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ABSTRACT

IMPROVING THE IMPINGEMENT COLD PLATE THERMAL DESIGN

USING NUMERICAL AND ANALYTICAL APPROACH

Reuben Joshua Madhuker, MS

The University of Texas at Arlington, 2021

Supervising Professor: Dr. Dereje Agonafer

Conventional cooling methods for an IC chip uses heat spreader to transfer heat from
the chip end of the spreader to the opposite end of the spreader which then uses air or water
to remove heat and thereby maintaining the overall temperature. Unfortunately, the heat
spreader itself has constraints such as conduction resistance which adds the heat spreader
inefficiency. But if we increase the area exposed to the cooling end then this can be
improved. This is done by introducing channels at that end. These channels act as fins which
give a better shot at cooling the system temperature. These channels are classified according

to their geometry.

This study basically presents improving the impingement cold plate thermal design
using analytical and numerical approach. For this, a cold plate resting on a heat dissipating
chip has been taken and on top of the cold plate, two heat sinks are placed on it leaving a
certain distance in between them for the incoming water flow. During experimentation, the
heat from the IC chip passes through the cold plate and transfers to the heat sinks which is

cooled by water. A detailed analysis of the influence of change in inlet conditions and heat



sink geometry on inlet velocity, pressure drop and maximum temperature has been carried
out. pressure drop, temperature rise and thermal resistance across the cold plates have been
measured by running simulation on ANSYS Icepak which have been then compared to the
numerical results obtained. A number of simulations have been run to obtain the optimum
size of mesh grids in ANSY'S Icepak to be able to use for the different models to get the best

result.
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NOMENCLATURE

P pressure (Pa)

H channel height (m)

fapp apparent friction coefficient

f friction coefficient

L heat sink length (m)

Dn hydraulic diameter (m)

p Wetted perimeter

h heat transfer coefficient (W/mz2.K)
W, pumping power (W)

v velocity at inlet (m/s)

Um Mean flow velocity in channel (m/s)
A area (m2)

AP pressure drop (Pa)

Q Flow rate (m3/s)

k thermal conductivity (W/m.K)
Riot total thermal resistance (K/W)
Re Reynolds number

Pe Peclet number

Po Hagen—Poiseuille number

T temperature (K)

W heat sink width (m)

Cp specific heat capacity (J/kg.K)
W, channel width (m)

n number of channels

Qmax maximum heat flux (W/m?)

Ly Hydrodynamic developing region
Xhyd dimensionless axial distance for hydrodynamic entrance region
Nu Nusselt number

Wy channel wall thickness (m)

th base thickness (m)

n dynamic viscosity (kg/m.s)

P density (kg/m?3)

nf fin efficiency

Oc channel aspect ratio




CHAPTER 1
INTRODUCTION

One of the most important aspects of electronics packaging is the thermal
management of electronic devices. The advancement in microelectronics technology has been
rapid and due to this the volume occupied by the devices has reduced considerably. Further,
with the increasing demand for faster and more efficient processors, the number of circuits
and the power dissipation per unit volume has also increased. As a result of this, the heat flux
from the chip surface to be removed has increased. So, here the high heat dissipating devices
need to be maintained at a desired junction temperature limit to achieve higher thermal
reliability and sustained functionality. There is also a desire to reduce the junction
temperature as the increased temperature adversely affects the electrical performance of the
devices and reduces their reliability the possible damage involves junction fatigue changes in

electrical parameters and thermal runaway. [5-6,8]

Lid (Heat
Air Cooled Spreader)
Heat Sink __ //
st »
TIM2** 1% Level Interconnect:

~ C4 Bumps*

Substrate

—~—

4 / % ~ 2nd Level Interconnect
Chip Underfill PCB

*Flip Chip Solder bumps
C4 = Controlled Collapse Chip Connection
**TIM = Thermal Interface Material

