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Abstract: A capillary pumped loop (CPL) is a two-phase thermal control device applied in cooling
electronic devices. A two-dimensional conjugate numerical model of a miniature flat-plate capillary
evaporator is presented in order to describe liquid and vapor flow, heat transfer and phase change
in the porous wick structure, liquid flow and heat transfer in the compensation cavity and heat
transfer in the vapor grooves and the metallic wall. The entire evaporator is solved with the SIMPLE
algorithm as a conjugate problem. The shape and location of the vapor-liquid interface inside the wick
are calculated, and a side wall effect heat transfer limit is introduced to estimate the evaporator’s
heat transport capability. The influence of various wall materials on the evaporator’s performance
is discussed in detail. The results suggest that an evaporator with a combined wall is capable
of dissipating high heat flux and stabilizing the temperature of electronic devices at a moderate
temperature level.

Keywords: capillary pumped loop, flat-plate evaporator, side wall effect heat transfer limit, cooling
of electronic devices

Notation

¢ — specific heat [Jkg 1 K™1],
k — thermal conductivity [Wm™1K~1],
T — temperature [°C],
t — time [s],
V — velocity vector [ms™1],
P — pressure [Pa,
AP, — capillary force [Pal,
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K - permeability [m?],
L, — total length in the x direction [m],
L,1 — distance between the origin and the left surface of the wick [m],
L, — distance between the origin and the left surface of the compensation cavity [m],
L.3 — length of the bottom metallic wall [m],
L, - total height in the y direction [m],
L1 — height of the bottom metallic wall [m],
Ly> — height of the bottom surface of the wick [m],
L3 — height of the upper surface of the wick [m],
q — heat flux [Wm™2],
u — velocity in the z direction [ms™1],
v — velocity in the y direction [ms™!],
h¢g — latent heat of evaporation [Jkg™'],
r. — effective capillary radius of wick pores [m].
Greek symbols
— viscosity [Pas],
— density [kgm 3]
— porosity [%],
— liquid-vapor surface tension [Nm~!],
— effective contact angle.

)
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Subscripts

mw — metallic wall,
eff — effective,

[ — liquid,
s — solid,
v — vapor,
i — inlet,

sat — saturation,
sub — subcooling,
sup — superheating,
al — aluminum,
st — stainless steel.

1. Introduction

The development trend of electronic devices is towards miniaturization, high
power density and high performance quality. As the conventional heat transfer method
of forced air convection is reaching its thermal limit [1, 2], the challenge is to develop
alternative efficient cooling methods for high flux devices. A capillary pumped loop
(CPL) is a two-phase thermal control device advanced in the last twenty years [3—5].
Because of its several advantages in terms of high heat transport capability, passive
transport of heat over large distances with minimal temperature losses the use of
capillary action for fluid transport and flexible transport lines, miniature CPL’s have
become a possible cooling choice in electronics. As a flat-plate evaporator has the
advantages of perfect thermal contact between the surfaces of the evaporator and the
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Figure 1. Schema of a miniature flat-plate CPL

electronic devices, low thermal resistance and isothermal heated surface, miniature
flat-plate CPL’s are considered a promising cooling method for dissipating increasingly
higher power densities.

Figure 1 is a schematic diagram of a miniature flat-plate CPL for cooling
in electronics, which consists of an evaporator, a condenser, a reservoir and vapor
and liquid transport lines. Heat generated from electronic devices is applied to the
evaporator, causing evaporation of the working fluid. A meniscus forms at the vapor-
liquid interface in the evaporator’s capillary structure and naturally adjusts itself to
establish a capillary force matching the total pressure loss in the CPL system. The
resulting vapor flows through the vapor grooves and vapor transport lines into the
condenser, where it is condensed into liquid. The liquid condensate continues to flow
through the liquid transport lines and returns to the evaporator, thus completing the
cycle. The capillary evaporator is the most important part of a CPL system, as it is
the heat absorbing element providing the capillary force of fluid flow through the loop.
Heat generated from electronic devices in limited space can be effectively transported
to a heat sink over long distances by flexible transport lines, and thus the problem
of spatial limitations of electronic devices can be solved. The two-phase reservoir is
used to control the temperature of the loop and accommodates fluid inventory shifts
during changes under varying operating conditions.

