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SUMMARY

The use of numerical techniques to augment experimentally collected temperature data of electrical
components is illustrated. FIDAP, a finite element CFD code, is used to generate the numerical results.
Comparisons of the numerical results with experimental data of HaCohen, experimentally derived
correlations of Wirtz and Dykshoorn and numerical results of Heaton et al. are given. A discussion of
modelling techniques, mesh refinement, numerical error and stability is presented with suggestions for
improvement of flow models. The results generated by FIDAP, using 2D models, compare favourably (to
within 10%) with the experimental data of HaCohen. The results indicate the possibility of augmenting
experimental data collection with numerical results, at least in the regions of laminar and low turbulent flow.
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INTRODUCTION

Hydrodynamic and thermal considerations are important in the design of computers, electrical
circuit boards and peripheral equipment such as disc drives. Printed circuit boards (PCBs) are
populated with electronic components or bare chips which generate heat. This heat must be
removed through conductive, convective or radiative processes in order to keep the chip circuit
junction temperature or component temperatures within acceptable levels to insure high levels of
component reliability. The electronic components on the boards form arrays which may be
symmetric or asymmetric. Cooling flow passes over, between and through channels formed by the
packages. PCBs are usually stacked with air or other cooling media flowing through channels
between the boards and around components providing the necessary convective cooling.
Extensive experimental studies are usually made on prototype models of prospective designs to
verify that the required board and component temperatures are maintained. It would be cost-
effective in both time and resources if numerical means were available to augment experimentally
obtained data in the early prototyping phase of the design process.

Velocity and thermal distributions in channels formed by stacked PCBs containing heated
components are usually quite difficult to obtain without the use of sophisticated test equipment,
i.e. hot wire and hot film anemometry or laser Doppler anemometry, and experienced personnel.
Furthermore, because of the geometric scales of the components, it is difficult to obtain data on the
velocity and thermal fields without disturbing the local fields themselves. Flow field visualization
can be accomplished by use of smoke or trace materials injected into the fluid streams.! ™3
Prediction of component surface convective coefficients and ultimately the component tempera-
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tures can be done indirectly, i.e. by evaporation of naphthalene-constructed components.*
Knowing the amount of heat generation in a component through electrical measurements,
embedding thermocouples, measuring free-stream or inlet temperature or calculating bulk
temperature is also used to compute the average convective coefficient on the surface of a
component in the channel. In general, as the components become smaller, the difficulty in
obtaining accurate measurements increases.

Figure 1 illustrates the side and front views of an array of heated obstacles in a narrow channel.
The subscript L denotes geometric characteristics in the longitudinal or flow direction, while the
subscript T denotes geometric characteristics in the transverse or cross-flow direction. The effect of
several geometric ratios on the flow field® ¢ can be developed from the geometry in Figure 1. The
ratio of channel height to component height, H/B, characterizes the fraction of total flow around a
component which affects the heat transfer. S| /L characterizes the flow disturbance due to
interaction of outer flow with cavity flow between two neighbouring components. S, /B is
associated with the separation, reattachment and redevelopment of boundary layer flows on
individual components. The parameter S;/L characterizes the amount of channelization which
occurs between columns of components and therefore the three-dimensionality of the flow.
Experimenters and numerical analysts’> >4~ 7 have studied arrays with 2D and 3D models using
the above parameters in the range 1 < H/B < 5,025 < S, /B < 12,0 < 8§, /L, < 12, which covers
most of the actual board component packing densities currently in use. In most experimental
studies the components are made of aluminium or copper.

The variation in the geometric parameters and measurement difficulties brought about by the
small physical size of the component arrays under consideration lead one to investigate various
means of augmenting experimental studies. The possibility of using numerical experimentation is
being investigated in all areas of engineering. Computational fluid dynamics (CFD) is becoming
an increasingly powerful tool in the aerodynamic design of aircraft and automobiles. The use of
CFD in the aeronautics industry is well documented by Bradley.® Many of CFD’s potential users
are not yet aware of, or confident in, the use of low-speed, incompressible fluid flow codes to better
understand engineering and manufacturing processes. The advantages of using numerical
techniques to complement experimental testing are:

(1) the ability to investigate implications of design changes within relatively short time spans,
resulting in increased design flexibility
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Figure 1. Developing flow in a narrow channel containing heated obstacles
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(2) the capability of providing detailed information on all primitive variables, ie. velocity
components and temperature, throughout the physical domain

(3) the elimination of disturbances to the flow and thermal fields due to measurement devices

(4) the ability to simulate severe operating conditions

{5) the reduction in time and material costs

(6) the reduction in the range of conditions over which physical testing is required.

