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Abstract - In this work, we show the impact on the heat transfer coefficient of the design of porous network for evaporative cooling.
The heat transfer fluid is pumped through the porous network by capillary suction and evaporates at the top surface of the porous system
impacted by a high heat flux. If the liquid recesses within the porous system, there is a significant loss of thermal performance. Through
a fundamental approach, the study bridges the fluid mechanics aspects of the design of the pore network and the heat transfer that governs
the exchanges at the fluid meniscus interface with the ambient. 
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1. Introduction
Miniaturization in electronics comes with higher power densities and subsequently higher needs in temperature control

to maintain the reliability and safety of electronic components. In this context, a lot of efforts are placed into two-phase
cooling and the promise of superior cooling densities. Capillary pumping is a class of solution by itself because such a
solution does not need any mechanical device to drive the heat transfer fluid to the heat source where it can evaporate. This
can be obtained with porous materials in which the pore size is small enough to generated suction, pulling the liquid up to
the top surface of the material where it can evaporate. Because latent heat is way higher than sensible heat, the heat transfer
coefficient obtained with evaporative cooling allows to balance high heat fluxes. The field is vibrant with advances brought
on type of heat transfer fluid [1], evaporator [2, 3], and capillary structures [4-6]. One of the biggest challenges in such
configuration is the risk of liquid recess within the porous material, in which case the thermal advantage of the solution is
lost. This article reviews the methodology developed by our group [7] to design a pore network for evaporation cooling. The
objective of the study is to show how a pore network with a graded porosity, i.e. a controlled change in pore channels length
and diameter with the height of the porous material, is able to drive the heat transfer liquid (water in the case of this work)
all the way to the top surface of the porous material with minimum friction losses. An additional objective is to allow
evaporation of the liquid at the very top of the pore network where a heat flux is applied.

 
2. Model

Assume a sample of porous material in contact with a liquid reservoir at its bottom surface. The liquid can fill the
cylindrical pore space thanks to capillary suction. The top surface of the material is hit by a constant heat flux. It is expected
that evaporation at the surface of the material will balance the received heat thanks to the liquid latent heat. Figure 1 shows
the geometry of the porous system in an example where two pore inlets join in a dendritic fashion and connect to one pore
outlet, together with a zoom on the problem description at the top of the material with the interface between liquid (water)
and air.

We developed an algorithm on Matlab solving simultaneously the set of equations presented below and searching for
the best pore network configuration for a given material porosity. The input data are the porosity, radius of the outlet pore
and heat flux reaching the top surface of the porous material. The energy balance writes

ṁporehfg = q''
inputAinput (1)
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where ṁpore is the evaporative mass flow rate, hfgis the latent heat of the fluid, q''
input is the heat flux, and Ainput is the

elemental area receiving the heat flux. In steady state, the momentum equation (Eq. 2) gives the balances between capillary
force, gravity and friction losses, allowing to design the entire pore network when accounting for a relationship between
parent channels and children channels (Eq. 3). Additionally, the capillary forces must be able to sustain the flow rate that
passes through all channels. This is accounted for by defining a Capillary Strength condition, CS, calculated with Eq. (4).
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The set of equations is completed with an evaporation model giving the balance between the local heat flux through the liquid
at the meniscus (Eq. 5), and the evaporative heat flux at the interface obtained from the Schrage’s equation (Eq. 6). 
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where kl is the thermal conductivity of the liquid, Tδ(η) is the interface temperature, and δ(η) is the normal distance from
the interface to the wall, σ̅ is the accommodation coefficient, Rg is the gas constant, hfg is the latent heat of liquid, Ps(Tv) is
the saturation pressure of the vapor at temperature Tv. The interface pressure Pδ η  is obtained from the extended Kelvin
equation [26].

Pδ η = Ps Tδ exp
Pδ η − Ps Tδ + Pd − Pc

ρlRgTδ(η) (7)

where Ps Tδ  is the saturation pressure at the temperature Tδ, ρl is the liquid density, Pd is the disjoining pressure. The
capillary pressure Pc is given by 

Pc = 2σ
rmen

(8)

where σ is surface tension.
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Fig.1: Porous material and its elemental structures (left), and geometry at the water/air interface at the top surface of the material 
top view (right) [7]

3. Pore network configuration and resulting heat transfer coefficient
As shown on the left hand-side of Figure 1, the pore network is made of an assembly of elemental structures with

elemental pore networks assembled upside down. The inlet pores are at the bottom of the structures. Depending on the
number of inlets the designed configuration can exhibit one or two pairing levels. Figure 2 depicts the case of dendritic
structures with two pores connected to one.

Fig. 2: Example of an assembly of porous structure when N = 2 [7].

We investigated various geometrical options in terms of number of inlets and connection level. Results indicate that
there are different options to reach identical values of the heat transfer coefficient when the porosity is fixed. For example,
the elemental network could be made of two inlets and a large outlet radius, or it could have four inlets and a smaller outer
radius. Table 1 shows the results obtained when the outlet pore radius is 0.3 mm with an input heat flux at the top of the pore
material q''

input = 10 kW/m2. When there are two inlet pores, the tree-shaped pore network is made of one pairing level, while
when the number of inlets is four, the network has two pairing levels. In each case, the numerical procedure allows to
determine the radius ratio of the pore channels, their length ratio and angle of bifurcation for minimum friction losses and
sufficient capillary force all along the network. Interestingly, for the same porosity, and same outlet pore radius, a
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configuration with four inlet channels results in less mass flow rate flowing through the network and evaporating at the top
surface of the material. Nevertheless, a higher heat transfer coefficient is obtained to satisfy the energy balance.

Table 1: Results obtained when the elemental system has a fixed porosity and N = 2 or 4 pore inlets.

N, number of inlets 2 4
Heat transfer coefficient, kW/m2K 0.72 1.42
Porosity, % 6.32 7.86
ṁtotal × 10 − 8,kg / s 1.38 0.69

4. Conclusion
The objective of the study was to investigate the relationship between the pore network that pulls a heat transfer fluid up

by capillary suction to the top of the material where it evaporates, and the obtained heat transfer coefficient. The fundamental
approach developed in this work allows to show that for a given porosity it is possible to design the pore network in pore
size and connectivity for a targeted heat transfer coefficient. The pore network changes in size in a hierarchical way, leading
to a gradient of porosity. The network is made of dendritic elements which geometrical features are deterministic, opening
the way to a controlled design of pore networks for controlled heat exchanges by evaporation in the cooling of electronics.  
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