Figure 1 Heat Spreader and Heat Sink on Flip Chip Package

Now instead of a single processor chip consider a data centre. Many cooling systems

have been employed such as Calibrated Vectored Cooling (CVC), Chilled water system, Cold
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aisle/Hot aisle containment, Computer Room Air Conditioner (CRAC), Computer Room Air
Handler (CRAH), Evaporative cooling, Raised floor, Liquid cooling technologies such as
Immersion cooling and Direct-to-chip cooling. Air has been the first choice of fluid in such
cooling applications but direct cooling of chips offers a practical solution to the heat
dissipation problem. The reason for going to liquid cooling is that the IT equipment simply
cannot be cooled to its temperature requirements any longer with air because modern data
centres mostly have high power density equipment and therefore increased cooling is
required. So, in such systems, water is circulated in microchannels fabricated on the chip
substrate microchannel heat sinks for cooling such high heat dissipating devices are
particularly attractive as they are compact lightweight and offer large surface to volume ratio
higher surface to volume ratio results in enhanced cooling performance. So, these systems
need to be carefully designed to meet the cooling requirements under the operational

constraints.

When liquid cooling is considered, it depends on many different parameters such as
targets of performance, power delivery, energy efficiency requirements, IT equipment
density, compute density, cooling costs, future IT equipment needs and strategy. An
important design consideration is to ensure that the cooling liquid which is used should never
be mixed with any other cooling liquid, since the integrity of the cooling liquid is of
uttermost importance to ensure the longevity of the cooling liquid. Water with additives and
glycol-based liquids are mostly used as coolants for single-phase cooling while dielectric
liquids and certain refrigerants can be used for both single-phase and two-phase cooling. The
selection of cooling liquid is based on operational need, material compatibility with the
wetted materials in all cooling components, IT equipment serviceability, cooling liquid

maintenance need, life expectancy and liquid cost. [7]

Water with additives is used because of the good heat transfer properties of water and

the additives are chemicals added to reduce corrosion risk and bacterial growth. These
2



additives can reduce the heat transfer properties of the water, and potential impact to overall
performance should be investigated. Another property of water is its freezing point at 0°C. It
is therefore important to know the operating range of the liquid and temperature

requirement/exposure during shipping and storage.[7]

Glycol based liquids are liquids where glycol is added to lower the freezing
temperature and reduce bacterial growth. Commonly used glycols are ethylene glycol and
propylene glycol. Propylene glycol is preferred since it is less toxic than ethylene glycol. In

small quantities, the propylene glycol is even used in the food industry as an additive.[7]

Dielectric liquids can be used for both single-phase and two-phase cooling. Liquids
with higher boiling temperatures operate in single-phase, while liquids with lower boiling
temperatures operate in two-phase. The boiling/saturation temperature of the liquids can be
altered by varying the operating pressure. One advantage with dielectric liquids is that in the
event of a potential leak, the liquid is an electric insulator and does not short the electronic
circuits of the IT equipment. Often these liquids have higher density, cost more and have
higher Global Warming Potential (GWP). These affects should be considered in the analysis

when selecting coolant liquid. [7]

In addition to dielectric liquids, refrigerants can also be used for two-phase cooling.
The refrigerants have relatively low boiling temperature that allows the liquid to change
phase and evaporate. Again, this saturation temperature can be altered by varying the

operating pressure.[7]

In this work, a comprehensive and systematic robust analytical methodology for
design and optimization of microchannel heat sinks has been discussed. The analytical
method helps to predict transport phenomena such as Nusselt number, heat transfer
coefficient, total thermal resistance and pressure drops of the microchannel heat sinks with
arbitrarily located semiconductor devices. Also, both fully developed and simultaneously

3



developing flow through the microchannel heat sink are considered to delineate their relative
effect on the pertinent transport phenomena. The flow is considered to be single-phase and

laminar for the range of the flow Reynolds number (Re).

Apart from the analytical approach, the numerical approach has also been studied
which involves running simulations on ANSYS Icepak. A variety of parameters related to the
cold plate optimization such as fin thickness and spacing, flow rate and inlet width have been
varied and results have been obtained. The effects of varying these parameters have been

studied for maximum pressure, temperature and thermal resistance.



CHAPTER 2
PROBLEM SETUP

2.1 Classification of microchannels:

In this work, the channels on the chip substrate that are considered for analysis are
microchannels. There is a certain classification of these channels which make them stand

apart from each other. The classification is given below.

