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Abstract

CFD MODELLING OF WET COOLING MEDIA
AND DESIGN OPTIMIZATION OF HEAT
SINK FOR DATA CENTER

APPLICATION

Shivang Yogeshkumar Desai, MS

The University of Texas at Arlington, 2016

Supervising Professor: Dereje Agonafer

Air cooling is most widely used and economical method of currently available
cooling technologies in which heat exchanger plays a vital role in facility designs.
Evaporative cooling can be energy efficient than mechanical cooling because it uses
water’'s enthalpy of vaporization. Wet cooling pads can be used as the direct evaporative
cooling system in which pad is made of cellulose fibers those gets wet when water
injected. When hot and dry air passes through pad surfaces, water evaporates in the air
which cools down air adiabatically increasing humidity. These type of cooling units can be
installed in these type of climates for a use of modular data centers. Wet cooling pads are
studies for greenhouse and wind tower application using system resistance model or
equivalent representation of media using the box. This study focuses on compact CFD
model of wet cooling pad representing an actual model of the pad surfaces. Surfaces are
represented with the equivalent porous medium. These type of modelling can be used
free of pad dimensions and flute angles for fixed material.

The other part of this study focuses on heat sink customization for application of

oil immersion cooling in data centers. Oil immersion cooling can be promising cooling



technology for high thermal loads and heat capacitance. At server level, heat sink is
critical part for cooling efficiency and it is been studied widely for air cooling systems.
There is a lack of literature work in studies involving heat sink for the oil immersion
cooling application. This work is to provide an efficient range of operation for the heat
sink with numerical modelling for first generation open compute server. Customization of
the heat sink can open up to more heat load per rack. A parametric study is conducted on
fixed pumping power and thermal efficiency of the heat sink for oil immersion cooling has

been optimized to a cost saving value of 44%.
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CHAPTER 1 THESIS ORGANIZATION

This research work is dedicated to cooling performance enhancement for application of
data center. Data centers are equipped with air cooling from a long time. Air cooling is most traditional
and continent method amongst all cooling technologies. Another side of the industry is trending towards
high-performance computing where heat load and power demand is very high. This kind of thought is
mapping onto future. For very high capacitance air cooling becomes a costly and inconvenient technique.
In these sides of industry liquid cooling is becoming an important player of the cooling market.

The research area of this thesis is focused on to two distinguished areas of cooling
technology. The title of the thesis is made up of two parts. The first part is CFD modeling of wet cooling
media for application of evaporative heat exchangers. The second part of research work is design
optimization of parallel plate heat sink for oil immersion cooling application.

1.1 CFD Modelling of Wet Cooling Media

The first part of the thesis is focused on CFD modelling of wet cooling media. Wet cooling media
is used in evaporative cooling towers. CFD modelling is complex work in modelling wet cooling media
because they involve two-phase evaporation modelling and material modelling having fiber type of
confirmation. This research gives modelling approaches and validation against experimental data.

Second chapter is dedicated to introduction of wet cooling media. This gives an idea of
evaporative cooling systems and use of these in data center against conventional chiller plants. This
section also covers the difference between direct and indirect evaporation cooling system and how to get
the maximum benefit of both the systems in a single unit. Third chapter focuses on literature review of wet
cooling media applications and CFD modeling practices for those. Fourth chapter focuses on CFD
methodology and discussion of research phases. Fifth chapter is focused on design consideration and
CFD results validation. Sixth chapter discusses conclusion and future work that can be extracted using

this modelling approach.

1.2 Design optimization of Parallel plate heat sink for oil immersion cooling application
The second part of the thesis is heat sink optimization of parallel plate design for oil immersed

server. This study is crucial where server technology is needed to be retrofitted from air cooling to oil
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immersion cooling. Oil immersion cooling is the new trend in server cooling. Heat sinks have not been
previously studied for this type of cooling technology. Seventh chapter discuses on oil immersion cooling,
use of mineral oil and the importance of heat sink in server design. The eighth chapter gives an idea of
literature survey in this area. Ninth chapter is focused on CFD modelling and validation along with grid
independence study. The tenth chapter discusses on optimization of the heat sink by fixed volume flow
rate and fixed pumping power. It also gives an idea of an orientation of the server and differences.

Eleventh chapter is focused on the conclusion and future work of the work.
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CHAPTER 2 INTRODUCTION TO DIRECT EVAPORATION COOLING

The direct evaporation cooling technology is a part of evaporative cooling as a method of
cooling and it is very different from adiabatic cooling. Evaporation cooling word is self-explanatory as it
uses evaporation process in order to cool the system down. Vaporization is a phase transition process in
which phase of liquid is changed to vapor by some process. Boiling and evaporation comes into this
category of phase transition processes. Two processes are different in the sense of vaporization at the
surface or at the volume level. Evaporation is phase change from liquid to vapor like boiling, but it acts on
the surface. Vapor is a state in which substance stays below its critical temperature and pressure. In the
atmospheric air, there is always water vapor molecules are present. So, atmospheric air pressure is a
combination of the partial pressure of air molecules and partial pressure of water vapor molecules. This
partial pressure of water vapor in the air is an important factor in consideration of evaporation
phenomena. When equilibrium vapor pressure is more than the partial vapor pressure of air, then
evaporation process occurs in the liquid phase. One example of evaporation is water in glass to
surroundings. Some of the water molecules have energy that is enough to escape from water or it is vice
versa. But it is dependent upon saturation of air. If it is not 100% then water will escape from water to the
air. The same process happens in a hot cup of tea, when water particles will escape from surface and
evaporate into the air because of difference in partial pressure of air. Water droplets due to evaporation
are shown in figure 1. Evaporation cooling falls into the broad category of adiabatic cooling where heat
and mass transfer is the implication of work done by the system. In real environment adiabatic process is
impossible, but if the process is very rapid then it can be said to be adiabatic. In evaporation cooling air
and water are called one system in which if air is cooling through water evaporation, then air pressure
reduces. This pressure reduction of air allows it to increase volume and decrease in internal energy.
Adiabatic cooling is shown from P-V diagram which is shown in figure 2. This evaporation concept is used
in the cooling system called as a swamp cooler. Earliest use of swamp cooler can be dated back to Egypt

