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More than ever before, data centers must deploy robust thermal solutions to adequately
host the high-density and high-performance computing that is in high demand. The newer
generation of central processing units (CPUs) and graphics processing units (GPUs) has
substantially higher thermal power densities than previous generations. In recent years,
more data centers rely on liquid cooling for the high-heat processors inside the servers
and air cooling for the remaining low-heat information technology equipment. This
hybrid cooling approach creates a smaller and more efficient data center. The deploy-
ment of direct-to-chip cold plate liquid cooling is one of the mainstream approaches to
providing concentrated cooling to targeted processors. In this study, a processor-level
experimental setup was developed to evaluate the cooling performance of a novel
computer numerical control (CNC) machined nickel-plated impinging cold plate on a
1 in. x I in. mock heater that represents a functional processing unit. The pressure drop
and thermal resistance performance curves of the electroless nickel-plated cold plate are
compared to those of a pure copper cold plate. A temperature uniformity analysis is done
using compuational fluid dynamics and compared to the actual test data. Finally, the
CNC machined pure copper one is compared to other reported cold plates to demonstrate
its superiority of the design with respect to the cooling performance.
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1 Introduction

As the power of electronic chips continues to grow, so does the
amount of energy required to cool them. With high heat informa-
tion technology equipment becoming more prevalent, data centers
are facing heat loads that go far beyond the capacities of traditional
cooling systems [1]. In response, data center managers must look
for more robust thermal management approaches that can deliver
cooling for a heat capacity of approximately 50 kW/rack [2]. Air
cooling with computer room air conditioner units and computer
room air handler units are the most prevailing and well-established
methods in the data center industry. For regular air-cooled data cen-
ters, one option for keeping up with high heat density is to selec-
tively apply liquid cooling to high heat generating components like
central processing units (CPUs) and graphics processing units
(GPUs). This option can be deployed without the need to reduce
the computer room air conditioner/computer room air handler tem-
perature set points [3,4]. Thus, a hybrid or liquid-assisted air-
cooled design can lower the required cooling power while increas-
ing cooling efficiency. The most viable processor-level solution is a
conductive cold plate, which can provide localized cooling to elec-
tronics by transferring heat from the device to the liquid. A well-
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designed cold plate can meet high-heat electronic cooling require-
ments within their critical temperature range. Based on fluid flow,
cold plates can be categorized as parallel or impinging. The cold
plate type should be selected based on the system’s pressure
budget, the thermal performance, and the space limitations of the
electronic board [5].

In a pioneering work, Copeland [6,7] developed a one-
dimensional analytical model for manifold microchannel heat
sinks. The author experimentally confirmed that the proposed ana-
lytical model could accurately predict the heat sink’s performance
at high flow rates. More recently, much effort has been dedicated
to investigating the thermal and flow performance of single-phase
and two-phase cold plates [8—11]. The flow and heat transfer of
rectangular parallel flow microchannel cold plates were numeri-
cally and experimentally studied by Qu and Mudawar [12,13].
The authors studied the effects of the channel Reynolds number
and thermal conductivity of the solid base on the cooling perform-
ance of the cold plate. The effect of geometric parameters, such as
channel dimensions, base thickness, fin thickness, and height on
the cooling performance of microchannel cold plates was investi-
gated through numerical studies [14—16].

One of the most appealing alternatives for applications with
dimensions limits and cases with a reduced pressure drop head is
impinging heat sinks. Unaccounted for pressure drops reduce data
center efficiency by increasing the required coolant flow rate and
consequently the amount of pumping power required to deliver
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the coolant. In addition, a lower pressure drop value reduces the
probability of liquid leakage in the cooling loop. An impinging
split flow or top-in/side-exit cold plate supplies the cold coolant at
the center of the heat sink and returns heated coolant from the
sides. In another means, by splitting the flow into two branches,
the channel velocity and flow lengths are reduced by half, so the
frictional pressure drop is decreased. Radmard et al. [17-19]
found that the impinging cooling device pressure drop can be
reduced even more by reducing the height of the extended surface
in the central impingement zone without sacrificing the heat trans-
fer. Hadad et al. [20,21] studied the thermohydraulic performance
of an impingement microchannel cold plate. The authors found
that unlike parallel flow cold plates, impingement cold plates can
control the location of the maximum chip temperature depending
on the location of the impinging inlet port. Kisitu and Ortega [22]
presented a novel physics-based laminar flow model for an
impinging microchannel cold plate based on an equivalent parallel
channel flow method. The authors showed that the new analytical
models can accurately predict the thermal-hydraulic performance
of the impinging cold plate over a broad range of parameters.
Escher et al. [23] introduced a three-dimensional analytical model
to investigate the hydrodynamic and thermal performance of an
ultrathin heat sink with optimized impinging slot-jets, microchan-
nels, and manifolds for efficient cooling.

