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ABSTRACT

In today s world, most data centers have multiple racks
with numerous servers in each of them. The high amount of heat
dissipation has become the largest server-level cooling problem
for the data centers. The higher dissipation required, the higher
is the total energy required to run the data center. Although still
the most widely used cooling methodology, air cooling has
reached its cooling capabilities especially for High-Performance
Computing data centers. Liquid-cooled servers have several
advantages over their air-cooled counterparts, primarily of
which are high thermal mass, lower maintenance. Nano-fluids
have been used in the past for improving the thermal efficiency
of traditional dielectric coolants in the power electronics and
automotive industry. Nanofluids have shown great promise in
improving the convective heat transfer properties of the coolants
due to a proven increase in thermal conductivity and specific
heat capacity.

The present research investigates the thermal
enhancement of the performance of de-ionized water-based
dielectric coolant with Copper nanoparticles for a higher heat
transfer from the server cold plates. Detailed 3-D modeling of a
commercial cold plate is completed and the CFD analysis is
done in a commercially available CFD code ANSYS CFX. The
obtained results compare the improvement in heat transfer due
to improvement in coolant properties with data available in the
literature.
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NOMENCLATURE
Cp Specific heat capacity (kJ. /kg-K)
k Thermal conductivity (W/mK)
P Pressure (Pa)
MCHS Micro-Channel Heat Sibk
Ap Pressure drop (Pa)
0 Interphase heat transfer (W)
T Temperature (°C)
Re Reynolds Number
Greek Symbols
D Volume fraction / Nanofluid Concentration
u Viscosity (kg/m.s)
p Density (kg/m?)
Subscripts
f Fluid
nf Nanofluid
s Solid particle
W Wall
INTRODUCTION

A gradual and consistent increase in data processing
demands has boosted the server power consumption for modern-
day data centers. Statistics in the literature suggest that
approximately 2% of the entire power consumption in the United
States in 2010 was by data centers. This percentage increased by
8.7% over the years 2011 and 2012 and was expected to increase
by 9.8% over the following year. A major portion of this power
in a typical data center, almost 40%, is attributed to the electricity
utilization by the cooling systems [1]. Therefore, energy-
efficient and cost-effective solutions that reduce the cooling
requirements, maintaining efficient and reliable device
operation, are vital at the chip, server, and rack-level.
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FIGURE 1: (a) TRADITIONAL AIR COOLED DATA CENTER
COOLING INFRASTRUCTURE (b) ENERGY BREAKDOWN FOR
AN AIR-COOLED DATA CENTER

The size of a data center white space depends on various
factors such as the number and size of the racks for servers and
the area required for power distribution and cooling equipment.
For high-performance computing, a significant amount of heat
flux needs to be dissipated from each of the processing units for
continuous reliable operation of the servers and minimal
downtime. The conventional and the most widely used type of
cooling used today is air cooling where cold air is forced through
the channels of the heat sinks mounted on the primary heat-
dissipating chips for a higher heat transfer [2]. The main
advantages of the air-cooling are that most of the fans do not
require a lot of power as compared to the power consumed by a
combination of pumps in liquid cooling, which in turn benefits
the operational costs, initial setup costs. It has an easier assembly
than the liquid-cooled systems and no concern of damage from
fluid leakage on the printed circuit boards (PCB). In the recent
past, immersion cooling has become another popular way for
cooling high heat-dissipating information and technology (IT)
equipment where a dielectric fluid comes in direct contact with
the complete PCB that is submerged in a tank. This process of
direct contact heat dissipation can be accompanied by a phase
change of the coolant in two-phase immersion type cooling
where the latent heat of low boiling point fluorocarbons is used
for cooling of hot surfaces on the PCB. While immersion cooling
technologies are known to provide power usage effectiveness
(PUE) of less than 1.1, the reliability and serviceability concerns
still need to be addressed for implementation at larger scales.