and Persia thousand years ago.
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Figure 1 Evaporation of water droplets above hot tea cup [19]

plk

Isotherms

Adiabatic process

pad

Figure 2 P-V diagram of adiabatic cooling process [20]
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This type of coolers did not use pad configuration instead it used water reservoir called Qunat. Air
from roof allowed to pass from Qanat and then it cools down adiabatically from evaporation process. This

type of evaporative cooling in ancient times is shown from figure 3.

Wind tower
Exhaustdj [—Wind < Wind direction
v
A
Air drawn
into Qanat

v

l Cooled basement

/——F Low pressure zone

Ground

A

l‘\—.ﬂnir current

Water flowing in Qanat (cooled by convection and evaporation)

Figure 3 Ancient evaporative cooling system [21]
In recent times, evaporative cooling is used by two methods.
e Direct evaporation
e Indirect evaporation
Direct evaporation is the system which used by ancient Iran and Egypt civilizations. This type of
evaporation occurs when air comes into direct contact with water. Nowadays direct evaporation cooling
system is implemented by wooden pads. This type of pad is called wet cooling pad which is shown |

figure 4.
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Figure 4 wet cooling pad [22]

Wet cooling pads are used in swamp cooler system. Water is injected from the top of the
cooling pad by a pump which wets the pad. Water is stored in the reservoir and it is controlled by the float
valve. The centrifugal pump draws the ambient air from wet pads towards the building. Swamp coolers
can be useful in hot and arid areas like Indian subcontinent and Latin America. Direct evaporation cooling
uses evaporation of water into the air. It is different from vapor-compression refrigeration mechanism.
Refrigeration cooling also uses evaporation to cool down hot air. But coolant fluid does not evaporate into
surroundings instead it is being reused again into the system by compression and condenser cycles. This
type of mechanism is controlled in a manner of temperature and it is being used in refrigerators and air-
conditioners. This mechanism of cooling provides high performance in humidity and less condensation of
water particles inside facility air. Data center cooling is most essential part of energy consumption chart.

Cooling technologies are challenging task to design and implement. Current cooling provision of data
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center ranges from indoor CRAC units to outdoor chillers and cooling towers. These cooling systems can
be equipped with air, water or glycol. Chiller cooling is frequently used which uses chilled water as
coolant fluid. Chiller uses same mechanical cooling mechanism as explained earlier. This system involves
complex ducting, compressor, pump and condenser configuration and they consume lots of power.
Evaporative cooling can be a promising cooling solution for IT equipment heat removal. Evaporative
cooling uses fresh incoming air as coolant fluid rather than costly and pollutant refrigerants. Evaporative
cooling uses the pump, fan and water reservoir system which is easy to maintain, lower electricity
consumption and easy installation even can be used in the modular data center as well as a large data
center. The evaporative cooling technigue should be weather smart means it should adapt the nature of
the weather condition like temperature and relative humidity. Thus, evaporative cooling restricts as per
weather condition and the system should cool down air to operate IT facility in operating envelope over
the psychometric chart. Water is most commonly used coolant fluid in evaporation cooling because it has
the highest enthalpy of vaporization.

When the climate is hot and dry than wet cooling pad can be used to cool down fresh air
for a use of IT equipment. Cooling of It equipment by fresh air is restricted by temperature and humidity
conditions. These conditions are recommended by psychometric chart provided by ASHRAE which is
shown in figure 5 [9]. These envelopes are operating conditions for data center when using evaporative
cooling. When humidity in atmosphere is relatively high then critical value then direct evaporation may not
be used. Indirect evaporation cooling is heat exchanger coils which cool down air without increasing its
humidity. This type of evaporation system can be combined to get optimal cooling in operating envelope.
Advantages of evaporative cooling are easy installation and cheap maintenance. The increase in humidity

is advantageous for human comfort and reduces static electricity in IT equipment.
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Dry Bulb Temperoture, deg C

Figure 5 Psychometric chart recommended envelope [9]
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CHAPTER 3 LITERATURE SURVEY
Wet cooling pads are being used in greenhouses along with fans to cool air for crop
harvesting [1]. These cooling systems are installed in dry and hot climates. This system includes an
exhaust fan at the end of a greenhouse which draws air through cooling pads. Cooling pads are supplied
with water through water distribution pipe at the top of the pad. Water is collected in a sump at the bottom
of the pad which is used to recirculate by a pump. If evaporative pad efficiency is known then the
temperature of out coming air can be calculated from following equation 1 [23].

Tcool — Tdry
Twet —Tdry

1)

Efficiency =

Where:
Tcool = temperature of air exiting pad
Tdry = dry bulb temperature of incoming air

Twet = wet bulb temperature of incoming air

CFD modelling of greenhouse cooling system is simplified by using source terms in modelling [2].
Direct evaporation is the transformation of latent heat to sensible heat. Thus, pads are taken as the mass
source term in CFD modelling. According to given efficiency and latent to sensible heat ratio, output air
temperature and pressure drop can be calculated in the model [2]. In this approach ventilation rate is
provided in advance. But this lacks water usage calculation.

