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ABSTRACT OF THE THESIS
ANUMERICAL STUDY OF STEADY STATE COOLING IN A RAISED

FLOOR DATA CENTER WITH A CEILING PLENUM RETURN

By JAMIE D. LEVINSON
Thesis Director:

Yogesh Jaluria

In this study, the ability of a cooling system to remove heat from a data center is
investigated. The governing equations with given boundary conditions are solved
numerically using ANSYS Fluent 2020R1 which was validated via comparison with the
benchmark problem of natural convection in a square cavity. The number of fans present
in each server, the hot aisle width, the ceiling height, and the use of hot aisle containment
was varied to determine their influence on how well the data center was cooled. The
server racks are modeled as porous media and the temperatures at key location are used
to determine various thermal metrics which allows for an investigation of the changes at

both the room and rack level.
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NOMENCLATURE

A Area [m?]

A\ Volume [m3]

p Density [kg m™3]

u,v Velocity [m s™1]

k Turbulent kinetic energy [m?s~2]
P Pressure [N m™?]
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T Temperature [K]
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q Heat flow rate [W]

Q Volumetric flow rate [m3s~1]
Ra, Rayleigh Number

Dy Hydraulic Diameter [m]

U Area averaged velocity [m s™1]
C Inertial resistance factor [m~1]
Greek Symbols

M Dynamic Viscosity [kg m~1s71]
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Eddy/Turbulent Viscosity [kg m™1s™1]
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Turbulent Dissipation Rate
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Shear Stress [N m™2]

Thermal conductivity [W m~1K 1]

Turbulent thermal conductivity [W m~1K 1]
Thermal diffusivity[m?s~1], Permeability [m?]
Thermal expansion coefficient [K~1], Beta index
Loss coefficient

Porosity, Open Area Ratio

Fluid

Solid
Non-Dimensional
Non-Recoverable
Body force

Modified Body Force

Volume Average
Absolute Value
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Within the last several decades there have been many technological
advancements, many of which have necessitated a dramatic increase in the amount of
data that can be stored, sent, and processed. Data centers are a network of servers that do
just that, but as the amount of information sent to these servers increases so too does
amount of heat generated by the servers. Due to the increased amount of heat produced
by the servers, the effectiveness of cooling systems has become a growing concern as it
becomes more costly and more difficult to ensure that the servers do not overheat.

Just as the amount of information that a data center needs to process has
increased, so too have the capabilities of computers. With advances in computers,
Computational Fluid Dynamics (CFD) has quickly become a widely implemented tool in
the design of modern data centers to reduce hotspots and optimize the layout and design

in an attempt to keep data centers cool.

1.2  Previous Work

There are many different parameters that play a role in determining the flow field
and heat transfer which occurs inside data centers. Schmidt[1, 2] investigated a steady
state, three-dimensional comparison between experimentally and numerically obtained
results which indicated that the CFD model using the standard k- model had a tendency
to exaggerate the hot and cold spots as well as inhibit mixing and thermal dissipation
between hot and cold air streams. Much of recent research investigates the effect of the

flow through the floor tiles on the rack intake temperatures. Accurately modeling airflow



through the floor tiles is challenging due to the perforations causing the air to exit the
tiles as jets. In response to discrepancies of more than 5K at the rack intake and exhaust,
Abdelmaksoud investigated various methods of modeling perforated tiles to more
accurately model the air entrainment. He recommended a momentum source model to
correct for the effects of porosity at places where perforations were present[3]. Joshi and
Arghode further developed the model for flow through a perforated tile by accounting for
the geometric parameters such as the pore size, pore shape, and perforation pattern[4].
Choi took a closer look at flow and temperature distributions in a server and rack using a
software called Thermostat using the LVEL turbulence model. He investigated how
interactions between multiple servers as well as varying load conditions affected the
thermal profile within a rack and compared simulated results with experimentally
obtained values[5, 6]. Various metrics have been developed to determine the efficiency of
heat removal in data centers. Sharma developed two metrics called the Supply Heat Index
(SHI) and the Return Heat Index (RHI). These indices are used to give a measure of the
amount of hot air recirculation from the rack exhausts, hot air infiltration from the hot
aisles, and cold air bypass in the cold aisles that occurs within the data center. It was
observed that the cold aisle and hot aisle widths as well as the ceiling height had a
significant impact on the SHI and RHI[7]. A similar index was developed by Herrlin
called the Rack Temperature Index (RTI). Similar to SHI and RHI, RTI is used to
quantify the amount of hot air recirculation and cold air bypass that occurs within data
centers[8]. Herrlin also developed two Rack Cooling Indices (RCIs), RCln and RCl o,
which are used to determine how effectively racks are cooled and maintained within a

given temperature range based upon a given set of industry standards[9, 10]. The two



RCls can be very effective indices to assist in reducing the cost of maintaining the health
of the server racks due to over and under cooling. Another metric called the B index was
created in order to quantify local rack increase temperature. The authors of [11] claimed
that SHI, RHI are largely global metrics and as such are only capable of accurately
evaluating issues that occur at a global scale. Problems such as hotspots occur at a local
scale and therefore the SHI and RHI may display satisfactory values regardless of the
presence of localized hot spots which can result in device failures. Therefore in order to
detect problems at a local level, a new metric that is evaluated at the local scale must be

used[11].

CHAPTER 2: MODEL AND SETUP

2.1 Physical Model

A 2D raised floor data center is modelled using ANSYS DesignModeler. The
base model room dimensions excluding the underfloor supply plenum inlets and drop
ceiling plenum return vent has a width of 9.6m and a height of 3m. Server and rack sizes
are measured in terms of rack units(U) where 1U corresponds to a height of 44.45mm.
The servers used in the model are based on based on 1.5U servers. There are 4 server
racks each with a width of 0.9m and a height of 2m allowing it to fit 28 servers each
sized at 1.5U. This is the same number of servers which would fit in a 42U rack which is
a standard size option which is commonly available. During the simulation, the depth was
taken to be 0.6m. Since the model is symmetric, only half of the model is simulated, and
a symmetry boundary is imposed in order to reduce the mesh count and computation
time. The racks and servers contained within are modelled as a porous media while the

perforated tiles and the egg crate return grille which separates the ceiling return plenum



from the room are modelled using a one-dimensional porous jump boundary condition.
The exhaust fans in the servers are modelled using a fan boundary which is located inside
of the rack and positioned 2.5cm upstream from the rack exhaust. The outlet vent has a
width of 0.9m and is located 1.5m above the ceiling egg crate return grille. The cold aisle
and perforated tiles are 0.6m wide which is the standard size of perforated tiles with the
inlets being located 0.175m below the perforated tiles.

