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The transient performance of a flat heat pipe (FHP) used to cool multiple electronics components, is pre-
sented in this paper. The fluid flows in both wick and vapor core were computed using a transient 2D
hydrodynamic model (T2DHM). This model was coupled with a transient 3D thermal model (T3DTM)
of the FHP wall, designed to calculate the heat transfer through the wall. An interesting procedure for
solving the governing equations for the heat and mass transfers inside the FHP is proposed. The phase
change mechanisms at the liquid-vapor interface are included in this procedure through the Clausius-
Clapeyron law. During a start-up, the T2DHM is able to predict the velocity and pressure distribution
of the liquid and the vapor, and thus the transient response of the FHP.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Though new developments in electronics enhance the perfor-
mance of electronic devices, these developments often mean the
downsizing of the devices, which increases the heat flux generated
by the electronic components. The dissipation of this flux inside
the device can lead to such thermal problems as overheating,
which can reduce the devices’ performance levels as well as their
lifespan. To avoid such problems, it is advisable to design effective
cooling systems able to evacuate the considerable heat generated,
thus maintaining the temperature of the components under their
junction temperature [1]. Because heat pipes constitute highly reli-
able, efficient energy transport systems, they are increasingly
being considered for cooling electronics. They can be an effective
means of homogenizing the temperature from various heat sources
(e.g., a spreader), or of transferring heat from heat sources (gener-
ally, electronic components) to heat sinks.

For this study, we investigated the possibility of using a flat heat
pipe (FHP) as a spreader to cool multiple electronic components.
Heat pipes have been known since the XIXth century but were
not really used until the 1960s. Their numerous advantages have
stimulated the development of many models over the last few
years. Particular attention was first paid to steady-state models.
In 2006, Lefévre et al. [2] presented an analytical solution for liquid
and vapor flows as well as the temperature distribution inside a
flat micro heat pipe, under the action of three electronic compo-
nents. This model is devoted to the steady-state performance of flat
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heat pipes and is based on the coupling of the fluid flows and heat
transfer processes. It was assumed that the liquid and vapour flows
are governed by simplified transport equations as Darcy’s law. The
authors pointed out that conduction though the wall and wick is
seen to play a significant role in determining the temperature dis-
tribution in FHP.

In this work the similar approach developed in Lefévre et al. [2]
is adopted and extended to analyze the performance of a FHP sub-
jected to heating with multiple electronic components during a
transient period. A combinatory model, coupling a transient ther-
mal model with a transient hydrodynamic model is performed.
The thermal model distinguishes the part of the heat flux trans-
ferred via heat conduction through the FHP wall from the heat
transferred via phase changes. The mass and heat transfers related
to the liquid-vapor phase change define the thermal model’s
boundary conditions. We extended the hydrodynamic model pro-
posed by Huang et al. [3] for the FHP wick in order to determine
the transient liquid flow. We developed a similar model to predict
the vapor flow in the vapor core during FHP operations. The hydro-
dynamic model is coupled to the thermal model through the mass
flux of evaporation-condensation, which occurs in a mass conser-
vation equation.

2. Mathematical models

The FHP considered in this study is a copper-water heat pipe.
Situated within the liquid flow, the wick structure is a porous med-
ia characterized by its permeability K, its porosity ¢ and its effective
pore radius req. The geometry and the scheme of the FHP
considered here are shown in Figs. 1 and 2. As shown, the
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Nomenclature

Cp specific heat capacity, ] kg1 K!
thickness, m

heat transfer coefficient WK~ ' m~
latent heat of vaporisation, ] kg~!
permeability, m?

length of the FHP, m
pressure, Pa

pore radius, m

temperature, K

time, s

velocity along the x axis, m s~
velocity vector, m s~

velocity along the y axis, m s~
dynamic viscosity, Pa s
density, kg m 3
surface tension, N m~
heat flux, W m~2

2

1

1

1
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Subscripts
0 initial, reference

a ambient

cd condenser

Ei electronic component
eq equivalent

1 liquid

max maximum

S solid, wall

X,y,z  coordinates, m

Greek symbols

o mass flow rate per unit volume, kg s~! m—>
€ porosity of the wick

yi thermal conductivity, WK ' m™!

sat saturation

w wick

v vapor

coordinate references

electronic components are located at different places on the FHP’s
upper surface. The heat flux generated by these electronic compo-
nents corresponds to a uniformly-applied heat source at evapora-
tors (area where the components are place). Condensers, on the
other hand, are cold sources or heat sinks. They ensure that the
heat flux is evacuated outside through the FHP wall. Though both
evaporators and condensers are mounted on the FHP surface, the
surrounding surface is adiabatic.