Liquid cooling is generally a closed-loop system that has a
coolant running through the manifold, pumped within the servers
through the cold plates using either a centralized or a distributed
pumping system. This conjugate heat transfer approach for
cooling of servers dissipates heat using a copper cooling plate
with micro-channels mounted on top of the processor, through
which the coolant passes. Thermal Interface Material (TIM) is
usually placed between the copper plate and the processor to
maintain the thermal coupling and minimize contact related
thermal losses. This approach offers an effective passage to
transfer heat as compared to conventional mechanical air cooling
techniques that utilizes CRAC units supplying redundant airflow
while consuming a large amount of energy as well. An in-depth
account of various cooling methods implemented from handheld
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devices to datacenters has been discussed in the literature [3—5].
It was reported by Ellsworth and Iyengar [6] that by
implementing a hybrid cooling system using both air and water,
approximately, a 45% of reduction in the facility power
consumption was achievable as compared to a fully air cooling-
based system. The energy savings can further be augmented by
50% when all of the heat dissipated is transported directly to
chilled water in the racks. David et al. [7] showed that an energy
savings of about 25% can be attained by adopting a chiller less
data center facility with higher coolant inlet and recirculated air-
cooled servers. Also, data center space saving sof almost 30-40%
have been reported by resorting to liquid 30—40% [8].

In liquid cooling systems, different types of coolants can be
used based on heat transfer requirements and pressure drop
limitations. These coolants, for example, maybe water &
ethylene glycol-based mixtures, metal oxide nanoparticle-based
liquid coolant mixtures, etc. This research work aims to improve
the thermal performance of an existing cold plate design using
copper oxide-based nanofluid using CFD. For the present
investigation, a de-ionized water-based copper oxide nanofluid
was taken into consideration for heat transfer enhancement for a
micro-channel cold plate. A base case was used for validation of
the results by comparing the results obtained to that in the
recently published literature for a cold plate of a similar design
and flow parameters [8]. The concentration and inlet temperature
of the nanofluid mixture was varied to judge the improvement in
the heat transfer characteristics. The difference in temperature at
the cold plate, pressure drop across the cold plate, and the outlet
temperatures are measured and superimposed with the validation
data to get an exact idea of the thermal performance
enhancement achieved.

LITERATURE REVIEW

Researchers and engineers have been introducing various
techniques for heat transfer enhancement since the 1950s.
Among the many of these published research works, several
popular review articles [9-11] and handbook chapters [12-14],
discussing a range of techniques for enhancing heat transfer, are
available in the reviewed literature. To begin with, nanofluids
were used in transformers in conjunction with mineral oil as well
as heat exchangers to improve heat removal. Over the past three
decades, there has been a lot of research interest, both for
experimental and numerical investigations, due to the
breakthrough work by Tuckerman and Pease [15,16]. They
characterized thermal capabilities of the microchannel heat sinks
(MCHS) in dissipating large amounts of heat fluxes. A MCHS is
typically characterized by a large number of parallel
microchannels. The hydraulic diameter for typical MCHSs
generally lies between a range of 10 to 1000 um where the
cooling fluid passes through these channels carrying away the
heat from a hot surface, which is generally below the heat sink.
Empiriacal literature shows that MCHSs have several unique
characyeristics as compared to conventional air cooled heat
removal devices, for example, higher heat transfer coefficient,
smaller area and volume per heat load, lower coolant volume
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requirement, etc. [17,18]. Other than the experimental literature,
heat transfer calculations, and optimization of the MCHS
geometry based on theoretical results and numerical analysis
have been carried out in past research as well [19,20]. As per the
reviewed literature, air, water and fluoro-chemicals are the most
widely used coolants for studying MCHSs. But the heat transfer
capabilities of these fluids are usually limited by their thermos-
physical properties. An enhancement in these properties can be
achieved by adding additives to the working fluid that improves
the thermal transport properties and flow parameters [21,22].
This enhancement in the heat transfer properties has been
achieved by experimental and analytical studies in past. These
investigations showed that using nanofluids, higher thermal
conductivities are posbile as compared to pure fluids. Therefore,
these enhanced fluids are a viable option for improved heat
transfer with the nano particle being either metallic or non-
metallic, based on the application.