1 metallic wall

| vapor grooves
—wick . )

1 compensation cavity
— metallic wall

Figure 2. Schema of a miniature flat-plate evaporator

Although CPL’s have become candidates for electronic cooling applications,
the progress in reducing their evaporators’ size to dimensions required for electronic
applications has been slow, mainly due to insufficient understanding of the physical
processes occurring there. Cao and Faghri [6] developed an analytical solution for the
heat and mass transfer processes during evaporation in the wick of a CPL evaporator.
It was assumed in their study that the entire porous structure was saturated with
liquid and that the liquid-vapor interface was located in the unheated portion of the
upper surface. Under these assumptions, only the liquid flow in the porous media
needed to be studied and the capillary pressure at the liquid-vapor interface was
neglected. In the same year, Demidov and Yatsenko [7] presented a numerical study
showing that vapor zones can occur in the wick of the capillary evaporator under
the fins. Figus et al. [8] offered a numerical solution for heat and mass transfer in
a cylindrical evaporator wick using the Darcy model and a two-dimensional pore

tqll2a-e/7 30IX2008 BOP s.c., http://www.bop.com.pl



8 Zhongmin Wan et al.

network model. An important conclusion of this work was that the pore network
model results were nearly identical to those of the Darcy model for ordered single
pore-size distribution. Yan and Ochterbeck [9] provided a numerical study on the flow
and heat transfer in the wick structure of an evaporator of a CPL based on the two-
phase mixture model. The computational domain explored in the above-mentioned
works was a single segment of an evaporator’s wick structure. However, for a flat-
plate CPL as shown in Figure 2, the capillary evaporator consists of a wick structure,
a metallic wall, vapor grooves and a compensation cavity. The above-mentioned
computational domain is merely a small part of the wick, which leads to limitations
in evaluating the overall evaporator’s performance with these models. Firstly, these
models did not predict the influence of the metallic wall, the vapor grooves and the
compensation cavity on the heat and mass transfer. Neither could the heated surface’s
temperature be obtained, very important in estimating the performance of thermal
management systems of electronic devices. At the same time, the heat conduction
of the metallic wall was neglected, which is inappropriate when studying the global
evaporator performance, especially that of a miniature flat-plate CPL evaporator.
Compared with the length of the heated surface, the thickness of the metallic side
wall cannot be neglected. Due to the wall’s high thermal conductivity, the liquid at
the bottom of the wick and in the compensation cavity may heat up to a temperature
exceeding the saturation temperature corresponding to the local saturation pressure
by the wall’s heat conduction. Vapor may be generate there, the presence of which
has been found to block liquid flow to the vapor-liquid interface partially or fully [10],
which may eventually lead to the evaporator getting dry and a failure of the CPL
system. Therefore, a global model is indispensable for understanding the behavior of
the capillary evaporator as a whole.

In the present work, a global capillary evaporator model of a miniature flat-
plate CPL is presented which combines liquid and vapor flow, heat transfer and phase
change in the porous wick structure, heat transfer and flow in the compensation cavity
and heat transfer in the metallic wall. The entire evaporator is solved numerically with
the SIMPLE algorithm as a conjugate problem. To the best of the authors’ knowledge,
no global evaporator model has been proposed before in the context of capillary
evaporators.

2. Mathematical model

As the evaporator is assumed to be symmetric, a half of its cross-section
is selected as the computational domain, as shown in Figure 3. The origin of the
coordinate system is located in the bottom left corner of the evaporator.

The following main assumptions have been made in order to develop the
mathematical model:

(1) the vapor flow in the vapor grooves is neglected for the sake of simplicity, so that
heat transfer is mainly by conduction;

(2) the porous medium is rigid, homogenous, isotropic and fully saturated with fluid.
There is local thermodynamic equilibrium between the solid phase and the liquid
or vapor phase;

(3) the fluid is incompressible and has constant properties.
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Figure 3. The computation domain and the coordinate system

The effect of gravity is neglected, and the heat and mass transfer in the liquid
and vapor regions of the wick structure is based on the volume-averaged technique
and the Brinkman-Darcy-Forchheimer model of porous media.

The governing equations of the global evaporator can be written as follows:

(1) metallic wall
or 0*T 9T .