Table 1 Classification of channels [6]

Conventional channels D >3mm
Minichannels 3mm >D >300um
Microchannels 300pm > D > 10pm
Transitional microchannels 10pm >D > 1um
Transitional nanochannels lym>D >0.1um
Nanochannels >0.lum >D

The hydraulic diameter is the defining parameter of the microchannel and according

to the setup, microchannel is the correct definition for the channels used here.



2.2 Defining geometry:

The following figures show the various important parts of the geometry. They are

modelled in ANSY'S Icepak.

Figure 2 ANSYS Icepak model of the setup

Figure 3 Close view of thin adiabatic plates



Figure 4 Enclosure encapsulating the microchannel array along with inlet and outlet openings

—
— — —

Figure 5 Heat source



The following table states the geometrical dimensions of the important parts. It is
important to notice that the setup is considerably small. This is because its application is also
done where more cooling is required within a small area i.e. power density is high in that

area.

Table 2 Geometrical Dimensions of the parts

-

Cabinet 0.07*0.005*0.07 m3
Cold plate base (Cu) 0.035m Radius, 0.003m thick
Enclosure 0.0254*0.002*0.029 m3
Inlet area 0.0254*0.001 m?
Outlet area 1,2 0.0254*0.002 m?
Thin adiabatic plates 1,2 0.0254*0.012 m?
Heat Source 0.0254*0.0254 m2
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Figure 7 Close view of microchannel array with fin dimensions

Fig. 6 and 7 show the close view of microchannel array with their dimensions. As one
can see in fig. 6, the microchannel is just 2mm in height and the cold plate base is 3mm in
height. The overall configuration height is just 5mm. Fig. 7 shows the thickness and spacing

between the fins. The initial setup has 0.15mm thick fins and 0.15mm as fin gap.



According to the hydraulic diameter formula which is Dw= 4A/p, the area of the
microchannel here is 0.15*2 mm2 and wetted perimeter is 4.3mm. So, the Dy, value is 279um

which is well appropriate in the range of definition of microchannels.

Further, from fig. 7, it can be seen that the initial number of fins is 85 per array. So, in

total, 170 fins have been taken in consideration for analysis initially.

2.3 Assumptions:

While setting up the problem, the following assumptions have been taken into

consideration.

1) Constant heat flux on the channel walls — The boundary condition on the microchannel
walls is assumed to be axially constant wall heat flux with circumferentially constant wall
temperature. The heat flux along the length of the channel is constant, while the wall

temperature varies along the channel length in the flow direction.

2) Heat losses from the thin adiabatic plates are neglected — The thin adiabatic plates on the
microchannels are assumed to be insulated and hence the fin tip can be considered to be

under adiabatic tip boundary condition.

3) The coolant flow is steady and incompressible — The working fluid is water at 280K and
the maximum pressure drop is generally less than 100 kPa, so, the incompressible flow

assumption should be valid.
4) Uniform heat flux over the active chip surface area is assumed with no local hotspots.
5) A single-phase flow of water with split-flow arrangement of microchannels is considered.

6) A constant heat source of 500W has been taken.
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CHAPTER 3
ANALYTICAL APPROACH

In this approach, basically, the pressure drop in the microchannel that will be used can
be calculated used a certain set of equations while keeping the inlet conditions constant. Here,

lets start with a flow of 1 litre/min at inlet of the geometry which is basically Q.

Figure 8 Close view of microchannels

W! 'Ww/2

Figure 9 Theoretical representation of microchannel for analysis [5]

This flow splits in two as it is a split flow arrangement after passing through inlet

section. The inlet area is known from the geometry so, the inlet velocity can be found by
11



using Q=A*v. It comes around 0.656 m/s in negative Y-direction (considering the geometry
axes). As, this flow splits, so the velocity be according to the new split flow and inlet area of

the microchannels which is basically the aspect ratio.

For proceeding further in analysis, we need to know the type of flow. This can be

determined by calculating the Reynolds number (Re). Re is found by the equation,

Re = (p*v*Dy)/u. Here, all the parameters are known so the calculating Re will give us an

idea of type of flow. In this case, the flow will be laminar.

In practice, the flow enters as developing laminar flow and after a certain length, it
becomes fully developed laminar flow. This length, L. is the hydrodynamic developing
region and it can be calculated by using the formula (L./ Ds) = 0.05*Re. This value comes

around 6.4 mm for initial case for a total channel length of 12 mm.