Water droplets in wind tower CFD model can be modelled with dispersed droplet phase using
Lagrangian equation [3]. Two phase modelling is challenging in evaporative cooling and a numerical
model is a critical factor in the calculation. Discrete droplets require the velocity of droplet, drag
coefficient, droplet diameter, and droplet density. Droplet particles are tracked with trajectory equation
within the continuous phase. The model works very well for two-dimensional heat transfer within the
cooling tower.

Wet cooling media is modeled using equivalent porous material approach [4]. The temperature of
air from pads can be calculated from saturation efficiency. The porous material is modeled as black box
giving it physical characterization. Permeability and porosity are parameters that needed in the model.

Permeability is a ratio of pore volume to total volume. This type modelling is suitable for estimation of

21



pressure drop and air temperature simultaneously. Inlet conditions are velocity, the temperature of air and

water.
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CHAPTER 4 CFD MODELLIG METHODOLOGY FOR WET COOLING MEDIA

CFD modelling of wet cooling media involves modelling of water which is two-phase flow
field. In this research work commercial CFD software ANSYS Fluent is used for modelling approach. Two
phase modelling involves evaporation modelling. There are models of evaporation available in CFD. This
work gives validation of evaporation model with the present analytical model. By further going material of
fibre representation is also a complex part. For which porous medium concept is used. This section
covers the porous material property calculation and modelling practices. Due to the involvement of heat
transfer/ mass transfer concept along with material complexity this modelling is divided into three parts.
Three parts are as follows.

» Part-1 Study of evaporation and validation of models
» Part-2 Porous media approach and property calculation with simple model
» Part-3 Real world model of media and validation with experimental data
This chapter is dedicated to part-1 and part-2 of the research work.
4.1  Study of evaporation models
Evaporation involves heat and mass transfer between two components. Water changes phase
from liquid to vapor and mass of vapor is transferred into incoming air. Meanwhile liquid water absorbs
energy from air and reduces its latent heat. Reduction of enthalpy causes temperature reduction in the air
and heat transfer occurs between two components. Definition of evaporation can be stated as:
“evaporation is the process in which a liquid phase is changed to the gaseous state at the free surface of
liquid state, below the boiling point through the transfer of heat energy”. In the evaporation process rate of

evaporation is depend on vapor pressure which is shown in following equation 2 [24].

E=C(eyw —eq) (2)

E=Rate of evaporation
e,,= Saturation vapor pressure of air at water temperature
e, =Actual vapor pressure in air

C =Constant

23



Other factors for evaporation are temperature, air speed and atmospheric pressure. Thus
analytical rate of evaporation can be calculated for simple systems. Analytical model for evaporation rate
is taken from Shah’s model [5]. Shah’s model for evaporation gives estimate of evaporation from free
water surface of swimming pool into air. Equation of evaporation rate of this analytical model is as follows

in equation 3.

E = pr(pa - pw)%(ww - W) (3)

W here, E=evaporation rate
pw=Density of saturated air at water temperature
p.=Density of air at current condition
W,,=Specific humidity of saturated air at water temperature
W,=Specific humidity of air at current condition
Wet cooling media represents same as swimming pool model. The material of the media fills up
with water particle in wetting phenomena and water film forms on a surface which represents as free
surface of the water in swimming pool. The air passes over and inside fibers come in interaction with the
free water film and evaporation rate from Shah’s model can be used implementing following assumptions.
I.  One of the many media surface is considered
II.  Airflowis parallel to the air flute angle (in this case 15° upward)
Ii. Material is solid and flow passes only over, not below or inside
Accounting these assumption for wet cooling media, we can use Shah’s model for validation
purpose in this research. This model is for quite a flow over water surfaces. So laminar model can be

used for CFD modelling.

4.2  CFD models for evaporation
There are four models available in the Fluent for multiphase modelling. The list of the models are

given and why they cannot be used in this work has been discussed as follows.
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.  VOF model
VOF stands for volume of fluid. VOF model is used for application of two immiscible
fluid interacting together in the system. This model does not provide heat and mass transfer.
So, it can’t be used for modelling evaporation.
Il. Mixture model
Mixture model is best suitable for particle laden flows where one phase is solid. This
model does not provide species transport in modelling.
Ii. Eulerian model with continuous phases
Eulerian model in ANSYS Fluent is full scale multiphase model with every features. It
treats every component in the system as continuous phase. Thus it can’t track the water phase
inside pores of the material. In this research pores are also critical part of the study and it is
modelled as porous medium at local level which is discussed further in this chapter. Eulerian
model can’t be used in this study for this reason.
V. Discrete Dense Model
Discrete dense model uses Euler-Lagrange approach which treats air as continuous
phase and water as discrete droplets. Equation of the particles are solved in Lagrangian frame
and it uses force balance to solve particle trajectory.

Trajectory equation is as follows in equation 4.

du 9x(pp — P)
14 xPp
W=FD(u—up)+T+Fx (4)

where,u=Fluid phase velocity

u,=particle velocity

Fy(u — u,)=Drag force

E,=Additional acceleration

According to this equation velocity of particle is calculated and trajectory is calculated. Droplets
are modelled using spherical law. Droplets are introduced in the system using droplet injection method.