The modelling was done in two main steps. First, a Transient 3D
Thermal Model (T3DTM) was developed to define the transient
heat transfers, both from the electronic components to the fluid
and from the fluid to the condensers through the FHP wall. In
the FHP, these heat transfers cause the liquid to evaporate in the
evaporators and the vapor to condense in the condensers. Then, a
Transient 2D Hydrodynamic Model (T2DHM) was developed to
characterize the fluid flow in both the wick and the vapor core.
In this model, the flow is assumed to be laminar and to occur only
in the x and y directions.

2.1. Transient 3D thermal model (T3DTM)

The FHP wall is composed of a material with constant thermo-
physical properties, denoted s, ps, Cps, and a thickness H,. It is as-
sumed that all surfaces of the wall, except those where evaporators
and condensers are placed, are perfectly insulated. The model char-
acterizes the conduction heat transfers throughout a start-up. The
heat flux, released by the electronic components on the FHP sur-

Condensers Electronic components

/\J?m
& o

FHP

Fig. 1. Schematic drawing of a FHP, showing heat sources and heat sinks mounted
on the same surface.

face, is transferred to the porous media where it causes the liquid
to evaporate. In the condensers, the vapor condenses, and the heat
released is evacuated outside through the FHP wall. These heat
transfer mechanisms are defined by the 3D transient heat conduc-
tion equation as:

oT . (o°T T &°T

(pCp)sat_/Ls<axz+ayz+azz =0 (1
The boundary conditions are, Fig. 2:
e @
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Fig. 2. Schematic drawing of a FHP along the (z, x) and (y, x) planes.
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In the condenser area, the heat convection between FHP wall and
the ambient environment is characterized by the transfer coeffi-
cient heq (Eq. (5)). At the wick-wall interface, heat exchanges are de-
fined by the Fourier boundary condition (Eq. (4)), where heq is the
heat transfer coefficient between the FHP wall and the fluid at the
saturation temperature T, supposed to be dependent both in time
and in space (i.e., Tsat = Tsae (X, ¥, 1))

The heat transfer coefficient heq is equivalent to the thermal
conductance of the porous media filled with liquid [2]. In addition,
the following initial conditions are imposed:

Tsat(x7y7 tO) = Ta (6)

With the T3DTM described above, the heat transfer through
the FHP wall is known. Therefore, to calculate the fluid flow
resulting from the heat transfer mechanisms, the T2DHM de-
scribed in the following section is used for both liquids and
vapor.

t= tOv T(Xay-,z’ tO) =

2.2. Transient 2D Hydrodynamic Model (T2DHM)

The hydrodynamic models proposed for the wick by Lefévre
et al. [2] and Huang [3] assume that the liquid flow within the
porous media is expressed by Darcy’s law. However, in a transient
state, this law is not necessarily valid. Thus, we developed a
T2DHM model for predicting the liquid and vapor flows in the
FHP during a start-up operation. Knowing the pressure distribu-
tion makes it possible to determine the temporal evolution of
the pressure losses, and thus the FHP’s transient capillary limit.
Since the wick thickness H,, and the vapor thickness H, are small
compared to the model’s L, and L, dimensions, the fluid flows are
assumed to be 2D. Thus, the velocity along the z direction can be
ignored [2,3].

2.3. T2DHM for liquid

It is assumed that the FHP wick is constantly filled with liquid.
The modelling procedure consists of integrating the mass conser-
vation equation into the momentum equation to obtain a sec-
ond-order differential equation, in which pressure is not coupled
to velocity. This provides a solution to the pressure-velocity cou-
pling in transient flows.

To establish the mass conservation equation, a liquid control
volume, dV; =0dx x dy x Hy, in the wick region, is considered as
shown in the following diagram.

FHP Wall (0x0y <, .