The velocity gradient at the channel wall can be readily calculated from the well-
known Hagen—Poiseuille parabolic velocity profile for the fully developed laminar flow. The

result for friction factor f is presented in the form for rectangular ducts:

Po=fRe =24(1-1.3553 oc + 1.9467 ac® — 1.7012 oc® + 0.9564 ac* — 0.2537 oc®) (3.1)

This depends on the flow channel geometry. The Fanning friction factor and Nusselt
number for fully developed laminar flow in ducts with cross-section of different shapes is

shown in fig. 10.

12



Duct shape Nuy Nur Po=fRe

—
( ) Circular 436 3.66 16
.
b Flat channel 8.24 1.54 24
1 3.61 2.98 14.23
2 4.13 3.39 15.55
a Rectangular, 3 %T? 3.96 l?'ﬂ?
aspect ratio, bla = 4 3'3‘3 444 18.23
b 6 6.05 5.14 19.70
8 6.49 5.60 20.58
0o 8.24 7.54 24.00
/ Hexagon 4.00 334 15.05
S
/ 10° 2.45 1.61 12.47
/ 30° 291 2.26 13.07

/ Isosceles Triangle,

— Apex angle § = 60° 311 247 13.33
/ 90° 2.98 2.34 13.15
120° 2.68 2.00 12.74
Ellipse,
Major/Minor axis a/b = l 436 3.66 16.00
2 4.56 3.74 16.82
I e 4 4.88 3.79 18.24
d ™ g 8 509 372 1905
— I 16 5.18 3.65 19.54
>

Nu=hDy/k: Re = pui, Dy /e Nugp — Nu under a constant heat flux boundary condition, constant
axial heat flux, and uniform circumferential temperature; Nur — Nu under a constant wall
temperature boundary condition; {7 — friction factor.

Figure 10 Fanning friction factor and Nusselt number for fully developed laminar flow

in ducts with cross-section of different shapes [9]

So, for the fully developed laminar flow the pressure drop AP is given by the equation

_ 2fpug L

A
P D (3.2)

But an apparent friction factor, fapp, accounts for the pressure drop due to friction and
the developing region effects. It represents an average value of the friction factor over the

flow length between the entrance section and the location under consideration. Thus, the

13



pressure drop in a channel of hydraulic diameter Dn over a length x from the entrance is

expressed as:

. ?:f?.ippp“rznx

A
P Dn

(3.3)

Further, this is for an individual straight path in the microchannel. But the resulting
pressure drop measurement should represent the combined effect of the losses in the bends,
entrance and exit losses, developing region effects, and the core frictional losses. Thus, the

measured pressure drop is the sum of these components and is given by

)1[2 / 4f< -
Pl |:(Acf'/4p)2(2KgO) + (K. + Ke) + %}

h

Ap =

(3.4)

Here, Ac is the channel area, A, is the plenum area and Koo, K¢ and Ke are the loss
coefficients at 90° bends, contraction area and expansion area. Also, fapp includes the
combined effects of frictional losses and the additional losses in the developing flow region.

The following chart in fig. 10 can be used to find out these coefficients.

The total pressure drop AP in this way comes around 930 Pa. At the inlet part, the

pressure drop is 368 Pa while at the fins, it is 562 Pa.
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Figure 11 Contraction and expansion loss coefficients for flow between inlet and outlet manifolds

and the microchannels [9]

Further, if we want to optimise the pressure drop value, we take the help of the values
of Nu and Po given in fig. 10. For certain aspect ratios, we have values of Nu and Po given.
Using that we can design for specific microchannels to lower the pressure drop value which

better a flow and increases the overall efficiency of the microchannel.
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CHAPTER 4
NUMERICAL APPROACH

Basically, this approach concentrates in running a number of simulations for a variety
of changes in the cold plate parameters and getting the optimum result out of it. The volume
within the enclosure encompassing the inlet and outlet openings as well as the microchannels
is analysed. Monitor points are set to observe incoming and outgoing flow rates. Each part of
the setup has its own maximum and minimum temperature that can be observed in solution
report. Thermal resistance for each part of the geometry can be observed. Plane cuts in
different planes passing through the geometry help observe how the temperature and pressure

varies. All these observations will be under steady sate conditions.

