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Rapidly rising computational, storage and networking demands have brought about an increment
in both the number and energy density of modern data centers. Typical air-cooled high-performance
servers require low air-supply temperatures as well as higher air-flow rates making air-cooling inef-
ficient above certain thermal design power values. Single-phase immersion cooling solves this issue
by offering significantly higher thermal mass and known reliability enhancements. When choosing
to implement immersion cooling for server hardware that is designed for air-cooling, immersion-
specific optimized heat sinks should be used. This study presents an in-depth investigation of multi-
objective and multi-design variable optimization of heat sinks for immersion-cooled servers for a
fixed pumping power using computational fluid dynamics. The optimization is conducted for both
copper and aluminum heat sinks by using pressure drop and thermal resistance minimization as
objective functions. Differences in the optimized values of the heat-sink geometry were compared
and quantified for natural as well as forced convection cooling. The results show that the total effect
values of heat-sink geometric parameters vary significantly between forced and natural convection
optimized heat sinks. Approximately 15% improvement in both thermal resistance and pressure
drop values was observed in the optimized heat sink. For the case of natural convection cooling, it is
observed that the heat-sink height has a greater significance than the fin thickness.

KEY WORDS: heat sink, natural convection, thermal management, servers, immersion
cooling
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1. INTRODUCTION

Data centers have quickly become the backbone of any modern economy with the emergence
of technologies like cloud computing, online media, social networking, artificial intelligence
(AI), and machine learning. Active internet user statistics suggest that at any given time, around
5 billion users are active on the internet, which sheds ample light on the reliance on network
servers and data centers (Internet Live Stats, 2022). Data center energy trends, while having
slowed down due to efficient IT equipment (Masanet et al., 2020), continue to rise every year.
It is however uncertain if the cooling and energy efficiency enhancements can continue to off-
set the rapid growth in computing workloads (Shehabi et al., 2018). Power densities in a typ-
ical data center can be 15–100 times greater than in generic commercial buildings (Greenberg
et al., 2006). The growth in this demand has also environmental implications like an increase
in greenhouse emissions and excessive water usage, both direct and indirect (Siddik et al.,
2021).

In the last decade, as the energy demands and processor power densities have increased
due to higher processing demands, traditional air-cooling methods have been limited to cool-
ing processors with lower thermal design power (TDP) limits. With rising energy consumption
and increasing complexity in thermal management, researchers have proposed various strate-
gies to enhance thermal performance. Some of them include using nanofluids in immersion and
cold-plate based cooling (Shahi et al., 2020; Niazmand et al., 2020a), increasing power savings
using different operation strategies of current cooling techniques (Shahi et al., 2021, 2022), or
using liquid-based phase-change cooling technologies (Niazmand et al., 2020b; Hoang et al.,
2021). Among the popular liquid-cooling technologies, single-phase immersion cooling stands
out owing to its ease of deployment, low costs of dielectric fluids (as compared to two-phase
immersion-cooling fluids), and low-complexity cooling infrastructure (Shah et al., 2016). Many
of the present proprietary cooling solutions have established the efficacy of single-phase immer-
sion cooling in terms of low-power usage effectiveness (Eiland et al., 2014; Shinde et al., 2019;
Gandhi et al., 2019) values and enhanced reliability of server components (Shah et al., 2022).
The ability of the single-phase immersion cooling in extreme temperatures (Bansode et al., 2018,
2020) and also a reduction of server form factor (Shah et al., 2019) has also been studied ex-
tensively. A key direct advantage of complete submersion of servers in dielectric fluids is that
it disconnects the server components from the harsh environment such as gaseous contaminants
(Saini et al., 2022), reduces failures due to fan vibrations, and removes the necessity of cool-
ing peripheral components as hot components are in direct contact with the coolant. Immersion
cooling offers significant advantages as compared to air-cooling but requires careful thermal and
non-thermal design considerations for air-cooled hardware (Brink et al., 2022; Shah et al., 2019).
As an example, when immersing air-cooled hardware, fans should be removed from the server,
hard drives need to be sealed, material compatibility issues should be addressed, and the heat
sink design should be optimized, which is the objective of this study.