Warm liquid cooling (up to 45°C) is another approach for
increasing the data center efficiency and lowering pressure drop
marginally. Warm liquid cooling can minimize pressure drop
while also allowing liquid cooling to operate over a larger temper-
ature range. Warm liquid cooling may also significantly lower the
power consumption of room air conditioning equipment [16—18].
Addagatla et al. [24] studied hybrid server-level cooling through a
combination of warm water in a two OPENU web server. The
authors found a noticeable improvement in the total cooling
power at higher water inlet temperatures up to 45°C. Note that
one major disadvantage to this type of solution is that any increase
in liquid temperature will result in an increase in the corrosion
rate of the metal being used [25]. Copper-based cold plates are
favored in liquid cooled data centers because of copper’s excellent
thermal conductivity and good machinability, but like other met-
als, copper will corrode when exposed to a corrosive environment.
Water or water-based coolants are the most popular choices for
liquid cooling since they offer superior thermal properties like
high heat capacity and high heat transfer coefficients. However,
water rapidly dissolves oxygen from the air and makes dionized
(DI) water slightly acidic. The presence of H' ions and the
required oxygen in water will accelerate corrosion in the liquid
cooling system. Galvanic corrosion is reported as the most domi-
nant failure mechanism in liquid cooling systems, which happens
with the presence of dissimilar metals immersed in an electrically
conductive solution [26]. Copper-based cold plates are particu-
larly prone to corrosion in the presence of any cathodic metals
such as stainless steel. To reduce galvanic corrosion, subcompo-
nent materials in the cooling loops or wetted materials list should
be chosen based on their chemical resistance and compliance with
regulatory specifications.

A dissimilarity between the brazing material and copper can
also trigger galvanic corrosion. Ultimately, corrosion will have an
adverse effect on the cooling performance and mechanical integ-
rity of a system’s thermal design. For one thing, it can detrimen-
tally affect the cooling performance of various components. More
strikingly, it can initiate failure in the coolant distribution unit
(CDU) or the cooling system itself due to the emergence of rust
holes, blockages, or coolant leakage. There are several different
approaches to reducing the corrosion of metals in liquid cooling
systems. Cathodic protection is a technique used to control corro-
sion by forcing the metal under consideration to be the cathode of
an electrochemical cell. It connects the metal to be protected to a
more easily corroded metal that acts as a “sacrificial anode™ [27].
A second technique is to deploy corrosion inhibitors in the candi-
date coolant. Corrosion inhibitors are chemical compounds that
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when added to the coolant will decrease the acid consumption and
the corrosion rate of metal that is exposed to the liquid. Inhibitors
are typically added in small concentrations to the water-based
coolants that are common in data centers [28]. An inhibitor acts
via an electrochemical reaction, which proceeds uniformly across
the exposed surface of the metal and creates a passivation layer
that protects it from corrosion. However, the inhibitor additives
penalize the cooling performance of the system by lowering the
thermal conductivity of the liquid.

Another common method for enhancing the corrosion resist-
ance of metals is the use of a protective coating. In this approach,
a barrier of passive components or paints is created to safeguard
the target metal from corrosives. One such technique is electroless
nickel plating. This method not only increases the metal’s corro-
sion resistance, but itwill also enhance its strength. Additionally,
nickel will raise the cold plate’s operating temperature, making it
more ideal for high-temperature applications [29]. Shia et al. [30]
investigated cold plate corrosion with an inhibited propylene
glycol/water mixture using the design of experiments method.
The authors showed that the manufacturing process plays an
important role in the corrosion of copper cold plates and the corro-
sion risk can be mitigated by enabling new manufacturing proc-
esses and nickel plating to the inside surface of the cold plate.

In this study, the concept of processor-level liquid cooling is
studied experimentally and numerically using two novel nickel-
plated and pure copper novel computer numerical control (CNC)
cold plates. A copper block heater is used to mimic the thermal
characteristics of a CPU with uniform heat and a surface area of
1 in. x 1 in. (6.45cm?). A liquid cooling loop is designed to test
the thermohydraulic performance of the liquid cooling cold plates.
The actual test data was compared to the compuational fluid
dynamics (CFD) results, and a perfect agreement was shown
between the numerical and experimental results. Furthermore, the
performance curves of the nickel-plated cold plate are compared
to those of a pure copper cold plate, looking specifically at a flow
rate. To the best of the authors’ knowledge, no previous studies
have reported a nickel-plated CNC manufactured cold plate’s per-
formance evaluation for a processor-level application. Therefore,
the author hopes that this work will open up new research path-
ways and bring attention to the investigation of novel manufactur-
ing approaches such as CNC machining, electroless nickel coating
of fins, and proper inlet/outlet design as a means of increasing
heat sink thermal and hydraulic performance and reducing heat
sink fin erosion-corrosion. The study highlights the impact of vari-
ous inlet supply liquid temperatures in terms of case temperature
and the pressure drop of the cold plate.