Theoretical models for prediction of heat transfer
characteristics were proposed by Xuan and Roetzel for tube flow
containing nanoparticles [27]. Experimental measurements for
convective heat transfer and pressure drop were carried out [28-
30] which concluded that the heat transfer coefficient was
significantly improved and its value was dependent on the flow
Reynolds number, particle Peclet number, the particle physical
properties like volume fraction fraction, size and shape. Their
results also showed that nanoparticles did not cause a dramatic
rise in the pressure drop. An experimental study carried out by
Yang et al. [31] aimed to formulate a heat transfer correlation
among various parameters that affect the rate of heat transfer.
The study showed that, for a circular duct flow, there was not an
appreciable improvement in the heat transfer coefficient for a
laminar flow regime for a laminar flow regime using the
conventional heat transfer for base as well as the particle laden
fluid. Theorectical assessment and development of macroscale
correlations for heat transfer improvement using nanofluids in
MCHSs [32,33]

NUMERICAL ANALYSIS
3.1 Conservation Equations

The CFD solver used in this study, ANSYS CFX, solves
instantaneous equations of mass, momentum, and energy
conservation to resolve laminar flows and are given by equations
(1), (2) and (3) respectively [34]. As the flow for present
investigation is laminar, extra closure or time-averaged equation
models are not activated in the solver which also reduced
simulation time.

Continuity equation

Z—f+|7-(pU)=0 (1)

Momentum Equation
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3.2 Basic assumptions applied to the simulation

Particle forces and particle physical properties of size and
shape were ignored for the present simulation. The flow
considered did not include and compressibility or transient
effects. As the geometry is very small, the effects of gravity are
ignored in the direction transverse to the flow. Temperature
dependednt properties were not considered for the simulations
and the effect of viscous heating and radiative heat transfer are
ignored.

3.3 Nanofluid Thermo-physical Properties

The thermos-physical properties of the nanofluid were
calculated theoretically by referring to various popular models
available in the literature. These models assume that particles are
solids suspended in a pure fluid and the presence of these
particles alter or enhance the properties of the base pure fluid.
The most important properties that affect the convective heat
transfer phenomenon are viscosity, thermal conductivity,
specific heat capacity, and density of the fluid or coolant and are
directly proportional to the volume fraction of the suspended
particles. The decisive factors in determining the enhancement
in convective heat transfer in nanofluids. Equation 7 proposed
by Purohit et al [35] was used to calculate the thermal
conductivity for the present investigation. The effect of particle
shape and size is neglected in all of the equations considered for
this study. To determine the change in specific heat, density and,
viscosity equations proposed by Das et al [36], Wang et al [37]
and, Brinkman et al [38] were reviewed and are given below:

Density
(pnf) = (1 - ¢)pf + ¢ps “4)
Specific Heat
(pep)nf = (1 = $)(pCp)s + p(pCp)p (5)
Viscosity
Hng = pp(1— )72% (6)

Thermal Conductivity

ks+2ks+2¢(kp—ks)
I [ kg+2k = (kp—ks)

knf (7)
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GEOMETRY, MESH, AND BOUNDARY CONDITIONS

(c) » ; ‘
FIGURE 3: CooLIT COLD PLATE [49]

The detailed 3D modeling of the cold plate was done using
SolidWorks as shown in Figure 2. The complete assembly of the
cold plate includes the copper plate (grey), the top cover
(transparent), and the fluid domain. A boundary condition of
uniform heat flux source was defined at the bottom of the copper
plate, depicting a processor. The coolant flow velocity and
temperature were specified at the inlet and a 0 Pa static pressure
condition was defined at the outlet. The surfaces of the top cover
were assumed to be adiabatic. The dimensions of the fins and
channels were the same as the experimental setup used by
Ramakrishnan et al [8] and are given in Table 2. The design of
the cold plate geometry and the dimensions were modeled as per
a commercially available cold plate by CoollT as shown in
Figure 3. 3(b) shows a zoomed-in view of the microchannels,
3(c) shows the non-conductive top plate of the cold plate, while
3(d) shows the copper plate with microchannels.
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Particle | Densit Specifi Thermal Viscosit
Volume y ¢ Heat Conductivit y
Fractio (kg/ (J/kgK) y (kg/ms)
n (%) m?) (w/mK)
0.2 998.2 4165 0.61 8.92e-04
0.3 1237.6 4161 0.62 8.94e-04
0.4 1397.2 4157 0.65 8.99¢-4

