the computation. In an attempt to optimize the wall heat flux over the cube surface, a new
geometry is proposed without sharp corners on the top cube face. Numerical results show that with

Keywords:

Electronic component
Cooling effectiveness
Wall mounted cube

Impinging jet
Shear Stress Transport (SST) turbulence minor geometrical modification (chamfer), the fluid flow structure around the electronic component is
model radically transformed and the heat transfer rate can be improved. The highest cooling effectiveness

Jet in cross flow improvement is realize for the highest Reynolds number ratio Rej/Rey; = 1.5 and for the chamfer height

of 4 mm.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In electronics industry overheating is the main cause of failure
and the major limitation to further increase in the power and effi-
ciency. Taking into account the Moore’s law [1] that states: the
power of each new generation of microprocessor doubles, one
can understand that intensive cooling of electronic components
is more than necessary. A good and efficient cooling design is an
uncounturnable condition to reliable long-term operation in elec-
tronic applications. In this context, general problems of microelec-
tronic reliability are discussed by White and Bernstein [2], while
the specific problem of high temperature is addressed by Petch
[3]. In a very detailed report, Petch [3] attempts to address impor-
tant questions related to microelectronic device design, cooling
system, weight and reliability. According to the definition of relia-
bility, it is shown that high temperature can cause equipment fail-
ure but can also affect the normal performance requirements.
Especially that in real life, the operating conditions cannot be only
in steady-state regime but can be also cyclic, with gradient and
time-dependent. All this aspects and much more are presented
and discussed in the report [3]. One example of the temperature
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effects is highlighted by Li et al. [4] who showed that in the case
of the high-power light-emitting diodes (LEDs) when the temper-
ature increases by 1 °C, luminescence intensity decreases by 1%
and wavelength of light-wave changes 0.2-0.3 nm which leads to
the changes of light color. If the heat cannot dissipate properly, it
will lead excessive temperature, shorten the life, and thermal
stress will damage the LEDs chip.

Forced channel air flow is the most frequently solution used for
cooling Printed Circuit Board (PCB), see Meinders [5]. It is impor-
tant to find the optimal ways to dissipate the maximum heat from
electronic components while maintain energy consummation and
noise level at their minimum possible values. One of the most rel-
evant and cited study in this field is that done by Tummers et al.
[6], who conducted an experimental investigation using an in-line
array of five cubes, where detailed particle-image velocimetry
(PIV) and infrared thermography measurements were reported.

Additionally to the experimental investigations, Computational
fluid Dynamic (CFD) is an economic alternative to predict and test
several geometrical and thermal configurations in order to opti-
mize the cooling in terms of size, blowing power and avoiding local
hot spots. One possible geometrical configuration that can mimics
a realistic electronics cooling is the wall mounted cube and in some
cases an in-line row of several cubes mounted on the lower wall in
a plane channel flow.
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In an earlier experimental study conducted by Martinuzzi and
Tropea [7], the flow around surface-mounted prismatic obstacles
with different spanwise dimensions is investigated. The main
aim of their research is first to add experimental data related to
the complex flow filed for this configuration to the Journal of
Fluids Engineering Data Bank and also to find the geometrical limit
between nominally two-dimensional and fully three-dimensional
obstacle flows. They found that the middle region of the wake is
nominally two-dimensional for width to height ratios (W/H)
greater than 6. They also highlight the complex flow around a sur-
face-mounted cube by the much known schematic representation
that was reproduced by several researchers and reported here in
Fig. 6(a).

In addition to the general problem of removing highly concen-
trated heat, the local hot spots can cause local overheating and
thermal fatigue. This is a specific critical problem that has to be
considered by electronic devices designers. In case of using only
a forced channel flow, excessive flow rates will be required. One
possible method to face this problem is to use the high heat
removal rates of impinging jets to enhance and optimize the cool-
ing design. So as explained by Rundstrém and Moshfegh [8,9], in
addition to the channel flow, impinging jets are used separately
for the most dissipating component.