2 Description of Designs

Two CNC machined impinging microfin cold plates have been
chosen for this study. The thin fins of this novel cold plate create a
large surface area, which subsequently enhances its cooling per-
formance. Generally, there are two methods for manufacturing
microfinned heat sinks, either by CNC machining or by skiving.
Skived fins are created with a sharp and accurately controlled blade
tool. The tool shaves layers of material from a solid block of alloy,
leaving it attached at the bottom, and then lifts each layer to create
a vertical fin that maintains its attachment to the block at a joint.
Skiving helps to eliminate the contact resistance that is present
with the solder layer is bonded or brazed heat sinks where there is
no joint between the fins and the heat sink base. Additionally, this
approach enables the manufacturing of a heat sink with very thin
fins and improves the cooling efficiency. While skived fins are the
most common approach for manufacturing fin heat sinks, the
shapes of the skived fins are not as symmetrical as those made with
CNC machining. Manufacturing very thin skived fins might cause
insufficient hardness and easy deformation. It is common for
skived cold plates to succumb to deformation of up to a quarter of
their fins due to the pressure of O-rings and block tops. Conse-
quently, this creates channel blockages and reduces efficiency.
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Computer numerical control is another highly flexible approach
that enables the construction of complex geometries. Skived fin
heat sinks typically have thicker fins than CNC manufactured fins,
which means they have a lower heat transfer surface area. This
study utilizes an ultrathin CNC finned cold plate to provide the
highest possible surface area with a 100 um fin thickness while
retaining the advantages of the CNC approach (Fig. 1). The
advantage of CNC machining is that the heat sink fins can be man-
ufactured identically and in perfectly straight parallel rows, with
each fin having the same thickness and height (Fig. 2). CNC man-
ufactured cold plates have superior corrosion resistance compared
to brazed or welded copper cold plates because they minimize the
effect of galvanic corrosion. However, as efficient this technology
may be to modern cold plate fabrication, there are possible chal-
lenges related to cost, time, and expertise in compare with the tra-
ditional skiving method.

The manifold part is made with cast acrylic, which has excel-
lent machinability and high resistance to cracking. Generally, cast
acrylic is preferred for building the upper liquid cooling parts
rather than extruded acrylics. Extruded acrylic is the common
choice due to its low cost and easy manufacturing, but it is prone
to stress and fracture, which increases the probability of leakage
in the cooling loop. The cast acrylic part of this study cold plate is
diamond polished to enable a high optical quality. Most cold plate
vendors use buffing or flame polishing to melt the outer layer of
material to achieve a glass-like appearance. However, melting the
acrylic makes it vulnerable to stress cracking as well as spider
webbing from the hydrothermal fluctuations. Another advantage
of the diamond polished acrylic of this study cold plate is that it is
resistant to discoloration and turning yellow. Two G 1/4 in. style
threads are designed for the inlet and outlet ports. The high accu-
racy of the cast acrylic threads can prevent numerous problems
like leaking, cracking, and cross-threading in the cold plate. The
integrated impinging design eliminates the need for a cut steel jet
plate and, consequently, the possibility of galvanic corrosion
caused by steel in the loop. A satin aluminum layer is used
between acrylic and copper parts. Two deep grooves are created
on the acrylic part to hold the ethylene propylene diene monomer
O-rings, prevent leakage, and make assembly fast and accurate.
The bottom part includes the spreading base and the heat
exchanger. Two cold plates were chosen for this study: a raw

Inlet Outlet

(@) Ni-plated cold plate (b)

\ y &
ECST 1 .