Vapor space

P .
i Omx hfg !
—
Ox

Where ¢q denotes the heat flux at the wall - wick interface, calcu-
lated with the previous thermal model T3DTM, stated as: ¢g = heq
(Tlz0 — Tao)-

ori1 denotes the mass flow rate of evaporation at the given con-
trol volume. The mass conservation at the given liquid control vol-
ume is expressed as:

om = dmy + 0, = p,dyH,,0u; + p;0xH,0v, (7)

Assuming a quasi - instantaneous approach, the energy balance at
the given control volume is expressed as: ¢,0xdy = Orithg.

Applying the energy balance to the mass conservation equa-
tion leads to express the liquid mass conservation equation as
[2,3]:

ou v @y o heq
= — with o
oy Plhng S e hf

—(Tlo = Tsat) (8)

Where T|,- is the temperature at the wick-wall interface, as deter-
mined by the T3DTM model, and ¢ is the mass flow rate of evapo-
rating liquids, which depends on T, the fluid saturation
temperature.

The flow of liquids through the wick is governed by the porous
media momentum equation [4]:

pfon ou o on g
g<ar+”‘ax+"‘ay T k" ©)
P o % o __%_ﬁ
<ar+”‘ax+"lay y K (10)

By differentiating between Egs. (9) and (10) according to x and y,
respectively, and summing the resulting derivates, the following
equation is obtained:

az171_*_62171_ H @U1+% ,01 O (o  ovy (0w v ’
oxz  0y? K ay ot\ox oy ox  dy

d [ou v 0 (Ou v
o ‘6X<6x 6y>+ 6y< +@>} ()
Applying the mass conservation equation to Eq. (11) yields Eq. (12):
*p, o°p U 1 /00y o doyy doy
W Ty 1<p“**<at+pl+”af+vlay> (12)

In the present formulation, it is assumed that the total deriva-
tive of the mass flow rate « is equal to its partial derivative accord-
ing to time, which can be expressed as:

oo oo

Do, aoc ooy
'~ 27! with the approximation : — Ls == 4 v —2

Dt ot ox oy (13)

This assumption is justified by the fact that the term u 3} ”l +v ‘e‘;'

always negligible compared to (;;' The computatlonal algorlthm
developed during this study allowed this approximation to be vali-
dated (Table 3). Applying this assumption to Eq. (12) produces the

final pressure equation, expressed as:

o°p & 1 /00y o
Pl (A (1)
ox oy’ Kp, o p

The steady-state pressure equation used in the models proposed
by Lefévre et al. [2] and Huang [3] is part of Eq. (14), and is rec-

ognized as: :xz +1y’§' = 7Wocl In those models, the contribution

of the term 1 % is neglected. But in our model that term is taking

to account.
The boundary conditions for the pressure are [2,3]:

o
X |,

o
ox x=Lx

o _om
ay y:O ay

Now, since the liquid pressure distribution is well known, it is
easy to calculate the velocity field using Eqgs. (9) and (10). The
boundary conditions for the velocity field are: ujly-o=1U; |x=1x=
Vily=0 = Vily=1y = 0.

The initial conditions were assumed for a saturated fluid and
uniform pressure distribution. The initial velocities were also as-
sumed equal to zero. The initial conditions are stated below:

pi(t = to) = Psae(T(t = to)), Wt = to) = ni(t =to) =0 (16)

(15)

y=Ly

2.4. T2DHM for vapor

At the vapor core, a similar approach to the one used for the li-
quid was used to determine the pressure and velocity fields. The
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vapor flow along the z direction is assumed to be neglected. The
mass vapor balance is expressed as [2]:
ou, vy Oly heq

Wy ™ g, Mo~ Ts) 47

where «, is the mass flow rate of the vapor condensation. The mass
flow depends on the wall temperature and the vapor saturation
temperature.

Assuming that the vapor flow is laminar between two parallel
plates, the vapor velocity profile can be found using Bejan’s formu-
lation [5]:

o’u,  o%uy 124, o’vy,  d%vy 12,
H"(axz + 57 )~ Hﬁ uyety, % + e H5 Vy
Based on this formulation, the momentum equation can then be
simplified as:

ouy, ouy ouy\  op, 12y,

pv(§+uv x W 6y> T & H t (18)
Wy dwy 0w Oy 124,

p"(at Tl W ay) Ty m (19

Applying the previous method for liquids to Eqs. (18) and (19) leads
to the vapor pressure distribution, expressed as:

o’p,  Op, 12y, ooty 02
Tt o < ) (20)

o™ et ",

Supposing the second term on the right side of Eq. (20) is negligible
allows the easy recognition of the governing equations of the Lefe-
vre et al. [2] and Huang [3] models for the vapor core at the steady

