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ABSTRACT

This study presents an experimental and numerical
characterization of pressure drop in a commercially available
direct liquid cooled (DLC) rack. It is important to investigate
the pressure drop i the DLC system as it determunes the
required pumping power for the DLC system. which affects the
energy efficiency of the data center. The main objective of this
research is to assess the flow rate and pressure distributions in
a DLC system to enhance the reliability and the cooling system
efficiency. Other objectives of this research are to evaluate the
accuracy of flow nerwork maodeling (FNM) in predicting the
flow distribution in a DLC rack and identify' manufaciuring
limitations in a cownmercial system that could impact the
cooling svstem reliability.

The main components of the investigated DLC system are;
coolant distribution module (CDM). supplyireturn manifold
module. and server module which contains a cold plate,
Extensive experimental measurements wete performed to study
the flow dismbution and to detennine the pressure
characteristic curves for the server modnles and the coolant
distribution module (CDM). Also. a methodology was
described to develop an experimentally vahdated flow nerwork
model (FNM) of the DLC systemn to obtain high accuracy:.

The measurements revealed a flow maldistribution among
the server modules. which is attributed 1o the manufacturing
process of the micra-channel cold plate. The average errors in
predicting the flow rate of the server module and the CDM
using FNM are 2.5% and 3.8%, respectively. The accuracy and
the short run time make FNM a good tool for design. analysis,
and optunization for DLC systems. The pressure drop in the
server module is found to account for 56% of the rotal pressure
drop in the DLC rack. Further analysis showed that §9¢0 of the
pressure drop i the server module is associated with the
module’s plunbing (corugated hoses. disconnects. fittings),
The server cooling modules are designed to provide secured
connections and flexibiliry. which come with a high pressure
drop cost.

KEYWORDS
Data center. liquid cooling. warm water cooling. cold plate,
pressure drop. flow network modeling (FNM)

NOMENCLATURE
CDM  coolant distribution module
CFD  compuwtational fluid dynamics
D hydraulic diameter (in)
DAQ data acquisition
DLC  direct liquid cooling
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ENM  flow network modeling

K loss coefficient

KVL Kirchhoff's voltage law

L pipe length {m)

P pressure (Pa)

PID  proporiional-integral—derivative
PUE  power usage effectiveness
PGW  propylene glvcol water

g fluid density (kg/m’}

RU rack umt

Q flow rate (1’ 's)

¥ veloeity (nv/s)

ey potential difference (V)
INTRODUCTION

There has been a tremendous focus on data center energy
efficiency atter abour a decade of the “Report to Congress on
Server and Data Center Energy Efficiency™ prepared by the
United States Environmental Protection Agency (EPA) in 2007
[1]. This focus resulted in stabilizing the power consumption in
dara centers, in spite of the continuous growth in the data center
industy. A recent swvey [2] showed that the data center
etectricity use in 2014 is only 4% more than that in 2010 and
stayed at 1.8% of total elecmicityuse. This is a big improvement
compared with the change 1 electricity use in 2005-2010 (24%)
and 2000-20035 {90%). as shown in Figure 1. The same survey
also indicated that the percemage increase in electricity use will
naintain at 4%o toward 2020 while the total server installed base
is projected to increase by 40% from 2010 o 2029
Furtliermore, the current trend can be reduced by 45% through
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Figure 1: Current and projected data center fotal electricity
nse [2] -
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adopting different aggressive energy efficiency strategies
(improved management. best practices, hyperscale shift)

Cooling was reported to consmne 30%-40% of the total
energy used in legacy data centers [3]. Despite the optinustic
results for the curremt trends [2]. the average power usage
effectiveness (PUE) is reported to be 1.8 in 2013 (4] mostly due
to inefficiencies in the cooling svsiem. Several thermal
management teclinologies are used in data centers cooling to
address the inefficiency challenges [5]. The most widely used
cooling systems are: cold/hiot aisle containment [6]. air-side
economization [7]. rack level hybrid cooling [8] and liqmd
cooling [9].