Figure 12 ANSYS Icepak Model
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As the volume within the enclosure encompassing the inlet and outlet openings as
well as the microchannels is analysed, separate mesh assembly for the fin array is used which

is shown in fig. 13.

i
i A
§§§\E{ iitgug%%
st s

Figure 13 Separate mesh assembly near the fins
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4.1 Initial problem setup:

Similar to analytical approach, initial flow rate has been set as 1 litre/min. Default
fluid as water at 280K is taken. Downward gravity vector as per geometry has been set.
Further, ambient temperature of 25 °C has been considered. Since, inlet and outlet areas have
been defined, it is forced convection. heat transfer due to radiation has been ignored for

solution. Steady state condition is used.

Further, the Reynolds number and Peclet number for this initial run are 461 and 4731

respectively which are obtained from Icepak.
4.2 Initial solution:

The maximum temperature values for different parts of the geometry, the thermal
resistance of the fins and the maximum pressure that were obtained while running the initial
simulation are shown in table 3. The variation of temperature and pressure in different planes
and location of maximum and minimum temperature and pressure have been shown in the

figures after table 3.
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Table 3 Values of different parameters from initial solution

Parameter Value
Cold plate base temperature 39.85955 °C
Enclosure temperature 37.36001 °C
Fin array 1 temperature 42.14315 °C
Fin array 1.1 temperature 42.19244 °C
(Thin adiabatic) Plate 1 temperature 37.28387 °C
(Thin adiabatic) Plate 1.1 temperature 37.02963 °C
Heat source temperature 42.19244 °C
Thermal resistance of fin array 1 0.0714521 °C/W
Thermal resistance of fin array 1.1 0.0716158 °C/W
Maximum pressure 3139.11 Pa
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4.3 Mesh Sensitivity Analysis:

Icepak provides us a further option in the separate mesh assembly to change the slack
variable settings. This means that the separate mesh grid assembly can have varied mesh grid
size in all X, Y and Z directions. So, for this part, a mesh sensitivity analysis has been done
for a particular problem setup by modifying the mesh to smaller and smaller sizes and results
have been observed. The slack variable setting is shown in fig. 19. In our case, uniform mesh
parameter setting is considered. Also, multilevel meshing with maximum 3 layers is set with

zero buffer layers.
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Figure 19 Slack variable setting for separate mesh assembly

The following figures show the improvement in the value of maximum temperature,
maximum pressure and thermal resistance of fins after mesh sensitivity analysis. Here, the
same problem setup is simulated but with finer mesh grids each time for the separate mesh

assembly shown in fig. 19.
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Number of nodes vs Maximum Temperature
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Figure 20 Variation in Maximum Temperature w.r.t. change in number of nodes
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Figure 21 Variation in Maximum Pressure w.r.t. change in number of nodes
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Number of nodes vs Thermal resistance
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Figure 22 Variation in Thermal Resistance of fins w.r.t. change in number of nodes

A comparison of parameter values before and after doing mesh sensitivity analysis is
shown in table 4. It has been noticed that although the values are not same but they are nearly

Same.
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Table 4 Comparison of Parameter values before and after mesh sensitivity analysis

Parameter Value before Values after %
difference
Cold plate base temperature 39.85955 °C 39.8601 °C 0.00165
Enclosure temperature 37.36001 °C 37.35034 °C 0.000259
Fin array 1 temperature 42.14315 °C 42.14614 °C 0.0067
Fin array 1.1 temperature 42.19244 °C 42.18649 °C 0.014
(Thin adiabatic) Plate 1 37.28387 °C 37.22714 °C 0.1523
temperature
(Thin adiabatic) Plate 1.1 37.02963 °C 36.89785 °C 0.3571
temperature
Heat source temperature 42.19244 °C 42.1865 °C 0.0141
Thermal resistance of finarray 1 | 0.0714521 °C/W 0.0714646 0.0175
°CIW
Thermal resistance of finarray | 0.0716158 °C/W | 0.071591 °C/W 0.0346
11
Maximum pressure 3139.11 Pa 3123 Pa 0.5123

The pressure variation and mass flow direction within the microchannels after doing

mesh sensitivity analysis have been shown in the figures below.
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4.4 Change in geometry and flow parameters:

Moving further ahead in optimization, to observe the effects of change in geometry
and flow parameters, it is necessary that the model that was analysed for mesh sensitivity be
used. This means that finer mesh with small slack variables be used for getting the best

results.