L Ppy @Ppy 12y
state, expressed as: 75" + 2 = ot O

The following boundary conditions are imposed on the vapor
domain [2]:

_ 9y

Py _
y=0 ay

ox

_p
x=0 ox

_p

= =0 21
x=Lx ay ( )

y=Ly

Egs. (18) and (19) allow the vapor velocity field to be determined,
based on the calculation of the pressure distribution as shown
above. The boundary conditions for velocity are [6]:

ul‘x:O = ullx:Lx = v1|y:0 =V |y:Ly =0 (22)
The initial conditions can be expressed as:

Dy = psat(TSM(X’y7 tO))
23
u,=v, =0 (23)

To simplify the analysis, it was assumed that the vapor had reached
the saturation condition (T,= Tsa:, Py = Psat), SO that the saturation
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Fig. 3. Vapor and liquid pressure ditribution (Pa): (a) our results and (b) the results of Lefévre et al. [2].
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09 \j FHP size considered for the simulation in the Section 3.2
495 Length (L), mm 30
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0.7 Thickness (H = 2L,+H/+H,), mm 2.6
49 Wall thickness (L,), mm 1
0.6 Wick thickness (H;), mm 0.2
50.5 48.5
>
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) 3. Results and discussion
02 47.5
0.1 ’ In order to capture the transient variations with minimal
0 round-off errors, and to simplify the computational scheme, an im-
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Fig. 6. Saturation temperature distribution (°C), as predicted by our model.

temperature could be calculated using the Clausius-Clapeyron
equation:

ATsat (p;1 - p(l)
= A
g Dy

Tsat

(24)

plicit Euler computational procedure was employed for time differ-
encing. The governing equations were discretized using the finite
difference method, and the nonlinear terms in the momentum
equations were discretized according the linearization method
suggested by Fletcher [7]. The computational code was written
with Matlab®. The time step and spatial grid size required for fast
convergence was determined through trial and error. Temperature,
pressure and velocity distributions were calculated successively.
The following section compares the results of our model with the
results available in the literature.
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Table 2

Thermo physical properties of the FHP material and the working fluid [8]

Properties Wall Vapour Liquid Wick

(copper) (water) (water) (screen)

Density, kgm > 8978 0.0173 988.7 -

Specific heat, Jkg 'K 381 1874 4182 -

Thermal conductivity, 387.6 - 0.602 1.3
Wm'K!

Dynamic viscosity, Pas - 8.8510°° 0.001 -
Latent heat, kJkg ™! = 2453.8 =
Porosity - - - 0.733

Permeability, m? - - - 0.5210°1°
Equivalent pore radius, m - - - 58 107
Table 3
Numerical results proving the main assumption of the model (Eq. (13))
ts 0.1 0.3 14 2
5 5 S5 5

bnax [P| (6;1)] o 101 x10° 5210 1.5 10 1.4 %10
max [p, (u] o +v %)] s 26x10*  69x10* 15x10* 02x10*

ox oy
max [pv aaitv] s 8.7 45 13 12

[elo4 [elo? =
max [pv(uva—;wva—;)], s1o12 0.7 0.1 1.4 x 1072

3.1. Model validation through comparison with the literature

The results of our model are compared below to the analytical
results published by Lefévre et al. [2] for a steady-state operation.

t=02s

0 5 10 15 20 25

x (mm)

The aim here is to use the model of Lefévre [2] as a test-case in
order to validate our model at steady state, while waiting the
assessment of the model on experimental results. Indeed, experi-
mental investigations are ongoing and better validation will be
performed.