(Pc)mwazkmw(w‘*‘a—yg)a (1)

(2) vapor grooves
or o’T  9*T

v o, —FP\lmF 5 T35 ) 2
()5 = ol + 577 2)
(3) wick structure
continuum equation:
d(eip; -
Cir) , v (i) =0, 3)
ot
momentum equation:
pi OV, pi — pi o C N\ =2 Moo
Bt BV V)Vi=—Vp— ( B+ —— | ViV + £ 920 4
B+ BV V)= == (e ) W7+ (4)
energy equation:
T .
(pe)i gy +pici(Vi V)T = (keg )i VT (5)
(4) compensation cavity
continuum equation:
Ipu -
AV (V) =0: 6
a9 T (pVi) =0; (6)
momentum equation:
% L .
pza—;+sz(W~V)W:—Vp+mV2%; (7)
energy equation:
oT - 5
PlczE+mcl(Vl'V)T=le T. (8)

In the above equations i =1,v, C' is the Forchheimer constant, n is the normal
unit vector at the vapor-liquid interface, (k.g) is the effective thermal conductivity,

tqll2a-e/9 30IX2008 BOP s.c., http://www.bop.com.pl



10 Zhongmin Wan et al.

(ke )i =eki+(1—e)ks, (pc) is the density-capacity heat product defined in the energy
equations, (pc); =epic; + (1 —€)pscs.
Heat transfer in these regions is coupled, and the conservation equations must

be solved as a conjugate problem. The boundary conditions of energy and momentum
equations are given below:

— boundary conditions for energy equations

oT

at =0 or at y=0: kmw_a =h(T-T,); )
x
oT

t x=1L,: —=0 10

at x o (10)
oT

at y=Ly: kmw—ay =q; (11)

— boundary conditions for momentum equations — due to fluid flow occurring
mainly inside the wick structure and in the compensation cavity, the boundary
conditions of momentum equations are as follows:

at y=0: w=0, vy=0 0<z<Lzs, (12)
uy :0, V] =Vin Lxg S x S L$, (13)
vy, Ou,  Ovy for the wick-vapor grooves

at y = Lys: 8—y =0, or = Oy =0 border in the vapor phase region, (14)
u; =0, wv;=0 for other borders, i =wv,l; (15)

at =0 and 0 <y < Lys: u; =0, v;=0 i=uv,l; (16)

s
at t=L, and 0<y < Lys: u; =0, 8_19);:0 1=u,l. (17)

The inlet liquid velocity, v;,, of Equation (13) at the wick-compensation cavity
border can be obtained by performing overall energy balancing on the capillary
evaporator:

Pl Vin (L:c - LIS)(hfg + ClATsub + CvATsup) + Qh = qu (18)

The left side of Equation (18) represents the heat absorbed by the working
fluid and heat @ dissipated in the evaporator through heat convection. The right
side of Equation (18) describes the heat applied at the evaporator’s upper surface.
ATg,p is the subcooling of the inlet liquid while ATy, is the superheating of the
outlet vapor. L,,_; is the length of the wick-compensation cavity border. Since the
natural convection heat transfer coefficient, h, at the evaporator’s surface is very low,
@}, is negligible compared to the applied heat load. The inlet liquid velocity v, can
be expressed as follows:

_ qL,
B pl(Lx - Lx3)(hfg +CIAT91Lb +C1}AT§1L[)) '

According to the model of porous media saturated with fluid, the vapor-liquid
interface is assumed to have zero thickness inside the wick structure and the liquid
vapor transition is assumed to occur at the interface. Sharp discontinuities of the

(19)

Vin
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fluid’s properties appear across this interface, but continuities of the mass and heat
flux should be maintained there.
Mass continuity condition:

PzVE va‘?v- (20)
Energy conservation condition:
(kegr)o VT -n—(keg iV Ty-n=pi| Vil g (21)
Temperature continuity condition:
Ty =T, = Tour- (22)

As evaporation takes place inside the wick structure, capillary menisci are
established at the vapor-liquid interface. At the same time, capillary pressure develops,
drawing the liquid through the wick to the vapor-liquid interface and circulating the
fluid throughout the CPL:

P
AP, =P, p— 200 (23)

Te

Equation (22) presents the local thermal equilibrium at the vapor-liquid in-
terface inside the wick structure. The saturation temperature, Tsq;, is equal to the
setpoint temperature of the two-phase reservoir during normal operation of the CPL.
This condition is used to determine the location of the vapor-liquid interface. As
continuous flow of fluid is maintained by the capillary pressure in the wick, AP, of
Equation (23) should be equal to the total pressure loss of the entire CPL loop.