4.4.1 Change in inlet width:

Here, the effect of varying the inlet width on maximum temperature, pressure and
thermal resistance is observed keeping the flow rate same as the original one. Hence, there is
no change in Reynolds number and Peclet number. The following figures show how different

inlet width have impact on these parameters.
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Figure 27 Variation in Maximum Temperature w.r.t. change in inlet width
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4.4.2 Change in flow rate:

Here, the effect of varying the flow rate on maximum temperature, pressure and
thermal resistance is observed keeping the geometry same as the original one. Hence, there is
change in Reynolds number and Peclet number. Their values have been shown in table 5. The
values indicate the flow still remains laminar for different flow rates. The following figures

show how different flow rates have impact on these parameters.
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Table 5 Reynolds number and Peclet number for different flow rates

Flow Rate (LPM) Re Pe
0.5 230.71 2366.39
1 461.322 4731.77
1.5 692.131 7099.16
2 922.841 9465.55
2.5 1153.55 11831.9
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Figure 31 Variation in Maximum Temperature w.r.t. change in flow rate
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4.4.3 Change in fin thickness:

From previous case, we have taken the last reading as a setup for this. Here, the
conditions are that the flow rate is constant at 2.5 LPM, the inlet width being 1mm as original
and the fin thickness has been varied (aspect ratio is constant). Since, flow rate is constant,
the Reynolds number and Peclet number will be constant from the previous case and will be
1153.55 and 11831.9 respectively. The fin thickness and number of fins relation is shown in

table 6.
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Table 6 Fin thickness and number of fins per array

Fin thickness/spacing Number of fins per array
0.05 mm 254
0.1 mm 127
0.15mm 85
0.2 mm 64
0.25 mm 51
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Figure 35 Variation in Maximum Temperature w.r.t. change in fin thickness
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Fin thickness vs Maximum Temperture
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CHAPTER 5
POST-PROCESSING OF RESULTS

The following observations have been made while optimizing the microchannel

dimensions through analytical and numerical approach.

1) In the analytical approach, the total pressure drop comes around 930 Pa in which fins are
accountable for 562 Pa of pressure drop while inlet area accounts for pressure drop of 368 Pa
which is approximately 60% and 40% respectively. The same in numerical approach is

differs by 5 to 6%.

2) While doing mesh sensitivity analysis, as the mesh size decreases the values of different

parameters calculated in the solution changes but by a very small percentage.

3) While changing the inlet width of the flow area, it is observed that as the inlet width
increases the maximum pressure decreases significantly while the maximum temperature and

thermal resistance increase slightly.

4) In the case of varying the flow rate, the Reynolds number and Peclet number change every
time. Further, as the flow rate increases, the maximum pressure increases drastically, while

the thermal resistance and maximum temperature decrease slowly.

5) When the fin thickness is varied, the maximum pressure increases exponentially while the
maximum temperature and the thermal resistance decrease drastically. Here, constant flow

rate was considered.
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CHAPTER 6
CONCLUSION

e An analysis was presented for evaluating the performance of microchannels in direct chip
cooling application by considering the developing and fully developed laminar flow effects.
The analysis included frictional pressure drop and the entrance and exit contraction and

expansion losses.

e The results of numerical approach were presented as parametric plots to identify the
desired channel width, fin thickness, and mass flow rate for a given heat load and channel

depth using water as the cooling fluid.

e While considering both the approaches side by side, the analytical approach seems to be
faster in computing the total pressure drop although it cannot pinpoint the maximum pressure

point.

e The numerical approach is better for getting best visualization of results and can identify

the points where the parameters reach their maximum and minimum values.

e Optimization of the setup done here by varying flow rate, inlet width and fin thickness can
be continued further by changing aspect ratio in terms of height, fin gap or base thickness.
Also, it can be done for a different cooling liquid instead of water which limits to single-

phase cooling.

e Mesh sensitivity analysis can always prove to be useful for getting accuracy in the results.
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