The notion of cooling electronic systems using liquids is not
novel, however. potential leaks and rhe capital cost have greatly
restricted its application in real data centers [10-12]. In direct
liquid cooling (DLC) techuology a liquid cooled cold plate is
situated on top of a chip, which reduces the thennal resistance
berween the chip junction and the cooling source. and provides
an opportunity to enhance the thennal efficiency of the cooling
system. A study showed that for computationally equivalent
clusters. DLC can save 45% energy compared with standard
hot/cold aisle air cooling [13]. The low thermal resistance path
encouraged designs 10 operate at higher coolant temperatures
(known as warm-water cooling) in which a water side
economizer wilizing ambient remperanue replaces a chilled
water system gaining savings more than 90%e [14-15]. Despite
of the perception of using liquid in cooling data centers, the
potential big energy savings using DLC encouraged the
industry to develop commercial products that can be nsed in
data centers [16-17].

There are many research studies in literanue focused on the
pressure drop in liquid cooled cold plates. These studies are
outside the scope of this study as this research focuses on the
system level problem (panicularly rack level). Few studies m
literature have focused on the system level analysis of DLC.
these studies mainly investigated the thernal performance such
as the effect of coolant inlet temperature. flow rate. ambient
temperature and chip power on the cooling of the DLC system
[18-20] Pressure drop analysis of DLC systems is important to
study. as it determines the required pumping power for the DLC
systemy, wluch affects the energy consumption of the cooling
system and the energy =fficiency of the data center.

Flow network modeling is an effective tool to study the flow
and pressure drops in complex flow networks {21, 22]. The
accuracy of this method depends on using accurate presswre
drop characteristic of each element in a systenw. which can be
obtamed experimentally or using comnpwational fluid dynamics
(CFD). In a relevam smdy [23]. flow network software
Macroflow™ [24] is used for flow analysis at the design stage
of a direct hiquid cooled ack and obtawned agreement with
nieasurements witlin 593,

This research addresses the research gap n characterizing
the pressure drop in a direct hiquid cooled rack. Experimental
measurements and numerical modeling using flow network
model are used in this analysis. The mnjor outcome from this
work is to identify the components with high pressure drops
therefore they can be targeted in optimization studies to reduce
the pressure drop and consequently the pumping power to
enhance the cooling system efficiency. Other outcomes are to

demonstrate some luntations in the manufacniring process that
conkl lead to a risky flow maldisinbution. Additionally, this
study defines a methodology to model a liquid cooled rack
using a flow nerwork model and determines the resulting
accuracy. Furthermore. the resulting flow analysis is 1required
for future thermal analysis of this system.

SYSTEM DESCRIPTION

The tested system 15 a commercially available rack level
direct liguid cooling (DLC) solution for data centers [25). This
system consists of two main loops: the primary loop and the
secondary loop. as shown i Figure 2 The purpose of the
primary loop is te carry the lieat from the rack and 10 dispose of
it in the environment outside the data center. It consists mainly
of a flow regnlatung wvalve with a proportional-integral-
derivative controller (PID controller). facility side piping
system and a dry cooler (for chillerless systems) or a chiller (for
clulled water systems). The prisnary loop in this study is
commected 1o a chilled water system for funure research
purposes. For mstance, by changing the chilled water supply
temperanre, the ambient temperatme can be simulated
experimentally to study the thermal performance of this system
under different environmental conditions.

The purpose of the secondary loep is to carry the heat from
the clups inside the servers (via direct contact cold plates) and
1o dispose of 1t m the primary loop. The coolant in the secondary
loop is propylene glycol (15%) water (85%) mixture. The
secondary loop conststs of three modules: (a) coolant
distnibution module (CDM) (b) supply and remm manifolds
module (¢) server module. The CDM in Figure 3a contatns a -
liguid to Iiquud hear exchanger. nwo recirculation pumps in
series (for redundancy). coolant reservoir. flow meter. and
temperamre and pressure sensors at the supply and retun lmes

The manifold module in Figure 3b is six feet long with
square cross section and is made of a stainless material. The
manifold can accommodate 42 server modules connecred in
parallel using dry-break quick disconnect sockets. The server
module in Figure 3¢ consists of corrugated hoses. fittings. dry-
break guick disconnect plugs and the microchannel cold plate
coiponent. It is important in this study to understand that the
server miodule not only contains the cold plate but also it has the
attached phunbing. The cold plate component consists of a
plastic cover and a copper microchiannel heat sink, as shown 1n
Figure 3d. The copper heat sink contains a V-groove to spht the
unpmging jer between two sets of parallel channel. This

Liquid cooled Primary loop

/ Dry cooler

Figure 2: Direct liquid cooling system under iuvestigation
[26]