There are several common conventions when designing the layout of a data
center. Pitch is the distance from the center of one cold aisle to the center of the next cold
aisle. One of these conventions is to have a 7-tile pitch with each cold aisle width having
2 tiles which are each 0.6m, thus the hot aisle has 2 tiles giving it a width of 1.2m. One
of many reasons why the width of the hot aisle might vary is that the width of the racks
being used can vary or that a higher capacity data center might use 3 tiles in each cold
aisle in order to supply the racks with more air.

There is a total of 11 different cases being tested where the number of fans per
server, hot aisle width, ceiling height, and use of hot aisle containment are varied. The
various case details are provided in Table 2-1.

In every case the solid portion of the porous media is copper. The fluid used in the
simulation is air, which is modelled as an incompressible ideal gas due to the importance

of buoyancy effects. To use the incompressible ideal gas model, one must specify the

molecular weight which is 28.966

kg
m

e and the operating pressure which is 101325Pa.

ol’



The other properties of air are evaluated at the inlet supply temperature which is

288.15K(15°C), therefore the air has a specific heat at constant pressure of 1007 @, a

thermal conductivity of 0.02476 %,and a dynamic viscosity of 1.802 x 10~° %.

Ceiling Height Hot Aisle Width Fans Per Hot Aisle
Case
[m] [m] Server Containment
1A 2
1B 3
1.2
1C (Base Case) 4
1D 3 5
2A 0.9
no
2B 1.5
2C 1.8
4
3A 2.5
3B 2.75
1.2
3C 3.25
4A 3 3 yes

Table 2-1: Case Specification

The inlets have a fixed velocity and temperature of 1.3 ? and 288.15K

respectively while the outlet uses the pressure outlet boundary condition. The walls of the

room, vent, and plenum are assumed to be adiabatic while the tops of the racks are treated

as coupled walls made of steel and determine the heat transfer by solving a 1D heat

equation,




2.2 CFD Modelling

Turbulent flows are modelled using the Reynolds-Averaged Navier-Stokes

(RANS) equations

o _ F; + 0 PS;i + au_i+au_j o’ (1)
puj aX] — PHi aX] 1 H aX] aXi pu iuj

In this study air is assumed to be an incompressible ideal gas. The realizable k-€
model[12] is used to calculate the turbulent kinetic energy (k) and the turbulent

dissipation rate(e).

a(k)+a(k)—a (+”t)+ak-+c +G Yy + S (2)
ot P 0 PEY 0x; T o ox;| - KT P PE= IM T >k
0 d d e\ O€] €?
€
+C1€EC3eGb + Se (3)
- ] ph=sks= /7550 o 1[0y, 0ui
where C, = max[0.43, 2| n = 5% 5 = /25,5, and §;; = 3 (axi + axj).

The benefit of using the k — € type model over the k-w type model is in its
modelling of the bulk flow far away from walls. However, the k-& type model requires
wall functions in order to resolve the flow close to walls. The model used to resolve the
near wall flow was the Menter Lechner e-Equation which is a y+ insensitive and unlike
the enhanced wall function does not utilize the turbulent Reynolds number to determine
where boundary between the laminar sublayer and the log-law region is located. This is
beneficial if there are locations within the center that have low levels of turbulence where
the enhanced wall function would be implemented, thus treating those locations as part of

a boundary layer. Yet, unlike the standard or non-equilibrium wall functions it allows for



a mesh where the first cell height lies within the viscous sublayer which is important for
heat transfer calculations.

Another important equation is the energy transport equation[13]

aT

0 0 d
a—t(PE) + % [ui(pE + P)] = % Keffa_Xi - z holgi |+ (temeiui) [+Sn (4
q

where k. is the effective conductivity, Sy, is a source term, ] ; is the diffusion flux of

species q in direction i, and E is the total internal energy per unit mass. As there is only a

single species, there is no diffusion, therefore ], = 0.

Keff = K + K¢ (5)
1 P 1
E=e+§ujuj=h—5+§ujuj (6)

2.3 Thermal Metrics

The return temperature index (RTI) which is introduced by Herrlin and is defined

as measure of the energy performance of the air management system[8].

Treturn - Tsupply

AT,

RTI = [ l 100[%] (7)

quip
A RTI under 100% implies that there is some amount of air that has bypassed the server
rack while a RTI over 100% implies that there is recirculation, and that the server rack is
pulling in the heated surrounding air. The target value of RTI is 100% which indicates
that only the cold air being supplied from the CRAC is entering the server rack and that
none of said air is bypassing the server rack. The RTI is a useful metric for determining
how effectively the racks are being cooled.

The supply heat index (SHI) is defined as the ratio of the enthalpy gained between

the supply and the rack intake to the total enthalpy gained between the supply and the



rack exhaust. Similarly, the return heat index (RH]I) is the ratio of the total enthalpy
removed from the data center and extracted by the CRAC units to the total enthalpy

gained between the supply and the rack exhaust[7].

rack rack
SHI = chold aisle Z 2J Cp( intake,ij — Supply) (8)
- ) rack rack
Qrack T 8dcold aisle 2 Z] Cp (Texhaust,i,j - Tsupply)
CRAC CRAC
RHI = 1 — SHI = Qrack ka Cp intakek supply) (9)
- - . rack rack
Qrack T 8dcold aisle Z Z] Cp (Texhaustlj supply)

where 8q,.cx IS the total heat dissipation rate from the rack, 8qco1q aisie 1S the change in

the enthalpy flow rate between the supply and the rack intake, mraCk Track .. and

intake,i,j’

ngggustl ; are the average rack mass flow rate and the average intake, and exhaust

temperatures respectively of it rack in the j* row of racks. Similarly, m{RA¢ and

T ol « are the average CRAC mass flow rate and average intake temperature of the k*®

CRAC. The change in the enthalpy flow rate between the cold supply air and the rack
intake can be attributed to air in the hot aisles mixing with air above the racks or
recirculating into the cold aisles whereas the change in enthalpy flow rate between the
rack intake and exhaust can be attributed to heat generation by the servers. The SHI and
RHI are useful for determining how effectively the heat gained by the air that passes
through the rack is advected out of the data center and sent to the CRAC.