To achieve consistently reliable and peak performance from the central processing unit
(CPU) or graphics processing unit (GPU) in immersion cooling, an optimized heat sink needs to
be utilized, rather than using an air-cooled heat sink. Design optimizations for parallel plate-fin
heat sinks have been widely studied including optimization of geometric properties (Yazicioğlu
et al., 2007; Jang et al., 2012) and also from a single or multi-objective optimization point of
view (Kim, 2012; Subasi et al., 2016). Optimum geometric parameters such as fin spacing, fin
thickness, base thickness, and fin count play an important role in maximizing the thermal per-
formance of the heat sink as well as the processors and saving the pumping power by reducing

Journal of Enhanced Heat Transfer



A Numerical Study on Multi-Objective Design Optimization 17

the pressure drop across the heat sink. Current literature shows an increasing number of studies
related to the optimization of heat-sink solutions for both air- and liquid-cooled systems using
various computational fluid dynamics (CFD)-based and analytical methods.

Chen and Chen used a multi-objective and novel direction-based algorithm to optimize plate-
fin heat sinks integrated with an impingement fan using a commercially available multiphysics
tool (Chen and Chen, 2013). The optimized parallel plate heat sink showed both superior heat-
transfer performance and reduced weight. Fuzzy logic-based approaches have also been used to
quantify the effect of heat-sink design parameters on thermal performance (Chiang et al., 2006).
Design parameters of a pin-fin heat sink such as fin spacing, pin-fin diameter, and height were
investigated experimentally. Analysis of variance (ANOVA) was then used to explore the effect
of these design parameters on heat-sink characteristics like thermal resistance, pressure drop,
and average heat-transfer coefficient. Response surface method (RSM) was used by Chiang and
Chang (2006) to obtain optimum design parameters for pin-fin heat sinks to achieve higher
thermal performance. Minimizing entropy generation rate as an objective function was done by
Chen et al. (2008). They optimized a plate-fin heat sink for a CPU using a coded genetic algo-
rithm for obtaining optimum design parameters for the heat sink. In terms of objective functions,
Devi et al. (2012) used a Taguchi-based non-gradient method for minimizing three objective
functions, namely, radiation emission, thermal resistance, and heat-sink mass. Single-objective,
multi-parametric study of thermal optimization at the server level has also been conducted (Shah
et al., 2019). This study looked at different heat-sink fin designs and parametrized the heat-sink
design variables to reduce only the overall thermal resistance of the heat sink. However, the
pressure drop across the heat sink or hydraulic performance of the heat sink was not used as an
objective function.

However, these studies are very generic in terms of the application of the heat sinks and, to
the best of the authors’ knowledge, no study in the literature discusses the heat-sink optimiza-
tion specific to immersion-cooled servers for both natural and forced convection cooling. The
main purpose of this investigation is to dive deep into different design parameters and objective
function combinations for optimizing a parallel plate-fin heat sink of an air-cooled Open Com-
pute server that is used for immersion cooling. A CFD model of the server was developed using
ANSYS Icepak and was validated against the experimental data in a previously published work
for thermal performance. Baseline CFD simulations were first done using the air-cooled heat
sink in the dielectric fluid, EC-100 (Engineered Fluids), for both natural and forced convection
cooling modes. The heat-sink material was also varied from aluminum to copper in the baseline
simulations for both the cooling modes. OptiSLang, a dedicated design optimization and anal-
ysis tool inside the ANSYS platform, was used for heat-sink design optimization. Heat-sink fin
thickness, fin count, fin height, and base thickness were optimized in different combinations at
constant pumping power. The objective functions, heat-sink pressure drop, and thermal resis-
tance are defined in Icepak and set to be minimized for an optimized design. A range of values
of the heat-sink design parameters is defined in Icepak which are exported to OptiSLang along
with the information related to objective functions and design parameters. OptiSLang then cre-
ates a design of experiment (DOE) based on the input range of the design variables using a
full-factorial approach to create multiple design points. These design points are then solved it-
eratively and the response surfaces, effect plots, and Pareto fronts are generated by OptiSLang
based on the results from each of the design points. Analysis of the effect of each of the design
variables on the objective functions is done to establish which parameters have a greater impact
on the performance of the optimized copper and aluminum heat sinks under natural and forced
convection.