A numerical investigation of fluid flow and heat transfer charac-
teristics associated with cooling in-line array of discrete heated
blocks in a channel by using single laminar air jet has been recently
presented by Arquis et al. [10]. In addition to different values of jet
Reynolds number, they conducted many tests for different geomet-
rical parameters. They found that effective cooling of blocks is pro-
portionally related to the Reynolds number and inversely
proportional to the channel height. Heat transfer rates are also
found to be enhanced for shorter and widely spaced heated blocks.
As natural finding, the block just underneath the impinging air jet
is found to be the most cooled one. The values of surface averaged
Nusselt number decrease for downstream blocks, and approxi-
mately reach a constant value after the third block. In their discus-
sion, Arquis et al. [10] highlight the close relationship between the
circulation bubbles on the top surface of blocks and the low values
of Nusselt numbers.
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Reynolds Averaged Navier-Stokes (RANS) calculations of the
flow and heat transfer for flow over a heated, jet-impinged, wall-
mounted cube in a cross-flow have been reported by Rundstrém
and Moshfegh [11], while Popovac and Hanjalic [12] report Large
Eddy Simulation for nearly similar configuration. Both simulations
attempt to represent a simplified case of electronics cooling. The
targeted cube is cooled by two mutually perpendicular streams
of air: a channel air at Re=4800 and a round impinging jet
Rej=5200. The study was aimed at investigating flow structures
and turbulence statistics, as well as their thermal signature and
heat transfer on the cube surface. The paper outlines the great
capability of the Large Eddy simulation technic to validate at least
qualitatively well against the experimental measurements.

One good example of CFD computation in this field is the study
conducted by Octavio et al. [13], who studied numerically the
effect of aerodynamic shaping of the cooling fins in staggered heat
sinks. They show that by rounding the cooling fins, the aerody-
namic efficiency is increased without affecting the thermal effi-
ciency. By comparing three different geometries, they found that
a rounded staggered fin layout can remove the same heat as a clas-
sical in-line fin layout with a reduction of fan power consumption
by more than 60%.

In the same strategy, the present study aims to show that with
some geometrical modifications of the cube corners, the thermal
efficiency can be improved when keeping the same amount of cold
blowing.

In the present study, it is focused on a single wall mounted cube
cooled simultaneously by a jet in a cross flow. This configuration is
nearly identical to that studied experimentally by Masip et al. [14]
in which a set of three main Reynolds numbers combined with
three ratios are considered. The combination of the two parame-
ters results in nine different data series. In the present study the
validation is limited to the first three cases corresponding to the
main Reynolds number of 3410 and three Reynolds number ratios.
The main Reynolds number is based on the channel bulk velocity
(Uins=1.705 m/s) and the channel height (H = 2h). The three ratios
(Rej/Rey) considered are 0.5, 1.0 and 1.5 which correspond to three
Rej=1705, 3410 and 5115 respectively. The jet Reynolds numbers
(Re;) are computed based on their bulk velocity U; and the diameter
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Fig. 1. Computational domain, boundary conditions and local coordinate system.
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of the orifice D. A fourth case without the impinging jet is also
computed for comparison purpose and referred as baseline case.
In an attempt to enhance the heat transfer over the cube, a modi-
fied geometry is proposed, where the top corners are modified in
such a way to avoid the sharpness by adding local chamfers. The
cases will be noted hereafter as follow: FOO, FO5, F10 and F15 for
baseline case, Rej/Rey=0.5, 1.0 and 1.5 respectively. Combining
the Reynolds number ratio (Rej/Rey=1.5) and chamfer heights
three additional cases are computed. They will be noted FC115,
FC215 and FC315 for chamfer heights of 1, 2 and 4 mm
respectively.