They are injected through surface. Evaporating species are taken as h,o in the model. Evaporation of 2™

25



phase is accounted using law 2 of heat and mass transfer. Law 2 is called law of vaporization in which
droplet evaporates until temperature is lower than vaporization temperature. Mass transfer is governed by
convection-diffusion controlled model.
Advantages of DDM:
» Can be used with porous medium
» Tracks the particle splashing

» Species modeling available

4.3  Swimming pool test case and Flow conditions
To validate the discrete dense model, a test case with simple geometry is considered here.
Swimming pool type configuration has been taken into account [6]. Here large swimming pool is

considered with respect to inlet and outlet.

22.5

7.5

— Bath length=12.5m =
Bath depth=0.3m G

Inlekywiad=9.9/m Outlet width = 0.063 m

Figure 6 Swimming pool test case

Geometry with all dimensions of the test case is shown in figure 6. All dimensions are given in m.

Bath represents the swimming pool surface. Flow conditions are given in table 1.
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Table 1 Swimming pool test case Flow conditions

INLET
Temperature 35°C
Relative Humidity 28%
Mass fraction of water 0.00979 kg
Velocity 1.86 m/s

Swimming pool (water)

Water Droplets are injected at pool
boundary
Temperature 27° C
Mass flow rate 0.01 kg/s

Discrete dense model is used here for multiphase modelling. Injection of this model is used for
water in swimming pool.
4.4  Governing equations and Gibbs phase rule
ANSYS Fluent solves continuity, momentum and energy equation along with species transport
and discrete particle tracking from DDM. Equation 5 represents continuity equation used for this case
[25].

ap -
E + V (pV) = SDPM + Sother (5)

Where,

p = density of fluid phase
I7:velocity in vector form
Sppu=Discrete phase model source

S, tner=additional mass source
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Momentum equation is shown in equation 6 for this case. Here acceleration due to droplet

particle and viscous forces are considered [25].

6pl7
at

+V.(pl7]7)=—Vp+V.r+p§+I3DPM (6)

Where,

p=Static pressure

T=stress tensor

g=gravitational acceleration

ﬁDPMz DPM force acceleration

Water vapor in the air is modelled using species transport in ANSYS Fluent. Species transport
equation uses convection-diffusion phenomena to transport water vapor in the air. The general equation

is shown in equation 7 [25].

dpY;
at

+V.(pBY) = —V.J + 5, (7)
Where,

Y;=local mass fraction of each species

J=diffusive flux

S;=creation of species by DPM

Heat transfer is governed by energy equation which is shown in equation 8 [25].

0pE

p - 7 = >
J

Where,

E=enthalpy

k. r=effective thermal conductivity

fj:diffusive flux due to species

When dealing with the multiphase flow it is needed to determine known variables to solve the
system. Gibbs phase rule shows a number of variable needs in the system by equation 9. According to

this equation, variance needs to solve the system are 3 [26].
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f=c—p+2

Where,
f=intensive degrees of freedom
c=components

p=number of phases

4.5

(9)

Evaporation model validation and results

Using above governing equations for the flow simulation with enabling species transport

and DPM model, steady state analysis has been carried out. Evaporation rate has been

calculated from the discrete dense model. In figure 7 ANSYS Fluent window is shown where

discrete particles status is shown by red line. As a sample, 69 water droplets are injected from

pool boundary and all particles are evaporated.

B CiFluent Fluent@Shivang [2d, dp, pbns, spe, lam] [ANSYS CFD] - x
File Mesh Define Solve Adapt Surface Display Report Parsllel View Help
E-d-6Eme AR S MR~0O- v AT
Meshing Run Calculation 1: Scaled Res\dua\sa‘S ~
Solution Setup il 18402
General Mumber of Iterations  Reporting Interval 1e+00
Models I D
Materials = = Te02
Phases Profie Update Interval 1e-04
Gell Zone Conditions o
Boundary Conditions - 1e-08
Mesh Interfaces - 1608
Dynamic Mesh Data File Quantities...
Reference Values Tle-10
Solution Calculate 1e-12
Solution Methods 1814
Solution Controls &
Monitors Help 1e-16
Solution Initialization o 5 10 15 20 25 30
Calculation Activities Iterations
Results
Graphi d Animat
opnics ane Anmaans Sealed Residuals 0t 19, 2015
Reparts AMNSYS Fluent 15.0 (2d, dp, phns, spe, [am)
14 2.977%e-82 4.596%9e-04 8.8338e-05 2.8118e-13 1.0608e-10 0:04:41 986 -
15 2.5138e-82 4.3785e-04 8.4968e-05 1.3819e-13 5.8680e-11 0:83:44 985
16 2.1516e-082 4.1745e-04 B8._1667e-05 6.6621e-14 2.2060e-11 0:82:59 984
17 1.8623e-82 3.985h4e-04 7.8663e-05 3.2895e-14 1.8638e-11 0:85:48 983
18 1.6478e-02 3._8228e-04 7.5914e-05 1.6035e-14 5.2438e-12 0:04:32 982
19 1.4519e-82 3.6741e-04 7.3451e-05 7.9742e—15 2.2468e-12 09:83:37 981
|num§er EracEed = 69, escaped - @ aborted = 8 trapped - 6 euaﬁnrageﬂ = §!, 1m:nmE E!E = !l
20 1.2682e-82 3.5327e-04 7.1221e-05 3.9096e-15 1.0707e-12 0:086:09 980
21 1.1158e-82 3.4158e-04 6.9196e-05 2.1113e-80 2.L4866Ge-B7 0:84:55 070
22 1.8054e-82 3.3002e-04 6.7186e-05 1.7463e-09 2.0253e-67 0:83:56 978
iter continuity x-velocity y-velocity energy h2o time/iter
23 9.872%e-083 3.1973e-04 6.5366e-05 9.825Ze-10 1.1511e-67 0:06:24% 977
24 8.1712e-83 3.8950e-04 6.3686e-05 5.2827e-18 6.316%9e-88 0:85:07 976
25 7.5241e-03 3.0018e-04 6.2069e-05 3.0940e-10 3.6662e-08 0:-04:085 975
26 7.8276e-083 2.9192e-04 6.9534e-05 2.063%e-10 2.3960e-08 0:83:16 974

Figure 7 DPM particle status in ANSYS Fluent window

From h,o0 mass calculation per unit square meter surface of the pool in unit time, evaporation rate

can be calculated. From equation 3 analytical evaporation rate has been calculated and compared with
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CFD in table 2. The error between CFD and analytical is 3.2%. Which is less than 10% threshold for

validation purposes. DPM model can be used for evaporation modelling for this research work.