Volume 29, Issue 8, 2022



18 Saini et al.

2. NUMERICAL MODELING SETUP

2.1 CFD Model Validation

A computational model of an Open Compute server was designed in ANSYS Icepak by sim-
plifying the server and considering components critical to the heat-transfer process like CPU,
heat sinks, and dual in-line memory modules (DIMMs) as shown in Fig. 1. Each CPU unit in
the CFD model is designed to dissipate 115 W. The thermal stack representing the CPU con-
sists of a 2D heat source at the bottom of a heat sink with a thermal interface material (TIM)
of a thickness of 0.2 mm with a thermal conductivity value of 3.8 W/mK. The CFD model was
first validated against an experimental study done by our research group on the same server
(McWilliams, 2014). Figure 2 shows the difference in the values of the maximum temperature
at different flow rates between the benchmark experimental study and the CFD simulation data.
A maximum variation of 2% was observed in the maximum temperature value between the CFD
and the experimental study. Some differences seen in the results could be because the heat sinks
in the server used during the experiments have embedded heat pipes in them. However, heat

FIG. 1: (Top) Computational model of the server showing the heat sinks and the memory modules and
(bottom left) air-cooled version of the real server; (bottom right) front view of the computational model
showing the heat-sink fins and DIMMs

Journal of Enhanced Heat Transfer



A Numerical Study on Multi-Objective Design Optimization 19

FIG. 2: A comparison of the average junction temperatures (maximum source temperatures in case of CFD
model) between the experimental and simulation data

pipes were not modeled in the CFD study to keep the heat-sink design simpler and accelerate the
optimization process. Another difference is that the baseline study used mineral oil as the cooling
fluid but a synthetic dielectric fluid EC-100 (higher heat capacity than mineral oil) was used for
the present study. Therefore, there was not a significantly large change in source temperatures
and the temperature variation also shows the same trend as the experimental data.

A grid independence study was also done for the baseline CFD model to determine the
validity and precision of the results obtained. Coarse to fine-level meshes were generated by
reducing the minimum element size in each of the three directions. ANSYS Icepak, by default,
generates a minimum element size of 1/20 of the length in that specific direction. For the grid
independence study, this element size was reduced to 1/5 of the length for a coarse mesh. For
a refined grid, minimum mesh element sizes of 1/30, 1/40, 1/50, and 1/60 of the length were
generated. To verify the grid independence, both pressure drop across the server and thermal
resistance of the heat sink were monitored for different mesh element count as shown in Fig. 3.
It can be seen that both the pressure drop and thermal resistance show a non-varying trend at all
the mesh counts. Therefore, the default meshing size of 1/20 was used for the simulations.

2.2 OptiSLang Setup

OptiSLang is used as the design optimization tool in the present investigation. As a part of
ANSYS Workbench, OptiSLang has the advantage that it can be used for direct integration
with any of the ANSYS thermal, structure, electrical, or fluid tools. The simulation model to be
optimized is solved independently in any of the ANSYS tools or modules. Design parameters
and their range or bounds for optimization are also defined in the simulation module itself and
are then imported to OptiSLang. The software uses a meta-modeling approach for sampling the
design space known as the adaptive meta-model of optimal prognosis (AMOP), which uses a
coefficient of prognosis (CoP) for the quality approximation of the model (Mimery, 2020). It
can be mathematically represented as

CoP = 1− SSPrediction
E

SST
(1)

Volume 29, Issue 8, 2022
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FIG. 3: Variation of the pressure drop and thermal resistance values with changing mesh element count

Here, SST is equivalent to total variation and SSE represents variation due to regression or the
sum of the square of prediction errors. The higher the value of CoP the more accurate is the
model’s representation of the data. This reduces the post-processing of the output data from
the design exploration space and helps in the direct assessment of the response surface models
(Will and Most, 2009). Also, typical meta-model approaches provide limited accuracy when the
number of input variables starts increasing, thereby making the design sample space increase
exponentially. This can be overcome by using AMOP, which improves the prediction quality of
an approximation model by eliminating the design variables that are not important in the model
(Most and Will, 2011). A summary of the simulation model setup and its integration with the
design optimization tool is shown in detail using a schematic in Fig. 4.