Figure 3: The three modules of the secondary loop: (a)
coolant distribution module (courtesy of CoolIT Systeins)
{b) manifold module (c) server module (d) microchannel
cold plate component

manufacturer’s desigu ensures low pressure drop and thermal
resistance.  There are other related smadies focnsed on
experimental and mumerical analysis of this microchannel cold
plate [27, 28],

EXPERIMENTAL SETUP

The experimental setup is located inside the Binghamton
Umiversity data center laboratory, The data center contains 41
racks divided berwveen three cold aisles with a toral area of 215
n2. A rack level DLC is installed on one of the racks to
perforin tlus experiment. Since this experiment is focated inside
a data center, it requires a careful planning to securely install
the sensors without causing liquid leak, The sensors were
installed in manifolds equipped with dry-break quick
disconnects of the same type which is used by the manufacturer
of the DLC. as shown in Figure 4(a.b). By doing that. ihe
sensors can be integrated with the rack wbing without

introducing possible leak locations in the system. Furtherniore,

the measuring manifolds were introduced 10 a pressure tast to
ensure the design integrity under different conditions.

The instruments used in tlis experiments are:

¢ Mcro-flow meter: OMEGA FTB-314D, flow rale range
0.3-3.0 /muin and accuracy 6% full scale.

» Pressure gauges: OMEGA MMGI00VIOP3AGT3AS.
range: (0-100psi. accuracy +0.08%% (used for high
pressime nieasurements)

¢ Differential pressure transducer. OMEGA PX2300-5D1.
range; 0-5psi. accwncy =0.25% (used for low presswre
measirements)

* Thermocouples: OMEGA J-type thennocouple probe

* Darma acquisition (DAQ): Agilent 349807

The micro-flow meter is recalibrated in-house as the factory

calibration is based on water, wlule the fluid in our case is

propylene glycol water mixture. Graduated cylinder-stop watch
standard testing is used for this purpose. The thermocouples are

Figure 4: Menasurement sensors: {a) Pressure gage (PG) and
thermnocouple (TC) (1) Micre-flow meter (FM) and ball
valve (BY) (c) Sample experiment inside the data center
(DPT: differential pressure transducer)

included in this study. since it is expected that with temperature
variations the pressure drop will change due to viscosirty
change. Figure 4c shows the experimental setup inside the data
center for testing one of the servers,

The rack is equipped with 14 2RU servers. the used notation
for servers in later sections is 1 to 14 from top to bottom of the
rack {server 1. top of the rack. server 14: bottom of the rack).
Servers 2-13 are Dell RS20 and servers 1 &14 are Dell R730,
While both kind of servers contain two CPUs. the intemal
architecture 15 different. Therefore, to accommodate the ligmd
cooling module inside the server. the tubing, and the fimings
nwist be customized based on the available space inside each
server. Server | is equipped with a dual head server module
indicating that rwo cold plates are connected in series and share
the same cooling source (denoted by Tvpe A). as shown m
Figure Sa. Servers 2-13 are also equipped with a dual lead
server module shown in Figure 5b (denoted by Type B). The
differences berween the dual head modules in server | and
servers (2-13) is in the angle of the firtings and the length of the
lioses to fit inside the server. Server 14 is equipped with two
single head server modules shown in Figure 5¢ indicating that
each CPU in the server gets the cooling independently from the
rack manifold {dencted by Type C). The server modules for
server 14 are denoted by 14-1 and 14-2.

The data collection in this study is based on taking real ime
measurements from all sensors then using the average value as
a data point. For consistency, 120 samples are collected over 10
minutes (5 seconds time siep) for all the data points in this
experimeit,
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Figure 5; Different server modules used in the DLC racks
{n) Type A: dual head 45°C (b) Tvpe B: dual head 90°C (c)
Type C: single head

FLOW ANALYSIS

This section presents experimental measwrements to
understand the flow rate distribution wn the DLC mck and the
corresponding pressure drop in the server modules

The flow rate distribution in the server modules is shown in
Figure 6. Based upon the description of the installed server
modules tn the Experimental Semp section. the pressure drop in
Type B is expected to be the highest followed by Type A and
then Type €. The reason 1s Type A has two cold plates with 45°
fitings angle, Type B has two cold plates with 907 fittings angle
and Type C has a single cold plate. This agrees with the general
flow distribunon in Figure 6. However, the surprising behavior
15 in the notceable flow maldistribution between Type B server
modules (2-13). The ratio of the lowest flow rate (module 2) to
the lughest flow rate {module 9) is as big as 63%.