The capability of finite difference or finite element CFD codes to provide design and packaging
engineers with an easily usable tool to visualize complex flow fields and evaluate thermal
performance using various cooling scenarios has been illustrated by many investigators.?: ° 14
Engelman,'* however, warns of the danger of prematurely committing to the use of CFD codes in
areas where the codes are unsuited or have not been verified against experimental data. In ail cases
one must evaluate CFD code capability in the particular area of interest by performing bench-
mark studies and comparing the numerical results obtained with the results obtained through
experimental testing.!>"!7 Only by establishing the code limits in particular engineering
situations can a true confidence in the use of CFD codes be developed. The prediction of the flow
and thermal fields in a channel containing heated obstacles has been selected as one initial
problem for experimental comparison. FIDAP,'® a commercial finite element code, has been
selected for the initial comparative studies.

FORMULATION OF THE PROBLEM

Physical model

The physical system to be modelled was taken from the experimental study by HaCohen.” In
this study the physical model was a 4 x 4 array of heated aluminium blocks mounted or
embedded in a wood base. The dimensions of the blocks were 34 mm x 34 mm square with
varying but equal array heights. The spacing between the array components was 14 mm both in
the longitudinal (flow) and transverse (cross-flow) directions. The channel height was allowed to
vary.

In the course of the experiments the channel height was varied from 2 to 15 mm and the
component height was varied from zero (smooth channel) to 2 mm and to 4 mm. The component
heat flux was varied up to 0-5 Wcem ™2 and the air velocity was varied up to 15ms™'. Power
dissipation of each simulated flatpack, component, board and air temperatures, as well as channel
static pressures, were measured at each run.

Figure 1 illustrates the model together with characteristic geometries. Two experimental cases
of HaCohen were used for comparison with numerical results. Case 1, Run # 66, shown in
Figure 2(A), had flush-mounted components and a channel height of 4 mm. Case 2, Run #27,
shown in Figure 2(B), had channel blocks of height 2 mm. The approach velocity was 693 ms™*
for Case 1 and 6:71 m s~ ! for Case 2. The base of the channel was plywood 2-5 mm thick. Table I
summarizes the geometric ratios and Reynolds numbers for the comparative runs of HaCohen.”

Field equations and boundary conditions

The derivation of the finite element method (FEM) will not be developed here; application of the
FEM to the solution of the field equations in fluid dynamics has been described in the FIDAP
theoretical manual.'® The continuity, momentum and energy equations for developing flow of a
fluid in a channel are given in dimensionless form as
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Figure 2. Thermal loadings for flush-mounted and finite height components

Table I. Experimental models

HaCohen’
Run # 66 Run # 27

Study Case 1 Case 2
(Figure 1) {Figure 2{a)) (Figure 2(b))
B/H 0 05
Ly /Ly 1 1
S./S+ 1 1
(S/L), 0-412 0412
B/L, 0 0-143
H/L, 012 012
Su/Ly 0-41 0-41
B{mm) 0 2
L (mm) 34 34
L {mmj 34 34
S, (mm) 14 14
S1(mm) 14 14
H (mm) 4 4
E, (mm) 2-5 2-5
0 (W) 3375 3.59
Vo(ms™1) 691 671
Re(L,) 1-57E + 04 1-54E + 04
Re (2H) 3703 3622

at T,, = 19-5°C at T,, = 18°C
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It is ultimately the control of temperature in the solid that is important, and therefore the coupling
of the conduction in the packages and the convection heat transfer in the fluid should be
considered simultaneously. If the conduction in the solid is not included, then the usual thermal
boundary conditions are either uniform temperature or uniform heat flux, which approximates a
highly conductive or a low-conductivity solid region respectively. If the conjugate problem is
analysed—that is, the analysis includes the simultaneous solution of the hydrodynamic and
energy equations for the fluid and solid regions—then the energy equations for these solid regions
must be included:

Pk

e Vair

ViT=0. )

In equation (4) i=1 and i =2 denote the component and channel wall materials respectively.