FIG. 4: Overview of the integration of CFD simulation model setup and optimization setup in OptiSLang

Journal of Enhanced Heat Transfer
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The objective functions and the constraints that control the optimization process can be de-
fined in the simulation module as well as OptiSLang. Once the optimization process is com-
pleted, a sensitivity analysis is done to determine the effect of the chosen design variables on the
objective functions. As the baseline design in the present investigation is fixed a pre-determined
upper bound of the design variables was selected. Using a very large range of design variables
also makes it difficult to assess the design exploration space. The optimized design points are
visualized on a Pareto front for each of the optimizations run to determine the design points that
offer the least thermal resistance and pressure drop.

3. METHODOLOGY

The primary purpose of this study is to investigate various possible design optimization method-
ologies for heat sinks when transitioning from air-cooling to immersion cooling. In this section,
the underlying methodology, assumptions, and different parametric cases run for the optimized
heat sink are discussed. The optimization of the heat sinks was carried out for a constant flow
rate of 2 lpm and peak utilization power for both the CPUs at 115 W. The baseline air-cooled
heat sink has a fin count of 41, a base thickness of 4 mm, and 0.23 mm thick finswith a fin height
of 37 mm. The dielectric fluid selected for the CFD study is a commercially available synthetic
fluid, EC100. The optimization was done for both copper and aluminum heat sinks under natural
and forced convection flow regimes separately. This was done to quantify the differences in the
optimized heat-sink design and the effect of design variables on the objective functions when
either the flow regime or heat-sink material is changed. The results of doing these permutations
of heat-sink material under different cooling modes will also allow users to directly choose the
design variables that have the most impact on the objective functions.

The CFD tool used solves Navier–Stokes equations of mass, momentum, species, and energy
to calculate heat transfer in laminar flow conditions. Additional transport equations of turbulence
and radiation can be used if the flow and heat transfer involve these phenomena, which was not
the case for the current study. These equations are written as follows:
Mass conservation:

∂ρ

∂t
+∇ (ρv⃗) = 0 (2)

The above equation reduces to∇ (v⃗) = 0 for incompressible fluids.
Momentum equation:

∂

∂t
(ρv⃗) +∇ (ρv⃗v⃗) = −∇p+∇.

(
τ
)
+ ρg⃗ + F⃗ (3)

Energy equation:
∂

∂t
(ρh) +∇ (ρhv⃗) = ∇. [(k + kt)∇T ] + Sh (4)

Here, the fluid energy equation is written in terms of sensible enthalpy, h. k is the molecular
conductivity and kt is the turbulence transport conductivity. The source term Sh represents user-
defined volumetric heat sources. For the solid regions, the energy equation due to conduction
within the solid looks as follows:

∂

∂t
(ρh) = ∇. (k∇T ) + Sh (5)

Here, k is the thermal conductivity of the solid, ρ is the density, T is the temperature, and Sh

is the source term for volumetric heat sources.

Volume 29, Issue 8, 2022
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Buoyancy-driven flows in mixed or fully natural convection-driven flows are simulated using
the Bousinessq model for natural convection. This model treats density as constant in all solved
equations except the buoyancy term in the momentum equation:

(ρ− ρ0) g ≈ −ρ0β (T − T0) g (6)

In the above equation, ρ0 is the constant density of the fluid,T0 is the operating temperature, and
β is the volume expansion coefficient of the fluid.