The heat pipe considered was a flat copper heat pipe filled with
water, measuring 40 x 40 x 0.9 mm>. The wall, wick and vapor
thicknesses were, respectively, 265, 140 and 230 um. Three elec-
tronic components (E;, E; and E3) and two heat sinks (C; and C3)
were tested, as shown in Fig. 3. The heat sources (electronics com-
ponents) all generated the same heat flux: 35 Wecm™2. In their
work, Lefevéere et al. used Neumann boundary conditions at the
condensers area and the saturation temperature, T, is fixed equal
to 50 °C. The mean difference with our model is that our formula-
tion allows the calculation of the temperature T, instead of im-
posed it as these authors done. In order to simulate the same
heat pipe operation, the value of the heat exchange coefficient at
condensers, hqq, is determined by such that T, tends, in average
point of view, to equalize the value of 50 °C. Therefore, the equiv-
alent exchange coefficient was about heq = 4500 W/K m>

Fig. 3 shows the results obtained by our model at a steady state
compared with those published by Lefévre et al. [2]. As this figure
shows, the results of our model correspond well to those of these
authors. Indeed, the vapor pressure distribution of our model
(Fig. 3a) is similar to the one reported by Lefévre et al. (Fig. 3b).
They obtained a drop in vapor pressure of about AP, =1 500 Pa,
while our model predicts slightly lower, AP, =1 377 Pa. In the li-
quid flow, the model predicts AP,=2 624 Pa, when the authors
[2] obtained AP;=2600 Pa. Thus the maximum capillary pressure
is about AP.=4001 with our formulation and about AP m.x =4

t=08s

0 5 10 15

X (mm)

20 25 30

Fig. 7. Transient temperature response of the solid copper plate (°C), at the top side.
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100 Pa with the model of these authors. That represents a slight
difference of 2.4%.

The velocity fields obtained with our model (Fig. 4a) also corre-
spond well to those of Lefévre [2] (Fig. 4b), with a relative differ-
ence of about 4.4%.

At steady state, the wall temperature determined by our ther-
mal model is close to those of Lefévre [2]. Fig. 5 shows the temper-
ature difference between the wall (where the electronic
components are placed) and the saturation temperature. With
our model, the maximum temperature difference AT,,.x, between
the electronic component E; and the condenser C; or C,, is about
49 K (Fig. 5a). Lefévre et al. [2] obtained A Tp,.x = 50 K (Fig. 5b), that
leads to an absolute deviation of 1 K.

The variation in the Lefévre study is due to the authors’
assumption that the saturation temperature is constant, about
50 °C [2]. However, because Ts;; depends on the distribution of
the heat sinks in the heat pipe wall, this assumption is not to-
tally realistic. Thus, the dependence of the saturation tempera-
ture on surface space must also be taken in to consideration,
as we did in our model (Fig. 6).

As these results shown, the results from our model correspond
well to those published in the literature. Given this validation, we
simulated the cooling of multiple electronic components using a
FHP. The T3DTM and T2DHM models were used to predict the tran-
sient performance of the FHP during the start-up operation, in
terms of temperature pressure and velocity. An experimental
investigation is already predicted and it will soon be performed.
That will provide a better validation by comparing the measured
data to the model results.

t=02s
80
70
60
50
40
30
0 5 10 15 20 25 30 20
X (mm)
t=14s

y (mm)

10 15
X (mm)

3.2. FHP cooling of multiple electronic components

In this last section, we describe the results of simulations, run
with the FHP shown in Figs. 1 and 2. The FHP was used to cool three
electronic components (Eq, E;, and E3) during a start-up operation.
Each component was assumed to generate a heat flux ¢g; =200

90 T T T
801 P g
ot S
o
o 60} 1
e -
5 e
qé_ sor g7~ |- Tmax under E3/Plate|
la_a — Tmax under E3/FHP
otfs |7 Tmax under E2/Plate| |
— Tmax under E2/FHP
--=-- with the solid plate | ===~ Tmax under E1/Plate
30 —— Tmax under E1/FHP | ]|
— with the FHP
20 Il Il Il
0 0.5 1 15 2

T(s)

Fig. 9. Transient temperature evolution of the electronic components for the FHP
case (bold lines) and for the solid copper plate (dotted lines).

t=08s

€
£
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E
>
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Fig. 8. Transient temperature response of the FHP (°C), at the top side.
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t=02s
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Fig. 10. Vapor pressure distribution (Pa) at

Wcem2 during 2 s. Three condensers (C;, C; and C3) were placed on
the same wall as the components (Fig. 1), with an equivalent heat
transfer coefficient heq =9 2769 WK~'m~2 at a reference tempera-
ture T, = 20 °C. The initial temperature was about 20 °C, correspond-
ing to a saturation temperature of 2 336.8 Pa. The heat transfer
coefficient at the wick-wall interface was set at heq=6
500 WK 'm~2,

The following tables provide the details about the FHP size
(Table 1) and its thermo-physical properties (Table 2). A variety
of tests were performed to establish time-step and mesh indepen-
dence. As the result of the grid independence study, the
31 x21 x5 (xxyxz) mesh was used for the thermal model.
The wick and vapor regions include the same grid point
31 x 21 x 1 (x x y x z). The time step of 10> s was adequate to en-
sure convergence and stability of the calculations.

