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ARTICLE INFO ABSTRACT
Keywords: Flat miniature heat pipes (FMHPs) are compact, passive thermal management devices that leverage phase
Heat pipe change to sustain high heat fluxes. Their performance is strongly influenced by the geometry of the internal

Micro groove

wick structure, which governs capillary-driven liquid transport. This work presents a reduced-order numerical
Shape optimization

model for predicting the steady-state thermal performance of FMHPs with axially grooved wicks. The
model captures key thermohydraulic phenomena while enabling efficient gradient-based shape optimization
by simplifying the governing equations and linearizing the phase-change mass flux. The groove width is
parametrized along the axial direction and optimized to maximize the heat transport capacity. Validation
against experimental and high-fidelity numerical results demonstrates the model’s accuracy and efficiency.
Optimization results show that non-uniform groove profiles can significantly enhance performance, achieving
up to 24% improvement in maximum heat input compared to uniform grooves, without increasing the device
footprint. The study highlights the potential of shape optimization in advancing the design of high-performance

FMHPs for electronics cooling and other heat-intensive applications.

1. Introduction

Effective thermal management is a central challenge in the design
of micro- and miniature-scale electronic devices, as it directly influ-
ences system performance, reliability, and cost. With continued minia-
turization, power densities have exceeded 190 Wcem™2 [1], pushing
conventional cooling strategies to their operational limits [2].

Flat miniature heat pipes (FMHPs) have emerged as efficient passive
cooling solutions due to their high effective thermal conductivity and
compact form factor. Their ability to handle large heat loads depends
strongly on internal geometry, particularly the configuration of the
wick which governs fluid transport efficiency. Consequently, maximiz-
ing heat transfer through optimal internal design is key to improving
the thermal performance of FMHPs in demanding applications.

Cotter [3] introduced the concept of micro heat pipes and devel-
oped a numerical model to predict their thermal performance. Babin
et al. [4] refined the one-dimensional steady-state model of Cotter by
redefining the axial heat flux and accounting for the capillary limit.
Khrustalev and Faghri [5,6] extended this model to include interfacial
shear stress, working fluid charge, dedicated evaporation and conden-
sation models and the boiling limit. Hopkins et al. [7] introduced the
idea of micro-grooved wick structures combined with miniature vapor
channels, greatly expanding the range of viable operating conditions.

The one-dimensional models have evolved steadily to include addi-
tional physical effects. Do et al. [8] accounted for axial wall tempera-
ture variations. More recently, Abolmaali et al. [9] incorporated refined
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evaporation mass fluxes derived from two-dimensional cross-sectional
multi-scale simulations [10,11], yielding improved accuracy in ther-
mal predictions. Both Do et al. and Abolmaali et al. performed basic
optimization of the grooved wick structure via parametric sweeps of
geometric dimensions but did not employ formal optimization methods
or shape variations.

Several high-fidelity models have been developed to better resolve
spatial variations in heat and mass transport. Gokge et al. [12] proposed
a comprehensive three-dimensional model of the wall and a liquid filled
groove from a flat grooved heat pipe under steady-state operation,
which was implemented with finite difference, finite element and fi-
nite volume formulations. It was later accelerated in [13] to reduce
computational cost. Another approach by Fang et al. [14] employed a
3D lattice Boltzmann model to study micro heat pipes with pinned and
grooved wick structures. However, their simulations were constrained
by limitations of the lattice Boltzmann model.

Despite increased interest in optimizing wick structures, many stud-
ies still rely on limited parameter sweeps. For instance, the geometric
explorations by Do et al. [8] and Abolmaali et al. [9] represent only a
subset of the design space. An exception is the work by Alam et al. [15],
who use ant colony optimization to minimize heat pipe mass under
multiple constraints. However, their approach is based on simplified
limits and does not capture detailed physical behavior, limiting the
scope of design insights. In contrast, the high-fidelity models by Gokge
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et al. [13], Fang et al. [14] and Abolmaali et al. [9] provide greater
physical accuracy but are computationally expensive, making them
impractical for optimization. As a result, there is a gap between phys-
ical fidelity and optimization efficiency. Gradient-based optimization
methods are underutilized in the field of micro and miniature heat
pipes. However, they are well-suited for heat transfer applications,
with some considerations, as reviewed by Dbouk [16]. These tech-
niques have led to novel solutions in related systems such as vapor
chambers [17,18] and porous wick heat pipes [19], demonstrating the
potential of employing optimization for micro and miniature heat pipes.

To address these challenges, we propose a reduced-order model that
bridges the gap between high-fidelity simulation and gradient-based
optimization. The model uses specific physical and numerical simpli-
fications that significantly reduce computational cost while preserving
the thermal performance trends observed in more detailed simulations.
By eliminating some couplings, non-linearities and adopting linearized
terms our formulation ensures smooth, stable gradients suitable for use
with optimization algorithms.

The proposed model includes two novel features to account for geo-
metric changes in the wick structure. It determines the non-trivial loca-
tion of the maximum meniscus curvature and incorporates the deriva-
tive of geometric cross-sectional area. These additions enhance the
model’s sensitivity to shape variations and support gradient-based op-
timization. This balance of accuracy, robustness, and efficiency makes
the model ideally suited for shape optimization of miniature heat pipes.

The paper is structured as follows. Section 2 presents the governing
equations and numerical formulation of the reduced-order model. Sec-
tion 3 provides model validation against literature, and optimization
results. Section 4 summarizes the conclusions and discusses directions
for future work.

