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A compact model is developed to predict the thermal and hydrodynamic performance of a flat heat pipe with
a rectangular grooved wick. The present model relies on the analytical solution to the energy equation in the
wall and an equivalent heat transfer coefficient predicted using a computationally efficient iterative method.
This efficient iterative method can also provide a framework for modeling other grooved or porous wick heat
pipes for which analytical or semi-analytical solutions to the wall conduction, fluid flow, and film equations
exist. Compared to prior numerical tools, the present modeling approach is computationally efficient, making
it compelling for use in parametric and optimization studies. Instead of numerically solving a set of coupled
differential equations, the present model considers only analytical and semi-analytical solutions for evaporation
and condensation heat transfer rates. The non-discretized nature of the present model allows computations on
a typical workstation to be completed within seconds as opposed to the hours required for prevalent numerical
tools. The present model accounts for varying liquid fill volumes, geometry, and interfacial properties, such as
surface tension and contact angle. The present model closely agrees with published numerical and experimental
results for wall temperatures and maximum heat transfer rates. Parametric studies, which vary wall thermal
conductivity, water contact angle, and groove dimensions are conducted on a previously experimentally
investigated heat pipe to demonstrate the present model’s capabilities. The present model found that the
maximum heat transfer rate of the heat pipe can be enhanced by about 15 and 20% by varying its wetting
angle and groove dimensions, respectively.

1. Introduction Introduced in 1984 by Cotter [8], flat micro heat pipes are promi-

nent passive thermal management solutions that effectively distribute

Traditional transistor scaling trends have enabled thermally un-
constrained increases in computational power, prompting significant
breakthroughs in transformative fields such as artificial intelligence

heat in the confined spaces of high-performance computing and power
electronics devices. Established thermal limitations necessitate im-

(AD). However, these scaling trends have slowed recently, resulting in
thermal constraints on high-performance computing and power elec-
tronics [1-4]. Advanced Micro Devices Inc. (AMD) reported that the
thermal design powers (TDPs) of their server CPU and GPUs had risen
at about 7% per year between 2006 and 2017 [5]. Industry roadmaps
anticipate faster server CPU and GPU thermal design power gains,
predicting them to double by 2030 [6], with the status quo ultimately
reaching the 600 W set by Intel’s newly released Data Center GPU
Max 1550, formerly named Ponte Vecchio [7]. Thermal limitations
are exacerbated in power electronics, where transistor and die-level
heat fluxes are expected to reach a staggering 30 and 1kWcm™2,
respectively [2-4]. With the breakdown of traditional scaling trends
and the emergence of thermal constraints on the computing power of
electronics in transformative fields, it is apparent that there is a pressing
need to improve existing thermal management solutions.
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proved heat pipe thermal performance, notably elevated maximum
heat transport rates and effective thermal conductivities. More recently,
studies have investigated substrate-embedded architectures [9-12],
intricate fractally-patterned wick structures [13-16], and nanofluids
[17-20], to enhance the thermal management potential and thermal
performance of two-phase heat spreaders, such as flat micro heat pipes.
Fundamentally, enhancing thermal performance requires a comprehen-
sive understanding of the heat and mass transport, mainly phase change
phenomena and fluid flow (liquid and vapor), to optimize the design
of the heat pipe, including the wick structure.

Several studies have modeled miniature and micro heat pipes. Babin
et al. [21] numerically and experimentally investigated the steady-
state performance of several wickless micro heat pipes. Their numerical
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Nomenclature

i mass flow rate per unit length [kgs™!' m~!]

1 mass flux [kgs™! m~2]

0 heat transfer rate [W]

o’ heat transfer rate per unit length [Wm™']

a normalized height ratio

14 normalized width ratio

Bi Biot number = At /k,,

Re Reynolds number

A dispersion constant [J]

a coefficient  defined in Eq.
[kgs™! m2K™!]

b coefficient  defined in  Eq.

[kg s Im=2Pa~!1]

(27b)
(27b)

D, hydraulic diameter [m]

f friction factor

H height [m]

h heat transfer coefficient [Wm=2K~!]
h latent heat [JTkg™']

K meniscus curvature [m~']

k thermal conductivity [Wm™' K~!]

L length [m]

I length of the meniscus region [m]
M molecular weight [kgmol~']

N total number of grooves

n local coordinate normal to the groove wall
[m]

pressure [Pa]

universal gas constant [Jmol~! K~!]
radius [m]

local coordinate parallel to the groove wall
[m]

temperature [K]

thickness [m]

axial velocity [ms~!]

width [m]

transverse velocity [ms™']

axial coordinate [m]

cross-sectional coordinate [m]

‘:w’u

[

< %8 §E N

Greek symbols

a groove wall inclination angle [°]
8 liquid film thickness [m]
aspect ratio
Vv liquid—vapor interfacial energy (surface ten-
sion) [Nm™!]
curvature [m~']
dynamic viscosity [Pas]
kinematic viscosity [m?s~!]
density [kgm™]
accommodation coefficient

QA ™ < T A

model, validated by their experimental results, could predict the maxi-
mum heat transport rate and identified that the capillary limit was the
predominant constraint. Wu and Peterson [22] developed a transient
numerical model for a wickless micro heat pipe to predict its perfor-
mance during startup or transient heat power inputs, validating their
model with the steady-state experimental results of Babin et al. [21].