2. Flow configuration and computational details

As mentioned before, geometrical details and computational
parameters are similar to those in the experimental work of
Masip et al. [14]. So, the computational domain is a rectangular
channel with a cube (h =15 mm) in the middle of the bottom wall.
The channel has two inlets; one horizontal channel flow and one
vertical round impinging jet (see Fig. 1). The impinging jet has a

Table 1

Geometric and flow details.
Jet diameter D 12 mm
Component height h 15 mm
Channel height H 2h =30 mm
Chamfer height s 1, 2 and 4 mm
Channel bulk velocity Upns 1.705 m/s
Computational domain length Sx 1000 mm
Computational domain width S, 150 mm
Reynolds number based on the channel Rey 3410

height and channel bulk velocity
Table 2
Details of computed cases.
Chamfer heights Rej/Rey Re; U; (m/s)

Case 1, FOO Regular cube 0.0 0.0 0.0
Case 2, FO5 0.5 1705 2.131
Case 3, F10 1.0 3410 4.262
Case 4, F15 1.5 5115 6.393
Case 5, FC115 1 mm 1.5 5115 6.393
Case 6, FC215 2 mm 1.5 5115 6.393
Case 7, FC315 4 mm 1.5 5115 6.393

diameter of 12 mm. The cube and the cylindrical hole are centered
with geometrical axis as shown in Fig. 1, where the X-axis, Y-axis
and Z-axis refer to the streamwise, the normal and the spanwise
directions, respectively. In order to get realistic boundary condi-
tions for the jet when leaving the hole, a cylindrical conduit of
30 mm long is added to the computational domain. The geometri-
cal details, properties and boundary conditions are summarized in
Table 1, while Table 2 shows the seven test cases considered in the
present study.

3. Numerical details

The present simulations were conducted using the ANSYS-CFX
package, where the solution of the Reynolds Averaged Navier—
Stokes (RANS) and energy equations is obtained using the finite

Fig. 3. Computational mesh.

Fig. 2. y* values at one cell above the surface of solid walls (case F05).
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" Case 4 (FI5)
(b) Experiment from [6]

Fig. 4. Streamlines in the XY plane at z/h = 0 for Rey = 3410.

volume method with a body-fitted hexahedral unstructured grid. A
co-located layout is employed in which the pressure, turbulence,
and velocity unknowns share the same location. The momentum
and continuity equations are coupled through a pressure correc-
tion scheme, and several implicit first- and second-order accurate
schemes are implemented for the space and time discretizations.
In the present computation, convection terms are discretized with
a second order scheme except near discontinuities, where it
reduces to first order to preserve boundedness. The turbulence clo-
sure is achieved by use of the well-known Shear Stress Transport
(SST) k — e based model proposed by Menter [15]. This model is
known to provide a good compromise by combining the k — w
model of Wilcox in the near the wall region and the high
Reynolds k — ¢ model in the outer region. The use of the two mod-
els is realized via a blending function, which switches from one to
zero depending on the geometrical position of the integration
point. Detailed explanation of the model formulation and test case
validations can be found in specific literature of Menter’s group
[15], while only the mathematical equations of the model are pre-
sented here.

To build the SST model, the Wilcox model is multiplied by a
blending function F; and a transformed version of the k — ¢ model

Case 5 (FC 215)

Fig. 5. Streamlines in the YZ plane at x/h=0 for Rey=3410, colored by the
temperature.
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by a function (1 — F;). F; is equal to one near the solid walls and
decreases to a value of zero outside the boundary layer. At the
boundary layer edge and outside the boundary layer, the standard
k — ¢ model is therefore recovered. Then the corresponding k and @
equations are added to give the new model formula given by Eqs.
(1) and (2).

a(pk) | a(pUik) _ 0 K I

ot BXj __ng O3
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The coefficients of the new model are a linear combination of
the corresponding coefficients of the two previous models:

¢=Fo+(1-F)o, 3)
All coefficients are listed here:

p=0.09, o4=5/9, p;=0075 o0un=2, 0O, =2,
o, =044, B,=0.0828, 0, =1and g, =1/0.856

In order to avoid the known over-prediction of the eddy-viscos-
ity linked with original k — «» model, the SST model uses a limiter
to the formulation of the eddy-viscosity given by Eq. (4).

ak
max(a;w, SF,)

4)

Vt:

Ve = e/ P )

Again F, is a blending function similar to F;, which restricts the
limiter to the wall boundary layer and S is an invariant measure of
the strain rate. The blending functions F; and F, are critical to the
success of the method. Their formulation is based on both the dis-
tance to the nearest surface and on the flow variables (see Menter
[15] for more discussion on this point).