2. Method
2.1. Working principles for a FMHP

A wicked FMHP consists of an outer wall, a wick structure and a
vapor channel as shown in Fig. 1. It is partially filled with a working
fluid that transfers heat through the latent heat of vaporization. At
the heat source, the working fluid within the wick evaporates into the
vapor channel, consuming thermal energy and generating a pressure-
driven vapor flow towards the heat sink. Upon reaching the heat
sink, the vapor condenses on the solid wall, releasing thermal energy.
The resulting liquid is then drawn back into the micro grooves and
transported back to the heat source via capillary action, thus sustaining
the heat transfer cycle. The lower part of Fig. 1 illustrates a section view
of the FMHP, visualizing fluid circulation driven by heat flux.

2.2. Assumptions and simplifications

The proposed model aims to capture the primary effects of a micro-
grooved wick structure on thermal performance while ensuring swift
evaluation. To achieve this, a lower-fidelity formulation of the govern-
ing equations is adopted.

A steady-state approach is adopted to reduce model complexity,
which is sufficient for estimating performance limits [4].

The model domain is reduced from three dimensions to one dimen-
sion along the axial x direction, due to the large aspect ratio of the
FMHP geometry and the high degree of uniformity in cross-sectional
temperature, vapor and liquid velocities. Temperature variations along
x account for the entire solid cross section, while vapor-phase variations
also follow a 1D treatment along the vapor channel. The liquid domain
is simplified to axial variation within a single representative liquid
filled groove.

Both vapor and liquid flows are assumed incompressible and lam-
inar, as the observed Mach number for the vapor is Ma <« 1 and
both phases exhibit Reynolds numbers below the laminar-turbulent
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Fig. 1. Stylized depiction of a flat miniature heat pipe micro groove wick
structure.

transition threshold, Re < 2300. As a result, the model cannot capture
the sonic limit because compressibility, which is essential for describing
such flow conditions, is not included.

The meniscus curvature in the axial direction is assumed negligible
due to the extreme aspect ratio (1:600) of the liquid grooves.

Under steady-state conditions, the cross-sectional shape of the
meniscus is assumed circular, corresponding to the minimum energy
configuration of the intrinsic meniscus at mechanical equilibrium.

It is further assumed that the meniscus remains pinned at the upper
corners of the liquid grooves, such as Khrustalev & Faghri [6]. This
simplification has minimal influence on accuracy, as the deviation
primarily occurs near the evaporator end (x = 0), where the liquid
velocity approaches zero, and significantly reduces implementation
complexity. However, by keeping the meniscus pinned at the upper
corners, the model cannot represent a receding meniscus or evaporator
dryout directly.

Assuming small meniscus curvature allows the associated changes
in vapor and liquid cross-sectional areas to be neglected. This facili-
tates partial decoupling of the governing equations, further reducing
numerical complexity and evaluation time.

Temperature variation in the solid wall is assumed to be primar-
ily governed by conduction, as well as heat fluxes associated with
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phase change, external heating, and cooling. These effects are con-
sidered dominant compared to conduction and convection in the va-
por and liquid domains, which are limited by low velocities, thermal
conductivities, and heat capacities.

The working fluid charge is assumed optimal, ensuring the grooves
are neither underfilled nor overfilled. This avoids complications related
to dryout or liquid blockage and ensures consistent capillary-driven
flow throughout the wick.

Due to the dominance of thin-film evaporation and condensation
near the contact line, the thermal resistance across the liquid film is
assumed negligible. Consequently, the local solid wall temperature is
used directly as the meniscus surface temperature when calculating the
superheat that drives phase-change mass fluxes.

To enable a more computationally efficient and differentiable
model, the evaporation and condensation mass fluxes are assumed to
depend linearly on the local wall superheat. This assumption is derived
from a linearized approximation of a previously established, highly
coupled nonlinear correlation [9], and is found to preserve the essential
physical behavior over the relevant operating range.

2.3. Governing equations

The governing equations are derived based on the assumptions
and simplifications outlined above. A stylized depiction of the model
domains are shown in Fig. 1, which also show geometric parameters.
The model is split into three domains: Solid wall, vapor channel and a
single representative liquid filled groove.

2.3.1. Thermal model

In the proposed model axial variation of wall temperature is ac-
counted for, as it is relatively large for miniature heat pipes. The
conservation of energy is stated as, [8]:
0°T,
ox?
where k; is the thermal conductivity of the solid, A the cross sectional
area of the solid, T the solid temperature, N the total number of liquid
filled grooves, h ,, the latent heat of vaporization for the working fluid,
rh’p . the mass flux due to phase change across the meniscus, q;’} the
external heat flux applied to the solid wall and P, the external wall
perimeter subject to heat flux g/;.

The cross sectional area is defined as A; = DW —4DyW,— NW H ,
where D is the total height of the heat pipe, W the total width, D,
the half height of the vapor channel, W}, the half width of the vapor
channel, W, the liquid groove width, H the liquid groove height. All
dimensions are visualized in Fig. 1.

The external heat flux is modeled as prescribed heat flux into the
evaporator and out of the condenser. The external heat flux is:

kSAS

= Nh'fgm;c - q,:va (1)

Oin

Pl 0<x<L,
g =40 L <x<L,+L, @
Qin
—m Le+LaSX<Lt

where Q,, is the total heat input and the lengths L,, L,, L, and L, are
illustrated in Fig. 1. This definition of ¢/, is independent of the working
temperature T,. By prescribing a constant T, the material properties
can be assumed constant, due to negligible temperature variations in
the fluids.