The thermal boundary condition best suited for the model describing the physical geometry of
HaCohen is a heat flux boundary at the base of the components as illustrated in Figures 2(a) and
2(b). HaCohen’s geometry consisted of a duplicate array of heated blocks situated back-to-back
with heating elements at the interface. This insured that no heat loss would occur through the base.
In the current analysis it was also assumed that the contact resistance between the components
and the base was negligible. The dimensionless heat flux used in the numerical study was defined
as

Q

= = @ 5
RePrq, . LW’ ©)

q

where

k
=_—VT,,.
ref Dh ref

The reference temperature difference is arbitrary and has been taken as unity for simplicity.
While the physical model is three-dimensional, the problem currently being solved is taken as
2D. The width of the biock is less than the pitch of the array in the transverse direction. However,
to insure correct heat input in the 2D analysis, the heat flux is calculated assuming a uniform heat
flux in the transverse direction based on the pitch W = L, + S; of the array. This insures that the
correct sensible heating of the air occurs in the flow tube with cross-section H x W. The remainder
of the base and the top wall of the channel have adiabatic boundaries. All solid surfaces are
assumed to be zero-slip and zero-throughflow boundaries. At the channel inlet the velocity is
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taken as uniform and parallel to the channel walls with a magnitude of unity for developing flow.
A parabolic flow with a maximum dimensionless centreline velocity of V,, = 1-5 can also be
applied. The dimensionless temperature of the fluid is taken as zero at the inlet. For the geometry
under consideration the component pitches in both the flow and cross-flow directions are equal.
The ratio of channel height to component length is H/L,; = 0-12 and the ratio of spacing between
components to component length is S;/L; = 0-41. Asako and Faghri!® presented numerical
results of a 3D analysis of rectangular blocks in a fully developed channel flow. They also
presented studies on the applicability of 2D models for the same geometries. They found that for
ratios of spacings as defined above, the component Nusselt number predicted by a 2D analysis was
approximately 5-10% lower than obtained from a 3D analysis of the same geometry. It would be
expected that the components modelled in this 2D analysis would have temperatures slightly
higher, perhaps 1-1-5°C, than found in an equivalent 3D analysis if the same convective surface
area was used. All analyses were performed using FIDAP on a CDC 910 workstation, running
under UNIX, with dual hard discs totalling 250 MB. 3D computations of multiple components in
the array would require significantly larger computational resources and therefore could not be
run effectively in the current environment.

Mesh generation

FIDAP includes a mesh generator, FIMESH, which utilizes a mapping procedure between a
logical plane and a geometric space. It uses an indexing scheme to number boundaries, surfaces
and regions and to control the generation of nodal points, elements and mesh grading and the
application of boundary conditions. The logic space and the geometric space for the region under
consideration are shown in Figure 3. The initial description of the logical indices I and J will allow

J
I= 1 3579 11131517 192123 2527 29 31 3335 3739 4t
LOGIC SPACE

69 70 71 72 73 74 7576 777879 80 31 82 83 84 B HEJC 104 105

52 P3[4 55156 {57158 |59 pojeyé2 |63 4|65 bél67 [6s19d4 99 [10q 101

35 36137 9 |40141 K2 HKH3M4]|45 17148 WOISO |S1D4) 95 196 7
i8 19120 R1 2 Q23124 RS ROR7|28 1 B33 1349491 492 § 93
| I
1 2 |3 [4]5 6 F 8 9 PO 11 |12 P3|14 15|16 |17]18¢4 87|88 §8o
GEOMETRIC SPACE PAJ-XY

Figure 3. Generic model of channel mesh
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the gradation of the mesh at each of the solid—fluid boundaries. The difference between any two [
or J indices specifies the number of elements within that region. By use of an index expansion
parameter, the I and J can be expanded without modification of the logical and geometric spaces.
This capability in FIDAP allows the set-up of a generic model for the region including the channel,
solid components and, if required, the substrate. Since the model discretization requirements for a
given level of accuracy are not known a priori, the ability to modify grid density and gradation
quickly is useful. This generic model was used for both the flush-mounted devices and those of
finite height.