TABLE 1: CALCULATED PROPERTIES OF THE FLUID USED
FOR SIMULATIONS [15]

Cold plate dimensions
Length of channel 31.52mm
Breath of channel 23.56mm
Thickness of fin 100.6 pym
Channel width 154.3 pm
Height of fin 2.02mm
Thickness of base 1.35mm

TABLE 2: COLD PLATE DIMENSIONS

Flow of the nanofluid

Heat Source

FIGURE 4: CROSS SECTION ILLUSTRATING THE FLOW
DIRECTION AND HEAT SOURCE

FIGURE 5: FRONT SECTION VIEW

The heat source is located at the bottom of the cold plate
highlighted in red in Figure 4, where a constant heat flux
boundary condition was given. The heat source was modeled
after an actual processor’s dimensions. The bottom plate is made
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from pure copper and the top transparent portion of the plate is
made from a non-conducting material such as plastic or rubber.
Figure 5 illustrates the sectional front view of the geometry. The
coolant flows into the bottom copper plate into the center grove
and distributes in the channels and leaves to the outlet at the end
of the channel. It was, thus, concluded by the authors that
simulating the flow in complete geometry would lead to
excessively high number of elements for a good quality mesh.
Therefore, only one half of a single channel with a periodic
boundary condition was simulated to represent the flow in the
entire geometry. This enabled the authors to create a dense mesh
at the area of interest, i.e. one microchannel with an extremely
dense mesh of approximately 1.08 million, all hexahedral
elements using ICEM CFD as shown in Figure 6.

2019 R3
AAAAAAAAA

FIGURE 6: DENSE MESH AT MICROCHANNEL

Number of Elements (x 10°) Source Temperature (°C)
0.3 30
0.8 27
1.1 26.8
1.5 26.5

TABLE 3: RESULTS FOR GRID INDEPENDENCE

As mentioned earlier, mesh density governs the accuracy of
the results which is why it was vital to have sufficiently a high
number of elements in the flow domain, especially near the walls
to capture the near wall boundary layer effects. A mesh
sensitivity analysis provided the appropriate number of elements
to be used for accurate results, as shown in table 3. Figure 7
represents the. The validation results for the entire cold plate
were also compared with the case of a single fin and a close
agreement was obtained, implying that the meshing parameters
for a single channel were correctly assigned.

Inlet Outlet

Fluid Channel

FIGURE 7: MESH OF THE FLUID DOMAIN

RESULTS AND DISCUSSIONS

VO0ITO8A007-5

A total of 27 simulations were completed for varying inlet
temperatures, flow rate and nanofluid concentration as shown in
Table 4. To validate the results obtained from the CFD using the
specified boundary conditions, experimental results obtained for
the same cold plate by Ramakrishnan et al [8] were referred.
Figure 8 shows the comparison of coolant outlet temperatures for
varying power at heat source v/s the flow rate. The validation
was carried out for 4 different power values of 100W, 125W,
175W and 210W, and at 6cm’/s and 13 cm?/s inlet volumetric
flow rates. A maximum temperature difference of approximately
0.5°C was obtained for all the input power values between the
two studies.

S.No Flow rate Inlet Concentration
(cm®/s) Temperature (%)
1 1 25 0.2
2 3 35 0.3
3 6 45 0.4

TABLE 4: LIST OF PARAMETERS VARIED FOR SIMULATIONS

As a good agreement was obtained between the results,
these were considered as baseline values for comparison with
results obtained after using enhanced nanofluid properties.
Figure 10 shows the variation of maximum CPU temperature
with change in nanoparticle concentration in the base fluid. To
assess the heat transfer improvement obtained by adding
nanoparticles to the base fluid, deionized water in this case, the
dimensionless flow parameters like Nusslet Number, Prandtl
Number and improvement in the value of the convective heat
transfer coefficient was analyzed.