To understand what causes the flow maldistribution. the
umpedance curve for each of the 15 modules in the rack is
measured. The results in Figure 7 suggest that the there is a
variation in the pressure characteristics in the server modules
(2-13) although they all are of Type B. The results for (14-1 &
14-2) are as it would be expected.

The variation in the pressure drop of server modules (2-13)
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Figure 6: Flow rate distribution in the server modules (1:
top server tnodule, 14-2: bottomn server inodule)
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can be attributed to the micro-channel cold plate or the antached
plumbing (disconnects and hoses}). It is unfeasible to conduct
destructive testing for 13 modules to specify which part of the
server module responsible for this variation. Instead. we
inspected the pressure drop in the phunbing part using jumper
hoses that include the same type of hoses and disconnects as
that 1 the server module. as shown in Figure 8a. Six junper
hoses were tested and found that they have consistent pressure
characteristics, as shown in Figure 8b. Thus finding excludes the
plunbmg part leaving the cold plate component as the only
component that can canse the variation i pressure drop in
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Figure 8: (a) Jumper hoses with same tubing and
disconnects as the server module (b) Pressure drop
characteristics



Figure 7. Tlus variation is attributed to the manufacruring
process of the micro-channel cold plate. The flow
maldistribution 15 risky on the reliability of the IT equipment
and mnakes the optunization of cooling system challenging. This
can be addressed by precise manufachwing and exposing the
microchannel cold plate to a pressure drop characterization test
during the manufacturing process.

It should be noted that comparing Figure 6 and Figure 7 the
server iodules show different pressure drop even though they
are comnected in parmallel. This behavior is due to the
expenmental procedures. In Figure 6. the flow neter
introduces an extra pressure drop to the server module circuit.
however, in Figure 7 the pressure drop is only measured for the
server module without the effect of the flow merer, Ulrimately,
this does not chiange the conclusion that is the variation in the
pressure drops of the server modules in Figwe 7 causes the
maldistribution in flow rate in Figure 6.

Figure 9 shows experimental measurements for the ipact
of different coolant temperanures on the pressure characteristics
of the server module. The pressure drop increases 25% in
average when the coolant temperanure is decreased from 45°C
to 20°C. Therefore, the required pumping power at a lower
coolant temperature will be more than that at a higher
temperature. Additionally. using coolant temperature of 45°C
enhances the oppormunity to use water side economizer and free
cooling. which can lead te more savings.
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Figure 9: Impact of coolant tempernture on the pressure
drop

FLOW NETWORK ANALYSIS

In this part. the methodology to develop an accurate flow
network model for the DLC rack 1s described. A flow network
modeling (FINM) is used to predict the flow in pipe networks by
representing the systeni as an electrical curcuit. The flow in each
branch in a system depends upon its resistance. The secondary
loop of the DLC system is represented as a flow nerwork using
the conumercial sofiware Macroflow™ {24)

The pressure drop in the pipes is calculared nsing:

(LxL) e |
Ap-[ - )( | (1

where fis the friction factor (fimetion of Revnolds number and
surface roughness). L 1s the pipe length (m), D is the hydraulic
diameter (m). p 15 the fluid density (kg'm?) and v 15 the flwd

velocity (1n/s). The software uses flus equation to calculate the
pressure drop in the connecting tubes between the CDM and the
supply/retun manifolds. and 1 the manifold module, Accurate
measurements are taken for each of these parts and incorporated
in the model,
The pressure drop m flow resistances 1s calewlated using
Ap = K i 1'l 1

2

(2)

The loss coefficient (&) for several components exists i the
sofbware library based on published literature [29. 30] This
feature of the library is used to calculate the pressure drop in the
tubes bends. expansion'contraction from the manifold module
to the server module and at the T-junctions of the manifold
module. Also. the loss coefficient {K) of the acrual CDM
disconnects is obtained from the manufacturer and incorporated
ut the software.