Figure 5 shows the boundary conditions used for thermal simulations in ANSYS Icepak. The
gravity is set in the negative z direction, representing the vertical orientation of the server, as in
the case of typical immersion-cooled tanks. The first step in the design optimization process
was validating the CFD data with the experimental results as discussed in Section 2.1. After
the baseline simulations for the air-cooled heat sink, the bounds for the design variables and the
objective functions are defined.Thermal resistance and pressure drop are the typical performance
metrics that define the heat-sink performance. Both these functions were defined to be minimized
during the optimization process. A summary of the bounds of the design variables, the objective
functions, and other variable parameters used in this study is shown in Tables 1 and 2. The

FIG. 5: (Top left) Boundary conditions used for the CFD simulations in ANSYS Icepak and (top right)
integration of OptiSLang module with Icepak in ANSYS Workbench; (bottom) boundary conditions used
for the natural convection model
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TABLE 1: Variable input parameters used in ANSYS Icepak

No. Parameters Factor
1 Inlet fluid velocity Varying cabinet height
2 Heat-sink overall height Optimization design variable
3 Fin thickness Optimization design variable
4 No. of fins Optimization design variable
5 Mesh Varying cabinet height
6 Thermal resistance Objective function
7 Pressure drop Objective function

TABLE 2: Inputs of design variables used for design exploration in OptiSLang (bold and
italics are baseline values of the parameters)

S. No. Overall heat-sink height (mm) Fin thickness (mm) No. of fins
1 26 0.23 25
2 29 0.32 27
3 32 0.41 29
4 35 0.5 31
5 38 0.59 33
6 41 0.68 35

Step size 3 0.09 2
Discrete values 6 6 6

Total number of design points (6 × 6 × 6) = 216

final CFD results from thermal simulations along with the design variable bounds and objective
functions are published to OptiSLang where the multi-objective optimization is performed.

Once the input parameters or the design variables are read in OptiSLang, a design of ex-
periments (DoE) is created. Based on this DoE, a sensitivity analysis is first done to determine
the effect of the chosen design variables on the objective functions of the study. This phase is
also known as the design exploration phase where the solution space can be sampled using the
available sampling methods in OptiSLang. For the current study, AMOP is used for this purpose,
the details of which are discussed in Section 2.2. Figure 6 shows the criteria set up in OptiSLang
showing the input design variable parameters and the objective function. The outputs from this
stage are the response surfaces, response plots, and the total effects matrix. These results help
in determining the relationships and the weightage of those relationships between the design
variables and the objective functions. The final result of the optimization of the design space is
directly obtained on a Pareto front with its axis as the two objective functions. The boundaries
of the Pareto front represent the minimum values of the objective functions.

4. RESULTS

The optimization results presented in this section are divided into two subsections: the results
for aluminum heat sink and copper heat sink. The results for both the heat sinks also include the
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FIG. 6: Setup of optimization parameters in OptiSLang using AMOP for design exploration

results for natural and forced convection. Assessment of the optimized heat-sink design is done
based on analyzing surface response plots, CoP, and by compiling the complete design space on
a Pareto front. The criteria for optimization of heat sinks and design variables were kept the same
for both natural and forced convection heat sinks so that a comparison can be made under similar
constraints. As discussed in Section 3, 216 design points were generated for each simulation case
with a total of 6 different simulation cases.

4.1 Optimization for Aluminum Heat Sink

The first part of the optimization study was the sensitivity analysis of the design variables to the
objective functions. Figure 7 shows the total effects plots for the aluminum heat-sink optimiza-
tion case under forced convection flow. The effect plot essentially quantifies the impact of each
of the inputs on the outputs or post-processing functions. It can be seen that thermal resistance is
primarily dependent on heat-sink fin thickness. Similarly, in the case of pressure drop, heat-sink
height is a major factor. The fin count of the heat sink does not have a significant impact on both
the pressure drop and thermal resistance. This was against the assumption that a large number
of fins and a correspondingly larger surface area will improve heat transfer. This is also a part
of the reason why heat sinks designed for air-cooling are typically not able to provide the ex-
pected heat dissipation in immersion cooling. It can be seen that a linear regression CoP value of
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FIG. 7: Total effects plot for aluminum heat sink under forced convection

greater than 99.6% is achieved for all model outputs. This indicates that the sample points were
generated based on the design variable inputs and a highly robust model was created.