According the numerical results obtained (Table 3), the main
assumption of our model - the inequality expressed in Eq. (13)
according to our hypothesis - is clearly validated.

To demonstrate the potential capability of the FHP as a thermal
spreader for cooling electronic components, we compared our re-
sults with those from a numerical analysis performed on a solid
copper plate, whose mass was equivalent to that of the FHP
(meq = 5.8 g). The plate was subjected to the same heat flux, initial
conditions and boundary conditions as the FHP.

The transient temperature response of the solid copper plate is
presented in Fig. 7 and the response for the upper surface of the
FHP, where the electronic components were placed, is presented
in Fig. 8. The bold rectangles indicate the location of the electronic
components and the dotted rectangles indicate the location of the
condensers.
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the different elapsed times considered.

The maximum temperature difference AT,.x between the hot-
test component E; and the condensers C3 or C,, was higher on
the copper plate (Fig. 7) than on the FHP (Fig. 8). For instance, at
t=2s, ATmax Was about 61 K for the copper plate, but only 50 K
for the FHP, which corresponds to a decrease of 11 K.

According to these results, the heat pipe is able to generate a
more uniform temperature distribution across the x-y plane than
the solid copper plate, which is subjected only to pure conduction.
Thus, it appears that pure conduction is less efficient and not as
well adapted to distributing the non-uniform heat input produced
by the electronic components. The evaporation and condensation
process in the FHP causes the rapid transport of energy from the
evaporator to the condenser, and spreads this energy out evenly
via the liquid flow through the wick structure. Thus, as is obvious
from the results presented in Figs. 7 and 8, the heat is more uni-
formly spread throughout the FHP, which reduces the area of tem-
perature concentration and makes the wall temperature
distribution tend to be uniform.

According to the heat source distribution over the FHP surface,
E3 is the hottest electronic component because it is located far
away from the condensers. The proximity of the component E; to
the heat sinks C; and C; could explain why the E; component is
colder than the E, and E3 components. Fig. 9 shows a plot of the
time evolution of the maximum temperature over these electronic
components for the FHP case (bold lines) and the copper plate case
(dotted lines). In both cases, the hottest component is E3 and the
coolest is E;. At the end of the start-up cycle (t =2 s), the maximum
temperature over Es is about 86 °C for the solid plate but it is only
about 75 °C for the FHP. Thus, using the FHP leads to a cooling prof-
it of 11 K. Similarly, with the E, component, cooling by FHP allows
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the maximum temperature to be decreased from 77 to 69 °C,
which corresponds to a drop of 8 K compared with the cooling
by solid copper plate. The profit is negligible (0.6 K) for the E; com-
ponent, due to the close proximity of condensers C3 and C, that
channel the heat flux away.

The vapor and liquid pressure distributions in the FHP are pre-
sented in Figs. 10 and 11, respectively, at elapsed times of 0.2, 0.8,

1.4 and 2 s. As Fig. 10 shows, at any time, the vapor pressure distri-
bution follows the heat sources distribution on the heat pipe wall.
The vapor pressure reached important value at the side where the
electronic components E; and E3 are placed, compared to the side
where condensers are placed (C, and C3). Indeed, under the elec-
tronic components, the flow rate of evaporation increases, whereas
it decreases under condensers, Fig. 12.
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Compared to the vapor pressure distribution, the liquid pres-
sure in the wick follows a reverse distribution (Fig. 11). Indeed, li-
quid evaporation and vapor condensation in the FHP operation
occur in a reverse but quasi-instantaneous manner.