To model no energy transfer across the ends the boundary condi-
tions for the solid temperature are given as:

o,| T,

= =0 3
0X |x=0 ox ®

x=L,
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2.3.2. Phase change mass flux

In literature multiple approaches to accurately capture the mass
flux due to evaporation and condensation in micro grooves have
emerged [10,11,20]. A correlation was developed by Abolimaali et al.
in [9], based on a parameter sweep performed using the high-fidelity
numerical models reported in [10] and [11]. These models accu-
rately capture evaporation and condensation in grooves but involve
substantial computational cost. The proposed correlation reproduces
their predictive accuracy while offering the computational efficiency
of empirical formulations. The correlation for evaporation mass flux of
water in a copper groove, [9], yields:

5\ 00132

i), [mgm™"s7!] = 6.4496 705281 <M> w6 @
which is valid within the following range of parameters: 0.01 < T, [K] <
12, 1.0 < % [-]1 < 100, and 160 < W, [um] < 240. Here « is
the curvature of the meniscus. This correlation is significantly simpler
than most models. However, it still contains a significant number of
non-linear couplings between groove width, temperature of solid and
curvature of meniscus.

As the goal is to ensure usable accuracy, swift evaluation and
differentiable governing equations, the correlation is replaced with a
linearized term. The dominant relationship within the correlation is the
temperature-mass flux term, thus the linearized term is defined as:
i, = aT; = o (5)
where a is a constant for scaling the mass flux-solid temperature
relationship and T; is the meniscus interface temperature. Assuming
most evaporation occurs in the thin-film regime and at small thin-film
thickness the temperature difference between 7; and T is assumed
negligible. The linearized model, Eq. (5), leads to an error in the
mass flux term, which is shown in Fig. 2. The primary source of the
error is a lack of non-linear relationship between T, and r7/,., however
the benchmark results in Section 3.1 indicates that this approach is
acceptable.

2.3.3. Hydrodynamic model

The hydrodynamic model covers the mass continuity of vapor and
liquid as well as the differential form of the Young-Laplace equation,
which is derived from the vapor and liquid momentum continuities.
The mass continuity equations for the vapor and liquid flows are
expressed as, [21]:

/

du n
A, =NE (6)
ox Py
-1
oA = e )
ox i

where A is the cross-sectional area, u the mean axial fluid velocity and
p the fluid density. The subscripts v and / indicate vapor and liquid,
respectively.

The net axial mass flow rate along the heat pipe is zero, as the mass
source terms —m;, . from each of the N grooves are balanced by N m;) .
in the vapor channel.

Since the wick structure is subject to optimization, the area A,
is included in the derivative. However, the change in cross sectional
areas A, and A; caused by changes to the vapor-liquid meniscus are
neglected. The areas are defined as: A, =4DyW, and A, = W, H,.

Based on the assumptions for vapor the Navier-Stokes equation
simplifies to:

Audp”ug = -AU@ +Auﬂvﬂ

ox ox dx2
where p,, is the vapor pressure and 4, is the dynamic viscosity of vapor.
This form includes inertia, pressure force and viscous shear. The viscous
shear is replaced by an approximation of the wall shear stress:

(®

Op Ul ap,
A, =—4,—2
ox ox

- T,

ow PULU (9)
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Fig. 2. Comparison of evaporative mass flux correlation and linearized mass
flux at W, = 160 pm. And cross section of correlation at 2/(kW) = 7 compared
with linearized model.

where 7,,, is the shear stress between the vapor and the wall and P,
is the wetted perimeter. Isolating the pressure gradients and expanding
the inertia term leads to, [9]:
% — auU _ TUM)PUW

= 2pu, 10
ox Potto 5y A an

U

The scaling between the vapor and liquid velocities is closely related
to the scaling between vapor and liquid density, thus velocity scaling
is on the order of 100-1000, [22]. Due to the large difference in the
velocities the liquid is perceived as stationary from the vapor and part
of the wetted perimeter. For rectangular conduits the wall shear stress
can be expressed as, [23]:

hoes [ tanh((zn—l)wo)

24pu,u n=1 (2p—1)2 2W;
Ty = — > an
W, 12w paes L tanh ((Zrt—l)nDO)
75 Dy “n=1 (2n-1)> 2W,

Applying the same method to the Navier-Stokes equation for the liquid
flow leads to, [9]:

I _ B (rpey, (12)
ox D},

where p, is the liquid pressure, y; is the liquid dynamic viscosity,
Dy, is the hydraulic diameter and (fRe), is the Poiseuille number.
For the liquid momentum equilibrium, inertia is negligible due to low
speeds, [5].

The velocity profile within a closed groove is shown in Fig. 3 center.
This assumes a stationary boundary between vapor and liquid. How-
ever, due to velocity scaling the vapor is perceived as a significant shear
stress at the vapor-liquid interface affecting liquid flow, as shown in
Fig. 3 right. The effect of accounting for the shear stress on the vapor—
liquid interface in the fRe formulation is shown in Fig. 3 left. For wider
grooves the shear stress increases the flow resistance significantly.
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This effect is accounted for by a special formulation of the Poiseuille
number:

* W2 .
24 (1 + 12Hf2 (l - % Y msech%#))
fRe = — 13)
9 2n+1)nH
<1 + 2%) <1 - ,,?—’,j; 2o mtanh%)
where z* is the dimensionless shear stress as shown in Fig. 3 and
defined as:
oo Bt 14)
Hiyy
This formulation was defined as “DiCola’s model” by Schneider and
DeVos [24]. For various groove geometries Shah & London, [25],
provides fRe formulations without shear stress at the vapor-liquid
interface. Combined with Schneider and DeVos’ correction factor, [24],
it is possible to model non-rectangular grooves.