The final metric of note is the B Index. The  index can be used to identify where

on a rack self-heating and the effects of recirculation occur. This index is defined as

rack (Z)
B — 1ntake upply (10)
Track _ Track

exhaust intake




where a value of 0 indicates the absence of recirculation and value greater than 1 is

indicative of a self-heating loop that results in local temperatures greater than if the air

had just passed through the rack a single time[11].
2.4  Code Validation

In this thesis, all simulations were run using ANSY'S Fluent. This code is

validated by solving the benchmark problem of natural convection in a square cavity.

Insulated

Insulated

Figure 2-1: Natural convection in a square cavity configuration

_gPB

Rax - _(Ts - Too)X3 (11)
av

where X is the characteristic height, 8 is the thermal expansion coefficient, g is the

magnitude of gravitational acceleration, a is the thermal diffusivity where o = ic v is
p
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the kinematic viscosity where v = E Ts is the surface temperature, and T, is the ambient
temperature. T, is taken as the temperature at the cold wall, while T is the temperature
at the hot wall, the temperature of which is determined by the desired value of Ra. The

values of the constants were taken as k = 0.0242 —, cp, = 1006.43 L x=0.1m, g=
m-K kgK

9.81 592 and T¢o1q = 288.15K. A Prandtl number of 0.71 was assumed, therefore the
viscosity was determined by u = Pr Ci The operating temperature was taken to be
p

Top = T‘*‘“zﬂ and the thermal expansion coefficient is taken as the inverse of the
operating temperature since air is an ideal gas. The density of air was determined by

assuming the air was an incompressible ideal gas and evaluating the density at the

operating temperature such that p = _Pop_ \where R,y IS the specific gas constant for air

air Lop

and the operating pressure was taken as P,, = 101325Pa. The following equation was
solved for the hot wall temperature at a given Rayleigh Number.

K'-Rairzu a4 = THot_TCold
8cpgPop X3 (Thot + Teola)®

(12)

The values for the maximum horizontal and vertical velocities at the mid-width and mid-
height as well as the benchmark solutions are provided in Table 2-2 to Table 2-4. The
plot of the Nusselt number at the hot and cold walls as well as the benchmark solution

values are provided in figures 2-2 and 2-3. The Nusselt number is defined as

hL
Nu = — (13)
K

Where h is the heat transfer coefficient and L is the characteristic length.
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Ra UND,max (YND) VND,max (XND)
103 3.634(0.81427) 3.681(0.180219)
10* 16.179(0.825169) 19.621(0.119068)
10° 34.744(0.854992) 68.5974(0.065246)
10° 64.868(0.850306) 220.402(0.038296)

Table 2-2: Maximum horizontal and vertical velocities (Uxp,max @Nd VNp max) at the mid-

width (xyp = 0.5) and mid-height (yyp = 0.5) respectively

Ra Ref [14] Ref[15] Ref[16] Ref [17]FEM | Ref[17] DSC
10° | 3.634(0.813) | 3.68(0.817) | 3.6493(0.8125) | 3.489(0.813) | 3.6434(0.8167)
10* | 16.2(0.823) | 16.1(0.817) | 16.1798(0.8235) | 16.122(0.815) | 15.967(0.8167)
105 | 34.81(0.855) | 34.0(0.857) | 34.7741(0.8535) | 33.39(0.835) | 33.51(0.85)
10° | 65.33(0.851) | 65.4(0.875) | 64.6912(0.8460) | 65.40(0.86) 65.55(0.86)

Table 2-3: Benchmark maximum horizontal velocities (unp,max) at the mid-width

(xnp = 0.5)

Ra 103 10* 10° 106
Ref[14] 3.679(0.179) 19.51(0.12) 68.22(0.066) 216.75(0.0387)
Ref[18] - 19.62 68.62 232.97
Ref[19] 3.692 19.63 68.85 221.6
Ref[15] 3.73(0.1827) 19.9(0.1246) 70.0(0.068) 228(0.039)
Ref[16] 3.6962(0.1790) | 19.6177(0.1195) | 68.6920(0.0665) | 220.8331(0.0380)

Ref[17] FEM 3.686(0.188) 19.79(0.12) 70.63(0.072) 227.11(0.040)
Ref[L7] DSC | 3.686(0.183) 19.98(0.117) 70.81(0.070) 227.24(0.040)

Table 2-4: Benchmark maximum vertical velocities (vyp max) at the mid-height

(ynp = 0.5)
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Figure 2-2: Hot(left) and cold(right) wall Nusselt number
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Figure 2-3: Benchmark hot(left) and cold(right) wall Nusselt number[17]
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2.5 Perforated Tile Flow Modelling

Upstream Vena contracta
Uy, Ay Uz, Ay Uz ds U Ay
J'y = : :
\ ————7 Y
‘t Downstream
/ Us: 45

e~
Q
3
v

Figure 2-4: Orifice Flow
The loss coefficient is defined as the ratio of the non-recoverable pressure loss between
two points to the dynamic pressure at a specified location where the density and velocity
is known.