3. Numerical procedure

The governing equations and the boundary conditions for the various regions of
the evaporator described above are solved as a conjugate problem with the SIMPLE
algorithm, described in detailed in [11]. The conjugate problem includes liquid and
vapor flow, heat transfer and phase change in the porous wick structure, liquid flow
and heat transfer in the compensation cavity and heat transfer in the vapor grooves
and the external metal wall, which increases the numerical procedure’s complication
significantly. An additional difficulty is the unknown location of the vapor-liquid
interface involving a phase change. An interface tracking method based on a moving
structured grid is used to locate the interface, regenerated at each step.

Under-relaxation and error feedback have been adopted in order to ensure
convergence of the calculating procedure. The above-mentioned mathematical model
can predict the evaporator’s transient characteristics, but only the steady-state
numerical results are discussed in this paper. The overall numerical sequence can
be described as follows:

(1) initialize the problem and choose an initial arbitrary vapor-liquid location inside
the wick;

(2) generate a structured grid in the region of L, X Lys;

(3) solve the continuum and momentum equations separately in the L, x Ly3 region;

(4) regenerate the grid in the entire evaporator;

(5) solve the energy equations for all regions of the evaporator;
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(6) check whether the temperature condition is satisfied at the interface. If negative,
the vapor-liquid interface location has to be updated;
(7) go back to step (2) until convergence.

When the vapor-liquid interface is modified at step (6), a pressure drop across
the interface is computed to ensure it is less than the maximum capillary pressure
in the wick (P, — P, <20/r.). As the numerical technique for the solid zone of the
computational domain when solving the continuum and momentum equations in the
L, x Ly3 region has been described in detailed before (see [12]), it has not been
repeated here.

The convergence criterion of the numerical solution for velocity, pressure
and temperature is that relative errors between two consecutive iterations are less
than 1077.

4. Results and discussions

Numerical results were obtained with ammonia as the working fluid. The fol-
lowing thermal properties were assumed in the computation: k; = 0.454 Wm 'K,
ky, = 0.0302W m'K~', 1 =20-100*Ns~'m~2, p, = 1.13-107°Ns 'm~2 and
hy = 1.113-10%Jkg~'. A sintered stainless steel wick was used as the wick struc-
ture, with k, =152Wm'K~!, £ =0.6 and K =6.616-10"¥m?. Aluminum (k, =
236 Wm1K~1) and stainless steel (ks =15.2Wm~'K~!) were chosen as the ma-
terials of the metallic wall, since they are compatible with ammonia. The geo-
metric parameters of the miniature flat-plate evaporator were as follows: L, =
10.5-102m, L;1 =1.8-1072m, L5 =2.4-10"m, Ly,3=9-10"3m, L, =8-10"3m,
Ly, =18-10"2m, Ly =2.8-10"3m and L3 =>5.8-10">m. The length and height
of vapor grooves were equal to 0.6-1073m. The setpoint temperature was 40°C, the
liquid saturated temperature Tyq;, and ATy, =10°C. The grid schemes of the global
evaporator are 107 x 82.

The velocity vectors for the liquid phase inside the evaporator with an aluminum
wall at ¢ =5-10* Wm~2 are shown in Figure 4, the results for the liquid velocity profile
in the compensation cavity being presented in Figure 4a. The velocity near the inlet
is uniform along the flow direction, while the liquid’s velocity decreases gradually
as it makes its way down the compensation cavity, due to the mass reduction at the
wick-compensation cavity interface. Because evaporation occurs mostly in the vicinity
of the wick’s upper surface, the liquid enters the wick from the compensation cavity
nearly uniformly. The corresponding liquid velocity vectors inside the wick are shown
in Figure 4b, the magnitude of liquid velocity being 1075, The wick structure includes
a vapor region under the fins, separated from the liquid region by the vapor-liquid
interface. The shape of the interface is wavy near the upper surface of the wick,
and the vapor region is very small. The liquid flows into the wick from the wick-
compensation cavity border and is made evaporate at the vapor-liquid interface by
the wick capillary force. It is also evident from Figure 4b that evaporation mostly
takes place in the vicinity of the upper wick surface, while the liquid’s velocity is
nearly uniform in most of the liquid zone. At the same time, because of the heat
conduction effect of the metallic side wall, evaporation also occurs in the vicinity of
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Figure 4. Liquid velocity vectors inside the evaporator:

(a) in the compensation cavity and (b) in the wick structure

the left-hand surface of the wick. Since the vapor zone is very small, the vapor velocity

vectors are not given in this paper.

