LARGE-EDDY SIMULATION OF AN ELECTRONIC SYSTEM FLOW
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ABSTRACT

The turbulent flow and heat transfer inside an electronic
system is computed with large-eddy simulation (LES) using
three subgrid-scale models. The flow is highly oscillatory
and flow separation takes place in several regions. Accurate
prediction of the internal turbulent flow and thermal fields
is important in the cooling of electronics. The one-equation
linear subgrid-scale (SGS) model of Yoshizawa and the
non-linear SGS model of Kosovié as well as the Smagorin-
sky model are used to calculate the residual stress tensor.
The results are compared with Laser Doppler Anemometry
(LDA) measurements along with Unsteady Reynolds Av-
eraged Navier-Stokes (URANS) computations. The LES
convincingly reproduces a highly oscillatory turbulent flow.
Compared to URANS predictions, the LES results give bet-
ter agreement with turbulence measurements. The one-
equation subgrid-scale models produces better results than
the Smagorinsky model in terms of heat transfer.

INTRODUCTION

As the demand for compact, high performance electronic
systems increases, cooling is becoming an ever-increasing
issue. Generally, electronic systems contain many circuit
boards and internal geometries can have numerous corners
and recesses (see Fig. 1). These geometrical features can
cause abrupt changes in flow direction, separation and con-
sequently large-scale vortices. The subsequent convection of
vortices gives rise to significant flow unsteadiness and con-
sequently temporal heat transfer variations (Chung et al.,
2003).

Most previous electronic related simulations are lami-
nar or URANS (Unsteady Reynolds-averaged Navier-Stokes)
based. Unsteady fluid flow and heat transfer in grooved
channel (Ghaddar et al, 1986a) and sharp 180° bend
(Chung et al.,, 2003) flows of especial relevance to elec-
tronic systems have been studied. Grooved channel flow is
a model for the idealised two dimensional isothermal cyclic
flow in channels with IC (Integrated Circuit) like protru-
sions. Ghaddar et al. (1986b) and and Patera and Mikic
(1986} use two dimensional non-isothermal predictions to
illustrate the potential for heat transfer enhancement us-
ing the unsteadiness observed by Ghaddar et al. (1986a).
Chung et al. (2003) show a neglected electronics cooling
relevant geometry is the low Reynolds flow round a sharp
180° bend (see Fig. 2). This is a prototype for flow turned
around circuit boards and is also found in the electronics
cooling paper of Chung, Tucker and Luo (2001). Chung et
al. (2003) show that for Re > 600 the flow becomes un-
steady. Then, as in the grooved channel dramatic increases
in heat transfer are found. Tucker (2001) applied several
turbulence models to the geometry shown in Fig. 1 with
limited success. Many turbulence models could not repro-

duce the experimentally observed strong flow oscillations.
The flow complexity makes accurate URANS simulations
difficult. Generally, URANS simulations with linear and
nonlinear turbulence models under-predicted the turbulence
intensities (Tucker et al., 2003).

Electronic system flows are in a sense well suited to
large-eddy simulation (Rollet-Miet et al., 1999). This is
because relative to RANS turbulence models, the subgrid-
scale model used in LES is less sensitive to the mean flow
(Ferziger, 1993; Lesieur and Métais, 1996; Rodi et al., 1997;
Jiménez and Moser, 2000). Recently, a large-eddy simu-
lation for this geometry was performed by Chung et al.
(2001). Compared to URANS predictions, the LES with
the Smagorinsky model gave better agreement with turbu-
lence measurements. However, the average error was still
large.

In this study, LES with two one-equation subgrid-scale
models is performed for the flow inside an idealised electronic
system. The geometry consists of three main hollow block-
like components, defined as regions 1, 2 and 3. Regions
1 and 2 have fans attached to them. Details of the flow
configuration can be found in Fig. 1. Simulation results are
compared with LDA data of Tucker and Pan (2001).

NUMERICAL METHODS

LES methodology
In LES only the large-scales are resolved and the small-
scales are modelled. Governing equations of LES are the
filtered incompressible Navier-Stokes and continuity equa-
tions:
J; 2 ap a8 @

EJ’a_zj(u""j) :_5:5_; - a—w;‘l'z"

du;
dzr;

0, @)

where the overbar denotes the filtering operation. In these
equations, u; are the velocity components, 7ij is the residual
stress tensor and v is the molecular viscosity.

In this study, three subgrid-scale models are used to cal-
culate the residual stress tensor,

Tij = Uil — Uy, (3)
The anisotropic components of 7ij is defined as o3;.
Smagorinsky model.