The pressure drop in conyponents with measured pressure
drop as a function of flow rate 15 calculated using

Ap=AxQ+8xQ° (3)

Where Q 1s the volunetric flow rate (m¥/s), and 4 and B are
constants extacted from the curve fitting equation of the
experimental data. We used this user defined fimenon in the
ENM software to model the presswe drop in the server
niodtiles. Pelynomial curve fitting for the data m Figure 7 is
incorporated in the software for server modules 1 to 14-2. The
measwred pressire drop includes the presswre drop in the
corrugated hoses. dry-break quick disconnect plugs and socket.
elbow fittings, and the micro-channel cold plate component

Estimating the punp head and the internal pressure drop
inside the CDM 15 required to complete the FNM for the DLC
rack. Although the manufacturer head cwves of the
recirculation pumps (2 & 3) in Figure 10a are available.
estimating the mternal resistance requires destructive resting.
Alternatively. the CDM head curve is introduced rather than the
pump lead curve. The CDM head cwve represents the
components 1-4 in Figure 10a using a single curve that can be
incorporated in the FINM software. This curve can be measured
experimentally by introducing the CDM to a vanable external
resistance (part (3) in Figure 10a). and measure the flow rare
and pressure drop. The measured CDM head curve in Figure
10b presents the average results of three tests. This curve can
be incorporated in the FNM software as a polvnonual funcrion.
The previous steps show that the FNM mamly depends on the
experimental measurements 1 this paper except for fow flow
resistances that are estinated from literature,

The flow network model is validated against experimental
meastremenis. By chanemng the number of connected server
modules to the DLC sysreni. four scenaros can be considered:
i) server modules 1 to 14-2 (baseline) comesponding to 14.4
Vmin pump flow (b) server modules 2 tol3 corresponding fo
12.3 Vmin pump flow (c) server modules 1-2, 4, 6. §, 10. 11.
13. 14-1and 14-2 corresponding 1o 11.5 Vmin pump flow {d)
server modules 1, 3.5, 7.9, 12, 14-1and[4-2 corresponding to
total punp flow of 10.4 L'min.

Figure 11 shows that the FNM shows good accuracy
compared to measurements. The average error in predicting the
flow rate 1 the server module 15 2.5% while the maximum error
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Flgure 10: (a) Schematic of the CDU secondary leop (b)
measitred CDU head curve (1: coolant reservoir. 2&3:
recirculation pumps. 4: liguid-liquid heat exchanger. 5:
variable external vesistance)

is 5.49%. The average error in predicting the pump flow rate
(CDM flow) 15 3.8% while the maximum error 15 5.7%.-The run
time of the developed FNM is less than 10 secends. The good
accuracy of the model and its short run timee make FNM a good
tool for design. analysis. and optimization for DLC systems.

PRESSURE DROP ANALYSIS

In this section. the vernified FNM and esperimental
measiwements are used to understand the pressure drop
distribution in the DLC rack. High pressure leads to more
required punping power. which prompts an increase in the
cooling cost and reduces the data center energy efficiency. This

analysis identify the high-pressure elemetits i the DLC systemn
therefore funue designs and oprinization studies focus on these
elements.

As indicated in the System Description section of this paper.
there are three main modules in the DLC rack, which are the
cooling distribution module (CDM), manifold module and the
server module. In the first part of ilis section, we deternune the
refanve pressure drop of eacl module with respect to the total
pressure drop in the DLC systen.

The used methodology to measure the CDM head curve to
develop the FNM does not explicitly estimate the intemal
resistance of the CDM (heat exchanger. flow meter, reservoir.
bends. fittings). The remnal resistance of the CDM can be
estunated using the measured CDM head curve and the pumnp’s
manufacturer head curve. Using the elecironic-hydraulic
analogy. an equivalent electrical circuit foy the CDM is created,
as shown in Figure 12a. In the electrical circuit. v.e and 1
represent the recirculation pumps head. v and v represent the
pressure drop in the nwernal resistance. and vy, represents the
measured pressure drop in the external resistance. Applying
Kirchhoffs voltage law (KVL). which is the directed sumn of the
electrical potential differences around any closed network is
zero. in the denoted direction in Figure 12a yields:

Vip Vg Vg — Ve =0 4

Internal pressure drop is caleulated using:

(v — W) =V, + Ve =V, (5
The internal resistance of the CDM can be estunated at any
pump flow rate, as shown in Figure 12b.

The pressure distibution in the DLC rack is shown in
Figure 13. The rack in this case is equipped with 15 server
modules (baseline scenario). The highest pressure drop in the
rack is in the server module (56%0). This finding s interesting,
especially when it is compared to the second highest presswe
drop in the CDM. which contains a heat exchanger, reservoir,
flow meter and several firtings. The pressure drop in the
supply/retum manifolds is the lowest at 10% of the total
prassure drop in the system.