Table 2 Evaporation rate comparison for swimming pool case

Method Evaporation Rate in ~
mes
Analytical 0.00296
CFD 0.00304

Analytical—-CFD
Errord= 2822 100%=3.2%
Analytical

Temperature contour of a test case is shown in figure 8 below. Inlet air temperature is reduced
from 308 K to 303 K due to evaporative cooling over a pool. After the middle of the pool weak

recirculation is occurring and mixing of vapor in this area is not significant.

3.02e+02

3.01e+02 *

3.00e+02
2.99e+12

Nov 02, 2015

Contours of Static Temperature (k)
d. dp, phns, spe, ske)

uen 4

Figure 8 Temperature contour of Swimming pool test case
Likewise, Relative humidity contour is shown in figure 9. It indicates that water vapor is

evaporating above pool surface. Relative humidity of air is increasing from 28% to 53 % which can be

seen at outlet.
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Figure 9 Contour of relative humidity of swimming pool test case

4.6  Porous medium approach
The porous medium is the material which is having hollow voids inside of it. Wet cooling media
has material of such a kind which has pores. These micro pores trap water particles inside of it. If voids
are saturated with water droplets than it is called wetting of the material. Figure 10 shows leaf which is
solid without any voids and it forms water film or separate drops on the surface without letting it pass
through it. Figure 11 shows cloth material having visible voids inside a material. This cloth soaks water

droplets within this pores. Wet cooling media behaves same as figure 11 kind of surface.

Figure 10 Wetting of leaf
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Figure 11 Wetting of cloth

The approach considered modelling micro pores in the material here is a porous medium
approach. The porous medium has been mathematically derived first by Darcy in 1856 [7]. Basic

volumetric flow through porous media can be derived from equation 10.
“y (10)
q=—Vp 10
U

Where,

k= permeability of the medium

U= viscosity

The velocity of a porous medium is derived from volumetric flux calculated from equation 9 using

equation 11.

(11)

ISIES

@=porosity which is volume fraction of voids to total volume
4.7  Governing equation of porous medium
ANSYS Fluent uses basic Darcy’s law for modelling porous media along with it uses inertial

resistance. Porous media is considered as sink term in the momentum equation. In equation 5 additional
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sink term is enabled which acts on the whole volume of the cell. Equation 12 represents porous media

sink term.

3 3
1
Si = —(Z Dijuvj + Z Cij §P|U|Uj) (12)
j=1 j=1

Where,

D;;= inverse permeability matrix

C;;= inertial resistance matrix

i=momentum equation vectors

These parameters solely depend upon material properties and behavior in a fluid. For the unit
surface of material these parameters can be calculated from pressure drop and porosity data.

4.8  Calculation of porous media parameters

Wet cooling media has cellulose, fiberglass, wool, wood and many more materials in use.
Cellulose material is taken into consideration for this research work. Inertial resistance is calculated from
equation 13 using existing pressure drop and superficial velocity data for the unit surface of a cellulose
material. From this equation inertial resistance calculated for cellulose is 9000 m™1.

2Ap

2= . 2
thickness viyopopen

(13)

Another factor is permeability which is calculated from equation 14 and for cellulose it is coming

outtob 2.0 E +11.

Ap = gthickness (14)

4.9 2-D test case of porous media
The simple test case includes porous cell zone between fluid zones. The porous zone is kept dry
without any water injection. The geometry of the test case is shown in figure 12. Air having relative

humidity and water droplets are condensing due to pressure drop in the pores of the structure.
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Figure 12 Porous media test case
Flow conditions for this test case is shown in table 3 below.

Table 3 Porous media test case flow conditions

Inlet
Temperature 32°C
Relative Humidity 33.92 %
Velocity 1 ?
Vapor mass source 0.0097 kg
Porous cell zone
Permeability 2.0 E+11 m™2
Inertial resistance 9000 m™*

After steady state analysis, pressure contour of the test case is shown in figure 13. Pressure is

dropping over porous cell zone. Pressure drop around 900 Pa is there in the porous zone.
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Figure 13 Pressure contour of porous test case
Figure 14 shows relative humidity contour of the test case. It is decreasing from 33.92% to

33.60%.

33.727871
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Figure 14 Relative Humidity contour of porous test case
With this modelling approach, this research work implements in wet cooling media CFD

simulations.
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CHAPTER 5 WET COOLING MEDIA: RESULTS AND VALIDATION
5.1 Flow domain and Conditions
Wet cooling media has been designed in PTC-Creo CAD software using solid surfaces
which are shown in figure 15. These surfaces of media have flute angles which alternate as per
vertical surfaces. One surface has flute angle of 45° negative in a downward direction. This
angled surfaces guides the water droplets in downward direction. Another surface next to it has
15° upward angle. This surface guides air horizontal direction. Both comes into contact, but

angles are put for flow guides.