Knowing the fluid pressure distributions in the FHP allows the
drop in the liquid pressure (AP;) and in the vapor pressure (AP,)
to be assessed precisely, which in turn makes precise assessments
of the capillary pressure inside the FHP possible. This last type of
pressure corresponds to the sum of pressure losses along the va-
por-liquid path necessary to allow the fluid to circulate inside

1400 T T T T T T T T
AP_= AP + AP,
1200 ]
AP
1000 v
— 800f g
© .
a Capillary pressure
e 6001 Vapor pressure drop |
— Liquid pressure drop
4001 AP |
2001 ]
0 I I I | I | I | I

Fig. 13. Transient pressure drop inside the FHP during the start-up operation
considered.
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the heat pipe. The capillary pressure is expressed as AP, = AP, + A
P, In order for the heat pipe to operate properly, it is absolutely
necessary for the maximum capillary pressure head (APcmax)
developed by the wick structure to be greater than the capillary
pressure AP.. This condition defines the maximum heat transfer
capability of the FHP, expressed as APcmax > AP.. If this pressure
balance is not satisfied, the FHP performances break down, and
the heat transfer limitation, usually called the capillary or hydro-
dynamic limit, is reached. The maximum capillary pressure head
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Fig. 14. Vapor velocity field (m/s) at different elapsed times.
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Fig. 17. Transient evolution of the maximum liquid velocity.

can be calculated using the classic expression of the Young-Laplace
law: AP max = 20][Teq.

The transient pressure drops inside the FHP are presented in
Fig. 13. At the end of the cycle (t =2 s), the vapor pressure losses
are about AP,=990Pa and liquid pressure losses are about
AP,=355Pa, corresponding to a capillary pressure of
AP. = 1345 Pa. During the transient operation, the capillary limit

is not reached since the maximum capillary pressure head is about
AP max =4 071 Pa.

Fig. 14 shows the vapor velocity field inside the FHP at elapsed
times of 0.2, 0.8, 1.4 and 2 s. The vapor velocity distribution illus-
trates that vapor is generated under the electronic components
and flows in the direction of the condensers. The maximum veloc-
ity is located between the electronic component E3 and the con-
denser C3 at the shortest distance between this component and
the condensers. For the elapsed times considered, Fig. 15 provides
the maximum velocity value maximum. At the end of the transient
operation (t = 2 s), the maximum vapor velocity is about 43 ms™',
which corresponds to a maximum Reynolds number of around
67 and to a Mach number of 0.06. The characteristic dimension
in the calculation of the Reynolds number is equal to two times
the thickness of the vapor core. Thus, the assumption of laminar
flow in the T2DHM model was well founded. In addition, since
the maximum Mach number is inferior to the critical Mach number
(unit), the FHP sonic limitation is not reached during the consid-
ered transient period.

The contour of the liquid velocity field is presented in Fig. 16 at
the elapsed times of 0.2, 0.8, 1.4 and 2 s. Like the liquid pressure
distribution, the liquid velocity distribution moves in the opposite
direction from the vapor distribution. The liquid flow moves from
the condensers towards the electronic components. The liquid
velocity field shows that the liquid velocity increases from con-
denser zones and decreases after reaching the heating zones (i.e.,
under the electronic components). The maximum velocity occurs
under the zone between the C; condenser and the E3 component.
Fig. 17 shows the evolution of the maximum velocity throughout
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the transient operation. At the end of the considered start-up oper-
ation (t = 2 s), the maximum liquid velocity is about 1.5 10> ms~ .

4. Conclusion

Two transient models were combined to predict the transient
performances of a FHP by coupling the FHP wall heat transfer calcu-
lation to the fluid flow in both vapor and liquid phases. The FHP was
used to cool multiple electronic components during a transient
operation. The flow mechanisms in both the liquid and vapor phases
were determined with a transient 2D hydrodynamic model, coupled
to a transient 3D thermal model, which provides the heat transfer
through the FHP wall. The thermodynamic effects due to the phase
change mechanisms were also included. The steady-state results
correspond well with previous results published in the literature.
The ability of the FHP to act as a heat spreader is highlighted through
a comparison of computational results for a solid copper plate. The
results demonstrate that the FHP clearly works as a thermal sprea-
der, providing a more uniform temperature distribution than the so-
lid plate. The calculated pressure drop in the both phases show that
the capillary limit is not reached, which means that the heat pipe is
in the correct range of operation during the transient stage studied.

As the perspective of this work, an experimental investigation
will be performed in order to provide the assessment of the model
compared to experimental data.
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