T shear stress [N m™2]

[ contact angle [°]

Subscripts

a adiabatic

b liquid block
condenser

cap capillary

d disjoining

e evaporator

eff effective

eq equivalent

fin groove fin

g groove

in input

1 liquid

v liquid—vapor

max maximum

men meniscus region

min minimum

out output

t total

thin evaporating thin film region

v vapor

w wall

They concluded that the contact or wetting angle was critical in deter-
mining the maximum heat transport rate. Khrustalev and Faghri [23]
developed a mathematical model for wickless triangular micro heat
pipes, validating their results with the experimental results of Babin
et al. [21]. Their model showed that the liquid—vapor interfacial shear
stress, contact angle, and filling ratio influence the maximum heat
transport rate. Additionally, they suggested a new cross-section for
a flat micro heat pipe with noticeably more grooves. Subsequently,
Khrustalev and Faghri [24,25] modeled and experimentally investi-
gated flat micro heat pipes with axially grooved wicks. They found that
groove geometry significantly influenced the maximum heat transport
rate. Along with a mathematical model [24], they developed a conve-
nient closed-form estimation of the maximum heat transport rate of flat
micro heat pipes with rectangular grooved wicks [25]:

2hggyyy cos 0

2u 2u
max = WyLur (fRe) s A, (fRe)1 1

v Dﬁ,vﬂvHvVVv D}zl,lplNHgWg
@

where Ouax, g Tivs 0> Legts f> Re, p, Dy, p, H, W, and N are the
maximum heat transfer rate, latent heat, surface tension, contact angle,
effective length, friction factor, Reynolds number, dynamic viscosity,
hydraulic diameter, density, height, width, and number of grooves,
respectively.

Although this closed-form estimation is convenient, it has been
shown to substantially differ from experimental results [25]. At the
cost of computational complexity, results that are more consistent
with experimental results can be found using numerical modeling.
High-fidelity numerical methods for heat pipes are relatively universal
(i.e., applicable to many different geometries and wick structures) and
well documented in the literature (e.g., [26-31]) but computationally
costly. Gokce et al. [30,31] reported that their detailed numerical
modeling tools took hours to complete their computations on a modern
workstation, even without considering the vapor flow. Other more
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computationally efficient numerical tools exist but are typically heat
pipe architecture-specific. Kim and Do et al. and Lefévre et al. [32-34]
used numerically solved mathematical models to predict the thermal
and hydrodynamic performance of axially grooved cylindrical and flat
heat pipes. Do et al. [33] used their model to optimize groove geometry,
theoretically enhancing the maximum heat transport rate of the rectan-
gular grooved wick flat heat pipe of Hopkins et al. [25] by about 20%.
More recently, Saygan et al. [35] developed a computationally efficient,
compact numerical model for rectangular grooved wick flat heat pipes
that, unlike many prior models, could predict the vapor temperature.
Saygan et al. [13] extended their model to consider fractal groove
geometries. Their model was used to design a bifurcated grooved wick
heat pipe exhibiting a 25% higher maximum heat transport rate than its
straight groove counterpart. Their compact model did not resolve the
vapor flow, neglecting viscous losses in the vapor core and entrainment
losses at the liquid—vapor interface. These losses are crucial when con-
sidering thin-walled heat pipes with minimal vapor spacing (i.e., micro
heat pipes).

Prasher and Zimmerman et al. [36,37] and Lips and Lefévre [38,39]
developed analytical models for heat pipes using conduction-based
and coupled hydrodynamic-thermal approaches, respectively. These
models considered an effective wick thermal conductivity, which can
be estimated analytically [40,41], semi-empirically [42], or numeri-
cally [43]. These estimations are limiting, with the former considering
non-evaporating saturated sintered powders and mesh structures and
the latter two introducing applicability and computational concerns,
respectively. Considering all the mentioned models, there is a need for
a compact model for flat micro heat pipes with rectangular grooved
wicks, which analytically (or semi-analytically) accounts for phase
change phenomena and fluid flow (liquid and vapor) in its heat and
mass transport modeling.

The present study develops a computationally efficient, compact
mathematical model to predict the thermal and hydrodynamic per-
formance of a flat micro heat pipe with a rectangular grooved wick.
The present model considers pertinent parameters, including groove
geometry, contact angle, and fill ratio, to list a few. To the authors’
knowledge, this is the first heat pipe model in which wall temperatures,
hydrodynamics, and phase change rates are solved simultaneously
using analytical and semi-analytical solutions to the wall conduction,
fluid flow (liquid and vapor), and film equations. Given the non-
discretized nature of the present model, computations on most work-
stations can be completed within seconds instead of the hours required
for prevalent numerical tools. The present model’s flexible approach
offers an efficient iterative method that can provide a framework for
modeling other grooved or porous wick heat pipes for which analytical
or semi-analytical solutions to the wall conduction, fluid flow (liquid
and vapor), and film equations exist. Additionally, the present model
solves for the maximum heat transfer rate by iteratively checking the
maximum capillary pressure against the maximum governed by the
Young-Laplace equation. The maximum capillary pressure, or max-
imum liquid-vapor pressure difference, is calculated by considering
viscous and entrainment pressure losses in the grooved wick and vapor
core. The model is validated with existing experimental wall tempera-
ture and maximum heat transfer rate data. Finally, parametric studies
demonstrate the model’s capability to enhance a heat pipe’s maximum
heat transfer rate and minimize thermal resistance.