The 2D and 3D dependencies of the input design variables are visualized using linear regres-
sion-based plots and response surfaces. Figure 8 shows the dependency of the input variables on
thermal resistance. As observed from the total effects matrix fin count has a very low impact on
thermal resistance variation and tends to become asymptotic after a fin count of 33 fins in the
current heat-sink design. Discrete values of fin height and fin count were used in this study rather
than giving a range of values in a smaller interval. This was done to restrict the design space to
a certain number of design points and reduce simulation time. As expected, the pressure drop
increases and thermal resistance reduces with the fin thickness of the heat sink. It was, however,
observed that the variation in thermal resistance becomes less than 1% after a fin thickness of
0.6 mm. The same variation between 0.25 and 0.6 mm fin thickness is around 17%. This means
a final optimized design of the heat sink will require a trade-off between the pressure drop and
thermal resistance values.

To observe the coupled effect of more than one design variable on the objective function,
we use 3D response surface plots. Figure 9 shows the response plots for the variation of two
objective functions with heat-sink fin thickness and fin height. It is clear from the response plots
that both the objective functions have an inverse relationship with each other. This would mean
that to achieve better thermal performance, a pumping-power penalty would be incurred at some
point. The CoP values of 100% were obtained for all the response surfaces of both the objec-
tive functions which depict the quality of the model approximation of the input design space.
The optimization solver uses the design space created by the sensitivity analysis and plots the
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FIG. 8: Relation between thermal resistance and different input variables in 2D regression plot for the
aluminum heat sink in forced convection

solution of the objective functions as outputs on a Pareto front as shown in Fig. 10. Each point
on this Pareto front represents a solution for the objective functions based on a design space
point. The best design points from the Pareto front are those that lie along the red boundary. It
can be seen that a vast majority of the design points were clustered in a region with a pressure
drop of less than 20 Pa and a thermal resistance value between 0.2 and 0.18 W/mK. After an-
alyzing all of the best design points (DPs), five design points have both a lower pressure drop
and thermal resistance as shown in Table 3. Out of the selected points, DP 163 showed the most
optimum value for pressure drop, source temperature, and thermal resistance. When compared
to the baseline heat-sink design, the optimized heat sink offers a 15.3% less pressure drop and
approximately 15% lower thermal resistance for the same fin height.

In the data center industry, server heights are typically denoted in terms of form factor. A
form factor of 1U represents a server height of 44.5 mm. As discussed earlier, one of the main
advantages of immersion cooling lies in the fact that it allows a higher heat-transfer rate as
compared to air-cooling technologies. Therefore, it is also possible to reduce the form factor
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FIG. 9: Comparison of 3D response surfaces of the objective functions with varying fin thickness and
heat-sink height

FIG. 10: Pareto front showing the entire design space of 216 points and the red boundary depicting the
best design points where the objective functions have a minimum value

or height of the heat sink itself to dissipate the same amount of heat flux from the processors.
This allows the data center to pack more servers in the same space by utilizing efficient cooling
methods like immersion cooling. The baseline heat sink used in this study is designed for a 2U
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TABLE 3: Summary of best design points showing the values of corresponding objective
functions and source temperature