After many tests and according to the best compromise
between precision and available computational facilities a grid of
about two million structured hexahedral cells was adopted for all
cases. The grid was checked at posteriori by plotting the y* con-
tours which is maintained less than unity for the first grid point
away from all viscous walls. This is true for approximately all
points with some exception where y* can reach the value of three.
With this condition the viscous sublayer near solid walls, which
extend until y* =5, can be properly resolved. The grid points are
also well stretched near the walls and in the vicinity of the cube.
Fig. 2, shows the y* contours on the wall, while the computational
grid is highlighted by Fig. 3.

The following boundary conditions are used (see Fig. 1): the top
boundary including inside the hole injection, the bottom walls
including the cube and the side walls have no-slip conditions.
The outflow conditions are set to zero-gradient condition and
finally the same temperature 20 °C is used for the channel flow
and the impinging jet. All walls boundaries are maintained at con-
stant temperature, 60 °C for the cube and 20 °C for the remaining
walls.

4. Results and discussion

Fig. 4 represents streamlines in the XY plane at z/h =0 for all
computational cases as well as the experimental one from Masip
etal. [14]. Globally and compared to experimental figures, the main

S yg;ycvgv LR K
.
Umag/Umain

Case 1 (F00)

Case 5 (FC215)
(a) Present computation

Case 2 (F0S5)

Case 3 (F10)

Case 4 (F15)
(b) Experiment from [6]

Fig. 6. Contours of Vi,q/U; in the XY plane at z/h = 0 for Rey = 3410.
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features of flow configuration are well reproduced by the present
RANS simulation. For the low Reynolds number ratio (0.5), the jet
is strongly deviated into the downstream direction, while for med-
ium Reynolds number ratio (1.0) the jet impinges on the top cube
surface. In the case of the high Reynolds number ratio (1.5) the
jet also impinges the top cube surface and additionally there is a
small part of it that sweeps along the cube front face. As reported
by previous investigations this part of jet sweeping along the cube
front face can improve considerably the cooling of the cube. In a
preliminary experiment of Flikweert [ 16], he showed that the max-
imum cooling effect of the cube was achieved when the jet axis was
moved upstream from the cube center by a small distance. This
position increases the part of the impingement jet that sweeps
along the front face. When looking at the modified geometry (with
chamfers), one can see that without the sharp corner, more cooling
flows are sweeping along the cube rear face. So, at the front face the
flow retrieve the first configuration corresponding to the lowest
ratio. This configuration is characterized by a recirculation bubble
that develops and goes smaller and moves in the upstream direc-
tion when the Reynolds number ratio increases. For the last modi-
fied case (FC215) the bubble has the same size and the same place
of the first case. This can be explained by the fact that more cooling
jet flow is deviated to the rear cube face. This situation is more
helpful to the cooling process since the front face is mainly cooled
by the main flow itself and rear face needs to be more considered
by the jet flow. One can also identify for the lowest Reynolds

number ratio, a separation and reattachment region on the top
cube surface. This recirculation zone disappears when the
Reynolds number ratio goes higher.

Fig. 5 shows the streamline in YZ plane at x/h = 0. The streamli-
nes are colored by the temperature and highlight clearly the bub-
bles at the side faces of the cube. The jet flow decelerates at the top
of the cube and then turns sharply to form a radial wall jet. At the
corner, the flow separates and reattaches downstream creating a
recirculation bubble that has important effect on the wall heat flux.
The last case without sharp corners (FC215) shows that the
impinging cold jet swept closely to the side faces when compared
to the previous case (F15).

Additional comparison is highlighted by Fig. 6 showing the con-
tours of the mean velocity magnitude adimensionalized by the
impinging jet velocity except for the FOO case which it is adimen-
sionalized by the main channel velocity. The same phenomenology
described and discussed in the previous figure (Fig. 4) is confirmed
here. As said before for the lowest Reynolds number ratio the jet is
dragged by the channel flow and does not reach the top face of the
cube, while there is a visible jet impingement growing proportion-
ally to the Reynolds number ratio.