2. Model development

A flat micro heat pipe with a rectangular grooved wick structure is
considered, as schematically shown in Fig. 1. The heat pipe is assumed
to have a constant vapor temperature, consistent with prior mathemat-
ical modeling [33]. Also, it is subject to uniform, balanced, steady-state
heat transfer rates in the evaporator and condenser. As shown in Fig. 2,
the heat pipe is thermally modeled as a flat plate. The flat plate has the
exact dimensions of the heat pipe’s wall (width, thickness, and length)
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and is subject to an identical heat transfer rate. A two-dimensional
temperature distribution (along the axial direction and perpendicular
to the wall) and a uniform, equivalent heat transfer coefficient are
assumed. As such, the governing two-dimensional energy equation and
its classical solution are [39,44]:

T . 0°T
4+ = =0 2
0x2 * 0y? 2
T (x,)-T, = Oty 3 A Cnexp (By) + Dy xp (~B,)) cos (B,,x)
’ Vo 2Wiky = " C,, exp (Butw) — Dy exp (—=B,ty) "
(3a)

where T, T,, Oj,, W, t,, and k,, are the wall temperature, vapor
temperature, heat power input, total (outer) width, wall thickness,
and wall thermal conductivity, respectively. As shown in Fig. 1, an
overfilled heat pipe with a liquid block in the condenser is considered.
The present model neglects heat transfer in the liquid block. As such,
a corrected (shortened) condenser length is used to determine the
coefficients A,,, B,,, C,,, and D,,:

_ 2
" mlalt,
Li—Ly < L. > Li—Ly . < Lt_Lc>
X sin | mx + sin | mx
L, L - L, L.-L, L - L,
(3b)
mrn . .
B, = L-L; C,;= Bty + Bigg, D,, = Bt — Bigg (30)
Byt
. q'w
Bigq = T (3d)

where Bi., and h, are the equivalent Biot number and equivalent heat
transfer coefficient, respectively. Lo, L., Ly, and L, are the evaporator,
condenser, liquid block, and total lengths, respectively. Using Eq. (3),
the inner superheat or subcool is expressed as:
B Qintsv > A, B, cos (B,x)
Wiky =4 C, exp (Byyty) — D,y exp (—B,ty)
(€3]

AT (x,0) =T (x,0) = T,

2.1. Hydrodynamics

The liquid flow in the grooves is assumed to be one-dimensional,
fully developed, and incompressible. As such, its velocity is related to
its pressure gradient using conservation of momentum:

D dn
24 (fRe)l dx

where u; and dp;/dx are the axial liquid velocity and pressure gradi-
ent, respectively. Schneider and DeVos suggested the following (f Re)1

()

up (x) =

correlation for rectangular grooves [45]:

Dy iy |uy

u

(fRe), = (fRe),pq 1+

— 1-1971exp(—re (6a)
124162 ty [ d g)]

where ¢, 71,, and u, are the groove height-to-width ratio, interfacial
shear stress, and vapor velocity, respectively. ( f Re)10 corresponds to
the case of no vapor flow and is as follows:

32¢2
J (6b)

(1+ 2eg)2 { 1/3 =32 tanh (weg ) / (izSSg)}

(/Re)jy =
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Fig. 1. Flat micro heat pipe with a grooved rectangular wick considered in this study: (a) lengthwise dimensions and considered boundary conditions, and (b) cross-sectional
dimensions.
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Fig. 2. Thermal modeling of the (a) flat micro heat pipe considered in this study as (b) a flat plate subject to balanced heat fluxes at both ends and an inner equivalent heat
transfer coefficient.

Liquid velocity is negligible compared to vapor’s, u, > u; [46]. Thus, Combining Egs. (5) and (7) yields:
the liquid—vapor interfacial shear stress is determined using the clas-

sical shear stress equation for a rectangular duct, which is applied as d?p, _ 4 (f Re)l Bieg (kw/tw) Wy [AT (x,O)]

follows [33,471: dx? 1)}21’1,;1/1@.’NH$I/Vg

o age, (=D (2n= 1) anh [ (20 - 1) 7, /2] ry 4/421 (/Re), Bieq [‘” A By, €05 (B,x) ]

= : D \pihggNHgWe | [ 41 Cexp (Byty) — Dy exp (= Byty)
v v {1 — (192/7%) & T2 (20— 1) tanh [ (20 - 1) zrev/Z]}

(8

Integrating Eq. (8) with u (0) = u (L — Ly,) = 0 determines the liquid
pressure gradient and velocity:

(6¢0)

where ¢, is the vapor core height-to-width ratio. The liquid velocity

gradient is found from continuity: dp, 4 (fRe), 1,Bigg [i A, sin (B,,x) ]
Ao, | A
du  2Bieg (k/t) Wi [4T (x,0)] & m/’l"ngH We | L=t Cnexp (Butw) = Dy exp (= Byty)
1
1 7
dx prhegN H W, ) ©)
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0 2t,,Bigq i A,, sin (B,,x)
“= " plhngHgWg Cm exp (Bmtw) - Dm exp (_Bmtw)

(10)

Like the liquid flow, the vapor flow is assumed to be one-dimensional,
fully developed, and incompressible. The vapor flow is considered as
flow between parallel plates. As such, the axial vapor velocity is related
to the pressure gradient using conservation of momentum:

oMy dpy
M 124, dx

(€8]

where dp, / dx is the vapor pressure gradient. Like the liquid velocity,
the vapor velocity gradient is found from continuity:

du,  “Bicq (/1) Wi |47 (x,0)] 2
dx thngvWV

Combining Egs. (11) and (12) yields:

@p,  48uBicg (ku/t) Wi [AT (x,O)]

x> pyhig HIW,
48411y Bieq | [ & A,,B,, cos (B,x)
It HgVvavhfg [m=l C,, exp (Bmtw) - D,, exp (—Bmtw) ]
13)