Table IT indicates the various mesh discretizations which have been utilized in the development
of the channel flow models. Each sector of the model, labelled A to T, is discretized with the
number of elements as shown in Table II. The model was developed utilizing the parametric
expansion features in FIDAP, and it is therefore relatively simple to append the baseline fluid
model to include the coupled problem of the fluid, component and base.

The solution accuracy and numerical stability of the solution procedure are sensitive to the
dimensions of the elements in the regions where both the flow field and the thermal field are
rapidly changing in magnitude and/or direction. The grid Peclet number is seen as the critical
parameter in determining the numerical stability of the solution procedure. A grid Peclet number
Pe > 2 coupled with large streamwise gradients in the advected direction usually gives rise to
‘wiggles’ in the computed velocity field as discussed by Gresho and Lee.'® As long as the grid is
sufficiently small in the critical regions of the flow, i.e. across the component surfaces, then
‘wiggles’ in the computed velocity and thermal fields, in regions removed from these critical areas,
may still yield acceptable solutions. Higher values of the grid Peclet number could also cause
temperatures in isolated regions to be lower than the minimum inlet temperature. Attempting to
keep the grid Peclet number below the critical value may require an excessively large number of

Table II. Mesh discretization for the various models

Element density in regions A-P in flow direction

Model A B CDEVF GH 11T J K LMNUOU PUGQI R ST
B/H=0
G 2 6 17 10 5 6 12 8 4 6 12 8 4 6 12 6 — — — —
I 2 6 17 10 5 6 12 8 4 6 12 8 4 6 12 6 — — — —
B/H =05
D 2 6 17 10 5 6 12 8 4 6 12 8 4 6 12 6 — — — —
F 2 10 30 15 15 10 10 0 — - — — — — — — — — — —
K 2 6 17 10 5 6 12 8 4 6 12 8 4 6 12 8 4 6 12 6
Element density in regions V-Z in y-direction
Model vV W X Y Z
B/H=0
G 7 7 8 7 4
1 4 3 10 10 6
B/H =05
D 7 7 8 1 —
F 10 14 8 7 —
K 7 12 5 5 —
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elements. In the analysis presented here, isolated regions of temperatures lower than the inlet do
occur. These may be allowable as long as they are in regions removed from the heat-generating
surfaces and if the resuits of the analysis are acceptable from an engineering point of view.
Table III indicates the model size, bandwidth and element minimum dimensions in the vicinity of
the components for all models included in this analysis.

Model D was the initial coarse grid model for a 2D analysis of a 4 x 4 component array.
Model K had a finer grading near the obstacles both in the flow direction and in the channel
height direction. Model F had a still finer grading of elements for the first component in the row of
the array. The element dimensions were made non-dimensional with respect to the channel
hydraulic radius 2 H. Models G and I were developed for flush-mounted components and include
the substrate region. Model I is similar to model G, with the total number of elements in the ‘y’-
direction being the same, but with an increased element mesh density near the channel base.

SOLUTION PROCEDURE

The non-dimensionalized field equations describing the flow are highly non-linear, and therefore it
is usually the case that a solution at a particular load step, i.e flow Reynolds number and
component heat flux, be obtained by stepping through several intermediate solutions. The
intermediate loadings are given in Table IV. The solutions at these load cases are used as initial
iterates for the thermal and fluid flow field for the solution at the next load step. In the present

Table III. Model characteristics and minimum element dimensions (X /2H)

Element
Model Nodes Elements BW dx dy
B/H=0
G 4182 4026 116 0021 0-0041
I 4182 4026 116 0-021 0-0010
B/H =05
D 3690 3538 103 0-021 0-0042
F 4040 3900 123 0-0005 0-0004
K 4590 4408 103 0-0009 0-0026
Table 1V. Dimensionless loading parameters
Heat Viscosity Conductivity
dissipation
Reynolds B/H=0 B/H =105
number 3375 W 359w Air Al Wood
500 1-7950 1-9093 0-002 0-002821 22073 0-01033
1000 0-89748 0-95465 0-001 0-001210 11-036 0-00517
2000 0-44874 047733 0-0005 0-000705 5-518 000258
3000 029916 031822 0-000333 0-000470 3679 000172
3500 0-25642 027276 0-0002857 0-000403 3-153 0-00148
3622 024778 0-2685 0-0002761 0-000389 3126 0-00147
3703 024620 0-26263 00002701 0-000381 3051 000143

4000 0-22437 0-23866 0-00025 0-000353 2:759 0-00129




FLOWS IN NARROW CHANNELS 1551

study the channel Reynolds number was calculated to be Re = 3622 at T;, = 18°C for the case
where B/H = 0-5 (HaCohen data set # 27) and Re = 3703 at T,, = 19-5°C for the case where
B/H =0 (HaCohen data set # 66). Solutions were obtained at Re = 500, 1000, 2000 and 3000 before
the solutions for Re=3622 and Re=3703 were attempted. Table IV summarizes the loading
parameters for both cases.