Design point HS height Fin count Fin thickness Rth ∆P Tsource

Baseline 41 35 0.23 0.22 11.3 57.4
35 41 25 0.5 0.19 9.6 54.8
131 41 25 0.68 0.18 10.2 53.3
136 41 27 0.41 0.20 9.2 55.9
143 41 27 0.68 0.18 11 52.9
163 41 25 0.59 0.19 9.9 53.9

air-cooled server. An investigation of reducing the heat-sink height was also carried out from the
optimization results. To do a fair comparison with the baseline design, the selection criterion was
which heat sink would give a lower temperature than the baseline design for a reduced heat-sink
height. The optimization results of the heat sink with reduced height show that the best DPs
for a heat-sink height equivalent to a 1U server, the optimized heat sink offers lower thermal
resistance and source temperature than the baseline design in a lower form factor for the same
CPU power. This means that while the overall heat-transfer area is being reduced, an optimized
heat sink for immersion cooling offers better thermal performance as seen in Table 4, although
the pressure drop or the pumping power will increase significantly for a smaller form-factor
server. The trade-off to be weighed here is the improvement in thermal performance and the
ability to deploy more servers in the same volume of space in a data center. Further analysis of
the reduced form-factor heat sink also shows that a significant reduction in heat-sink weight and
production cost per unit can also be reduced.

As discussed in Section 3, after determining the optimized heat-sink geometry for the base-
line design, an optimization study was also done for natural convection immersion cooling. Fig-
ure 11 shows the total effects plot for the aluminum heat sink in natural convection. It is seen that
unlike the case of forced convection, which is still very low Reynolds number flow in immer-
sion cooling, the impact of fin thickness on thermal resistance reduces from 82 to 59%. Another
difference observed when comparing the case of natural convection to forced convection is that
the impact of heat-sink height becomes at least 5 times more significant. At the same time, the
effect of heat-sink fin count becomes even less important in terms of optimization for natural
convection. For pressure drop, it is observed that the impact number of fins increases almost
threefold and the impact of overall heat-sink height reduces by almost 50%.

TABLE 4: Overview of the results of design points with heat sink height for a 1U server

Design point HS height Fin count Fin thickness Rth ∆P Tsource

Baseline 41 35 0.23 0.22 11.3 57.4
120 26 35 0.68 0.17 28.1 51.9
99 26 25 0.32 0.20 17.5 56.3
41 26 27 0.23 0.21 18.2 57.2
171 26 31 0.68 0.17 25.7 51.7
24 26 33 0.41 0.18 24.1 56.5
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FIG. 11: Total effects plot for aluminum heat sink under natural convection

The distribution of the solution for each DP on the Pareto front is shown in Fig. 12. This is
also different when compared to Fig. 10, where a greater number of solutions satisfy the objective
function constraints and are more uniformly distributed. As compared to the results of pressure
drop and thermal resistance of the baseline design in natural convection, a maximum reduction
of 32% was obtained in pressure drop and a 10% reduction in thermal resistance. Additionally,
the optimized heat sink was able to reduce the source temperature by 3◦C for the same fin height
as the baseline design. An interesting observation made from the response graphs is that the
thermal resistance value reduces to a certain fin count, and then starts creeping up as seen in
Fig. 13. This could be because a larger number of fins tend to choke the natural convection
through the fins. This effect is also observed in thermal resistance response to fin thickness that
plateaus out after 0.5 mm fin thickness.

4.2 Optimization for Copper Heat Sink

Aluminum is typically used for heat-sink applications as it offers lower weight and cheaper
manufacturing options. Cooper heat sinks offer better thermal performance, especially when the
application is for high-power density. Therefore, following the same methodology as for alu-
minum heat sinks, a design optimization was also done for the same heat sink with copper as the
material. Both the design variables and the objective functions were kept the same as in the case
of aluminum heat sinks. A baseline CFD simulation was first carried out to ascertain the values
of the objective functions under both forced and natural convection cooling modes. Figure 14
shows the total effects matrix for the copper heat sink DoE. It can be seen from the matrix that
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FIG. 12: Pareto front showing the distribution of the solutions of the objective functions and the chosen
DPs

FIG. 13: Response graph for variation of thermal resistance with the design points for heat-sink fin count

fin thickness and fin height have a dominant impact on thermal resistance and pressure drop,
respectively. The Pareto front distribution looks very similar to the forced convection case in the
aluminum heat sink. A comparison of the objective function values of the best DPs from the
Pareto front is shown in Table 5.