_ Al:’a—>b,NR
Za—>b,c = 1—

7pUC"

(14)

where AP,_,, nr iS the non-recoverable pressure loss as the flow moves from a to b and
U, is the velocity at location c. For the case of turbulent flow, assuming A; = A, = A,
and U; = U, = U,,, where A, and U, are the cross-sectional area and mean velocity of

the fluid traveling through the orifice, respectively. The open area ratios at the orifice

inlet and outlet are ¢;, = % and @yt = % respectively. The loss due to a sudden
1 5

expansion can be written as

Z4—>5,or = ((Pout - 1)2 (15)

and the loss due to a sudden contraction can be written as

2

C153,0r = (Cic - 1) (16)
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where C.. is the contraction coefficient which is defined as the ratio of the cross-sectional
areas of the jet at the vena-contracta to the cross-sectional area of the orifice. The loss
between points 0 and 3 is purely due to frictional effects with the orifice. Since it is
unclear exactly at what point the flow reattaches it is assumed that there are frictional

losses with the orifice walls for the entire length of the orifice.

B 0 Lorrer < 0.015
Z3—>4,or B {)\ Lor,rel Lor,rel > 0.015 (17)
where 2 is the darcy friction factor and Ly re; = % . The darcy friction factor is
H

Reynolds number dependent and can be calculated using the Modified Churchill

formula[20]

A= (ﬁ)12 + ! . (18)

Re
l<0.8687 In

where g.q] = Di and ¢ is the absolute surface roughness. The total loss through the
H

16 2
1 +(13269)16
0.883*In(Re)1-282 110 Re

Rel1.007 +0.27€re] ~ Re Erel

orifice can be written as

C15,0r = G1-3,0r T C3540r T Cassor (19)
Equation 19 is only applicable for the case where flow reattachment to the orifice wall is
assured. For the case where the length of the orifice is such that the flow may not
reattach, the sudden contraction becomes sensitive to flow conditions in the downstream
enlargement. As a result, the separated flow at the orifice exit does not agree with the

model for a sudden expansion. An orifice model for incompressible flow to account for
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the process interactions caused by separation was derived by Dodge based on

experimental results[21].

1
Ceorrected 1o5,0r = ¢ G1o3.0rpodge T S(8o30rpodgelams,or)? + Gaoaor + lassor  (20)
where ;3 or.podge = (1 — @in), ¢’ accounts for the inlet edge shape, and ¢ accounts for
the effect of the orifice wall thickness, inlet edge shape, and conditions of flow passage
through the orifice[22].
Idelchik made slight modifications to the relationship of a sudden contraction for
a sharp edged orifice to better match experimental observations for sharp-edged

orifices[22].

3
Z1—>3,or,lde1chik = <,(1 - (Pin)4 (21)
Where ' = 0.5 which dictates the maximum value of the loss coefficient of a contraction

through a sharp-edged orifice. The value of ¢ for a thick-edged orifice is[22]

V2 Lor.rel < 0.015
0'535(]"01‘,1‘@ )8
Cldelchik = 1t 05 (Larrer)” 1)7 (22)
(2.4 — Loprer) * 10 05+(Lorrel) I 0.015 < Loy pe < 2.4
0 Lorrel = 2.4

Therefore, the loss coefficient of the flow passing through a thick-edged orifice is

3 3
<1—>5,or = 0-5(1 - (Pin)4 + gldelchik(1 - (Pin)s(l - (Pout) + (1 - (Pout)z + A Lor,rel (23)

Which can be written in terms of the inlet velocity as

Z1—>5 or
Gos1=——5 (24)
1251 (pinz

It is assumed that a perforated tile can be modelled as a large number of orifices or pores

with a combined open area equal to that of a singular larger orifice such that
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XAp _ U1Dyile

2Ap €p
Ptile,in = v Ptile,out = v Etile,rel = = and Regje = — For the case of a
Aq As Dp Ptile,inV

perforated tile made from aluminum that has a surface roughness of 2um, is 34.8mm
thick, has a pore diameter of 12.7mm, an open area ratio of 25%, and is at a temperature
of 288.15K at the inlet, and 300K at the vent, the percent of pressure loss attributed to

friction is less than 2% for a majority of flow speeds as is show in figure 2-5.

5 T T T T T T T T T T T T T T T T T T T T T T T T T

4 —— Plenum 1

ent

% of Pressure Loss

U{m/s)
Figure 2-5: Percent of Pressure Loss Through a Perforated Tile Due to Friction
The contributions to the pressure loss due to frictional effects caused by the fluid
interacting with the walls is less than 2% of the calculated pressure loss and can be
considered negligible thus simplifying the calculation by making it only dependent upon
the geometry of the perforated tile.
When using the porous jump model does not preserve the conservation of mass

and momentum. To correct for this, the modified body force model developed by Joshi
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and Arghode is employed, and for cases where that was not appropriate, the body force
model by Abdelmaksoud was utilized. For both models, a Y-momentum source is located
above the perforated surfaces to correct for the momentum of the fluid exiting from the
perforations. The Y-momentum source is determined by the difference between the Y-
momentum flow rate of the fluid approaching the perforated material, and the Y-
momentum flow rate of the air through the pores. As it is assumed that flow through each

pore can be modelled as orifice flow.

Uy

U, = (25)
P Ptile
The magnitude of the Y-momentum source per unit volume used in the Body Force
model can be calculated as a function of the density, upstream velocity, and tile
porosity[3].
1
pUL* (5=~ 1)
SyBF = le (26)
v Aygr

U, is the average velocity upstream of the perforated tile. The height of the momentum
source (Aygg) is arbitrary and was taken to be 10 cm in all simulations. The modified
body force model is more restrictive in its implementation and should only be used if
certain criteria are met. These criteria were determined by comparing the modified body
force model with a geometrically accurate model[4].