For the modified case (FC215), the recirculation bubble down-
stream the cube became smaller and is replaced by a benefic
sweeping cold jet.

As the configuration of flow in a surface-mounted obstacle is
very complex and is of great academic and application interest,

~
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1
Wake Vortex
1

Lower Horseshoe
Vortex

Reattachment
Point

-7 Lower Horseshoe
Vortex

Fig. 7. (a) Mean flow structures around a wall mounted cube [7]. (b) Mean flow structures around a cube cooled by an impinging jet in a cross flow [14].
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many researchers [7,14] worked to highlight the morphology of
the nearest flow as showed at Fig. 7. The two sketches correspond
to cube without and with impingement jet respectively and high-
light the main vortices accompanying this configuration. In Fig. 8

Case 5 (FC215)

Fig. 8. Isosurfaces of the so-called Q-criteria (6000 (s~2)) colored by the longitu-
dinal velocity.

an attempt to highlight the morphology of the flow is done by
use of iso-surfaces of the so-called Q-criteria, function of vorticity
and strain rate of the flow field. Iso-surfaces are colored by the
velocity magnitude.

The horseshow vortex in front of the cube is well reproduced for
the baseline case, as well as the upper horseshow vortex develop-
ing around the jet. This vortex is rapidly growing with Reynolds
number ratio and becoming more complex and deviates down
for the last modified case (FC215).

Before moving to the heat transfer fields, Fig. 10 represents a
quantitative comparison of longitudinal velocity at several loca-
tions before and after the cube. The exact locations are highlighted
by Fig. 9 and are as follow: one line in front of the cube (Linel x/
H=-0.75), one line on top of the cube (Line2, x/H = 0.0) and two
lines downstream of the cube in the recirculation zone (x/H =1
and 1.5). Globally, the longitudinal velocity profiles agree reason-
ably with the experimental ones in almost all locations. Some dif-
ferences are reported in some profiles parts and can be attributed
mainly to differences in inlet boundary conditions and also to the
limitations of the turbulence modeling strategy adopted in frame
of RANS approach. Nevertheless, the global behavior and qualita-
tive results are reproduced in a satisfied level taking into account
the numerically economic strategy adopted.

The three Reynolds numbers ratios as well as the base line case
are presented. At the first location, one can see for the first case
(baseline case) the slightly modified channel velocity profile. The
profile is characterized by a decreasing velocity in the lowest half
of the channel and an accelerating behavior in the top half. This
is due mainly by the presence of the cube as an obstacle in the bot-
tom part of the channel. This trend is conserved for the lowest
Reynolds number ratio (0.5) but radically modified for the two
remaining cases. As an effect of the jet penetration, the longitudi-
nal velocity decreases even in the top half of the channel and for
the highest Reynolds number ratio, one can see that the flow goes
in negative direction in the middle of the channel. The present
RANS computation agrees well the experiment measurements at
the lower part of the channel, where it shows some underestima-
tion of the reverse flow in the middle (see the first panels in
Fig. 10).

When looking at the second location, which is located exactly
on the middle top of the cube, the base line case is characterized
by a normal channel profile with a small reverse flow near the
top face of the cube. This reverse flow corresponds to the detached
and reattached boundary layer on the top of the cube. This behav-
ior is well predicted by the model especially the reverse flow for
case 3. Nevertheless, the highest Reynolds number ratio case (case
4) is worthy reproduced and the reverse flow seems to be com-
pletely ignored by the computation. This can be expected, since
the two equation turbulence model is well known to reproduces
poorly the stagnation regions.

x/h=-0.75 -

Fig. 9. Selected vertical lines where results are compared to experimental data.
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The next locations (x/H = 1 and 1.5) highlights the jet deviation model, while quantitatively some discrepancies can be reported.
and penetration in the middle of the channel. The qualitative The vertical jet, after impinging the cube, goes in horizontal direc-
experimental behavior is satisfactory reproduced by the numerical tion with a sensible acceleration in the middle of the channel. Note
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that for the modified case (case FC215) and due to the chamfer the
jet is deviated toward the bottom wall, which is well predicted by
the numerical model.