Fig. 1 (a) Assembly of the pure copper cold plate, (b) channel
network and manifold cross section of nickel-plated cold plate,
and (c) top view of channel network for pure copper and nickel-
plated cold plates

Journal of Electronic Packaging

Fig.2 The cross section image of a pure copper cold plate

copper cold plate and an electroless nickel-plated cold plate.
Unlike with electroplated nickel, which is mostly a cosmetic fin-
ish, the electroless nickel plating process creates a surface finish
with enhanced chemical resistance, mechanical resistance, and
excellent fluid lubricity. The electroless nickel-plated cold plate
can withstand corrosive coolants such as plain water and even
salted water without becoming degraded or flaked. Unlike a
nickel-plated heat exchanger, which has a very smooth surface,
some flaking can be seen on the raw copper heat exchanger on the
edges of its channels (Fig. 3). Electroless nickel-plating of copper
heat sink provides a unique combination of corrosion and wear
resistance. To prevent a galvanic reaction in large-scale deploy-
ments where there is a large quantity of dissimilar wetted metals
in the presence of the same electrolyte, it is important to have
nickel-plated cold plates. Most water-soluble coolants are electro-
lytes to some extent, especially when considering contaminants in
the loop. The pure copper cold plate’s internal corrosion is not an
issue in small-scale applications with small quantities of dissimi-
lar wetted metals in the liquid cooling system. But in large scale
applications, the corrosion of copper must be addressed. Another
benefit of a nickel-plated cold plate is that it provides a mirror-
like finish on the surface that can be mounted against the proces-
sor, which enables the thermal interface material to flow smoothly
between the two layers without entrapping air bubbles. On the
other hand, a copper cold plate’s mating surface can also be made

Fig. 3 The SEM of channel network for (a) electroless nickel-
plated and (b) pure copper heat sinks from top view
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smooth through polishing, but because it will tarnish upon air
exposure it must be done immediately before attachment. The
geometric parameters of the cold plates are reported in Table 1.

3 Material Properties

There are several factors to consider when selecting the proper
coolant for liquid cooling. A coolant’s thermal and hydrodynamic
properties are two primary factors to consider. Other possible fac-
tors are toxicity, electrical conductivity, pH level, flammability,
surface tension, bacterial growth, and corrosion. All are major
concerns for the reliable and long-term operation of liquid cooling
[31,32]. The coolant used for the experimental and numerical
analysis of this study is DI water. This coolant has been chosen
for its good performance and affordable price. Considering the
coolant’s importance in the experimental analysis, special atten-
tion is given to cleaning the tubes, manifolds, and loops. The
material in contact with the coolant is commonly referred to as the
wetted material. It is important that material compatibility is
established between all the wetted materials and the liquid coolant
to prevent and maintain the risk of corrosion at a minimum level.
The materials used in each component are usually specified in the
manufacturer’s product technical data sheet. The ASHRAE TC
9.9 [33] offers a limited list of accepted and avoided recommenda-
tion materials for liquid cooling. The component materials used in
the cooling loop of this study are listed in Table 2.

Honeywell’s PTM7900 (Charlotte, NC) phase change material
(PCM) thermal interface material is used between the cold plate
and mock processing unit to provide minimum thermal resistance
at the interfaces. PCM thermal interface material (TIM) has also
been chosen to maintain an excellent performance throughout the
reliability testing. The PTM layer ensures excellent interface cov-
erage and wettability during the test, resulting in a much lower
contact resistance than thermal grease TIMs. The variation of
thermal resistance with pressure has been tested and reported by
the manufacturer. The thickness of the TIM decreases when the
pressure on the contact surface increases. The pressure applied for
the current test is approximately 10psi, which corresponds to
0.061 K cm*/W

4 Experimental Procedures

A benchtop experimental setup was developed to analyze the
hydraulic and heat transfer performance of a single cold plate, as
illustrated in Fig. 4. A copper block heater with a top surface area
of 6.45cm? (1 in. x 1 in.) was utilized to mimic a real processing
unit. The copper block heater sufficiently replicates the heat from
a high-density heat generating product. Considering its low cost,
it was found to be a suitable mock processor candidate for evalu-
ating the thermal performance of the designed cooling solution.
Four cartridge heaters were installed onto the copper block heater.
Each cartridge heater is rated to deliver up to 400 W. A data center
power supply was used to vary the input power of the mock heater
through the cartridge heaters. To accurately calculate the heat
losses along the heat path to the top surface of the mock heater,
three holes were drilled in the copper block, the dimensions of
which are shown in Figs. 4(a) and 4(b). Then, two K-type

Table 1 Geometric parameters of the cold plate

Pure copper Ni-plated
Parameter cold plate cold plate
Fin thickness (um) 76 82
Channel width (um) 232 223
Fin height (mm) 2.29 2.29
Base thickness (mm) 0.7 0.7
Finned area size (mm?) 45 % 30.5 45 % 30.5
Cold plate spreader size (mm?) 57 x 57 57 x 57
Inlet/outlet thread diameter (mm) 12 12