1 Aympr 1

2 < W < 3 (27)

0.563 < 2ref - 595 (28)
Ptile

> 0.75 (29)

Liile
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where B is the length of the blocked region at the edges of the tile, W is the unblocked
side length of the tile, which is assumed to be square, C.ef = 4 and @.¢ = 0.25. The
height of the modified body force is dependent upon the pore diameter and the porosity

of the tile

(Pref)o'5

(30)
Ptile

Aympr = Crepo(

and was determined to be 5 cm based on the properties of the tiles used. The corrected
loss coefficient ({;5 1 ") is dependent on the height of the momentum source height to

width ratio, the tile porosity, and the edge blockage.

m

. AYMBF] )((Pref)n( w )
e oy (31)
G151 =1 5»1( [ W @eite/ \Lgile

where a = —0.351, b = 1.214,n = —0.138, and m = 0.287. The excess momentum is
determined only as a function of the loss coefficient; therefore, the magnitude of the
momentum source per unit volume can be determined as a function of the loss
coefficient, density, pore diameter, porosity, and the upstream velocity.

pU? [(Giosa +1)"° — 1]
Aymsr

(32)

y,MBF =

2.6 Server Modelling

The server which was used was a 1.5U server from the open compute project. The
average server produces approximately 250W of heat. A 42U rack can fit 28 of these
servers therefore each rack produces approximately 7 kW of heat. Modelling a
geometrically accurate server as well as the electronic components contained within for
every single server present in the rack would require a very fine mesh as well as a

tremendous amount of time. Therefore, in order to simplify the model, each rack is
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treated as a porous media with a heat source. The porous media has a porosity of 35% as

was assumed by Nada et al[23].
2.6.1 Porous Media Modelling

When modelling porous media, the volume is split into its solid and fluid
components such that
Vy, = Vg + Vi (33)
Where V,,, Vs, and V¢ are the bulk, solid, and fluid volumes, respectively. To determine

the properties in the fluid volume one must define the porosity of the material.

S (34)
Darcy’s Law calculates the pressure loss across porous media[24]
o(P)f M
=~ () (35)
X a

where a is the permeability. Darcy’s law is only valid for the case of laminar flow where
the effects of inertial resistance is negligible. For the case of turbulent flow, one uses the
Forchheimer equation which adds to Darcy’s Law by including a term to account for
inertial losses[24]

a(P)f
ox

He 1
= ——(u) — 5 Cpgl(up)[(u;) (36)
0 2
where C is the inertial resistance factor.
The equations for mass and momentum conservation used in ANSYS Fluent that
are used to determine the behavior of flow in porous media, can be written using the
physical velocity[24].

d(@ps)
ot

+ V- (@pe(t)f) =0 (37)
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P \f
—((p%ffm L+ 7 (oo @) = ~T(0(®0) + 7 (o)) + o

2
e e 1 o fl =
- <T Wt + 3 C(Pspf|<u>f|<u>f> (38)
ANSYS fluent solves the standard energy equation in porous media regions. The only

change are modifications made to the conduction flux and the transient terms[24].
0 - h
3t (@psEs + (1 — @)psEs) + V- (U(pEs + P)) =S¢

V- [T = D helq |+ @D (39)
q

where S is a fluid enthalpy source term, E; is the total fluid energy, and Eg is the total
solid medium energy. The shear stress(T) in the porous region uses an effective
viscosity(Uesr) Which is determined by the relative viscosity () in order to account for
the effect of the porous medium[24].
Heff = HrelMeff (40)

Since the servers are not a true porous media it is assumed that p..; = 1. The porous
media is assumed to be in thermal equilibrium; therefore, the porous media uses an
effective conductivity[24].

Kefr = @Ks + (1 — @)K (41)
2.6.2 Determining Resistance Coefficients

The permeability (o) and inertial resistance factor (C) can be obtained by
determining the system resistance curve of the servers in the rack. A system resistance
curve can be used to determine the relationship between the pressure drop and the

volumetric flow rate within a system.
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Volumetric Flow Rate (m3/s) | Pressure (Pa)
0.0 0.0
0.00472 1.09734
0.01605 8.13164
0.02832 22.30076
0.03776 37.66351
0.04719 57.10411

Table 2-5: Server System Resistance Curve Data [25]
The resistance curve was determined to be
Al:)static = Bleerver + B2 Qserver2 (42)
where B; = 147.221 and B, = 22.60753, with a R? value of 0.9999997. The pressure

loss in terms of the superficial velocity is

APgtatic = BsUserver superficial + BaUserver superficial (43)
where B; = 4.66395 and B, = 22.60753. The superficial velocity is assumed as
measurements are not taken between components and the velocity between the
components will be greater than that downstream. The measurements used to obtain the
experimental data were taken at 297.15K which was used to determine the fluid

properties.
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Figure 2-6: Server System Resistance Curve

By using the system resistance curve, the permeability and inertial resistance
factor were determined to be 2.33323 * 107® m? and 64.07376 m™! respectively.
However, a server rack contains more than a single server, therefore an equivalent
permeability and equivalent inertial resistance factor are determined to accommodate for
the presence of multiple servers and multiple impermeable walls within a single porous
block. The equivalent viscous resistance can be calculated by calculated an equivalent
resistance of a flow moving through multiple parallel channels.

APrack = APy servers (44)

Nserver * Aserver
Urack = Userver A (45)
rack

Since the primary method of heat transfer in the servers is advection, it is imperative to

ensure that the mass flow rate accurately reflects that of an actual server rack. This is
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accomplished by making the loss coefficients dependent upon the total area of the rack
which is taken up by the servers which are not obstructed. It should also be noted that for
the same mass flow rate at the inlet and the same resistance coefficients, for either the
physical or superficial velocity formulation one should obtain the same pressure drop
across the porous media zone[24]. Therefore, the pressure loss through the rack at a given

flow rate should accurately reflect the pressure loss through the individual servers.

.
O
.

Figure 2-7: Server chassis dimensions in [inches] and mm[26]
The viscous resistance of the entire server rack can be obtained by using the viscous

resistance formulation obtained from Poiseuille’s law which states that the resistance is
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equal to ratio of the pressure drop to the volumetric flow rate for a laminar,

incompressible flow for a fluid with constant density.

R—E (46)
- Q

By relating this to the Darcy equation, the viscous resistance is expressed as

_ HeAX
RViscous - aA (4‘7)
c

where Ax is the pathlength that the fluid travels through the porous media and A.. is the
cross-sectional area. Since the permeability is solely dependent upon geometric factors it
will have the same value in both the laminar and turbulent regime.