In the Smagorinsky model, the eddy viscosity v is ob-
tained by assuming that the small-scales are in equilibrium.
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Figure 2: Sharp bend flow configuration.
This yields an expression of the form
O3 = Tijg — 1/35ij7'kk = —2u5;;, (4)
—12|C
v =198, (5)

where [ is a length scale, and |S| = 1/25;;S;; is the magni-
tude of the large-scale strain-rate tensor. In the Smagorinsky
model, { can be calculated as follows:

! = min (ry, CgA), (6)

where « is the von Karman constant and Cg the Smagorin-
sky constant. A is a filter width defined as

A= (AszAz)1/3~ M

Linear k-l model of Yoshizawa (1993).

In this study, the modified one equation subgrid-scale
model of Yoshizawa (1993) is used. The eddy viscosity v4 is
obtained in the following form,

vy = C, A2, (8)

where C), = 0.07.
The transport equation for the SGS energy, k, is given
by,

Dt " o5

Dk_a[
J

(v+ue) gfj] + Py, — & (9)

Here, P;, and ¢ are production and dissipation terms de-
fined as

P, = 2u:85;8;, (10)
k3/2
€ = Ce —&—, (11)

where, S;; is the strain rate tensor and C, = 1.05.

Nonlinear k- SGS model of Kosovi¢ (1997).
The nonlinear subgrid-scale model of Kosovi¢ (1997) is
also used.

1/3
0ij = —CeA (2/;1/23,-,- + (3) c¥ 3AN) ,
1
N = [Cl (Sz’kskj - gsmnsnmaij) + Ca (Sz'knkj - Qikskj)] .

where

1 [ Bu; Ou;
S;; = = s 12
K 2 (3:!:]' + z; ( )
1 {0u; Ouy
i, = = - . 1
(¥ .9 (amj ami) ( 3)

The nonlinear model parameters are determined by first
choosing the appropriate backscatter parameter, C. Choos-
ing S(k:) = 0.5 and Cp = 0.36 gives:

1/2
Cs = [ﬂz:—g""_)] — 0.202061,
w
1/2
9601/2C,
a = |[——— b =1.53078
' [7(1+cb)s<kc) ’
C; = Cp=153078,
1/3
C. = (g—:) ci/® = 0.115771,
21\/3 2/3 1
_ il =0.0625 ~ —.
Ceo Ce (871’) CS Ci = 0.0625 =~ 16
Solver

The governing equations are solved using a finite volume
method with the Crank-Nicholson scheme. The second-
order central difference is used for the convective and viscous
terms. The pressure field is produced using the SIMPLE
algorithm (Patankar and Spalding, 1972). At inflow and
outflow boundaries the total (static + dynamic) pressure is
fixed. Appropriate Dirichlet or Neumann boundary condi-
tions are set depending on the flow condition. Fans 1 and 2
are modelled using quadratic momentum sources based on
manufacturers characteristic curves. No-slip conditions are
applied at solid surfaces. The temperature of the incom-
ing flow is constant at 7;. A heater is located at y = 0.5,
0.145 < z < 0.265 and 0.0755 < 2z < 0.1875, in Region
A (see Fig. 3). Constant heater temperature T3, boundary
conditions are used. For relevance to heat transfer from cir-
cuit boards T, > T; and the internal walls are adiabatic.
The temperature at the remaining walls is constant at T;.
Details of the boundary conditions can be found in Tucker
(2001) and Chung et al. (2001). A 105x107x51 grid sys-
tem is used in the z, y, and z directions, respectively. For
unsteady predictions, time steps of At = 0.001 are used.

RESULTS AND DISCUSSION

Channel Flow

First, it is important to ascertain the reliability and ac-
curacy of the present large-eddy simulation. This forms an
integral part of the overall validation efforts. Assessment of

—676—



Region A

' SN FEWEE SN SN N

0.1 02 03 04 05 06 07
x

Figure 3: Instantaneous vector plot in -y plane.

20
3 Kosovic
| == ===~ Smagorinsky
ISF s Chung & Sung (2001)
Y 1of
sk
0 L 1ad n fra | 1
10° 10' 10°
+
y
3
[ v’ (present)

mm———— v’ (present)
——————— w’ (present)
w (Kim et al., 1987)
v’ (Kim et al., 1987)
w’ (Kim et al., 1987)

urms’ vrms" wrms

Figure 4: Comparison of time-mean velocity and turbulent
intensities in channel flow.

the present simulations is made by comparing the numerical
results to well-confirmed data. A fully developed turbulent
channel flow with periodic boundary conditions is simulated.
The Reynolds number of the channel is Re;, = 2800 based
on the mean velocity Uy, and the channel half-width . This
corresponds to Re, = 180, based on the friction velocity ..
3.14h, respectively. The present results with Kosovié (1997)
model are shown in Fig. 4. The DNS data of Kim et al.
(1987) is also included. The mean velocity and turbulence
quantities of the present simulation are in close agreement
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Figure 5: Instantaneous vector plot in z-y plane at two time
instants.

with other LES (Chung and Sung, 1997) and DNS (Chung
and Sung, 2001) data.