To reduce computational complexity the momentum equations for
both fluid phases are rearranged and inserted in the differential form of
the Young-Laplace equation to reduce the required degrees of freedom
from six to four by collapsing the pressures and meniscus curvature into
just the curvature.

The differential form of the Young-Laplace equation is defined
as, [26]:

oK dp, Op

ok _9p, _9p 15
c 0x ox 0x s
where ¢ is the surface tension.

Inserting Eqgs. (10) and (12) into (15) leads to the final equation:

oK _ 1 2Mlul auv Tuwpuw
=3 < 3 (FRe); = 20ty = = (16)

To finalize the hydrodynamic model, the boundary conditions, need to
be defined. For the continuity Egs. (6) and (7) the boundary conditions
are enforced as no flow over the boundary:

u1|x=0 = uU|x=O = u1|x=L, = uU|x=L, =0 a7

The boundary conditions for curvature of the meniscus are derived
from the contact angle. The contact angle is based on the working fluid
and solid material combination. The contact angle is defined as:

cosy = %Wfk‘ (18)

where y is the contact angle, as shown in Fig. 4, and is clearly depen-
dent on the curvature of meniscus and local groove width.

For a uniform groove the curvature at maximum heat flux is defined
by 7,.i» at the evaporator end (x = 0), which is the boundary condition
found in literature, see Do et al. [8] or Abolmaali et al. [9].

For non-uniform grooves the minimum contact angle can occur
elsewhere within the groove, typically within the evaporator section.
For simplicity and by letting the optimizer implicitly solve for optimal
fluid charge the curvature at the condenser end (x = L,) is set to zero,
similar to the boundary condition of Babin et al. [4]. Q;, scales with
K|,—r, as the value directly affects the available pressure drop from
capillarity. For x|, larger than zero the pressure drop is smaller thus
reducing Q,,. The effect is limited to scaling Q;, but shows no effect on
the optimization problem.

The final set of governing equations are combined to a set of
residual equations, Eq. (19), which allows for compact notation of the
governing equations in the following sections.

T, " 1"
ksAs ox2 Nhfgmp/c + quW
A, LR N i
ox I
R= oAy e =0 19
0x i

ok _ 1 2my oy TowPow
ox < (fRe)l 2pu"{u ox A

2
o Dhl v
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Fig. 3. Comparison of fRe models for channel flow with and with out meniscus effects.

Fig. 4. Definition of the contact angle y.
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Fig. 5. Representation of staggered grid system.

2.3.4. Solution procedures

In literature the governing equations have been solved using ex-
plicit integration [8,26] and a combination of implicit and explicit
methods [9,21]. Due to the linearized mass flux term from (5), a
fully implicit finite volume method is adopted to solve the system of
equations, (19).

The discretization is illustrated in Fig. 5 showing the staggered grid
with face fluxes for the different cells, where curvature and temperature
are collocated and offset with respect to velocities.

Initial guess
Heat flux: Q;n
Curvature: k|,_,

<&
<

A 4
Calculate

Wall temperature: Ty
Fluid velocities: w,, u;| | Qin
Meniscus curvature: A

Update

K’|z:0
A

w
|max “5L —

COS Yimin|

Fig. 6. Flow chart over iterative solution procedure.

Due to the linearized mass flux term, the governing equations are
weakly coupled, for a given Q,,. The thermal problem is independent,
the mass continuities are weakly coupled to the temperature field, and
the Young-Laplace equation is weakly coupled to the mass continuities.
Due to the order of dependencies, a sequential solution strategy is em-
ployed. The solution scheme begins with the solution of Eq. (1), which
yields the temperature field T;. From this temperature distribution, the
mass flux associated with phase change, i,,, is determined. This flux
is subsequently introduced as a source term in Egs. (6) and (7), which
are solved to obtain the vapor and liquid velocity fields. The computed
velocities, that satisfy net axial mass balance, are then employed in Eq.
(16) to evaluate the curvature of the meniscus.

Despite the linearized residual two sets of iterations are required
to determine the maximum heat input. The inner iterations find the
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Fig. 7. Demonstration of interpolation schemes for n, = 5 design nodes.

maximum Q;, by updating the current Q;, to enforce the boundary
condition of «|,_; = 0. The outer iterations adjust the curvature of the
meniscus at the evaporator end, «|,_j, to ensure the minimum contact
angle is not exceeded. The convergence criteria are set to enforce the
boundary conditions with a tolerance of £ = 107,

Both sets of iterations use Newton—-Raphson iterations with first
order finite difference gradients with a fixed perturbation of 1074 W
and radians respectively.

Fig. 6 shows the flow chart for solving the governing equations for a
general groove geometry. The solution procedure finds the evaporator
end curvature, «,, and the total heat input Q,, that satisfy all boundary
conditions, based on an initial guess of x, and Q,,.

To reach convergence the solution procedure uses less than 10 outer
iterations. For each outer iteration, less than 5 inner iterations are
required. The low number of evaluations and fast computation result in
a total solution time of approximately 1-2 min, which is significantly
faster than methods found in literature, i.e. Gokge et al. [13] with a
runtime of 2 h. However the proposed procedure is lower fidelity so
axial variations are of lower accuracy and cross sectional variations are
not accounted for.

2.3.5. Parametrization for optimization

To ensure a simple optimized groove geometry, for ease of manufac-
turing, the optimization is limited to the axial groove width distribution
W (x).

To allow for axial width distribution of W;(x), a naive approach
would be to let the value of W, ; in each node i be the design variables,
similar to grid based shape optimization methods such as [27].