An equivalent inertial resistance factor can be obtained using the method of
equivalent resistance under the assumptions of constant density within the rack and

negligible viscous resistance.

CpsQ

— 48
A2 (48)

inertial =

Thus, by calculating the viscous and inertial resistance and scaling these values based on
the length of the server rack used in the simulation such that an equivalent pressure loss is
obtained, one can determine the equivalent permeability and inertial resistance for the

server rack.

NserverAserver)( AXrack )
= 49
Qrack ( Arack AXserver Userver ( )
C _ ( Arack )2 (Axserver> C (50)
Kk =
e NserverAserver AXrack Server

The equivalent permeability and inertial resistance factor for the server rack as a singular

porous block are 2.54063 * 10~ m? and 79.604 m~? respectively. It should be noted
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that the pathlength of the flow through the rack used to obtain these values was 0.875m
as the fan boundary cannot be placed at the interface of the porous and non-porous

domains.

2.6.3 Fan Modelling

To model the effects of a fan in a 2D simulation in Fluent, all that required is a
fan curve. A fan curve describes the relationship between the volumetric flow rate and
the pressure difference across the fan. The fan which is used as the basis for the fan in the
simulation is the Sanace 109R0612P4J06. The dimensions of this fan are
60 mm x 60 mm x 25.4 mm. A fan curve modeled as a third order polynomial was fit to

the data from Table 2-7.

Volumetric Flow Rate (m3/s) * 1072 | Pressure (Pa)
0.0 141.98067

0.38228 99.13738

0.54746 76.71938

0.66545 69.24671

0.88726 67.25400

1.09964 59.28316

1.33089 41.34876

1.54799 16.93805

1.70373 1.99271

Table 2-6: Single fan pressure curve data[27]

APyaric = 141.981 — 17889.456Q + 1551420.262Q2 — 5.818 * 107Q3 (51)
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Figure 2-8: Single Fan Curve
with an R? value of 0.996. When modelling the fans which are used for the entire rack,
an equivalent fan curve for multiple identical fans in parallel can be obtained by using the

following relations.

APeq fan = APsingle fan (52)

Qeq fan = Ueq fanAeq fan = Ly Qsingle fan (53)
where Ng,, is the total number of fans in the server rack. In the simulations the number of
fans which are being used are 2, 3, 4, and 5 fans per server or 56, 84, 112, and 140 fans
per rack, which are being modelled as a single equivalent fan placed on the rear of the
rack. The volumetric flow rate for the equivalent fan used in the rack, assuming all fans
are identical is equal to the volumetric flow rate through the rack.

Qeq fan = UrackArack (54)

The equivalent fan curve in terms of velocity through the rack for the entire server rack is
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APyatic.s6 fans = 141.981 — 383.363U ¢k + 712.459U 5012 — 572.493U,00°  (55)
APyatic.g4 fans = 141.981 — 255.576U a0 + 316.649U 5012 — 169.628U,0c”  (56)
APyatic 112 fans = 141.981 — 191.682U,5c + 178.115U 5012 — 71.562U50°  (57)

APstatic,140 fans = 141.981 — 153.345U 5 + 113.994U % — 36.640U,,°>  (58)
The equivalent fan is modelled at the rear end of the server at the exhaust and is used to

pull air in from the cold aisle and out into the hot aisle.

140

120k Equivalent Fan(28 fans)

— Equivalent Fan(56 fans)

—— Equivalent Fan(84 fans)
(

Equivalent Fan(112 fans)

100
— Equivalent Fan(140 fans)

—— Rack System Resistance Curve

80

P, static( Pa)

60

4o

20

0.0 0.5 1.0 15 2.0 2.5 3.0
U(m/s)

Figure 2-9: Fan and system resistance curves in terms of physical velocity
One can predict the operating velocity through the rack by locating the operating point

which is located at the intersection of the fan curve and the system resistance curve.

2.7  Grid Dependency

The simulations are performed using ANSYS 2020R1 (Fluent). A mesh convergence
study has been carried out for case 1C to ensure that results are mesh independent. The

mesh convergence test was run using the coupled, pseudo-transient solver for the case
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with a ceiling height of 4m as this has the largest domain. The solution was considered
converged when the globally scaled continuity, x-velocity, y-velocity, energy, k, and
epsilon residuals dropped below 1076, In addition to using residuals to determine
convergence, average temperatures of the rack intakes, rack exhausts, vent outlet, and at
the fluid above the racks and adjacent to the cold aisles were monitored as well as the
mass flow rate through the racks. With regards to the monitored values, the solution was
considered converged. The residual of the monitored quantities is

|m(n) — m(n — Np)|
m(n)

Res(Np) = (59)

where n is the current iteration/time step number, m(n) is the report value at the n®"
iteration/time step, and Np is the number of previous iterations/time steps to consider.
The monitored quantities are considered converged when

Max[Res(1), ..., Res(Np)] < Stop Criterion (60)
The stop criterion was set to 10~° over 100 iterations. Mesh convergence was determined
when variations in SHI, RHI, and RTI were less than 0.1%. The mesh for cases 1A, 1B,

1C, and 1D are given in figure 2-10.