The temperature distributions of the evaporator with an aluminum wall are

shown in Figure 5 for various heat fluxes. Because of the considerable difference in

o)

apor, heat is transferred to the

>n the metallic fins and the vs

thermal conductivity betwee

wick mainly by conduction of the fins, the shape of isotherms near the upper surface

of the wick structure being wavy. The shape of the vapor-liquid interface, where

the temperature contour level is equal to the saturated temperature inside the wick
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(setpoint temperature of reservoir), is likewise wavy and determined by the geometric
parameters of the fins and the vapor grooves. The vapor-liquid interface is located in
the vicinity of the upper and left surfaces of the wick structure, as has been observed in
the visualization experiment of Zhao et al. [13, 14]. Thin gaps appear between the fins
and the upper surface of the wick saturated with vapor, allowing the vapor to escape
from to the vapor grooves. When the heat flux is increased, the vapor-liquid interface
inside the wick moves away from the fins and the vapor zone and the gaps increase
in size. Due to the high thermal conductivity of aluminum, the temperature levels of
the heated surface are very low and the temperature gradients inside the upper wall
are very small, indicating that the temperatures of the evaporator’s heated surface
are almost isothermal.

As the thickness of the metallic side wall cannot be neglected for a miniature
flat-plate evaporator, the effect of heat conduction of the metallic side wall on the heat
transport capacity needs to be considered. As can be seen in Figure 5, the temperature
of the bottom zone is higher than that of the middle zone of the compensation
cavity, which indicates that the liquid in the compensation cavity has been heated
significantly, due to the effect of heat conduction of the metallic side wall. At the heat
flux of ¢ =5-10*Wm™2, because kq; is much greater than k,, the left vapor-liquid
interface (40°C isotherm) inside the wick goes deeply into the left bottom surface of
the wick, which means that evaporation occurs there and it is safe for CPL’s normal
operation. With increased heat flux, the influence of heat conduction of the metallic
side wall on the vapor-liquid interface is very significant, as shown in Figure 5b. The
40°C isotherm has penetrated deeply into the bottom of the compensation cavity,
indicating that vapor may be generated at the bottom of the compensation cavity.
The presence of vapor in this area can block liquid flow to the vapor-liquid interface
partially or fully, eventually resulting in the evaporator getting dry. For a miniature
flat-plate CPL evaporator, if the thermal conductivity of the metallic wall exceeds the
effective thermal conductivity of the wick, the effect of heat conduction of the metallic
side wall leads to drying the evaporator. This is considered as a heat transfer limit,
hereinafter referred to as the side wall effect heat transfer limit. Compared with other
CPL heat transfer limits, it is a very important limit, with a great difference between
a miniature flat-plate CPL and a cylindrical CPL.

Due to the existence of the side wall effect heat transfer limit, a capillary
evaporator with an aluminum wall has low heat transport capability and is not
suitable for dissipating high heat fluxes in electronic devices. In order to improve
the heat transfer limit, wall materials of lower thermal conductivity should be chosen,
such as stainless steel. The temperature profiles of an evaporator with a stainless
steel wall and various heat fluxes are shown in Figure 6. Because stainless steel’s low
thermal conductivity, the temperature gradient is very high in the upper wall zone and
decreases inside the wick. Apparently, most of applied heat load is used for evaporation
near the upper and left surfaces of the wick. The liquid in the compensation cavity
is heated, but the effect of heat conduction of the metallic side wall is limited by the
high thermal resistance of the side wall. The vapor-liquid interface extends to the left
bottom surface of wick only and does not penetrate deeply into the bottom interface
of the compensation cavity, which indicates that the CPL can operate safely even at
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Figure 5. Temperature fields in the evaporator with an aluminum wall:
(a) ¢=5-10"Wm~2 and (b) ¢="7.5-10 Wm—2

g=15-10*Wm™2. As a result, a flat plate evaporator with a stainless steel wall has
a high side wall effect heat transfer limit, implying that an evaporator with a wall of
low thermal conductivity can dissipate high heat fluxes.