Integrating Eq. (13) with u, (0) = u, (L — L) = 0 determines the
vapor pressure gradient and velocity:

dp, . | 48uylyBigg A, sin (B,,x)
dx m H\?vavhfg =1 Cpexp (Bmtw) — D, exp (—Bmtw)
14)
"0 41,,Bieg & A, sin (B,,x) 1)
' " HVWVPVhfg m=1 Cm €XP (Bmtw) — D, exp (_Bmtw>

Equations (10) and (15) are used to determine the remaining velocity

ratio term, |u, /|, required to calculate (fRe), in Eq. (6a):
u,| 20N HgW,

pyH Wy

. (16)

U

Equation (16) can also be derived from continuity, given the identical
boundary conditions used in the derivations of Egs. (9), (10), (14), and
(15).

The meniscus radius of curvature is related to the capillary pressure
by the Young-Laplace equation [48,49]:

4!
Peap =Py =P = —— =1 K a”

cap

where pe,p, eap, @and K are the capillary pressure, meniscus (capillary)
radius, and curvature, respectively. A heat pipe exhibits a maximum
capillary pressure at the beginning of the evaporator and a minimum
capillary pressure at the start of the liquid block [32]. It is commonly
assumed that the minimum capillary pressure is set by the hydraulic
radius of the vapor core [23]. In the present model, the minimum
capillary pressure is assumed to be negligible, p ., (L¢—Ly) = 0. As
such, the axial capillary pressure can be found using Egs. (9) and (14):

dp, dpl
Pap =P =P = [ (g "0 )&

.| 4twBieg 124,
=0Oiy h 3
fg Hy W, py

M (fRe)l
Dﬁ,lplNHgWg
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m=1

18

C,, exp (Bmtw) — D, exp (—Bmtw)

Equations (17) and (18) determine the meniscus curvature used to
model the evaporating and condensing films in Sections 2.2 and 2.3.

2.2. Evaporation

As shown in Fig. 3, the evaporating film is modeled as three
regions: (i) the adsorbed film, where significant adhesion suppresses
evaporation; (ii) the thin film, where a submicron film enables high
evaporation rates; and (iii) the meniscus, where negligible adhesion,
relative to cohesion, forms a constant curvature meniscus.

> %
o
_ 8 — rcap S
T3[R
Oads 8 bs I
~—| k=K
—
CAR
2t |5
A,
7,
n /}*k Z
- //"'_rD
m g
Attt e o
S S T(x,0)

Fig. 3. Evaporating film in a groove. The evaporating film is modeled as three regions
in the present study: the adsorbed film, thin film, and meniscus.

2.2.1. Thin film

The molecular attraction between the thin film and the solid sub-
strate is significant. This attraction further decreases the liquid pressure
in the Young-Laplace equation, Eq. (17). As such, it is accounted for
by augmenting the Young-Laplace equation [50]:

Py —P1 = DPd t Peap 19

where py is the disjoining pressure. The disjoining pressure is com-
monly modeled with the following expression [33,50,51]:

A

=5 (20)

Pa

where A and 6 are the dispersion constant and film thickness, re-
spectively. The capillary pressure is determined by the film curvature:

pcap = vk (21)

where « is the film curvature, which is determined using the curvature
equation:

a5 a5\ "

where s is local the coordinate parallel to the groove wall, as shown
in Fig. 3. In the thin film, disjoining pressure is commonly modeled as
more significant than capillary pressure [52,53]. As such, Eq. (19) can
be simplified and combined with Eq. (20) which yields:

A
pv_plzpd+pcapzpd= 5 (23)
The one-dimensional liquid mass flow rate in the film is related to
the pressure gradient using a laminar boundary layer approximation
(lubrication theory) [50]:
53 dpy

5
W = dn=—-—— 24
" Pl/o wren 3y ds (24)
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where r/, wy, and dp;/ds are the mass flow rate per unit length,
transverse liquid velocity, and liquid pressure gradient, respectively.
The vapor pressure is assumed to be constant in the thin film region.
As such, differentiating Eq. (23) and then combining the result with
Eq. (24) yields [52,53]:

o _Alds (25)

where dé/ds is the film thickness slope. For a steady-state thin film,
continuity implies that the mass flux is as follows [52,53]:

1 di/ _ A d [1ds
=——==—(=-= 26
" ds v ds (5ds> (26)

The evaporative mass flux is also governed by kinetic theory [50,54]:

" = a(Tlv_Tv) +b(p1 _pv)

where Ty, is the liquid—vapor interfacial temperature. The coefficients
a and b are expressed as [50,54]:

L 20 M\ PMhg\ o M \'"* [ pMhg
2 -0 \ 27RT}, RT,,T, |  2-0 \2zRT, RT2

T.
b=a M
prheg

where o, M, and R are the accommodation coefficient (taken in this
study as unity, i.e., 6 = 1), molecular weight, and universal gas
constant, respectively. Neglecting the suppression due to disjoining and
capillary pressure, the evaporative mass flux in Eq. (27) is simplified as
follows [53]:

(27a)

(27b)

W' =a (T —T,)+b(p—py) ~a(Ty—Ty) (28)

The conductive heat flux through the film is equal to the evaporative
heat flux at the liquid—vapor interface, which yields:

ky [T (x,0) - Tlv]
)
Equations (28) and (29) are combined to eliminate Tj, as follows:

= rh" hfg (29)

- ak [4T (x.0)]
- 30
kl + ahfgé ( )