Elements 183807 326768 510575
RHI (% difference) 0.7422 | 0.7420(—0.0285%) | 0.7417(—0.0344%)
SHI (% difference) 0.2641 0.2651(0.3951%) 0.2652(0.0215%)

Rack 1 RTI (% difference) | 128.497 | 128.712(0.1679%) | 128.664(—0.0375%)

Rack 2 RTI (% difference) | 129.471 | 129.566(0.0732%) | 129.565(—0.0008%)

Table 2-7: Mesh convergence test
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L

Figure 2-10: Mesh for cases 1A (top left), 1B (top right), 1C (bottom left), and 1D

(bottom right)

CHAPTER 3: RESULTS AND DISCUSSION

3.1 Fans Per Server

The number of fans located within each server is 2 to 4 fans per server with 28
servers per rack. By increasing the number of fans in each server the maximum possible
volumetric flow rate will increase multiplicatively proportional to the number of fans
present. The fans will operate by accelerating the flow to overcome the pressure loss
incurred within the servers. By doing so, the volumetric flow rate through the server

racks is increased and the effects of this can be observed.
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Figure 3-1: Variation of volumetric flow rate ratio with fans per server

Not all fans are the same and have varying sizes and fan curves, and the variation
in the temperature and density of the air is unknown beforehand, therefore when
determining the effect of the number of fans on the various indices, the effect of the ratio
of the operating volumetric flow rate to the supply volumetric flow rate shall be observed
rather than the specific number of fans. The relationship between the number of fans per
server and the volumetric flow rate ratio is shown in figure 3-1. The error of the sum of
the SHI and RHI for cases 1A, 1B, and 1C are all under 2% as is shown in figure 3-2.

As is seen in figure 3-5, when the operating volumetric flow rate is equal to or
less than the supply volumetric flow rate that the SHI and RHI are approximately 0 and 1,
respectively and increases very gradually up to the point where the volumetric flow rate
ratio is unity. This is a result of the temperature at the rack intake being approximately

the same as the temperature of the supply air for cases where all or nearly all air that
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Figure 3-2: Variation of error of sum of SHI and RHI with volumetric flow rate ratio

Figure 3-3: 1A (top left), 1B (top right), 1C (bottom left), and 1D (bottom right)

temperature contours
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Figure 3-4: 1A (top left), 1B (top right), 1C (bottom left), and 1D (bottom right) Static

pressure contours

passes through the rack is obtained directly from the supply which is synonymous with
the amount of recirculation being negligible. As the volumetric flow rate ratio increases
past unity, there is an increase in the amount of recirculation that occurs. However, there
is also an increase in the static pressure gradient in the hot aisle as shown in figure 3-4.
Since there is a low-pressure zone above the hot aisle near the return vents, this results in
air being forced directly into the return plenum and reduces the mixing with the air
adjacent to the hot aisles. However, as is made clear by the changes in the RHI and SHI,

the effect of the increased recirculation is greater than the effect of the reduced mixing.
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Figure 3-5: Variation of RHI and SHI with volumetric flow rate ratio
Figure 3-6 shows that the RTI increases linearly with respect to the ratio of the operating
volumetric flow rate to the supply volumetric flow rate. It is known that the temperature
at the rack intakes when there are 2 or 3 fans is equal to the supply temperature, however
there is a noticeable difference in the exhaust and return temperatures, resulting in an
increase of the RTI by approximately 30%. This can be explained by the fact that for
case 1A, a non-negligible amount of the supply air is bypassing the rack entirely which
corresponds to a reduction in the mass flow rate through the racks, resulting in higher
exhaust and return temperatures. When the volumetric flow rate ratio is greater than
unity, it is assumed that the rate at which air is pulled through the through the racks by
the fans is greater than the rate at which air is supplied through the underfloor plenum. As
a result, surrounding air is pulled in by the racks resulting in hot air from the exhausts to
be recirculated back into the intakes. Even though the mass flow rate through the racks

has increased, resulting in a higher enthalpy flow rate, due to recirculation the average
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intake, exhaust, and return temperatures have increased, the effects of which outweigh

that of the increased mass flow rate, ultimately resulting in an increase in the RTI.
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Figure 3-6: Variation of RTI with volumetric flow rate ratio

Such effects on the intake are made clearer by observing the effect of varying the
operating volumetric flow rate on the 8 index. As is clearly seen in figure 3-7, as the
volumetric flow rate ratio increases, there is an increase in the maximum intake
temperature in addition to the effects of recirculation effecting servers lower on the rack.
The variation in the  index is greatest immediately after the volumetric flow ratio
becomes greater than unity. This emphasizes the need to select fans that match the

volumetric flow rate being supplied to each rack.
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Figure 3-7: Variation of rack 1 (left) and rack 2 (right) 8 index with operating volumetric

flow rate ratio
3.2 Hot Aisle Width

The error of the sum of the SHI and RHI for cases 2A, 2B, and 2C are all under
1.1% as is shown in figure 3-8.

Figure 3-11 illustrates that as the hot aisle width decreases, so too does the SHI,
consequently resulting in an increase of the RHI. This is because as the hot aisle width
decreases, the static pressure gradient in the hot aisle increases. Since there is a low-
pressure zone above the hot aisle, as the static pressure gradient in the hot aisle increases,
so too does the velocity at which the air is forced out of the hot aisle. This increased
velocity results in a reduction of the mixing of the air in the hot aisle with the air located
above the racks. This agrees with the work of Sharma[7] who also observed an increase
in the SHI when investigating the effects of hot aisle width using a model of a 3D data

center with a ceiling return plenum.
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Figure 3-8: Variation of error of sum of SHI and RHI with hot aisle width ratio

Figure 3-9: 2A (top left), 1C (top right), 2B (bottom left), and 2C (bottom right)

temperature contours



37

1m0 200 4 o 10 200 )
— —

[
—— ———
T o T o

1—‘» l_..
) 200 4 o 1 200

——
o Vi 2 ]

Figure 3-10: 2A (top left), 1C (top right), 2B (bottom left), and 2C (bottom right) static
pressure contours
Figure 3-12 shows a decrease in the RTI as the hot aisle width decreases. This is
similarly caused by the reduction of the mixing of the hot exhaust air with the air sitting
atop the racks. Meanwhile, it is shown in figure 3-13 that as the width decreases, the
maximum value of the  index increases and the height at which self-heating occurs, as
indicated by the 8 index being equal to unity, decreases, indicating greater penetration of

the heated air into the cold aisles.
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Figure 3-13: Variation of rack 1 (left) and rack 2 (right) B index with hot aisle width ratio