However, to ensure the assumption of negligible meniscus curvature
along the x-direction it is important that the cross-sectional area of the
liquid filled groove varies slowly. This is important as sudden changes
or jumps in W, (x) cause kinks in the x-direction curvature, which
corresponds to large or infinite curvature.

Fig. 7 shows that a piecewise linear interpolation scheme leads
to kinks at the design nodes. A cubic spline interpolation shows a
smooth curve with overshooting. A monotone piecewise cubic interpo-
lation, [28], shows a curve with no overshooting while being smooth
throughout the heat pipe and ensures the width at design nodes loca-
tion are local extremum.

To avoid excessive curvature in the x-direction, the variation of
W;(x) is defined using a few equally spaced design nodes and con-
nected with monotone piecewise cubic interpolation to ensure slow
and smooth changes between design nodes. For the implementation
this is achieved by using the “pchip” interpolation scheme available

in MATLAB. The groove width at the design nodes location is given as:
Wf = Wmin + (Wmax - Wmin)l// (20)

where W,,;, is the lower limit for the groove width and W,,,, is the
upper limit for the groove width and y is the design variable.

International Journal of Heat and Mass Transfer 256 (2026) 128028

Table 1

Dimensions of reference flat miniature heat pipe considered from

[71.
Parameter Value Unit
w 13.41 mm
D 8.92 mm
W, 4.875 mm
D, 0.61 mm
H, 0.42 mm
Wy 0.2 mm
N 62 -
L, 15.6 mm
L, 70 mm
L, 34.4 mm

Table 2

Constants and material properties of working fluid and solid at saturation
temperature 7, = 80 °C.

Parameter Value Unit
Liquid density (p,) 971.77 kgm™
Vapor density (p,) 0.2937 kgm™
Liquid viscosity (y,) 3.5404 - 107* Pas
Vapor viscosity (4,) 1.1539 - 1075 Pas
Surface tension (o) 0.0627 Nm!
Latent heat (h,) 2307990 Jkg™!
Thermal conductivity (k,) 400 Wm~ K-!
Contact angle (6,,,) 33 °

2.3.6. Optimization problem and sensitivities

With the groove width parametrization defined, the optimization
problem is formulated. The goal is to increase the maximum total heat
input. The optimization problem is thus defined as:

max : Q;
weR"w in
subjectto : R=0 @D
0<y<1

where R is the residual from (19) and y is a vector of n, equally
spaced width design variables. The optimization problem is solved in
a nested formulation where (19) is solved in every iteration and the
Method of Moving Asymptotes (MMA) optimizes y based on sensitivity
information, [29].

Due to the relatively low number of design variables and the two
set of iterations in the solver it is chosen to use finite difference for
calculating the sensitivities required to solve the optimization problem
with MMA.

First order forward finite differencing proved inadequate for cal-
culating sensitivities for the optimization problem. As the step size
decreased the truncation error did not reach an acceptable level prior
to the onset of significant subtractive cancellation errors. To achieve
accurate sensitivities the method of complex step was used, [30]. A per-
turbation of 108 was chosen as it was the largest possible perturbation,
which still ensures accurate sensitivities.

3. Results

This section is split into two subsections. First the proposed nu-
merical model is benchmarked against an experiment and a numerical
study to verify its ability to capture physics. Secondly the optimization
problem is studied for various material properties and geometries to
examine the optimal wick structure and its dependencies on material
properties and geometries.

3.1. Benchmark

The proposed model is verified against existing numerical and ex-
perimental results from literature. Two benchmarks are covered in this
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Fig. 8. Maximum heat input prediction for different working temperatures of
the proposed model compared with Do et al. [8] and Hopkins et al. [7].

section. First a comparison to numerical and experimental work for a
uniform groove wick structure. Second a comparison to numerical work
on non-uniform groove wick structures.

3.1.1. Uniform groove wick structure

The experimental work conducted by Hopkins et al. [7] is used as a
benchmark for the proposed numerical model. The considered heat pipe
dimensions are listed in Table 1 and material properties at 7, = 80 °C
are listed in Table 2. Appendix includes the complete table of material
properties for a selection of 7,. Based on the complete data a cubic
interpolation is used to recover material properties in the T, range of
60-95 °C. The validation is based on the relationship between working
temperature and maximum heat input.

Due to thermal resistance of the heat sink attached to the condenser
region, the operating temperature 7T, typically exceeds ambient condi-
tions. The specified range for T, is considered representative of typical
scenarios in consumer electronics.

To adjust the prediction accuracy of the proposed model a scaling
term of the external wall flux is introduced, which is defined as:

" _a M
qw,adjusted - ﬁqw (22)

where p is a constant, that is found by minimizing the mean error
between the predicted heat input and the experimental values from
Hopkins et al. [7]. With the adjustment factor § = 0.5323 the pro-
posed model performs similar to the experimental reference and the
numerical model of Do et al. [8], as seen in Fig. 8.

3.1.2. Non-uniform groove wick structure

The numerical parameter sweep conducted by Abolmaali et al. [9]
is used as another benchmark for the proposed model. The parameter
sweep is based on the flat miniature heat pipe covered in Section 3.1.1.
The converging groove geometry is shown in Fig. 9 with relevant
dimensions. The benchmark keeps a constant groove width W, =
200 pm in the condenser half of the groove while utilizing a converging
and diverging groove in the evaporator half as shown in Fig. 9. The
evaporator end groove width, W,, is subjected to a sweep from 160 pm
to 220 pm. The target is to ensure that the proposed model captures
the trend in max heat input for the sweep, while maintaining sufficient
accuracy for the maximum heat input prediction.