34 -
s 32 % —.—5.(:m"3/.s,
= Simulation
— 7
g 30 1 4 —a— 13cm”3/s
= Simulation
5 28 4 ~ A
o -T - ® —6cm™3/s
g 26 1 Validation
'_

24 T T r - & —13cm”3/s

50 100 150 200 Validation
CPU Power (Watts)

FIGURE 8: RESULT FOR TEMPERATURE VALIDATION (8]

Thermal conductivity is the factor due to which there is heat
transfer from the walls to the liquid whereas the specific heat
capacity is the parameter which enables the fluid to carry the
heat. When the nanoparticle concentration in the fluid increases,
the thermal conductivity of the nanofluid is increased but the heat
capacity is reduced by some margin. The reduction in the heat
capacity varies with the type of model used for calculating the
nanofluid properties. Therefore, there might be an optimum
value of the volume fraction of the nanoparticles that can be
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added to achieve maximum convective heat transfer
enhancement and minimum pressure drop penalty. For the
current set of simulations, a total pressure difference of
approximately 10 Pa was observed across the channel as shown
in Figure 9. The reviewed literature also suggests that the
pressure drop variation is generally not very significant but may
increase depending on the nature of the geometry due to
localized perturbations in the flow.

Pressure Drop Variation

o 1 2 3 4 5 6 7
Flow Rate (cm¥/s)

o 02% 03% 0A%

FIGURE 9: EFFECT OF VOLUMETRIC CONCENTRATION OF
NANOPARTICLES ON CHANNEL PRESSURE DROP FOR
VARYING FLOW RATES

The wvariation of CPU temperature with varying inlet
temperatures for different particle concentrations can be seen in
Figure 10. A maximum temperature difference of 0.5°C was
observed for the for the case of minimum flow rate considered.
While this might seem not a significant temperature reduction, it
is not a true measure of heat transfer improvement within the
system as will be discussed later in this section.

CcPU e vs inlet e

g

—— 0%, 1cm3/s
--®--04%, 1an3/s
—— 0%, 3cm3/s
- ™ - 04% 3om3/s
—— 0%, 6cm3/s.
= & = 04%, 6am3/s

CPU Temperature (C)
8 a

20 25 30 3s a0 as 50
Inlet Temperature °C

FIGURE 10: EFFECT OF VOLUMETRIC CONCENTRATION OF
NANOPARTICLES ON CPU TEMPERATURE FOR DIFFERENT
COOLANT INLET TEMPERATURES

The heat transfer in this case is based on convection. For a
high velocity, the gradient of temperature close to the walls
becomes very high. Therefore, it is difficult to detect the effect
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of increase in thermal conductivity. Therefore, when the flow
rate is increased to 3cm3/s and 6¢cm?/s, the temperature remains
constant. The value of Nusselt number was calculated based on
the flow Reynolds and Prandtl Number using a relation from
published literature as shown in equation 8. The fraction for wall
viscosity and nanofluid viscosity in equation § is assumed to be
equal to unity as no spatial variation of viscosity is considered.
[39]. A reduction of 0.5-1% was observed in the absolute value
of Nusselt Number for each of the particle concentration. This
reduction does not necessarily depict a reduction in heat transfer.
It has been established in the reviewed literature that this
reduction might be attributed to a difference in increase of
thermal conductivity and heat transfer coefficient. This can be
verified from the fact that the convective heat transfer
coefficient, h, is directly proportional to approximately Re'” and
Pr'” for laminar flows. Thus, the Nusselt Number reduces
proportional by a same degree. This reduction in Nusselt number
is usually the least for water and increases for other some fluids
like ethylene glycol.

1 0.14 ®)
N = D)3 (#nf
Nitur,,, = 1.86 (Reys. Prys.2) (#nf)
Nusselt Number Variation
10.000
9.000 L I e — - —— -
8.000
2 7000
£ 6.000
Z 5000 — & - 6am3/s
z 4,000 _._m/‘
= 3.000
2.000 *~— — — — . —. *— — . —9 —e -1m3/s
1.000
0.000
0% 0.20% 030% 040%
Concentration