Also, as done in the case of the aluminum heat sink, an analysis was done to determine the
performance of the optimized heat-sink design for the same source power but a smaller 1U form
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FIG. 14: Total effects matrix for copper heat sink with forced convection cooling

TABLE 5: Summary of the results of the optimized values of the objective function for
forced convection cooling using copper heat sinks

Design point HS height Fin count Fin thickness Rth ∆P Tsource

Baseline 41 35 0.23 0.15 11.3 49.6
27 41 27 0.68 0.13 11 47.3
28 41 25 0.5 0.13 9.5 48.2
158 41 25 0.41 0.13 10.2 47.4
199 41 27 0.68 0.14 9.2 48.8
207 41 25 0.59 0.13 9.2 47.7

factor. As opposed to the case of the aluminum heat sink where the pressure drop increases
significantly, an optimized heat-sink design for copper showed negligible variation in pressure
drop is observed. At the same time, the optimized 1U heat sink displayed the same thermal
performance as the baseline heat sink as seen in Table 6.

For the case of natural convection-cooled copper heat sinks, the main difference in the total
effects plot is in pressure drop in both the number of fins and fin height. Also, as opposed to
forced convection, thermal resistance for natural convection copper heat sink is highly dependent
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TABLE 6: Results of the optimized values of the objective functions for 1U copper heat sink

Design point HS height Fin count Fin thickness Rth ∆P Tsource

(mm) (mm) (W/mK) (Pa) (◦C)
Baseline 41 35 0.23 0.15 11.3 49.6

27 26 25 0.59 0.15 11.3 49.6

on fin height as shown in Fig. 15. This is also different from the aluminum heat sink in natural
convection where the thermal resistance is dominated by a variation in fin thickness. The Pareto
front for the solution of the objective functions shows that the best DP for the heat-sink design
reduces the thermal resistance by approximately 6% and reduces the pressure drop by 27% as
compared to the baseline design of copper heat sink in natural convection. However, the copper
heat sink will add extra weight and in such a case, a trade-off needs to be considered in terms of
cost and mechanical constraints.

5. CONCLUSION

As the power densities for high-performance processors keep rising, the demands for the de-
ployment of efficient cooling technologies are also increasing. Single-phase immersion cooling
helps to address many shortcomings of traditional air-cooling and competitive liquid-cooling

FIG. 15: Total effects plot for copper heat sink under natural convection
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technologies. As compared to air-cooling, immersion-cooling offers higher thermal mass, sim-
plicity in cooling infrastructure, alleviation of airborne contamination issues, and is particularly
suitable for edge data center deployments. An in-depth study of different multi-objective and
multi-design variable optimization schemes for heat sinks in immersion-cooled servers was in-
vestigated. Heat-sink geometric parameters like heat-sink fin height, fin thickness, and fin count
were varied. Minimization of thermal resistance and pressure drop for constant pumping power
was chosen as the objective function for the optimization study. As compared to the baseline
heat-sink design, the optimized heat sink was able to reduce the thermal resistance by 15% and
a further 15.3% reduction in pumping power. A comparison of the optimization results from the
aluminum heat sink between forced and natural convection shows that the impact of fin thick-
ness reduces significantly and the influence of heat-sink height increases almost five times. This
change of influence is even more pronounced for copper heat sink where the influence of heat-
sink height is negligible in forced convection but has the most dominant influence in natural
convection.

The results of this study on the influence of the heat-sink design variables on heat transfer
and pumping power can be directly used for the optimization of typical parallel plate heat sinks
for single-phase immersion cooling. There are more heat-sink fin designs and configurations
that can also be studied for optimization. As an example, pin-fin heat sinks are typically used in
natural convection flows but offer a lower overall heat-transfer surface area. An optimized pin-fin
geometry can be obtained that not only offers lower pressure drop but also enhances their heat-
transfer performance. A further extension of this study can be to carry out a multi-disciplinary
optimization where the optimization parameters can be thermal and flow physics, a cost model
of the heat sink, and material optimization based on the thermal profile at the heat-sink base.
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