From Fig. 10 it is seen that the proposed model captures the effect of
a converging and diverging groove and shows decent agreement with
the results of Abolmaali et al. [9].

For evaporation Abolmaali et al. account for effects in the evaporat-
ing thin-film by a 4th order ordinary differential equation (ODE) and
evaporation from the intrinsic meniscus with a 2D CFD analysis coupled
to the thin-film ODE. For condensation they model the condensation
on top of the fins as well as condensation on the bulk meniscus with
similar ODEs to the thin-film evaporation. A deviation is expected
since Abolmaali et al. model evaporation and condensation with highly
sophisticated methods unlike the proposed linear term, which lacks the
high fidelity found in Abolmaali et al. [9,11].
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Fig. 9. Geometry of parameter sweep by Abolmaali et al..
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Fig. 10. Variation of the maximum heat input of flat heat pipe with W}, for
fixed W;,. Comparison between present model and Abolmaali et al. [9].

Table 3

Parameters for optimization.
Parameter Value Unit
Woin 160 pm
Wax 220 pum
n 5 -

v

3.2. Optimization results and discussion

This section presents the results of optimization applied to the
reference heat pipe from [7]. The primary goal of this section is to
assess both the performance and sensitivity of the results to operating
and geometric parameters.

The first subsection addresses the baseline maximization problem,
establishing the effectiveness of the optimization approach in improv-
ing heat pipe performance under nominal conditions. The second sub-
section examines the influence of working temperature, where changes
in material properties affect the optimization outcome. The third sub-
section evaluates the role of the number of design variables as a means
of assessing convergence behavior and solution robustness. Finally, the
influence of evaporator length is analyzed to demonstrate the effect
of geometric modifications on the optimization process and resulting
performance.

3.2.1. Maximization of maximum heat input

This section employs the optimization problem (21), on the refer-
ence copper-water heat pipe with geometry and material properties
from Table 1 and 2, respectively. The reference heat pipe has a uniform
groove width of W, = 200 pm. The groove width design is limited
to five design variables and bounds on the groove width as shown in
Table 3.

The uniform reference grooved wick structure is shown alongside
the converging and optimized groove structures in Fig. 11a and b
respectively. Fig. 11c shows the optimized wick with bounds from
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Fig. 11. Comparison of groove width distribution for the reference heat pipe of Hopkins et al. [7], converging distribution of Abolmaali et al. [9] and the
optimized groove width distribution with n, =5 design variables. The top down projection is shown for a full grove with aspect ratio of 2 : 1 and the design
variables marked by green crosses. The 3D visualizations show temperature distributions and local meniscus shapes using stylized half-grooves with an artificial
aspect ratio of [x,y,z] = [2.3, 1, 1.5], chosen for interpretability. In contrast, the modeled physical devices have an aspect ratio of [400, 1, 12.8]. Meniscus

displacement is exaggerated by a factor of five for visualization.

Table 3, while Fig. 11d shows an optimized wick for a smaller lower
bound of 60 pm. The design variables for each groove geometry are
shown on the top-down projections in Fig. 11. The grooves are shown
with an aspect ratio of 2 : 1, while the physical aspect ratio is 400 : 1.

The optimized wick structures exhibit similarities to the converging
grooved wick structure, with both configurations featuring a minimum
width at the evaporator end (x/L, = 0) that gradually increases toward
a maximum width at approximately x/L, = 0.5, as shown in the top of
Fig. 11.

Fig. 11c and d present the optimized groove width distributions,
both of which exhibit a distinct bottle-like shape characterized by
a narrow neck at the evaporator end and a wider body toward the
condenser. These distributions share similarities with the previously
studied converging groove width profile, which features a linearly
expanding neck. In contrast, the optimized profiles display a non-linear
expansion. Toward the condenser end, the groove width stabilizes,
showing an almost constant value with only minor oscillations.

For the optimized grooved wick structure, shown in Fig. 11c, the
objective evolution shows that the optimizer increases the maximum
heat input followed by a plateau, as seen in Fig. 12. This indicates that a
maximum is quickly found then refined. The total number of iterations
is low, as expected, due to the small number of design variables and
the simple geometry.

The thermal performance improvement of the optimized wick struc-
ture wrt. the reference is significant while only a small improvement
is achieved wrt. the converging wick structure, as seen in Table 4.
This indicates that the most important feature in the optimized wick
structure is the narrow evaporator end and wide groove away from
the region of evaporation, as this maximizes capillary pressure while
minimizing pressure drop in the wick structure.

As shown in Fig. 11c and d, the optimized groove width distri-
butions exhibit noticeable width variation, which however is mainly
due to the compression of the high aspect ratio for visual clarity.
While such variation influence the local contact angle of the working
fluid, the effect is minimal. For the water—copper heat pipe used, the
minimum contact angle is 6,,;, = 33°, and even in the worst-case
scenario, width variation alters the contact angle by less than 0.05°.
This corresponds to a change of approximately 1 percent and therefore
considered negligible in the model.

This improvement highlights the importance of groove geometry in
enhancing thermal performance. To better understand the mechanisms
behind this behavior, it is useful to examine the internal flow character-
istics of the optimized wick structure. The vapor and liquid velocities,
meniscus curvature, and solid temperature distributions provide insight

Table 4
Maximum heat input and the optimized wick structures improvement wrt.
reference FMHP.