Due to these findings, we conducted a deeper investigation
of the server module. The pressure drop in the server medule
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Figure 11: FNM verification ngainst experfmental data
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Figure 12: (a) Equivalent electrical circuit for the secondary
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The pressure drep in the server module consists of the pressure
drop m the micro-channel cold plate and the pressure drop in
the plumbing {corrugated hoses. disconnects. elbows)
Destructive testing for the server module is performed by
separating the micro-chianne] cold plate from the attached
plumbing. as shown in Figure 14 (ab). A brass pipe mpple is
used 10 replace the cold plate in the server module to determune
only the pressure drop in the plumbing. as show: in Figure 14b.
The brass pipe nipple is carefully installed o avoid mroducing
extra pressure. This 15 done by using a smooth brass matenal
and a nipple with the same dimneter as the server module
fittings.

The measured impedance curves for the server module and
the plumbing part are shown i Figure 14c. The cold plate
munpedance is not measured as i requires installing extra
couplings to be compatible with the sensors. which will produce
unrealistic representation of the cold plate pressure diop
However, the cold plate pressure drop can be calculated by
subtracting in the plumbing from the pressure drop mn the server
module. as shown in Figure 14¢

Figure 14 shows thar the pressure drop in the server module
plumbing is greater than that in the micro-channel cold plate.
Thus finding is not intuitive as the cold plate contains channels
with widih as small as 100pm. The dry-break quick
disconnecis. corrugared hoses and elbows cause mfluential
change in area and direction to the flow that exceeds the
pressure drop in the micro-channels. Also. the flow in the
plumbing pait is foud 1o be in the transitionnl regime for flow
rate more than 0.8 Vmin which mereases the pressure drop

The results in Figure 14 15 used m the FNM of the rack For

OocOM BManifold EServer module
Figure 13: Pressure drop distribution in the rack

the same case in Figure 13. it is found that the pressure drop in
the plumbing is 69%¢ of the pressure drop in the server module
and 31%; only in the micro-channel cold plate. Since pressure
drop in the server module 1s the highest m the rack (56%4). the
server module plumbing contnbutes by 399 of the pressure
drop 11 the rack.

We showed in the pressure drop analysis the pressure drops
m the modules of the DLC rack and their sefative contribution
to the total pressure drop. Pressure drop in phunbing of the
server module is the highest among the other components. Their
design 1o provide secured comnections (by usmng dry-break
quick disconnects) and flexibility due to room restriction inside
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Figure 14: (a) Server module (1) Module plumbing (c)
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Figure 15: Pressure drop distributien in the server module

servers (by using comugated hoses and elbows) came with a
lugh pressure drop cost. These results are crnucial for DLC
designers to realize the substantial impact of using these
elements. High pressure drop feduces the cooling system
efficiency by increasing the required pumping power., Also.
lugh presswe drops increase the stresses in these elements,
which reduce their life span and make them vulnerable to
failuge,

The optimization of the DLC rack for energy efficiency
should include the presswre drops. Optimized designs may take
two paths: DLC system as a retrofit cooling solution or DLC in
the design stage of the IT equipment. Optimization of DLC
_ system as a retrofit solution may include fittings with gradual
change in area and direction. and hoses with low friction and
predeternined diameter to avoid turbulent flow. More dramatic
designs include integrated liquid piping system in the IT
equipinent at the design stage. These designs eliminate the need
for fittings and provide low resistance path inside a server.
These integrated designs may not be tempting for conunercial

prEposes.

SUMMARY AND CONCLUSIONS

This research provides a detailed experimental analysis for
the pressure drop in a divect liquid cooled (DLC) rack. The main
objective of this paper is to define the components with high
pressure drops therefore they can be targeted in optinyzation
studies. The pressuge drop in the server module was found to
cause the highest pressure drop among the coolant distribution
module (CDM) and the manifold module. The ligmd cooling
server modules are designed to provide secwred connections
and flexibility. whicl lead to a high pressure drop cost

This research also described a methodology 1o develop an
accurate flow network model for the DLC rack and justify its
accuracy. The average error in predictng the flow rate in 1§
server mwodules and the CDM pump is 2.5% and 3.8%.
respectively, The good acawracy of the model and s short run
time make FNM a good tool for design. analysis. and
optitnization for DLC systeins.

Flow maldistribution in the server modules was discovered
experimentally and atmbuted to the manufactiring process of
the micro-channel cold plate. The flow maldistribution is a
potential risk on the reliability of the IT equipment by providing
insufficient liquid flow.
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