The property values for air at 18°C and 19-5°C as well as the conductivities of aluminium,
ceramic and plywood are given in Table V.

Since the field equations were solved in dimensionless form, temperature dependency when
required was supplied through a dimensionless viscosity 1/Re and a dimensionless conductivity
1/Pe. All property effects were combined in these terms. In dimensionless form the heat flux was
found to be temperature-independent. Table VI illustrates the variability of the dimensionless
parameters as a function of temperature.

Table V. Material properties

Air 18°C 19-5°C
Density (kg m~3) 1216 1-209
Specific heat Jkg 'K ™) 1004-5 1004-7
Conductivity (Wattsm K™ 1) 0-0255 0-0256
Viscosity (Pa s) 1-802E — 05 1-810E —05

Aluminium
Conductivity 205Wm 1K™!

Ceramic
Conductivity 205Wm 'K™!

Plywood
Conductivity 0096 Wm 'K™!

Table VI. Temperature dependence of dimensionless parameters

(a) Flow Reynolds number Rey =3703 at 19-5°C, B/H=0

Temperature
O u=1/Re K;=1/Pe, K, (A1) K (wood)
2 0-0002436 0-0003417 2-8827 0001350
19-5 00002701 0-0003810 3-0510 0001429
27 0-0002844 0-0004023 3-1478 0001474
52 0-0003276 0-0004673 3-3973 0001591
77 0-0003729 0-0005350 3-6558 0001712
102 0-0004203 0-0006073 3-9027 0001828
(b) Flow Reynolds number Rey = 3622 at 18°C, B/H = 0-5
Temperature
°C) u=1/Re K, =1/Pe, K, (A1) K, (ceramic)
2 0-0002503 0-0003511 2-9620 0-29620
18 00002761 0-0003887 3-1248 0-31248
27 0-0002922 00004133 32338 0-32338
52 0-0003366 0-0004802 3-4958 0-34958
77 0-0003831 0-0005496 37556 0-37556

102 0-0004318 0-0006240 4-0100 0-40100
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The usual solution approach when incorporating temperature-dependent properties was to first
obtain the solution based on constant properties evaluated at the inlet temperature and then
perform an additional load step iteration to a converged solution using temperature-dependent
parameters.

Two geometric models were analysed. Case 1 had flush-mounted components embedded in the
plywood channel base (B/H = 0), while Case 2 had finite height components (B/H = 0-5). Both
cases were compared to the experimental results of HaCohen,” Case 1 with data set # 66 and
Case 2 with data set # 27. Representative execution times for one iteration are given in Table VII.

Approximately 10-20 iterations were usually required to obtain convergence at any load step.
Convergence was assumed when the solution at the (i + 1)th iteration was within 1% of the
solution at the ith iteration. The solution procedure employed in the analysis was to start each
load step with 3-5 iterations of successive substitution followed by 5-15 additional iterations of a
quasi-Newton method with matrix updating. An explanation of these methods is given in the
FIDAP theoretical manual.!® For example, to obtain convergence at the first load step of
model D, Re = 500, 10 iterations were required for a total of approximately 2-6 h. Four additional
intermediate load steps, i.e. Re = 1000, 2000 and 3000 plus the final design point Reynolds
number, required approximately 11 additional hours. One could obtain a particular Reynolds
number solution, Re = 3622 for instance, in 2-3 days turnaround, executing in the background
mode in a workstation environment. It should be noted that while these runs were being made in
the background mode, additional post-processing of previous results or the generation of new
models could be processed interactively.