O, Improvement
[W] [%]

Straight Reference 89.43 -
Converging 109.88 22.87
Optimized, W,,, = 160pm 111.00 24.12
Optimized, W,,, = 60pm 191.32 113.93
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Fig. 12. Objective evolution with maximum per iteration change of the design
variables.

into how the groove shape influences fluid transport and heat transfer,
which is discussed in the following

The axial mass flux, pAu, for both liquid and vapor are shown in the
top of Fig. 13, along with the net axial mass flux, which remains zero
throughout the heat pipe.

During evaporation, the vapor axial mass flux increases mono-
tonically. In the adiabatic section, it remains constant, while in the
condensation region, it decreases monotonically. This behavior is char-
acteristic of conventional heat pipes and is also observed for the
optimized wick structure in the middle of Fig. 13.

Since the vapor cross sectional area is constant, the mean vapor
velocity exhibits the same spatial variation as the vapor axial mass flux,
differing only by the constant scaling factor of the cross-sectional area.
In contrast, the groove width and therefore the liquid cross sectional
area vary along the heat pipe. For the approximately constant liquid
axial mass flux between x/L, = 025 and x/L, = 0.6, a significant
reduction in u; is seen, which occurs due to the expansion of the groove
width. The expansion increases the liquid cross sectional area, thereby
reducing the liquid pressure drop, but at the cost of higher shear stress
along the liquid vapor meniscus.
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Fig. 13. Axial mass fluxes, velocities, superheat of solid and curvature of
meniscus for the optimized grooved wick structure.

Due to the boundary conditions on the curvature of meniscus the
heat pipe is essentially limited to a fixed capillary pressure, which
in turn drives the optimization to minimize internal pressure drop in
both vapor and liquid. The simplest way of achieving a lower pressure
drop is to reduce the mean fluid velocity, which leads to the wide
groove in the condenser half. However, due to the presence of the
vapor induced shear stress acting on the meniscus and limitation of
a minimum contact angle for fluid-solid combination it is not ideal to
maximize groove width throughout the wick structure.

To maximize the available capillary pressure the difference between
maximum and minimum curvature must be maximized. This leads
to the groove width at the evaporator end being minimized, which
maximizes the curvature for a fixed contact angle as shown in (18).
Due to the prescribed curvature in the condenser end, the optimizer can
prioritize the pressure drop over the curvature effect near the condenser
end, which leads to a wide groove.

Due to the constraint of a minimum contact angle throughout the
heat pipe, the groove width expansion from the evaporator end is lim-
ited to ensure W, /(2x) does not exceed cos y,,, anywhere. Therefore, a
non-linear expansion appears instead of a constant expansion rate.

3.2.2. Influence of working temperature

This section covers the effect of working temperature on the opti-
mized grooved wick structure and maximum heat input. The working
temperature affects the material properties of the working fluid.

For comparison both the maximum heat input of the optimized wick
structure and the uniform wick structure are shown in Fig. 14. As the
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Fig. 14. Effect of working temperature on optimized and reference heat pipe
performance.

working temperature increases the maximum heat input increases for
both the reference and optimized wick structures.

Fig. 15 shows that higher T, leads to a generally wider groove in the
optimized distribution, but the non-linear expansion at the evaporator
end is maintained.

The most notable effect of changing T, is the vapor density, which
leads to a lower density ratio for increasing 7, as shown in Fig. 16.

As vapor density increases, the vapor velocity u, decreases for a
given mass flux. This in turn reduces the vapor wall shear stress z,,,,
which leads to a reduction in fRe.

Owing to the reduced meniscus shear stress at elevated vapor
temperatures, a wider groove becomes favorable. The increased groove
width decreases the liquid velocity u;, thereby reducing the liquid
pressure drop. This enables a greater portion of the total pressure drop
to be utilized for increasing heat transfer, resulting in a higher heat
input. Consequently, the optimal groove width increases with rising
vapor temperature T,.

3.2.3. Influence of number of design variables

This section covers the effect of changing the number of design
variables, n,,, in the optimization problem. The effect on the optimized
wick structure and maximum heat input is examined. The reference
heat pipe is used as the initial wick structure with groove width upper
and lower limits from Table 3. The number of design variables, n,,,
is swept from one to twelve. The lower limit is a uniform groove.
The upper limit was set to twelve to balance computational efficiency
with design resolution and large n,, increases computational effort and
exploit modeling simplifications.

The improvement in the objective function i.e. maximum heat input,
wrt. the maximum heat input for the reference heat pipe, indicates a
small increase in the maximum heat input for increasing n,,, as seen in
Fig. 17.

Despite the small improvement in maximum heat input, a significant
change in groove width distribution for sweeping n,, is observed in Fig.
18. For n,, > 1 the evaporator end is narrow while the condenser end is
wide. As n,, increases, the wide region of groove grows in length. This
indicates that a higher resolution allows for quicker change in groove
width without violating the contact angle boundary condition.

A combination of the decreasing improvement in maximum heat in-
put and the significant changes in optimized groove width distribution
for increasing n,, indicates that it is not important to use large numbers
of design variables. Furthermore, it indicates that the most important
feature in the optimized wick structure is the narrow evaporator end
and wide groove away from the region of evaporation. Which is similar
to the observation for variations in T,,.

While increasing the number of design variables refines the groove
profile, the improvement in thermal performance plateaus beyond mod-
erate resolutions. This suggests that the dominant design features are
captured with relatively few parameters, enabling a favorable trade-off
between computational cost and design fidelity.
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Fig. 18.

3.2.4. Influence of evaporator to length ratio

This section examines the effect of changing the evaporator length
L, for the reference heat pipe and its effects on maximum heat input
and optimized wick structure.