Combining Egs. (26) and (30) yields the following [53]:

Ad(1as) |47 (x.0)] o
vds \6ds ) g+ ahgg6

which can be solved for the ratio of the thin film slope to thickness [52,
53]. The total heat transfer rate per unit length in the thin film region
is then determined using the total mass flow rate per unit length in

Eq. (25), yielding the following for N grooves [53]:

1/2

S
chin =2N

(32a)

2
2Aal?, [4T (x,0)] "
In +1
ads

Vi ahfgé

where 6,4, is the adsorbed film thickness which is approximated by
setting " = 0 in Eq. (27):
1/3

1/3
b A b A
b= (2—A—) ~|2—A (32b)
ads <a j—iV_TV> a [AT (x’O)]

2.2.2. Meniscus
As discussed in Section 2.1, the meniscus radius of curvature is de-
termined by the hydrodynamics and is constant at each axial location.
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Thus, the curvature equation in Eq. (22) can be written as:
-3/2

2 2
oK=L 48 1+(d_5> (33)
Feap  ds? ds
In the meniscus region, disjoining pressure is assumed to be negligible.
Thus, Eq. (33) governs the meniscus film thickness distribution as:

&5 as\’]"

— =K |1 = 34
ds2 [ + < ds ) ] G4
Equation (34) is often simplified by assuming a negligible meniscus film

slope, dé/ds =~ 0 [55-57]. The present model accounts for this slope
while instead approximating for analytical solvability:

2 2
d?s ds ds
— =K |1 — ~ K |1 —
ds? [+<ds>] [+(ds)]
The boundary conditions for the meniscus film thickness distribution
are as follows:

3/2
(35a)

6 (0) =5y, do

=tané, (35b)
ds

3(1)=We/2
s=0

where the starting film thickness, &, is found using Eq. (20) and a neg-
ligible disjoining pressure relative to the capillary pressure, pg4l PEPE
Peap X 1073 [33]. Equation (35) has the following analytical solution
with the specified boundary conditions:

(36)

5=50+1<—11n[ cos 0 ]

cos(Ks+0)

In the meniscus region, the liquid-vapor interfacial temperature is
assumed to be equal to the vapor temperature, 73, ~ T,. The total
heat transfer rate per unit length can be found using this temperature
approximation in Eq. (29) and integrating. This yields the following for
N grooves:

!
Ofpen = 2Nk [4T (x,0) | / 57 ds (37)
0

where [ is the modeled length of the meniscus film determined by the
boundary condition in Eq. (35b):

=K "|cos™! cos 0 -0

exp [K (Wer2- 50)]

(37b)

Figure 4 illustrates the meniscus of a grooved wick heat pipe near
the capillary limit [25]. The present model’s approximation for the
meniscus film thickness distribution in Eq. (36) agrees with the exact
solution for constant curvature well past the micro-region, where the
majority of heat transfer occurs [58,59]. Also, as shown in Table 1,
the present model for the total meniscus heat transfer rate per unit
length in Eq. (37) agrees with the mathematical and numerical models
of Do et al. [33] and Stephan and Busse [58], respectively. Modeling
conditions can be found in [33,58] and are tabulated in Table A.1 of
Appendix A. Agreement in thickness distribution and total heat transfer
rate ascertain the validity of the present meniscus model in Egs. (36)
and (37).

Finally, the average heat transfer coefficient in the evaporator is
found by summing the total heat transfer rate in the thin film and
meniscus regions:

Le 3/ i 3/
he= (2LW;)”! / Ein * O g, 38)
0 [ar (x.0)]
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Fig. 4. Meniscus in a groove. The meniscus near the capillary limit for a grooved wick
heat pipe is shown [25].

Table 1

Comparison of the total meniscus evaporation heat transfer rate per unit length with
prior models. Modeling conditions are identical and can be found in [33,58], as
tabulated in Table A.1 of Appendix A.

0 [Wm™']
Stephan and Busse [58] 16.5
Do et al. [33] 18.0
Present model, Eq. (37) 16.5

2.3. Condensation

As shown in Fig. 5, the condensing film is modeled as two regions:
(i) a thin film atop the fins, referred to as the fin film in this study, and
(ii) a meniscus of constant curvature.

—Fin film— s rc\ap_
n I=)
. Present = l
model k=K
6\0 =
0]
=4
S n
tin/ 2 Tg :
T(x,0)

Fig. 5. Condensing film atop the fins and in the grooves. The condensing film is
modeled as two regions in the present study: the thin film atop the fins, referred
to as the fin film in the present study, and the meniscus.

2.3.1. Fin film
The thin film atop the fins, referred to as the fin film in this study, is
assumed to have a negligible film thickness slope, d5/ds ~ 0. As such,
the augmented Young-Laplace equation in Eq. (19) using Egs. (21) and
(22), becomes:
-3/2

2
A d%s ds A d2s
Pv—P1=6—3+}’1v@ [H_(E) ] ~5—3+}’1v@ (39)

where s is the local coordinate parallel to the groove wall, as shown
in Fig. 5. In the fin film, the disjoining pressure gradient is assumed
to be negligible relative to the capillary pressure gradient dp.,p,/ds >
dpq/ ds [23,33]. Also, like in the thin film modeling in Section 2.2.1, the
vapor pressure is assumed to be constant. As such, the liquid pressure
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gradient found from Eq. (39) is as follows:

dp d3s

=, =2 40
ds Yv ds3 (40)

Lubrication theory and continuity in Egs. (24) and (26), respectively,
relate the condensing mass flux to the film thickness distribution:

! 3d 3
g =4 __d [ &dny_nvd (5d8 41)
ds ds 3y, ds 3y ds ds?