RESULTS

Flow and thermal field visualization

The capability of rapidly viewing the flow and thermal fields during the analysis is a distinct
advantage when performing CFD calculations. Figure 4 is a superposition of the four compo-
nents, the upper left being the entrance to the channel and the lower right being the channel exit. It
illustrates the developing velocity fields using the mesh for model K. For the given array geometry
and inlet flow conditions, the velocity field in the gap between the channel and the first and second
component is seen to be developing. By the fourth component, however, the flow field in the gap is
almost fully developed. This is clearly shown in Figure 5, which plots superimposed velocity
profiles at channel cross-sections at the mid-length of each component. The average velocity at the
inlet is taken as unity in the system of dimensionless variables used in the analysis. However, in the
region of the channel above each of the components, the integrated value of the dimensionless

Table VII. Workstation execution times

Solution time
(one iteration)

Model BW Nodes Elements Equations (min)
D 103 3690 3538 9027 15-8
F 103 4590 4408 11837 212
K 133 4040 3900 10349 271
G, 1 114 4182 4408 10498 20-5
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Figure 4. Velocity vector field over components

velocity is twice that of the inlet since the area ratio is half that at the inlet. The ordinant in
Figure 5 describes the dimensionless velocity. For fully developed flow the ratio of the channel
centreline velocity to the average channel velocity (inlet velocity) is 1-5; therefore for fully
developed flow in the gap between the channel and the component, a fully developed centreline
velocity should have a value of three times the average inlet velocity. From Figure 5 the flow is
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Figure 5. Velocity profiles at centre of each component illustrating flow development
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seen to be almost parabolic by the fourth component, with a ratio of centreline velocity to channel
inlet velocity of 3.

Figure 4 shows a small separated region just downstream of the leading edge of the first
component. This region is illustrated more clearly in Figure 6 using the more refined mesh of
model F. The separated flow reattaches to the component approximately one-tenth of the
component length downstream. Figure 7 shows the streamlines of the flow around the first
component and clearly indicates the formation of the separated flow region.

Figure 8 illustrates the isotherms above each component. One can see that, in a large percentage
of the channel gap, the fluid in the channel is near the channel inlet temperature and is infltuenced
only slightly by the presence of the heat-generating components. Figure 9 is a line plot
superimposing, for several channel elevations above the components, channel temperatures in the
flow direction. The temperatures of the components, signified by the uppermost curve, are seen to
be quite uniform because of their high thermal conductivity. The lower curve, signifying the fluid
temperature near the channel upper wall, experiences only a slight temperature increase. As the
ratio of component height to channel height increases, it is expected that the heated obstacles will
influence the channel temperature to a greater degree. For the same velocity field the effect of
component thermal conductivity is illustrated in Figure 10, which is analogous to Figure 9 except
the conductivity of the components is taken to be one-tenth of that of aluminium. This is
approximately in the range of many of the ceramic materials currently being used in chip carriers.
While the variation of aluminium component temperature was less than 1°C, the ceramic
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Figure 6. Separated flow at upstream corner of first component
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Figure 9. Fluid temperature rise in flow direction for aluminium components
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Figure 10. Fluid temperature rise in flow direction for ceramic components (K /K, = 0-1)

components increase by 4-5°C along the surface from their upstream and downstream edges.
Actual chip carriers will experience much greater variations in temperature.

The inadequacy of the mesh to resolve the flow gradients upstream of the first component is
illustrated in Figures 9 and 10. They show isolated regions, near the inlet and upstream of the first
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Figure 11. Temperature rise in fluid and base in flow direction for flush-mounted components

component, where the local temperature is less than the inlet temperature, T;, = 19-5°C for Case 1
and 18°C for Case 2. The grid Peclet number in this region was calculated to be in the range 30-40.
For model K the minimum temperature, found just upstream of the first component in the region
of highest velocity gradients, was 16:13°C. After additional mesh refinement in this region,
model F, the minimum temperature in the same region was found to be 17-1°C. Further
refinement of the mesh can be expected to reduce this temperature excursion.!® Changing the inlet
velocity to a parabolic profile did not significantly improve the temperature field in this region.
Increasing the inlet length was not investigated, but it is expected that the inadequacy of the mesh
to resolve the temperature field slightly upstream of the first component will still be present. With
the current meshes, the numerical inaccuracies influenced the temperature level of the first
component, as will be seen in the comparisons with experimental data.