021001-4 / Vol. 145, JUNE 2023

thermocouples were used to measure the temperature gradient
along the copper block. Furthermore, to reduce heat losses due to
radiation and natural convection, the copper block was placed in a
polystyrene box and all sides except for the top surface were insu-
lated with fiberglass. The cold plate base temperature was
reported at two locations by the installed T-type thermocouples in
the machined slots at the base. The DI water coolant outflow from
the CDU coolant reservoir was driven by a CDU internal pump
through the coolant flow loop. The flow rate was varied via the
CDU interface by selecting the power level of the pump. To report
the coolant volumetric flow rate precisely, an in-house calibrated
FTB313D flowmeter with a flow ranging from 0.2 to 2LPM and
an accuracy of 6% of flow sensor was used. The coolant tempera-
ture and pressure at the inlet and outlet of the cold plate were
measured by attaching T-type thermocouples and OMEGA
PX309-050A5V pressure transducers to the cooling loop as shown
in Fig. 4(c). The range and accuracy of the pressure transducers
are —15 to 50PSIG and *1%, respectively. A data acquisition
(DAQ) system from NI instruments was programed using LABVIEW
virtual instrument (VI) to read and export temperature and pres-
sure data to excel documents. The tested cases were performed
with a coolant flow rate varying from 0.9 to 1.5 LPM. A summary
of the equipment used during the experiment, including model,
range, and accuracy per the vendor specification, is presented in
Table 3. The copper heater top surface is flat and without disconti-
nuity to generate a uniform heat flux. Two thermocouples were
placed at 3.04 mm and 15.74 mm from a top mating surface allows
for predicting the case temperature, under the PTM TIM.
In a real chip case (Fig. 5), the total thermal resistance is

R =R, +R; (1
R; = Ry case + RTim 2)

The case temperature and junction temperature can be related by
Fourier’s law

(Tcase - Tj)

tcase

denip = —KA (€)

The case temperature is used to characterize the cold plate through
Egs. (1) and (2).

The proposed test was designed to attain the temperature of the
case of a mock processing unit with a 1 in. x 1 in. size

o T o

For the scenario in which the processor is lidded, the junction tem-
perature can be approximated by adding the junction-to-case ther-
mal resistance to the measured case thermal resistance from the
actual test at the specified boundary conditions. In addition to
thermal resistance, the pressure drop across the cold plate is tested
at different flow rates and inlet temperatures. The uncertainties of
thermal resistance and pressure drop are calculated using the root
sum square method. Equation (5) represents the overall uncer-
tainty from the contributions made by the uncertainties from each
variable in the equation, Xi. Each term of Eq. (5) represents the
partial derivative of R with respect to X;, multiplied by the uncer-
tainty interval for that variable
2
AXf) } %)

where N and AX are the number of variables and uncertainty of
one variable in the thermal resistance equation, respectively. The
simplified version of the equation for thermal resistance including
all the variables is

N
X OR
ORy = {E:(ame

i=1
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Table 2 Wetted material list

Component Model Material

Flow sensor Omega FTB314D Polyvinylidene fluoride fluro elastomer O-rings
Coolant temperature sensors T type Copper wire and Constantan (Cu and Cu-Ni) alloy

CDU Koolance ALH-2000 Stainless Steel reservoir

Cold plate Impinging Copper/nickel plated copper acrylic, aluminum mounting plate
Cold plate fittings — Brass

Tubing Clear Vinyl

(a)

Copper Block ?—

K-type
thermocouples

Ceramic
insulator block

= 2
Cartridge heaters

@ Temperature sensor (@) Pressure sensor (® Flow meter

Power supply

Liquid cooling/heating

Weights

Fig. 4 Benchtop experimental setup (a) mock package including the copper block heater
and the cold plate, (b) schematic of the test setup, and (c) benchtop experimental setup
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Table 3 Summary of equipment and sensors (model, range,
and accuracy)

Equipment Specification

ALH-2000 CDU
Thermocouples

Cooling capacity 2000 W
T-type (accuracy: =0.2°C)
K-type (accuracy: =0.2°C)
Omega  PX3090-50A5V Accuracy £0.8 kPa
pressure transducer

Omega FTB314D flow sensor Full scale accuracy: 5%

(Tease™ = Tin) x H

Ry =-~cae — iU 77
® K (Tbot - Tlop)

(6)

H is the distance between two K-type thermocouples. The
uncertainty equation (Eq. (5)) is applied to the thermal resistance
equation (Eq. (6)) with five variables of Ty, Tiop, Tins Tosme’
and H.

The pressure drop uncertainty is obtained from

N 2
SAP = {Z @f x AX,-) } @

i=1
The uncertainty of the pressure sensor (AX) used is 0.116 psi.

4.1 Numerical Analysis. Computational fluid dynamics anal-
ysis helped in analyzing the impinging cold plate, which was
tested experimentally to determine the impact of various water
inlet temperatures and nickel coating on the thermal and hydraulic
performance of the cold plate. The following assumptions have
been made for the numerical governing equations:

(1) Flow is steady-state and single-phase, incompressible, and
three-dimensional.