Kinetic theory, the opposite of its simplified form in Eq. (30), also
governs the condensing mass flux. Equating the opposite of Eq. (30)
and (41) yields the following fourth-order governing equation for the
fin film thickness distribution [33,53]:

v d 53‘13_6 =_
3y ds ds3

where, with the following boundary conditions [23,33]:

aky 4T (x,0)]

42
kl + ahfg5 (42)

ds d3s d’s ds ( z )
— =— — , — =—tan| = -0
ds s=0 ds3 s=0 ds? 5s=0 ds s=tfjn /2 2
43)
the approximate solution is [23,33]:
2 3
8()=Cy+Cy (s—1ga/2) + Cy (s — tgn/2)” + C3 (s — 1gn/2)
4
+Cy (s —15,/2) (44a)
with the following coefficients:
C,—-Cit
€ =-tan(7/2-0), C=K/2 =205, Cj=——0>=0
t
fin
(44b)

The remaining coefficient, C,, is determined by assuming that the total
condensed mass flow rate is solely in the fin film, 0 < s < 15,/2. The
total mass flow rate is found from the evaporator as follows:

1 Fe 5 5
m= h_fg 4/0 chin + Qmen dx (45)

where the total evaporative heat transfer rates per unit length in the
thin film and meniscus regions, chm and Q;nen, are found in Sec-
tions 2.2.1 and 2.2.2, more specifically, Egs. (32) and (37), respectively.
Integrating the mass flux in Eq. (41) and equating this to the total mass

flow rate in Eq. (45) yields:

R IVE
Le-Ly
Cy = |ym <271v/ Cs dx> (46)
Let+L,

The total heat transfer in the fin film is found by integrating the mass
flux found from kinetic theory across the top of the fin [33]:

t5n/2 /2 ak [AT (x,O)]
Y = _h W' ds = h d 47
Qfm fg /0 m ds fg /0 —kl T ahfgﬁ s 47)

Determining the total heat transfer rate for the condensing meniscus
is identical to the derivation for the evaporating meniscus in Sec-
tion 2.2.2, where it can be found using the opposite of Eq. (37). The
average heat transfer coefficient in the condenser can finally be found
by summing the total heat transfer rate in the fin film and meniscus
regions as follows:

he = [ W‘] /LLjLLb Q[j;:Q;e]n " “
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2.4. Determination of the equivalent heat transfer coefficient

For simplicity, the equivalent heat transfer coefficient is taken in
this study as the length-weighted average of the average heat trans-
fer coefficients determined for the condenser and evaporator in Sec-
tions 2.2 and 2.3, more specifically, Egs. (38) and (48), respectively,
which yields:

_ Leze + (Lc - Lb)zc

47 (Lo—- L)+ L 49

2.5. Solution procedure

Figure 6 outlines the solution procedures for the outer wall temper-
ature and maximum heat transfer rate. Compared to prior numerical
models, the present algorithm is computationally simple and does not
involve solving a highly discretized system of coupled differential equa-
tions. Instead, the present algorithm involves basic computations, easily
performed within seconds using any numeric computing platform on a
typical workstation. After inputting the relevant conditions, the present
model initializes the equivalent heat transfer coefficient by assuming
only conduction through the liquid-filled groove into the vapor core:

(heq)init. - % (50)

Then, the inner temperature difference, AT (x,0), is determined using
the analytical solution in Eq. (4). This temperature difference deter-
mines a re-calculated equivalent heat transfer coefficient using Eq. (49)
and the evaporation and condensation sub-models in Sections 2.2 and
2.3, specifically Egs. (38) and (48), respectively. If the difference
between successive equivalent heat transfers is within the convergence
criteria, which in the present study is 0.1%, the outer wall temperature
distribution, T, (x), is found by evaluating the temperature distribution
in Eq. (3) at y = t,. If the convergence criterion is not met, the
inner temperature difference is re-calculated based on the re-calculated
equivalent heat transfer coefficient, and the loop continues. For the
heat pipes investigated in the present study, it was found that the
temperature loop, which calculates the inner temperature difference
and the wall temperatures, tends to converge within five iterations. As
previously mentioned, since the present model relies only on analyti-
cal and semi-analytical solutions, computational run times are within
seconds, far quicker than those involved in implementing mathematical
models such as the model of Do et al. [33], which requires a complex
algorithm to numerically solve many coupled differential equations.

Determining the maximum heat transfer rate requires an additional
outer loop that adjusts the heat power input until the capillary limit is
reached. The capillary limit is determined by the maximum capillary
pressure, pe,, (0), which is found by evaluating the capillary pressure
in Eq. (18) at x = 0. The theoretical maximum capillary pressure
is governed by the minimum capillary radius and the Young-Laplace
equation in Eq. (17):

W,

g
Tcap,min = 2cosd
Vv
Pcap,max = Feapumin (G20)]

If the difference between the calculated and theoretical maximum cap-
illary pressures in Eqgs. (18) and (51), respectively, is within 0.1%, the
maximum heat transfer rate, Q,,, is found as the input heat transfer
rate, Q;,. If not, the loop of adjusting Q;,, continues. For the heat pipes
investigated in the present study, it was found that the maximum heat
transfer rate loop tends to converge within five iterations.
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3. Results and discussion
3.1. Model validation

The present model is validated with copper-water grooved heat
pipes using the numerical data of Do et al. [33] and the experimental
data of Hopkins et al. [25] and Lin et al. [60]. Heat pipe specifications,
namely operating conditions, dimensions, and properties, are tabulated
in Table B.1 of Appendix B. Figure 7 compares the present model to
that of Do et al. [33] and the experimental data of Lin et al. [60].
The present model differs by less than 4% in wall temperature, average
evaporator wall temperature, and average condenser wall temperature
compared to the experimental data. The present model also shows close
agreement with the numerical data.