Figure 15 CAD model of wet cooling media

Geometry details of length, width and height are shown in table 4. Gap is maximum distance

between alternate surfaces which is fixed for the model.
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Table 4 Dimensions of wet cooling media

L 65 inch
W 12 inch
H 80 inch
Gap 9.8 mm

5.2 Flow domain and conditions
The rectangular domain is considered for flow simulation which is shown in figure 16.

Enough provision is given at outlet for pressure recovery. This model is initially for dry simulation

only without any water injection to validate the porous medium approach.

Figure 16 Flow domain of wet cooling media
Inlet flow and boundary conditions are shown in table 5. These conditions are kept same to

validate with reference [8] results.
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Table 5 Flow conditions for wet cooling media

Velocity 350 fpm
Reynolds Number 43000
Pressure 407 in of h,o

The pressure drop of air over wet cooling media is shown in figure 17. The model has an upward
deflection of air after the pad and turbulence is encountering in the domain. Spalart—Allmaras model are

used to predict turbulence in the flow.

407.004
406.999
406.994
406.989
406.984
406.979
406.974
406.969
406.964
406.959
406.954
406.949
406.944
406.939
406.934
406.929
406.924
406.919
406.914
406.909
406.904

Figure 17 Contour of pressure drop across wet cooling pad (unit in ofh_2 0)
The pressure drop of 0.1 in of water is occurring over the pad at 350 fpm velocities. Figure 18 is a
plot of pressure drop at various inlet velocities. Dotted line is experimental data which is compared with

CFD results [8]. CFD results are in good agreement with experimental data. So porous medium approach

can be used for modelling wet cooling media.
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Validation of Dry media 12 inch thick

0.3
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0.2

0.15

Pressure Drop (in of Water)
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Flow Rate (FPM)

—@— Pressure drop(IN OF h20) — & — Experimental

Figure 18 Validation of CFD pressure drop results with experimental data [8]
5.3 Water injection model
Water injection model has water inlet and an outlet at top and bottom of the pad respectively with

the same top footprint of the pad surface which is shown in figure 19.

Figure 19 water injection model geometry

Water inlet conditions and inlet temperature conditions are shown in table 6.
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Table 6 Water inlet condition for wet cooling pad

Air
Temperature 305 K (85° F)
Relative Humidity 23%
Water
Temperature 288K
Diameter of droplet 0.001m
Mass flow rate 0.12 "5_9

After steady state analysis results obtained for the temperature at an outlet for air is 297 K (75°
F). Figure 20 is experimental data of the temperature measured upstream and downstream of wet cooling
media [8]. The average upstream temperature of the air is 85° F which is taken in CFD model. The
downstream temperature of the air is 75° F average which is getting same in CFD model. Thus, model

with water injection is validated and DPM can be used for future study.

95°F Upstream
90'F
———

:‘3 85°F
s
z Wet media — Constant air velocity Varying air velocity
g 8O F
o

75°F

T —

70°F

Downstream

65°F

20:20 2025 20:30 2035 20:40 20:45 20:50 20:55 21:00 2105 2110

Figure 20 Temperature experimental data of wet cooling pad [8]
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CHAPTER 6 CONCLUSION OF WET COOLING MEDIA AND FUTURE SCOPE

(1]

(2]

(3]

(4]

(3]

6.1 Conclusion
CFD model is validated against experimental results for dry and wet both the cases.
To model wet cooling media surfaces, a porous medium approach is successful and
validated.
DPM model is Lagrangian based model in which water particles can be tracked and
water usage can be calculated.
This model can be used free of dimensions and flute angles because porous parameters
work for unit surface of the media material.

6.2 Future Scope

Study of the flute angles and the different combination is the important factor in wet
cooling media. In this research 45x15, combination is used. Another combination is
30x30 angle which can be studied for the effectiveness of the saturation.
In this study, cellulose material is used and parameters of porosity had been calculated.
Fiberglass, wood and plastic are also need to be studied. This part of research should
calculate parameter for individual material and same modelling can be implemented with
different porosity.
Another part of research in wet cooling media is uneven staging of media. Staging means
providing various flow rate of water to different sections of the media according to the
weather condition. This methodology can save amount of water and the pumping power.
CFD modelling is useful to determine optimum staging and water flow rate for that by
running parametric simulations.
Water flow rate is also crucial factor in direct evaporation cooling. This CFD model is
based on constant water flow rate. Another way for water inlet variable flow rate
according to outlet relative humidity condition. Change at water inlet conditions in CFD
model can be used to determine which way is better.
Evaporative cooling is effective when utilizing most out of fresh air. Weather condition of

environment can be outside of ASHRE psychometric chart operational envelope [9].
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Evaporative cooling from direct and indirect system can bring condition inside envelope
adiabatically. This cooling path can be optimized by smart use of both systems. This kind

of thermal behavior can be optimized by CFD analysis.
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CHAPTER 7 INTRODUCTION TO OIL IMMERSION COOLING
7.1 What is oil immersion cooling?

Servers and data center traditionally uses air cooling system from a long time. Air cooling can be
economical and easy to install technique in cooling technologies. Nowadays processor power usage is
increasing and high power computing is coming in more demand. Traditional air cooling will become
insufficient to provide cooling to high-end performance servers. Liquid cooling can be an efficient option
for this type of server cooling. Liquid cooling involves direct and indirect cooling with use of either water or
dielectric fluid. Indirect liquid cooling uses water as coolant fluid with the use of cold plates or back door
heat exchanger in the data center can bring benefits in server cooling power consumption [11]. Cold
plates have been in use from the late 1970s as a method of water cooling to high power servers using
thermal conductive module [12]. But still cold plate is a hybrid cooling technique amongst server cooling
technologies. Another component of server is cooled by air cooling while cold plate is used for processor
and GPU cooling. Another disadvantage of cold plate is use of water which is electrically conductive and
leakage may lead to short circuit and server failure.