Contours of temperature on the central plan (z/H = 0) are pre-
sented in Fig. 11. As expected by previous results, the thickness
of the thermal boundary layer decreases when increasing the
Reynolds number ratio and the thermal shape follows the flow vor-
tices. The wall heat flux at the surface of the cube is presented at
Fig. 12 in a front view. At the front face, the contours have slightly
the same behavior, while at the top and side faces the impinging jet
power modifies and increases the wall heat distribution. The last
modified case shows the highest levels of wall heat flux.

When comparing the turbulent vortex structures near the cube
(Fig. 8) to the temperature field (Figs. 11 and 12), a significant cor-
relation is found between the two. The turbulent vortex structures
at the separations from the edges carried a large amount of heat.
This is clearly highlighted by the yellow color (high values of heat
flux) on the front edges. For the modified case, which is the more
cooled one, yellow color can be seen on the top region edge.

Finally, the amount of wall heat flux exchanged by each side
and the global heat flux are presented at Fig. 13. The figure shows

|

PHRSLLLL PP PP
[ EEEeaa— |

Temperature [

Case 1 (F00)

Case 2 (F05)

|

Case 3 (F10)

Case 4 (F15)

Case 5 (FC215)

Fig. 11. Temperature contours at z/h = 0 for Rey; = 3410.

Case 2 (F05)

Case 3 (F10)

Case 4 (F15)

Case 5 (FC215)

Fig. 12. Contours of heat flux density on the surface of the cube, front view.
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Fig. 14. Total heat flux on the global surface of the cube versus chamfer heights.

that the wall heat flux at the front face is always the same for all
configurations. It increases at side walls until (Rej/Rey=1.0) and
then remains constant. At rear side, it decreases from (Rej/
Rey =0.0) to (Rej/Rey=0.5) and follows the behavior of the side
faces. At the top face, the wall heat flux increases significantly
when the impinging jet velocity increases. The modified geometry
proposed shows some amelioration at rear and side faces while it
remains the same for the front face. The smaller wall heat flux at
the top face of the FC215 case can be related to the decreases in
face area when applying the geometrical modification. When look-
ing at the global wall heat flux for the cube, it increases proportion-
ally to the Reynolds number ratio with moderate amelioration
when comparing the FC215 case to the FO15.

In order to study the effect of the chamfer height on the cooling
effectiveness, three values of the chamfer height are tested. They
are 1, 2 and 4 mm corresponding to FC115, FC215 and FC315
respectively. The global heat flux for the three cases as well as
for the regular cube (F15) is represented by Fig. 14. As we can
see, for the two lowest Reynolds number ratio (Rej/Rey = 0.5 and
1.0) the chamfer does not add any improvement to the cooling
effectiveness. It remains constant for Rej/Rey=1.0 and 0<s<2
and then it decreases for s =4 mm, while it decreases monotoni-
cally for Rej/Rey; = 0.5. In contrast, for the highest Reynolds number

ratio Rej/Rey = 1.5, the chamfer gives some (3%) cooling improve-
ment for s=1 and 2 mm and absolutely a better (26%) cooling
effectiveness for s =4 mm.

5. Conclusions

The predictions of the mean velocity and the thermal field of an
impinging turbulent jet in cross-flow configuration over a heated
wall-mounted cube are carried out. The numerical approach
adopted here is based on the well-known two equations turbu-
lence model called Shear Stress Transport (SST) model. Despite
the moderate demand in computer resources compared to other
direct simulation strategies, the study gives a good tool to repro-
duce the main features of this configuration including the opti-
mization and the selection between many variants. Increasing
the Reynolds number ratio until the value of 1.0 can improve con-
siderably the wall heat transfer. After this value, the gain will be
moderate, which suggests for economic reason to keep the ratio
at value of 1.0. It was found also that a small geometrical modifica-
tion on the top cube face can increase the global wall heat flux and
add some effectiveness to the cooling process. The computational
results show that the gain can be realized only for the highest
Reynolds number ratio (Rej/Rey = 1.5) and it is better for last case
which correspond to a chamfer height of 4 mm.
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