As the evaporator’s heated surface is directly attached to the electronic appa-
ratus, high temperatures of the heated surface may result in its abnormal operation.
Therefore, the purpose of CPL’s electronic in cooling applications is to maintain the
junction temperature below a safety limit by pumping heat away from electronic de-
vices. Another key performance parameter of any high-flux electronic cooling scheme
is the ability to maintain a fairly isothermal device surface [15]. Temperature pro-
files along the heated surface of an evaporator with a stainless steel wall are shown
in Figure 7 for various heat fluxes applied. The temperature of the heated surface
increases with the applied heat fluxes as expected and decreases along the x direc-
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Figure 6. Temperature fields in the evaporator with a stainless steel wall:
(a) ¢=10-10*Wm~2 and (b) ¢=15-10* Wm—2

tion. Due to the high thermal resistance of the stainless steel wall, the temperature
level of the heated surface is very high, the maximum temperature exceeding 77°C at
¢=15-10* Wm~2, which is a great disadvantage for electronic cooling applications. At
the same time, the temperature difference along the heated surface increases with the
heat load, the maximum temperature difference exceeding 3.5°C at ¢=15-10* Wm~2,
which implies that the isothermal characteristic of the heated surface is not very well.
An evaporator with a stainless steel wall is capable of dissipating high heat flux,
but cannot maintain low surface temperatures and a desirable isothermal surface.
In order to deal with these problems, a capillary evaporator for electronic cooling
applications should be designed with combined walls: the upper wall of a high ther-
mal conductivity material, the side and bottom walls of a low thermal conductivity

material.
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Figure 7. Temperature distributions at the evaporator’s heated surface

Temperature distributions in an evaporator with combined walls (the upper
wall’s material being aluminum, the side and bottom walls’ material being stainless
steel) at various heat fluxes are shown in Figure 8. Due to the high thermal
conductivity of the upper wall, temperature gradients are small in that zone and
high inside the wick and in the side and bottom walls. The effect of heat conduction
of the side wall is obviously weaker and, even at ¢ =15-10* Wm™2, the left vapor-
liquid interface is located near the center of the wick’s left surface, which indicates
that the CPL has not reached the side wall effect heat transfer limit and can operate
safely.

Temperature distributions of the heated surface of an evaporator with a com-
bined wall are shown in Figure 9 for various heat fluxes. The temperature of the
heated surface is moderate, even at ¢=17.5-10* Wm™2, the maximum temperature
being about 50.3°C and the maximum temperature difference around 2°C, which indi-
cates that the electronic device can operate effectively and enjoy a long operating life.
A flat-plate evaporator with combined walls can effectively improve heat transport
capacity and maintain an appropriate temperature level of the heated surface.

5. Conclusions

A two-dimensional model of a global evaporator of a miniature flat capillary
pumped loop has been developed to describe heat and mass transfer in the porous wick
structure and heat transfer in the fluid region and the external metal wall. Governing
equations for the different zones have been solved numerically as a conjugate problem
using the SIMPLE algorithm.

The location and shape of the vapor-liquid interface are mainly affected by
the heat load and geometric parameters of fins and vapor grooves. Evaporation takes
place near the upper and left surfaces of the wick structure. As the effect of heat
conduction of the metallic side wall on the miniature flat-plate CPL evaporator’s
behavior is considerable, a side wall effect heat transfer limit has been introduced to
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Figure 8. Temperature fields in the evaporator with combined walls:
(a) ¢=15-10*Wm~2 and (b) ¢=17.5-10* Wm~2

estimate the evaporator’s performance. Due to its existence, an evaporator with an
aluminum wall has low heat transport capacity but leads to lower temperatures and
good isothermal behavior of the heated surface. An evaporator with a single stainless
steel wall has higher heat transport capacity but higher temperatures of the heated
surface. An evaporator with combined walls (the upper wall of aluminum, the side
and bottom walls of stainless steel) can significantly increase the side wall effect heat
transfer limit and maintain an appropriate temperature level and a good isothermal
characteristic on the heated surface, so that the CPL can operate safely and the
electronic device can work effectively at higher heat fluxes.

The present overall numerical model of a miniature flat-plate CPL evaporator
can effectively estimate the heat transfer capacity of an evaporator and evaluate the
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Figure 9. Temperature profiles along the heated surface

temperature level of the heated surface, thus being helpful in the evaporator design
and optimization of miniature flat-plate CPL’s.
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