Figure 8 compares the present model to the model of Do et al. [33]
and the experimental data of Hopkins et al. [25]. The present model
differs by less than 2% in wall temperatures at specific locations in the
evaporator and condenser compared to experimental data and closely
agrees with the numerical data. Figure 8b shows that the maximum
heat transfer rate predicted by the present model differs by less than
10% compared to the experimental data for varying vapor temperature
and, again, closely agrees with the numerical data. The present model
shows significantly closer agreement to the experimental data than the
closed-form model of Hopkins et al. [25] in Eq. (1), which differs by
more than 30%. The present model accurately predicts the experimen-
tally determined wall temperatures and maximum heat transfer rates
available for grooved heat pipes in the literature.

3.2. Parametric analysis

An experimental copper—water heat pipe [25], referred to as the
baseline, is parametrically analyzed using the present model. The base-
line specifications for the heat pipe are found in Table B.1 of Ap-
pendix B. The studied parameters include the water contact angle, wall
thermal conductivity, and groove width and height.

3.2.1. Wall thermal conductivity and water contact angle

The water contact angle, or wetting angle, measures how well
water wets the solid surface. A lower water contact angle results in
a lower minimum capillary radius and, thus, a higher maximum heat
transfer rate for the heat pipe. There are several methods to enhance
the wettability of copper. These include chemical treatment and surface
oxidation [61] and plasma treatments [62,63], to list a few. Like Prysi-
azhnyi et al. [62] reported for a plasma-treated copper surface, surfaces
tend to revert to their pre-treated elevated contact angles. There is a
need to analyze the effect of wetting angle on heat pipe performance
to determine if a potentially short-lived lower wetting angle-induced
performance enhancement is worthwhile. Alternatively, different wall
materials, such as ceramics with inherently lower wetting angles than
copper, have been explored for heat pipes due partly to their sustained
enhanced wettability [64-67]. Although ceramics can exhibit lower
wetting angles than copper, they have lower thermal conductivity.
There is a need for a parametric analysis of the effect of wall thermal
conductivity and wetting angle on the thermal performance of a heat
pipe. Figure 9 shows the effect of wall thermal conductivity and wetting
angle on the maximum heat transfer rate and the thermal resistance of
the baseline heat pipe. Thermal resistance is defined as follows:

Twe = Twe
Qin
where Tw,e and TW,C are the average wall temperatures in the evapora-
tor and condenser, respectively. The reported thermal resistance is at its
minimum value, which is when Qj, = Oy« The results indicate that a
high wall thermal conductivity and low wetting angle are preferred to
maximize the maximum heat transfer rate and minimize the minimum
thermal resistance. A higher wall thermal conductivity lowers the wall

R= (52)
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Fig. 6. Solution procedure to determine the (a) wall temperature and (b) maximum heat transfer rate. Determining the maximum heat transfer rate requires an outer loop that
adjusts the heat power input until the capillary limit is reached. A complete list of the required inputs for the present model can be found in Table B.1 of Appendix B.
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Fig. 7. Present model validation with numerical [33] and experimental data [60]: (a) wall temperature distribution and (b) average evaporator and condenser wall temperatures.
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Fig. 8. Present model validation with numerical [33] and experimental data [25]: (a) evaporator and condenser wall temperatures and (b) maximum heat transfer rate. The
present model is also compared to the closed-form model of Hopkins et al. [25] in Eq. (1).
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Fig. 9. The effect of wall thermal conductivity and water contact angle on the maximum heat transfer rate and the minimum thermal resistance of the heat pipe in [25].
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(a) Do et al. [33]: Omax
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Fig. 10. The effect of varying groove width and height on the maximum heat transfer rate of the heat pipe in [25]. The results of (a) a previous mathematical model [33] and
(b) the present model. Groove width and height are normalized to their baseline values.

conductive thermal resistance while promoting axial wall conduction
as an additional heat path. A lower wetting angle lowers the menis-
cus film’s conductive thermal resistance while increasing the capillary
limit. For the baseline copper surface (k,, = 400Wm~! K-, § = 33°),
the present model finds that lowering the wetting angle increases the
maximum heat transfer rate by up to 15% for the considered baseline
heat pipe. Lowering the wetting angle also reduces the minimum
thermal resistance by up to 71%. Additionally, the present model finds
that varying wall thermal conductivity while maintaining the wetting
angle does not significantly change the maximum heat transfer rate.
For example, reducing the wall thermal conductivity to 10Wm~! K1,
representing a 40-fold reduction from the baseline, reduces the max-
imum heat transfer rate by less than 5% for § = 33°. However,
such a wall thermal conductivity reduction leads to a significant in-
crease in the minimum thermal resistance, with the present model
reporting a staggering increase of more than 800%. Maintaining the
same reduced wall thermal conductivity (i.e., k,, = I0Wm~! K~1), the
present model reports a relatively marginal reduction in the minimum
thermal resistance of up to 10% by lowering the wetting angle. These
results indicate that although reducing the wall thermal conductivity
only marginally reduces the maximum heat transfer rate, it consider-
ably increases the minimum thermal resistance, making any potential
reductions by lowering the wetting angle insignificant. As such, the
present model indicates that wall thermal conductivity can be a more
significant determining factor when considering alternative heat pipe
wall materials than wetting angle.