Electronic System Flow Field

The complexity of the flow is clearly seen in Fig. 3, which
gives an instantaneous vector plot in an z-y plane. The flow
field is characterised by large unsteady vortex structures.
Flow separation takes place in several regions. Downstream
of Fan 2, two recirculating regions are seen. It is expected
that heat transfer is deteriorated in the separation regions.
The unsteadiness of the flow in Region A is shown with
instantaneous vector plots in Fig. 5. Flow changes signif-
icantly in time. It is clear that the size of the separation
region changes in time.

Comparisons are made with measurements at six loca-
tions. The exact profile locations are shown in Table 1. Fig-
ure 6 compares the LES predictions with the time averaged
measurements of Tucker and Pan (2001). The LDA mea-
surements have an estimated accuracy of £5%. For interest
Pitot-static tube measurements are also shown. Velocities
are normalised by the average axial velocity (Up). Simu-
lations are performed with Smagorinsky (1963) model, lin-
ear Yoshizawa (1993) model and non-linear Kosovié (1997)
model. The LES results are better than the URANS using
the standard k-¢ model. LES velocity profiles are in good
agreement with time averaged LDA measurements.

Electronic System Turbulence Intensities
Figure 7 shows the turbulent kinetic energy and pres-
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Figure 6: Time-mean velocity (U/Up) at profiles P1 — P6.

Table 1: Profile locations. Here L, H and W are the maxi-
mum extent of system in z,y and z directions, respectively.
L=0.75,H = 0.64, W =0.2.

Profile z/L y/H z2/W
P1 0.53 0.73 —
P2 0.37 0.73 —
P3 0.41 — 0.06
P4 0.41 — 0.10
P5 0.37 — 0.57
Pé 0.41 — 0.96

sure fluctuation distributions at mid-span in the z-y plane.
Highly unsteady flow characteristics are evident in the figure.
The overall turbulent kinetic energy is very high, making
the URANS simulations difficult (Tucker, 2001). Especially,
turbulent kinetic energy is high upstream and downstream
of Fan 2 (See Fig. 1). The channel part has relatively low

turbulent kinetic energy.

The unsteadiness of the flow is also clearly seen in Fig. 8,
which shows the temporal velocity variation at the centre
of profile P5. Low frequency oscillations corresponding to
large-scale vortical motions are discernible. The fluctuat-
ing part of the velocity is significant. The large amplitude
oscillations are caused by the flow separation and result-
ing unsteady vortex structures. It is worth noting that the
URANS with the k-¢ model gives a steady flow without any
unsteady fluctuations (Tucker, 2001).

Turbulence intensities v’ /Up with measurements are also
compared (not shown here). The non-linear one-equation
SGS model gives better results compared to the Smagorinsky
model. However, the difference is small and the average error
is still quite large.

Electronic System Heat Transfer
Time-mean and instantaneous temperature fields are
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Figure 7: Turbulent kinetic energy (top) and pressure fluc-
tuations (bottom) distributions in z-y plane.

shown in Fig. 9. The convective heat transfer shows strong
unsteadiness due to the unsteady flow observed by Chung et
al. (2001). The flow in Region A, where the heater is located,
is similar to the flow around sharp 180° bend. As shown in
Fig. 10, temperature fluctuations are high near the heater
area. They become smaller in the downstream direction due
to the flow mixing.

Time-mean Nusselt number Nu distributions along the
surface of the heater are shown in Fig. 11 for the three
subgrid-scale models. Nu increases gradually with the
downstream direction. It is found that Nu is much higher
than in the steady bend flow of Chung et al. (2003), indi-
cating that heat transfer has been enhanced by unsteady
vortical motions near the corner. Smagorinsky model un-
derpredicts the heat transfer compared to the one-equation
models.

CONCLUDING REMARKS

Large-eddy simulations of the turbulent flow and heat
transfer inside an electronic system have been performed.
Three subgrid-scale models are used: the linear one-equation

Figure 8: Instantaneous velocity data from profile P5.

subgrid-scale model of Yoshizawa (1993), the non-linear one-
equation model of Kosovi¢ (1997) model and the Smagorin-
sky model. The results are compared with Laser Doppler
Anemometry (LDA) measurements along with Unsteady
Reynolds Averaged Navier-Stokes (URANS) computations.
Compared to URANS predictions, the LES results give bet-
ter agreement with turbulence measurements. The one-
equation (linear and non-linear) subgrid-scale models pro-
duce better heat transfer results than the Smagorinsky
model.
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