FIGURE 11: VARIATION OF NUSSELT NUMBER WITH
PARTICLE CONCENTRATION

Figure 12 shows the variation of Nusselt number vs
Reynolds number. While some studies report the increase in
Nusselt number with increasing particle concentration, but there
are a few experimental studies which state otherwise as well. The
trend obtained for all the concentrations in the present
investigation is similar to that in published literature where the
Nusselt number for any given concentration increases with the
Reynolds number, implying that there is an increase in the
convective heat transfer due to enhancement of heat transfer
properties when compared to the base fluid. The change in the
Nusselt number is not significant as the concentrations
considered in the present investigation do not vary a lot and the
variation of the Prandtl number is also not significant, a
minimum of 5.7 to a maximum of 6.3 in this case.
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Nusselt Number Variation
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FIGURE 12: VARIATION OF NUSSELT NUMBER VS REYNOLDS
NUMBER

The enhancement in the convective heat transfer process can
be seen by analyzing the change in the convective heat transfer
coefficient value. A maximum variation of approximately 10%
was observed for the case for maximum flowrate at 0.4% particle
concentration. This is a significant enhancement in the overall
heat transfer process. The same value increased by 8.5% and
7.95% in case of 0.3% and 0.2% particle concentration,
respectively.

Heat Transfer Coefficient Enhancement

Heat Transfer Coeffcient (W/m?K)
§ g g 88 gyggggéd

| —& - lom3fs —e—3am3/s —-—mn|

FIGURE 13: VARIATION OF CONVECTIVE HEAT TRANSFER
COEFFICIENT WITH PARTICLE CONCENTRATION

Figures 14 and 15 represent the temperature contours at the
walls of the channel for flow at 6cm3/s and a nanoparticle
concentration of 0% and 0.3% respectively. The coolant enters
the system from the inlet on the left, flows through the
microchannels and exits through the outlet on the top side of the
geometry. This varying contour shape appears because the
current cold plate is an impingement type cold plate which
causes more cooling at the center where the flow impinges on
the center partition of the fins. The streamline plot of the flow
velocity was not included in the manuscript to avoid repetition.
But it shows significant flow separation towards the outlet which
causes higher temperature near the outlet.
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FIGURE 14: TEMPERATURE CONTOURS FOR 6CM3/S FLOW
RATE AND 0.3% CONCENTRATION
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FIGURE 15: TEMPERATURE CONTOURS FOR 6CM3/S FLOW
RATE AND 0% CONCENTRATION

CONCLUSION AND FUTURE WORK

According to the observations of the results, when the
concentration of the nanoparticles increases more than 3%, the
temperature drop with respect to the pressure drop is not very
high. Thus, we can conclude that a 3% concentration of copper
nanoparticles in a base fluid of water is optimal. To have a better
understanding of the nanofluid, simulations need to be
performed with lower flow rates and higher inlet temperature,
because at a lower inlet flow, the heat transfer to the fluid is
higher and at higher temperatures. To further reduce the
pressure-drop across the system, the geometry of the cold plate
can be optimized. Also, on the base of cold plate temperature, an
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automated flow control valve can be used to control the mass
flow rate. This will further reduce the overall cost of each server
and in turn, the data centers. The concerns pertaining to particle
sedimentation and agglomeration have also been addressed in
the literature which suggest that addition of stabilizing agents
and surfactants can prevent the afore-mentioned phenomenon.
The sedimentation is usually balanced by the dominant
Brownian Forces but increases with increasing agglomeration
which can be addressed during the nanofluid preparation [50].

The issue of contamination related failures limit cost
effective air-cooling techniques to be successfully implemented
for data centers looking to lower their PUE. While it’s true that
air cooling will continue to dominate the data center cooling
industry, especially for enterprise storage systems, and latest
phase change and direct immersion cooling techniques are also
being used for cooling high performance clusters, indirect liquid
cooling presents the simplest and the best option for cooling high
heat fluxes without significant changes to existing data center
infrastructure [40-48]. As the current study indicates, thermal
enhancements like improvement of heat transfer characteristics
of the coolant can further aid in better and efficient cooling of
high-performance servers. Future studies by the authors on this
topic will focus on validating the implementation of nanofluid
coolants at rack level using simulations so that the performance
enhancement at data center level can be measured. The
performance of this cold plate will also be validated using
multiphase simulation to assess the exchange terms between two
phases of the nanofluid and the results can be compared with
those obtained from present simulation. Multiphase simulations
will aid in assessment of the regions of particle aggregation and
investigation of the effect of dispersed phase behavior within the
base fluid on other hydrodynamic characteristics.
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