(2) Flow through microchannels is laminar (Re < 211).

(3) The effect of gravity and the thermophysical properties of
the coolant are considered.

(4) Radiation heat transfer and viscous heat generation are
negligible.

A symmetric view of the computational domain and applied
boundary conditions is shown in Fig. 6. The cold DI water is
impinged down from the top of the module through the “velocity
inlet” and exits from the “pressure outlet.” Adiabatic and no-slip
boundary conditions are assumed for the current numerical
analysis.

No-slip and thermally coupled boundary conditions are applied
to the wetted surfaces inside cold plate. PTM TIM thickness is
estimated from the conductive thermal resistance equation below:

ITiM
R =—— 8)
' K Aheater

Cold Plate

Case temp, T,

Junction temp, T}

Fig. 5 A schematic of resistances for the heat flow from a real
chip to incoming fluid for a regular cold plate arrangement

021001-6 / Vol. 145, JUNE 2023

Velocity/Ipﬁl,@L./t.

Pressure Outlet

Uniform ¢

Fig. 6 A symmetric view of the computational domain with
applied boundary conditions

For the current heater size, the TIM thickness with a
thermal resistance of 0.061 K.cm?/W and thermal conductivity of
8 W/m K is estimated to be 0.048 mm. Spreading resistance of the
TIM is neglected. The numerical study was performed with com-
mercial CFD software 6sIGMAET [34]. The geometry of the copper
cold plate imported to CFD included the fin details from the scan-
ning electron microscope (SEM) to reduce the cooling perform-
ance uncertainty due to any dimensional mismatch between the
vendor reported data and the SEM analysis. The finite volume
method is used to discretize the system and to solve the governing
equations of continuity, Navier—Stokes, and energy in the defined
computational domain. The velocity, pressure, and temperature
were predicted using an iterative semi-implicit method for pressure
linked equations algorithm. To accurately depict the pressure drop
and thermal performance, a structured finer mesh size is imple-
mented in the areas with high temperature and velocity gradients. A
grid resolution study is done to find the minimum required grid reso-
lution across the computational domain. Figure 7 shows that increas-
ing the number of cells from 14 to 17 x 10° results in 0.1% and
0.1% variation in the pressure drop and thermal resistance, respec-
tively. All the models reported subsequently were run with at least
14 x 10° number of cells.

5 Results and Discussion

Cold plates are the smallest and most influential subcomponents
of the liquid cooling system in a data center. Acquiring accurate
cooling performance curves for the cold plate, which is a proces-
sor level component, are critical to the server, rack, and data cen-
ter level analysis. Additionally, pressure testing the cold plate is
critical to preventing liquid leaks by maintaining below the avail-
able pressure head of the CDU. The cold plates usually have the
highest contribution to the total pressure drop of the server level
cooling loop. The pressure drop in the current test is obtained in

0.08 1
0.07 ---0--- Thermal Resistance |} 0.9
E -+--§-- Pressure Drop L 0.8
S 0.06 _
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Fig. 7 The results of grid resolution based on thermal resist-
ance and pressure drop
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Fig. 8 (a) Nickel plated cold plate and (b) pure copper cold plate pressure drop curve at two different inlet temperatures of

32°Cand 45°C

two steps. First, the pressure drop of the fitting and tubes, which
are connected to the threaded inlet and outlet ports, is tested at
32°C. Then, a cold plate pressure drop from the inlet pressure
sensor to the outlet pressure sensor is measured at two different
inlet temperatures, 32°C and 45°C. The high inlet temperature
was chosen because of the benefits and popularity of warm liquid
cooling in high heat density data centers. Using a higher second-
ary coolant temperature in a cooling system reduces the chiller
energy consumption and, subsequently, increases the design effi-
ciency. The flow in the cooling loop is controlled by varying the
pump speed inside the CDU. As can be seen from Fig. 8, the pres-
sure drop of the nickel-plated cold plate (including fittings) is
reduced by 6% at 1.45LPM by increasing the inlet temperature
from 32°C to 45°C. The same temperature-dependent pressure
drop trend is also valid for the pure copper cold plate. Increasing
the liquid temperature tends to decrease its viscosity, which
increases the pressure drop across the cold plate. By elevating the
coolant’s inlet temperature, the flow rate in the loop with the same
pump speed increases because of the lower total pressure drop in
the loop. The electroless nickel-plated microlayer on the finned
area, shown in Fig. 3, does not penalize the cold plate’s pressure
drop. Figure 9 addresses the identical hydraulic performance of
nickel-plated cold plate to the pure copper one.