To get rid of the hybrid system, direct immersion cooling can be a prominent solution for server
cooling. Direct immersion cooling involves server to directly immerse in a bath of dielectric fluid. Dielectric
fluid can have high carrying capacity than air and water. It can be thermally efficient and less power
consuming for high-end packages. Even fluids with low boiling points can be retrofitted to two-phase
cooling for higher heat removal. This research work uses white mineral oil for oil immersion cooling.

7.2 Why use of mineral oil?

Mineral oil is dielectric coolant oil which can be promising fluid amongst other immersion
coolants. Selection of these fluids can become challenging study. Mineral oil has a history of usage in
high power transformers [14]. It has 1150 times’ higher heat capacity than air. Mineral oil is available very
cheap in a market than other cooling oils. It is less flammable and dense than other petrochemical oils.

7.3 Importance of heat sink in server cooling

Heat sink is passive heat exchangers that are being fitted on the processor. It carries heat away

from the processor to the ambient fluid through fins or other kind of configuration. Heat sink heat carrying

is crucial for server performance. Air cooling server is solely reliable on heat sink because they play a
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major role in keeping processer temperature within limit. Without heat sink processor heat dissipation in
the ambient fluid becomes inefficient because of less contact surface area. Even in oil immersion cooling
heat sink plays a vital role because heat conductance can be higher than convection.

Heat sinks are optimized for air cooling systems and they are available with various type of fins
and having different configurations. Simplest type of heat sink is parallel plate heat sink which is show in

figure 21.

Figure 21 Parallel plate heat sink [15]

Heat sink design is a critical factor for air cooling and oil immersion cooling also. Let’s take
example of heat sink that if 44 mm tall heat sink can keep processor temperature within 65° C then it may
be possible that 60 mm tall heat sink also keep temperature within 65° C. In this situation heat sink height
after 44 mm case will become extra junk of material and it will not add value to thermal performance. This
may also become true for a number of fins where extra fins may become resistance in the path of fluid
after some optimum value. Determination of this optimum number of fin and height is the study of this
research work. This study is the purpose to document the optimal design of parallel plate heat sink for oil
immersion cooling.

The advantage of an optimized heat sink can be as follows.

e Reduced heat sink height can allow more servers per rack
e Material cost saving

o Installing optimal heat sink can increase server efficiency
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CHAPTER 8 OIL IMMERSION COOLING: LITERATURE SURVEY AND METHODOLOGY

8.1 Literature Survey

Heat sink characterization is an important factor in determining product development. Use of CFD
to optimize the heat sink is becoming the useful technique. Heat sink aspect ratio which is fin height/ fin
gap is approaching 10 and greater [16]. These large aspect ratio heat sinks need to overcome flow
impedance. Channel velocity should sufficient to fulfill target thermal resistance of the design. Thus, heat
sink design can become a crucial factor. Heat sinks are needed to be characterized in wind tunnel testing.
CFD technique in older times was very expensive if all the details are needed to be modelled. Time
consumption can increase with a number of grids and component modelling. One way to do heat sink
CFD model is to put volumetric resistance instead direct model [16]. These type of volume resistance
requires pressure drop and thermal resistance data at different velocity [16]. Volumetric resistance is
sufficient to model heat sink. This technique is useful to optimize junction temperature for different heat
sinks than full geometry modelling. Heat sink cost analysis is shown in figure 22 for various heat sink

configurations.
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Required Thermal Resistance “C/Watt (junction - ambient)

Figure 22 Heat sink cost analysis [17]
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The cost of a heat sink is increased when low thermal resistance becomes in demand. Typically
oil cooling system itself provides higher cooling and keeps thermal resistance around 0.1%. With this

reason parallel plate heat sink which comes in bonded category will a serve better purpose. This factors
should be considered in optimization of heat sink design [17].

e Fin height

e Fin length

e Fin thickness

e Fin shape

e Density of fins

e Cross cut patterns

e Material

8.2 Project Methodology
Considering literature survey this research seeks optimal heat sink design for application of oil

immersion cooling using computational fluid dynamics approach. Facebook open compute generation 1
server is utilized for this study [10]. This research involves developing CFD model and validate it with
previous experimental results [10]. Parallel plate heat sink is already in use for the server is one of the
many reasons to take into consideration for optimization. The project has opted following parameters to
consider for optimization.

e Fin height

o Number of fins

e Server orientation

CFD optimization involves two methods for optimization. The first method is fixed volume flow

rate in the server at different parametric runs. Another method is fixed pumping power and comparison of

both the methods has been presented.
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CHAPTER 9 OPEN COMPUTE SERVER: CFD MODELLING AND VALIDATION

9.1 Geometrical modelling
Open compute server has three fans for air cooling system, but it has not been considered for this
research work. Two CPU are taken into consideration for analysis and they have embedded power of 95
W. There are two parallel plate heat sinks being fitted on top of both CPUs. Additional components are
taken into consideration are RAM units and capacitance units to guide the flow in the least resistance

path. Geometry is being prepared in ANSYS Icepak which is shown in figure 23.

Figure 23 Open compute server geometry

All the dimensions of the model are shown in table 7. Heat sink material is taken as Aluminum

extruded. For PCB, RAM and capacitors units solid material are FR-4 and surface material is copper.