The temperature rise in the channel at several elevations above the flush-mounted components
is shown in Figure 11. This model included only the first three components and half of the fourth.
Fully developed flow was present by the third component. Much of the channel again remains at
or close to the inlet temperature of 19-5°C. The five curves from bottom to top in Figure 11 show
the temperatures at the channel centreline, at a quarter of the distance to the base, at half the
distance to the base, at the surface of the base and at the outer channel wall. Since there are no high
flow gradients caused by flow acceleration, decelaration and directional changes, no suppression
of the temperature field in the vicinity of the first component is seen.

Comparison with experimental data

Component temperatures (B/H =0). Flush-mounted components were analysed and com-
pared with data set # 66 from HaCohen.” In this model the channel base was included in the
analysis using models G and I. These models were also run with temperature-dependent
properties, signified by G(T) and I(T). Model I had mesh refinement in the y-direction for elements
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near the channel base, a factor of four finer than model G. Table VIII illustrates the results of the
comparison with experimental data. Heaton ef al.?° provide numerical results of Nusselt numbers
for developing flow and temperature in a channel with one wall having uniform heat flux and the
other wall adiabatic. Their results, using local wall minus mixed fluid temperature as the driving
potential, yield lower resuits than the numerical results of FIDAP. Results from Heaton’s data
were calculated using an area-weighted average wall heat flux computed using the discrete source
data of HaCohen.

The temperatures given in Table VIII reflect the component surface temperature and channetl
surface temperature in the regions between components. Models G and I have the same number of
elements in the y-direction; however, the size of the first element at the channel surface for model 1
is a factor of four finer than that for model G.

The component temperatures given in model I(T) are seen to agree rather well with the
experimental data of HaCohen. Comparing models G, G(T) and I(T), mesh refinement has a
somewhat greater effect on component temperatures than that due to a temperature-dependent
variation in fluid properties, at least for the mesh refinements attempted in this study. However, it
is apparent that both effects should be considered when doing analyses.

Component temperatures (B/H = 0-5) The component temperature range for heat-generating
obstacles with B/H = 0-5 and a flow Reynolds number of 3622 is given in Table IX, which also
includes the experimental results of HaCohen (Run # 27) and predictions based on the empirical
formulation of Wirtz and Dykshoorn.2?

For the numerical models designated by D, K and K(T) an execution run was made with a
velocity profile, designated by ‘U’, and a parabolic profile, denoted by ‘P’, as the inlet velocity
boundary conditions. As seen in Table IX, when comparing the results for uniform and parabolic
inlet boundary conditions, there is little difference found in the component temperatures. The
results indicate numerically predicted component temperatures agree to within 11% of experi-
mental data. The poorest agreement is with the first element; this is attributed to the grid Peclet
number as described by Gresho and Lee.'® In addition, model D does not include the region
downstream of the last (fourth) component. This was done initially to reduce the size of the model
on a workstation. In order to accurately include all the recirculation zones downstream of the last
component, which is in fact the region downstream of a backward-facing step, sufficient elements

Table VIII. Average component temperatures (°C); B/H = 0, flow Reynolds number Re = 3535 at

T,=195°C
Numerical models Correlation
Component Experimental G G(Mm KT) (%) Heaton??
1 535 561 54-8  54-0 (0:9%) 49-2
Between channel 1-2
311 41-8 413 405
2 621 71-1 682 668 (76%) 619
Between channel 2-3
373 52-8 524 509
3 67-6 8i-1 76-8 751 {(11-1%) 661
Between channel 34
40-1 61-0 60-1 579
4 749 83-8 789 771 68-0
Between channel 4

292 — — —




FLOWS IN NARROW CHANNELS 1559

Table IX. Component temperature ranges (°C); B/H = 0-5, flow Reynolds number Re = 3622 at T}, = 18°C

Numerical models

Component Experiment

number HaCohen’

Inlet Run # 27 Correlation

boundary D K K(T) F(T) Wirtz?!