A comparison of the thermal performance for two cold plates is
shown in Fig. 10. The electroless nickel plated cold plate is
expected to have higher thermal resistance than the pure copper
plate since nickel has lower thermal conductivity. According to
Fig. 10, the electroless nickel plating slightly increases the case
temperature and thermal resistance. The increase in the thermal
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Fig. 9 A comparison of nickel-plated and pure copper cold
plate pressure drops at 32°C. The curves include the fitting’s
pressure drops.

Journal of Electronic Packaging

resistance value is calculated to be 1% at a 32 °C inlet temperature
and a 1 LPM flow rate. For a fixed flow rate of 1 LPM, elevating
the inlet temperature from 32 to 45°C decreases the thermal
resistance of the copper and nickel-plated cold plates by approxi-
mately 2% and 3%, respectively. The lower thermal resistance at
a higher inlet temperature is attributed to the fact that the coolant
thermal conductivity and specific heat increase with an elevated
coolant temperature.

5.1 Computational Fluid Dynamics Analysis. The overall
objective is to validate the accuracy of CFD modeling so it can be
deployed with certainty for next level analysis and to ensure the
results will be reliable for decision-making for design. The experi-
mental test results of the pure copper cold plate are compared
with the CFD results. The thermal resistance and pressure drop
results obtained by the CFD model are compared with the actual
experimental data in Fig. 11. For thermal resistance, the maximum
and average discrepancies between the numerical and experimen-
tal results are predicted to be 2.8% and 1.3%, respectively. The
numerical results indicate that the CFD model is capturing the
trend of the experimental results.

The other advantage of CFD modeling is its access to high
quality visualization of liquid streams and temperature velocity
profiles at specified cross sections in a cold plate. The case tem-
perature profile provides the temperature uniformity analysis of
the processor/copper block heater surface. High temperature
gradients can induce thermal stresses to the die and other sub-
strates, thus reducing the processors’ efficiency and functional
lifespan.
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Fig. 10 A comparison of the nickel-plated and pure copper
cold plate thermal resistances at various inlet temperatures
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Fig. 12 Temperature nonuniformity on the case profile accord-
ing to flow rate

The temperature distribution nonuniformity of the chip (V) is
used to address temperature uniformity on the processor/copper
heater surface. It is defined by

Y="—F"7"——x100 )

Temperature (C)
—50

-47.5
-45
-42.5

-40

where N is the number of sensors uniformly distributed on the
processor/copper heater surface. In the current CFD study, 49
temperature sensors are placed on the surface of the heater. In an
actual test, it is nearly impossible to install 49 sensors on the
heater surface. However, CFD allows the desired number of sen-
sors to be placed on the processor. The higher the value of ¥ that
the profile has, the more nonuniform its temperature distribution
becomes. The temperature profile will become more uniform
when the flow rate is increased, as shown in Fig. 12. This can be
attributed to the fact that a higher flow rate has a smaller fluid
temperature gradient and lower outlet temperature, which will
cool the hot areas on the processor/copper heater surface
(Fig. 13).

The unsymmetrical location of the outlet port forces more flow
streams to form on the side of the cold plate outlet. Figure 14
shows the velocity profile inside the cold plate channels, which
illustrates the flow nonuniformity happening inside the cold
plates. The more flow that the channels receive, the lower the tem-
perature is on the processor/copper heater surface. In addition to
that, the center of the profile uses the advantages of the higher
heat transfer coefficient at the impinging slot and remains at lower
temperatures. The unfinned area in which the flow streams circu-
late to reach the outlet port shows the highest temperature.

5.2 Comparison. For a better understanding of the current
CNC cold plate superior performance, the pure copper cold plate
is compared to other cold plates that have been presented in the
technical literature. For an overall comparison, Table 4 provides

(b)

Fig. 13 Temperature profile of the case surface at (a) 0.5 LPM and (b) 1.5 LPM
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Fig. 14 Velocity profile inside parallel channels at half the fin
height and 1 LPM

the case thermal resistance and pressure drop of the electroless
nickel-plated cold plate as well as those of previously tested cold
plates with various designs and materials. The impinging single-
phase cold plates show lower pressure drops than others at the
specified flow rate of 1 LPM. The CNC cold plate shows lower
case thermal resistance than other industry copper cold plates.
The thermal resistance caused by TIM is taken into account. To
provide a fair comparison, the thermal resistance of PCM TIM is
added to the reported cold plate thermal resistances. The superior
thermal performance of the CNC cold plate can be explained by
the compact fin size and the thin base thickness. In most liquid-
cooled cold plates, the base makes the highest contribution to the
total thermal resistance. The current cold plate has a very thin
(0.07 mm) base thickness, which contributes a small amount to
the total case thermal resistance. This cold plate is a great candi-
date for high-density and large-scale applications, wherein high
thermal capacity and corrosion resistance are needed. However,
the thinner the base thickness is, the higher the thermal gradient at
the case surface will be. This could be a limitation for nonuniform
heat flux applications, wherein heat spreading from hot spots to
low heat density areas is necessary. In general, the proper choice
of a liquid cooling cold plate can extend the single-phase cooling
limits and overall system efficacy.