The maximum heat input increases for increasing L,, as shown in
Fig. 19. For a fixed wick structure and heat input the effect of increasing
the length of the evaporator is a larger region of evaporation, which
in turn leads to lower velocity gradients for both vapor and liquid in
the region of evaporation. These reduced slopes of velocities lead to a
lower average value of vapor and liquid velocities, which is reflected
in lower pressure gradients and reduced meniscus shear stress. These
reductions allow for a higher maximum heat input as the evaporation
region increases in length.

The increase in maximum heat input in Fig. 19 can partially be
explained by the shorter effective length, L,,, = L,/2+ L, + L./2,
since the capillary limit for a fixed geometry is inversely proportional
to L.

For the L, sweep significant change to the optimized groove wick
structure is seen in Fig. 21, which indicates that the groove width
distribution within the evaporation region is important for maximum
heat input.

For L, sweep no difference was found in the optimized groove wick
structure, but the maximum heat input showed inverse proportional
scaling with L, ..

10

As the evaporator length L, increases, the region along the groove
with near minimum width becomes longer. This is because the opti-
mization seeks to maximize capillary pressure while adhering to the
constraint imposed by the minimum allowable contact angle.

To achieve maximum capillary pressure at the evaporator, the
groove width is constrained to its minimum value W,,;,,. The minimum
contact angle condition is expressed as:

COS ¥ppin = leK (23)

2
where y,,;, is determined by the fluid-solid material combination.
Eq. (23) implies that this constraint is only satisfied if the increase
in groove width is sufficiently gradual compared to the decrease in
curvature along the groove axis.

Since smaller groove widths increase the liquid pressure drop, the
optimizer must balance the effects of capillary performance and hy-
draulic losses. This is accomplished by controlling the axial gradient
of the groove width %, ensuring that the groove widens gradually
so that the contact angle condition remains satisfied. This behavior is
shown in Fig. 20.

For short evaporator lengths, the term %fo remains below cos ¥y
indicating that the contact angle constraint is inactive. For longer evap-
orator lengths, %fo approaches cos ypin, activating the constraint. As
a result, the optimizer reduces the rate of groove widening to avoid
violating the contact angle limit.

The evaporator end geometry plays a critical role in determining the
thermal performance of FMHPs due to the intrinsic coupling between
groove width and meniscus curvature. Capillary pressure is increased
by a narrow groove at the evaporator end. However, the ability to
widen the groove upstream to lower hydraulic resistance is constrained
by the minimum contact angle. Since the contact angle is a function
of groove width and meniscus curvature, the optimizer must ensure
that the axial gradient of the groove width is matched by a corre-
sponding gradient in curvature to maintain physical feasibility. This
coupling imposes a geometric constraint on the rate of groove expan-
sion, effectively linking the shape of the groove to the development
of the meniscus. As a result, the optimized designs exhibit nonlinear
groove profiles that balance capillary performance with hydraulic re-
sistance, particularly in the evaporator region where thermal demands
are highest.

4. Conclusion

This study presents a numerical model for fast and sufficiently
accurate prediction of the thermal performance of flat miniature heat
pipes with a non-uniform rectangular grooved wick structure.

Simplifying the physics by decoupling meniscus curvature from
the mass and momentum equations and by linearizing the nonlin-
ear phase-change mass flux significantly reduced the evaluation time
while maintaining a high level of accuracy. The proposed numerical
model shows decent agreement with both experimental and numerical
studies, [7,9].

The model was successfully applied to optimize groove width distri-
butions for maximum heat input. The results demonstrate that signif-
icant performance gains can be achieved through shape optimization,
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with improvements of up to 24% over conventional uniform designs
and modest gains over previously proposed converging geometries.
The thermal performance of optimized FMHPs is strongly influenced
by the working temperature. Higher operating temperatures increase
vapor density, which reduces shear stress and allows for wider grooves

11

without compromising capillary performance. This temperature-
dependent behavior suggests that further gains can be achieved by
adapting groove geometries to specific thermal conditions, particularly
in the condenser region where geometric freedom is underutilized.

The optimized wick structure shows a strong dependency on evap-
orator length, reinforcing the importance of geometric constraints in
high-performance FMHP design. Longer evaporators result in an ex-
tended region of near-minimum groove width near the evaporator due
to the constraint imposed by the minimum contact angle.

4.1. Future work

As the proposed model is greatly simplified and developed from
models for uniform wick structures, it is planned to perform experi-
mental verification of the optimized wick structure against the uniform
reference and converging wick structures.
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Appendix. Material properties

In this appendix the full table of material properties are given. The
properties are limited to only depend on the working temperature of
the vapor T,. For values of T, in between the given data points a
cubic interpolation scheme is used to generate material properties. In
no parts of the paper is the working temperature set outside the data in
Table A.5.
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Fig. 21. Effect of L,/L, on the optimized wick structure.

Table A.5

Complete data for material properties.

T, o Py M Hy ° hyg

°C kgm™ kgm™ pPas pPas mNm™! Ml kg’l

60 983.16 0.13043 466 10.9 66.238 2.3576

65 980.52 0.16146 433 11.0 65.366 2.3454

70 977.73 0.19843 404 11.2 64.481 2.3330

75 974.81 0.24219 377 11.4 63.583 2.3206

80 971.77 0.29367 354 11.5 62.673 2.3080

85 968.59 0.35388 333 11.7 61.750 2.2953

90 965.3 0.42390 314 11.9 60.816 2.2825

95 961.88 0.50491 297 12.1 59.870 2.2695
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