47



Table 7 Dimensions of open compute server CAD model

Heat sink

(All dimensions are in cm)

Foot print 10x7
Base Height 0.3
Total height 4.4
Fin thickness 0.07

Number of fins 18
RAM Unit
Foot print 20%5
Height 3.5
Capacitor Unit
Foot print 3x11

9.2 Mineral oil properties
Mineral oil has a viscosity which is dependent upon temperature. In ANSYS Icepak this dynamic

nature of viscosity has been taken into account. Other material properties are shown in table 8 [18].

Table 8 Mineral oil properties

Density 849.3 7%
Specific heat 1680 ——
kg K
Thermal Conductivity 0.13 %
mK
Dynamic viscosity (27973 e
C1 x e'T+2732” where T = fluid temperature
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9.3 Flow conditions
Flow conditions are shown in table 9. Baseline case of flow rate is taken as 1 Ipm which will be

explained later in this chapter. This case is baseline case means heat sink size is 18 fins and 4.4 cm

height.

Table 9 Flow conditions

Temperature 30°C
Volume flow rate 1lpm
Velocity 0.00115 =
N
Reynolds number 3.6
Pressure 6 psi

After steady state analysis, temperature distribution inside the server is shown in figure 24.

Maximum junction temperature is 339 K which is spreading over PCB in the wake region.

ANSYS

R16.1
Academic

[ 3.142e+002
3.105e+002
3.068e+002
3.031e+002

\'l.-*"’f—

Figure 24 Temperature distribution in the cabinet
9.4 Validation of CFD model
CFD results are validated against previous experimental publishing [10]. Validation is a graph of

junction temperature at different volume flow rate which is shown in figure 25. Experimental data is taken
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at inlet temperatures of 30° C to 45° C. For this research work, two inlet temperature of 30 °C and 35° C
have been taken into consideration. For these two cases, CFD results are coming in good agreement with
experimental data which validates the model methodology. This model has been further used for

optimization work. Exp in legend represents experimental data [10]. CFD in legend represents CFD data.

Validation with experimental data

—_—
m.
i ! me———
S ————
[T} —
O =0 s s S — e
=
=
L
—
-
A 70 “‘_
=S - e |
£ =l e : = e
o = - -l -
= 6 = -"\Q -—-___‘6
o \‘_‘
* — —-—

- - 2 e
g"‘ T
o "———-’7~—-———-‘

0S5 a7 [+ L]

Flow rate in lpm

——Exp30 ——Exp 35 ——Exp 40 Exp 45 ——Exp 50 = -CFD30 =—e-CFD35
Figure 25 Validation plot of Temperature with experimental data [10]

Grid independence study has also been carried out for baseline case of heat sink design and
temperature of 20° C and 1 Ipm volume flow rate. 1 million cell is threshold value in this research work.
Up to 1 million cells, junction temperature reduces significantly which is shown in figure 26. After this limit
temperature change is within an agreement. For future study of this research work 1 million cells have

been used for meshing.
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Figure 26 Grid independence study
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Figure 27 shows thermal resistance at different volume flow rates. This is a case of 30° C for
baseline heat sink design. Here thermal resistance does not change significantly after 1 Ipm volume flow

rate and it is considered baseline case for that reason.
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Figure 27 TR at various flow rate
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CHAPTER 10 OPTIMIZATION RESULTS
10.1  Optimization by fixed volume flow rate
Volume Flow rate is kept fixed at 1 Ipm in this parametric optimization. This case considers the
impact of a change in inlet area and change in velocity accordingly. The result obtained is shown in figure
28 which is a surface plot of Fin height and number fin vs. thermal resistance. Fin height is taken from 0.5

cm to 4.4 cm. The number of fins are taken from 2 to 40.

4
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Figure 28 Parametric optimization at fixed volume flow rate

Blue color region in surface plot shows minimum value of thermal resistance and it is coming out

around 0.1%. Up to 8 number of fins TR is decreasing to minimum and after 2 cm of fin height change of
TR is not significant.

10.2  What is fixed pumping power optimization?

Pumping power is the multiplication of volume flow rate and pressure drop across the channel.
For the base line case pumping power is calculated as 1.8 W. Now if heat sink height is increased than
TR will increase but it may give significant pressure drop. Pressure recovery will consume more power
than before and thermally optimal design at fixed volume flow rate will turn out to be more costly.
Parametric optimization at fixed pumping power will ensure pressure drop and it will set volume flow rate
accordingly for a new design. If pressure drop is significantly high than volume flow will reduce to keep
pumping power same. TR will also decrease with volume flow rate and balanced design will come out in

this study.
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10.3  Optimization by Fixed pumping power

Figure 29 shows results from parametric optimization at fixed pumping power of 1.8 W. This is

same surface plot as explained in section 10.1. Optimum number of fins are coming out to be 8 to 15.

Optimal range of fin heightis 3 cm to 4 cm.
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Figure 29 Parametric optimization at fixed pumping power
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CHAPTER 11 HEAT SINK OPTIMIZATION: CONCLUSION AND FUTURE WORK

111 Conclusion

v" CFD model has been validated with experimental data.

v' Optimum number of fin are ranging from 8 to 15.

v/ Optimal fin height range is 3 cm to 4 cm.

v" Cost of heat sink can be saved from 20% to 44.19% if optimized design is implemented.
11.2 Future work

e Plate fin and pin fin heat sinks can be studied and optimized

e Ducting of flow towards heat sink can lead to higher thermal performance

e Experimental validation of optimized results is also a good piece of work
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