6 Conclusion

Cold plates are one of the most critical components in liquid
cooled data centers. With that in mind, this study focused on the
cooling performance of a novel electroless nickel-plated corrosion
resistant CNC manufactured cold plate. The thermohydraulic per-
formance of the CNC electroless nickel-plated impinging cold
plate was investigated using an experimental test setup with a
mock processing unit to examine processor level heat flux and
compare it to that of a pure copper cold plate. A CFD analysis
was done to capture the temperature profile and nonuniformity of
the case surface. The study acquired accurate performance curves
for the cold plate, which can be used in a server level analysis.
Overall, the results showed that:

e The hydraulic performance of the nickel-plated cold plate is
identical to the pure copper cold plate.

e Plating nickel on a pure copper cold plate slightly increases the
case temperature and thereby the thermal resistance. The ther-
mal resistance of nickel-plated is slightly higher (~1%) than
pure copper one at 32°C inlet temperature and 1LPM flow
rate.

e A higher liquid inlet temperature is more favorable in data
centers because a lower pressure drop and reduced thermal
resistance contribute to power savings in the chiller.

e The case temperature profile will become more uniform by
increasing the flow rate because of a smaller temperature gra-
dient between the inlet and outlet area.

e The design of the inlet and outlet ports is an important con-
sideration, as it will affect the hydraulic and thermal nonuni-
formity. The inlet and outlet ports should be designed to
maintain the minimum hydraulic and thermal non-uniformity

e The proper design and choice of manufacturing methods
improve the cold plates’ overall performance and overall sys-
tem efficiency. The comparison of other cold plates reported
in the literature to the novel cold plate in this study confirms
that its cooling performance is superior.

e Opverall, the electroless nickel plating on the pure copper heat
sink had a negligible effect on the thermal performance of the
cold plate. This indicates that nickel plating is a great candidate
for liquid cooling environments where corrosion is a concern.

Table 4 Comparison results of this study CNC design to other reported cold plates

RS (K cm*/W) AP

Authors/year Design description Test boundary condition at | LPM (psi)

This study design CNC manufactured, Impinging copper DI water/indirect single phase liquid cooling 0.232 0.54
microchannel cold plate

Hadad et al. [20] Skived, impinging microchannel copper DI water/indirect single phase liquid cooling 0.301 0.17
cold plate

Refai-Ahmed et al. [35] Skived, parallel microchannel copper cold PG25/indirect single phase liquid cooling 0.40 —
plate

Ramakrishnan et al. [36] Skived, parallel microchannel cold plate for ~ DI water/indirect single phase liquid cooling 0.38 0.97
multichip copper cold plate

Ramakrishnan et al. [36] Skived, impinging microchannel cold plate DI water/indirect single-phase liquid cooling 0.37 0.85
multichip copper cold plate

Ramakrishnan et al. [36] Skived, parallel discrete microchannel mul- DI water/indirect single-phase liquid cooling 0.36 0.88
tichip copper cold plate

Hoang et al. [9,10] Skived, multi-impinging microchannel cop- ~ HFE 7000/indirect two-phase liquid cooling 0.481 1.74
per cold plate

Hoang et al. [37] Skived, impinging grooved microchannel HFE 7000/ Indirect two-phase liquid cooling 0.26 2.6
copper cold plate

Zhang et al. [38] Skived, aluminum parallel microchannel /Indirect single phase liquid cooling 0.46 ~1.33
heat sink

Acikalin and Schroedera [39]  Skived, A prototype microchannel multijet Water/direct single-phase 0.27 5

module
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Nomenclature

A = area (m?)

H = distance between two K-type thermocouples (m)
K = thermal conductivity (J/m K)

P = pressure (Pa)

¢ = chip power (W)

Q = coolant volumetric flow rate (m?/s)

R = thermal resistance (K m?/W)

T = temperature (K)

Greek Symbols

0 = uncertainty in the equation
Yy = case temperature non-uniformity

Subscripts
ave = average
bot = bottom
e = external
i = internal
in = inlet

J = junction
t = conductive
th = thermal
TIM = thermal interface material
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