3.2.2. Groove dimensions

In addition to the varying wall thermal conductivity and water
contact angle analysis, varying groove dimensions, namely width and
height, are studied. Reducing width while maintaining height and the
number of grooves increases the capillary limit but reduces liquid cross-
sectional area, leading to a higher liquid pressure drop. Increasing
height while maintaining width, wall thickness, and overall heat pipe
thickness increases the liquid cross-sectional area, reducing the liquid
pressure drop but also reduces the vapor cross-sectional area, lead-
ing to a higher vapor pressure drop. These trade-offs highlight the
need to parametrically analyze the effect of groove dimensions on the
maximum heat transfer rate of grooved heat pipes.

Figure 10 shows the maximum heat transfer rates predicted by the
model of Do et al. [33] and the present model for varying groove
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width and height. Results are reasonably consistent between the mod-
els, further validating the present model. Groove width and height
are normalized to their baseline values as tabulated in Table B.1 of
Appendix B. Vapor temperature, wall thickness, number of grooves,
and lengths of the heat pipe (evaporator, condenser, and total) are
maintained as their values tabulated in Table B.1 of Appendix B. Since
thermal resistance is minimized in the absence of a liquid block [33],
the liquid block length is chosen to be zero. The results indicate that
a slightly narrower and deeper groove is preferred for this specific
baseline heat pipe to maximize its maximum heat transfer rate. The
previous model finds the optimum width and height to be 0.144 and
0.525 mm (—28 and +25% compared to the baseline), respectively [33],
while the present model finds these values to be 0.137 and 0.464 mm
(=32 and +10% compared to the baseline), respectively. Both models
indicate theoretical enhancements in the maximum heat transport of
about 20% compared to the baseline heat pipe.

4. Conclusions

A compact mathematical model is developed to predict axial varia-
tions of the wall temperature and the maximum heat transfer rate of
a flat micro heat pipe with a rectangular grooved wick. Along with
dimensional quantities, such as groove and vapor widths and heights,
the present model accounts for vapor temperature, liquid-vapor inter-
facial shear stress, contact angle, and fill volume. The present model
uses the analytical solution to the two-dimensional conduction equation
in the wall and an equivalent heat transfer coefficient. The equivalent
heat transfer coefficient is determined using an iterative method that
considers analytical and semi-analytical models for evaporation and
condensation heat transfer rates. This computationally efficient itera-
tive method can also provide a framework for modeling other grooved
or porous wick heat pipes for which analytical or semi-analytical solu-
tions to the wall conduction, fluid flow, and film equations exist. Given
the non-discretized nature of the present model, computations on most
workstations can be completed within seconds, making it compelling
for use in parametric and optimization studies. The present model
closely agrees with published numerical and experimental results for
wall temperatures and maximum heat transfer rates. A previously in-
vestigated heat pipe is parametrically analyzed using the present model
with respect to its wall thermal conductivity, water contact angle, and
groove width and height. The present model found that the maximum
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heat transfer rate of the heat pipe can be enhanced by about 15 and
20% by varying its wetting angle and groove dimensions, respectively.
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Appendix A. Conditions for the meniscus evaporation heat trans-
fer rates in Table 1

The conditions in Table A.1 were used to calculate the total menis-
cus evaporation heat transfer rates in Table 1. Complete lists of the
conditions can be found in [33,58].

Table A.1
Conditions used to calculate the total meniscus evaporation heat transfer rates that are
compared in Table 1.

AT [K] 1.31

AN 2x 1072
W, [m] 1x107?
Feap [m] 9.091 x 107*
a [°] 45

6 [°] 19.7

k [Wm™' K] 0.48

hg [Tkg™'] 1180 x 10°

Appendix B. Specifications of the experimental heat pipes

The heat pipe specifications in Table B.1, namely operating condi-
tions, dimensions, and properties were used in the model validation and
parametric analysis, Sections 3.1 and 3.2, respectively. The remaining
working temperature-dependent properties were taken from widely
available tabulated data. Copper’s water contact angle was taken from
Stepanov et al. [68]. Liquid block length, Ly, in Table B.1 is calculated
from the liquid fill volume as follows (maintaining consistent units):

Liquid fill x (pl)Tﬁu - NW H,L, x (pl)Tv - W,H,L, x (pv)Tv

W, H, x [(pl)Tv - (pv)Tv]

Lb=

(B.1)
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Table B.1

Specifications of the experimental heat pipes used in the model validation and
parametric analysis. The table lists all of the required model inputs except work-
ing temperature-dependent fluid properties which were taken from widely available
tabulated data in the present study.

Hopkins et al. [25]

Lin et al. [60]

W, [mm] 13.41 12.70
W, [mm] 9.70 10.26
H, [mm] 1.22 2.13
t,, [mm] 3.43 1.27
Wy [mm] 0.200 0.203
H, [mm] 0.420 0.839
tgn [mm] 0.100 0.102
N [ea.] 62 64
L, [mm] 120.0 101.6
L, [mm] 15.6 18.5
L. [mm] 34.4 32.5
Ly, [mm] 19.0-20.6 0
O;n [W1 0-120 0-150
T, [°C] 60-95 90
Liquid fill [mL] 0.84 0.87
Wall Copper Copper
ky [Wm™'K™'] 400 400
Fluid Water Water
6 [°] 33 33
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