3.3  Ceiling Height
The error of the sum of SHI and RHI for cases 3A, 3B, 3C, and 3D are all under

1% as is shown in figure 3-14.
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Figure 3-14: Variation of error of sum of SHI and RHI with ceiling height ratio
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temperature contours
Figure 3-16 shows a decrease in the SHI which is indicative of a decrease in the amount

of mixing between the hot and cold aisles.
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Figure 3-16: Variation of SHI and RHI with ceiling height ratio
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The RTI for both the outer and inner racks increase as the ceiling height increases
with the effects being much more pronounced for the inner racks while the outer racks
show much smaller variations as is illustrated in figure 3-17. This is indicative of an
increase in the amount of mixing occurring within the data center. The  index, as shown
in figure 3-18, shows a small decrease in the maximum temperature at the intake of the

rack and negligible variations of the height at which self-heating occurs.
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Figure 3-17: Variation of RTI with ceiling height ratio
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Figure 3-18: Variation of rack 1 (left) and rack 2 (right) B index with ceiling height ratio

3.4 Containment

The purpose of hot aisle containment is to prevent the mixing of the air in the cold
and hot aisles. When utilizing hot aisle containment there is no longer an airflow path for
recirculation or bypass to occur and all the supply air is forced through the racks. Since
all of the air from the supply is forced through the racks, by definition the SHI is zero and
the RHI is equal to unity. In addition, it forces all the air from the rack exhaust to the
ceiling plenum return which results in an RTI of 100%. Since the flow path is
predetermined due to the containment and all the supplied air must travel through the
rack in order to leave the system, it is assumed that the effect of containment in the
simulation is independent of the of the actual operating volumetric flow rate dictated by
the fans. Based on the results of the RTI, SHI, and RHI, which for a hard walled
containment system with no leakage must be ideal, one can assume this is a case with
optimal cooling efficiency and as such this case is used as a benchmark for comparison

with already existing infrastructure with in regards to rack intake, rack exhaust, and room
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outlet temperatures. Therefore, the case that uses hot aisle containment shall be compared

with the results of case 1B, as this case had index values closest to being optimal.

Figure 3-19: 1B (left) and 4A (right) temperature contours

The distinguishable differences observed between the ideal case without containment,
and the case with containment, is that the becomes stratified above the cold aisle and
inner racks. The average exhaust temperatures for racks 1 and 2 for case 1B are
300.43286K and 300.43182K respectively. For case 4A the average exhaust
temperatures are 300.31188K and 300.3041K. This demonstrates that as is seen in
figure 3-19 and from the exhaust temperature comparison, a data center can approach the
same level of efficiency with or without the use of containment, however, due to the
uncertainty of guaranteeing a perfect match of the flow rates through a supply with that
of the fans in the servers, the use of containment is comparatively easier as it does not

require any guesswork.

CHAPTER 4: CONCLUSION AND FUTURE WORK

This study investigated how varying different design parameters impacts how
effectively the server racks in the data center are cooled based upon various thermal

metrics such as SHI, RHI, RTI, and 8 index.
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Varying the number of fans determines the ratio of the volumetric flow rate
through the racks to the volumetric flow rate through the perforated tile. The volumetric
flow rate through the rack can be determined by locating the operating point at the
intersection of the fan curve and the system resistance curve. The optimal case is when
the volumetric flow rate ratio is equal to 1. When this ratio is less than unity, there is little
mixing of hot and cold air in the cold aisle, however, this also increases the amount of air
that bypasses the server racks thus resulting in higher exhaust temperatures. When the
ratio is greater than unity, there is an increase in the mixing of air from the hot aisles with
air from the cold aisles due to an increase in recirculation. As a result of the recirculated
air the temperature at the rack intake increases, with the highest temperatures located at
the top of the racks. Ideally, one would aim to determine the volumetric flow rate of the
supply, and choose fans that will result in a volumetric flow rate through the racks which
matches that of the supply while also being able to overcome the pressure losses
experienced within the racks.

As the hot aisle width increases, the static pressure in the hot aisle increases. For a
ceiling plenum return system this results in the air in the hot aisle being forced upwards
out of the hot aisle do to the pressure gradient, accelerating the fluid, and thus reducing
the amount of mixing that occurs between the hot aisle and the surrounding fluid. Ideally
one would want to make the hot aisle as narrow as possible while leaving enough space
for maintenance to be done.

When interpreting the trends shown by the RHI and SHI, the RTI, and the (3 index
caused by variations in the ceiling height, the behavior described by the SHI and RHI are

consistent with what is seen in the (3 index, however, it contradicts the behavior of the



45

RTI. While the RHI, SHI, and 8 index all show behavior that is indicative of a decrease
in the mixing of the air in the hot aisle with the surrounding fluid, the behavior
demonstrated by the RTI is indicative of an increase in mixing. When investigating the
variation of SHI and RTI with ceiling height, Sharma had found a relationship that
indicated an increase in mixing. Two major differences between the work of Sharma and
the current study is the use of a porous media model to represent the server rack and
Sharma simulated a data in three dimensions while the current study simulates a data
center in two dimensions. Modelling the server rack as a porous media is only an
approximation of the server rack and not a geometrically accurate model and a certain
level of error is expected, however, the benefit of using such a model is it greatly reduces
the computational cost of modelling the servers. Modelling the servers as a porous media
has been done in prior studies by Zhang[28], Nada[23], and Fulpagare[29] which lends
merit to the accuracy of this methodology. Another possible reason for these
contradictory results may be that the presence of mixing in the third dimension has a
significant effect on the SHI, RHI, RTI, and B index, and that the phenomena that these
indices measure cannot be fully encapsulated using a 2D model. Based on these findings,
a later investigation into the differences of results obtained from a data center modelled in
3D rather to the results obtained in 2D, where both models simplified the racks as a
porous media with an energy source warrants merit.

Lastly, the use of aisle containment allows for complete control of the flow path
that the air takes. It is a simple method to prevent bypass or recirculation and ensures that
all the air that is being supplied through the plenum travels through the rack and then

immediately is returned to the CRAC. This eliminates the guesswork involved with



trying to match the flow rate through the rack with the flow rate through the supply
making it much easier to achieve high levels of cooling efficiency in data centers when

compared to attempting to choose the ideal configuring to optimize the cooling system.
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