1 U 477 39-3 417 407 422 (—11-5%) 47-8
P 392 399

2 U 535 51-4 540 517 (=33%) — 50-0
P 51-8 514

3 U 568 586 608 573 ( 14%) — 515
P 58:0 574

4 U 61-4 552 659 616 ( 0-8%) — 527
P 54-9 61-7

must be included such that the boundary conditions at the exit do not include any inflow
regions. This would make the model excessively large. Therefore the exit boundary of the model
was taken at the midline of the fourth component. It was assumed that the thermal boundary was
adiabtic, which meant that equal heat would flow out of the component through the fore and aft
section. Since the rear portion of the component generally has poorer heat transfer characteristics,
this assumption would tend to suppress the temperature level of the fourth component as seen in
Table IX. Comparison of predicted temperatures of the fourth component with experimental data
is better with model K(T) than with model D. Model K(T) includes temperature-dependent
properties and a complete fourth component and is within 1% of the experimental values obtained
by HaCohen.” Refining the mesh in both the flow and vertical direction, model F(T), improves the
comparison of the temperature of the first component with that obtained by experiment. The
refined mesh of model F also decreased the local temperature excursion, due to numerical
inaccuracies caused by a greater than critical grid Peclet number, to less than 1°C. Since the
temperature levels of the second and third components had satisfactory agreement with
experimental data, model F contained only the first component plus the fore section of the second
component. Better results would be anticipated if the second and third components were also
modelled using the mesh of model F. This was not done at this time because of resource limitations
in the workstation environment. The channel base was not included in the case where B/H = 0-5.
The results of Wirtz and Dykshoorn?! are given in the last column of Table IX. Their correlation,
which is applicable to 3D arrays in the fully developed flow region, yields results which predict
component surface temperatures lower than those obtained by HaCohen using his flow and
geometric conditions. The ratio of top surface to total surface area is 0-68 for HaCohen’s geometry,
while Wirtz and Dykshoorn state the applicability of their formulations to area ratios greater than
0-5. In addition, the ratio of spacing between components to component length, B/L;, is
significantly larger in Wirtz and Dykshoorn’s component array than for HaCohen.”

In the flush-mounted case the temperatures of the downstream components tended to be
somewhat elevated when compared with experimental values. One possible reason is that
localized turbulence may be occurring, The laminar conductivity of the fluid is lower than the
effective turbulent conductivity, resulting in a somewhat lower heat removal capability, and
therefore the predicted component temperatures would be expected to be higher for laminar flow
than for turbulent flow. Further studies will be initiated using turbulent models to predict
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temperature fields. In any case, Reynolds numbers between 3000 and 4000 seem to be the upper
limit for the laminar models to obtain results to a reasonable engineering accuracy (to within 10%
when compared to experimental data).

CONCLUSIONS

When executing FE codes on individual workstations, it is necessary to balance the added
computational time necessary when going to a refined mesh against the potential benefits of
increased accuracy. Workstations are advantageous when initially prototyping a new model and
developing a solution procedure. Finite element codes for the determination of thermal and fluid
flow fields in electronic components have been shown to offer an acceptable alternative to early
experimental studies on prototype models. It is anticipated that with careful mesh development,
accuracies to within 10% or better can be achieved when compared to experimental data. Since
2D models are presently being used in numerical studies to simulate 3D flow fields, it is unlikely
that further grid refinement would be cost-effective in the present environment.

Further studies should be initiated to evaluate the flow fields in arrays using 3-D models and
turbulence models. A comparison of k—¢ models and mixing length models for channel flows
would be informative. CFD codes provide a useful tool to assist the design engineer in developing
cooling techniques for microelectronic components. Numerical techniques can currently provide
accurate qualitative predictions for flow and thermal field visualization. Further studies are
needed on 3D effects, turbulence models and transient effects to increase the accuracy of
quantitative results.

APPENDIX: NOMENCLATURE

a fluid diffusivity (m? s~ 1)

B height of component (mm)

C, specific heat (Jkg ' K1)

D, channel hydraulic diameter (mm)

H channel spacing (mm)

k fluid conductivity (W™ Im~1K™1)

L component length characteristic (mm)
U fluid viscosity (m2s~1)

P pressure (N m~?2)

Pe Peclet number, Pe = Re Pr

Pr Prandtl number, Pr = u/o

Gres component reference heat flux (W m~2)

q* dimensionless heat flux

Q component power W

p fluid density (kg m™7%)

Re channel Reynolds number, Re = VD, /u

S spacing between components (mm)

T temperature (K)

AT, reference temperature difference (°C)

U, velocity component in co-ordinate direction
Vo channel inlet velocity (ms™!)

w pitch of components in cross-stream direction (mm)
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