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where δ is the thickness of the vapor layer. The momentum equation for each phase is

Introduction
In Part I, using a perforated wick (i.e., ﬂow-boiling canopy wick
with levees) the enhancement of the CHF and thermal conductance of the saturated (1 atm) water ﬂow boiling were predicted
and presented [1]. In this short communication (Part II), the various CHF limits used there, as well as the wick properties and its
geometric optimization are presented and discussed. The CFD considerations and the choice of the VOF method for the two-phase
ﬂow calculations are discussed. The CHF and thermal conductance
results for FC-72 as the ﬂuid (saturated under 1 atm), are also
predicted. The Nomenclature deﬁning all the symbols is given in
Part I.
1. Calculation of lift-off CHF
The lift-off CHF [2] calculation uses the separated ﬂow model
in which the velocity of each phase is a function of the imposed
heat ﬂux, i.e.,
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where quality is deﬁned as x = ρg ug α /m˙ , void fraction α = δ /H, Pi
is the interfacial perimeter between the phases, and Pl and Pg are
the perimeters of wall contact with liquid and gas phases.
Equation (4) is rearranged in the form of a pressure gradient for
the gas phase
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Combining Eqs. (3) and (4) yields the pressure gradient
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The wall shear stress terms are expressed in terms of friction
factor

1
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τw,k = ρk u2k
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,
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where index k indicates the phase, and the friction factor is

ρk uk Dh,k
μk

fk = 0.184

saturated water at 1 atm are shown in Part I Fig. 17. The maximum
theoretical heat ﬂux is deﬁned as [5]

−1/5

.

(8)

qmax = ρg hlg

The interfacial shear stress is

τi =

(9)

where Cf,i is the interfacial friction coeﬃcient, taken as 0.5 for a
wavy vapor-liquid interface. By solving Eqs. (4) and (5) along side
with the velocity deﬁnitions from Eqs. (1) and (2), the variations
of ug , ul and δ along the z direction is found.
The expression derived in [2] also considers an instability wavelength of the idealized liquid-vapor interface, similar to [3],

qCHF,ps = ρg (c p,l Tsub + hlg )
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where ua is the vapor speed of sound.
The superheating limit is calculated with volume-averaged
monolayer properties as follows

(10)

where ρk = ρk coth (κ Hk ), the modiﬁed density of phase k.
The length of the wetting region before the interfacial lift-off is
z∗ = zo + λc (z∗ ), where zo is the location where the relative velocity is zero. These lenghts are depicted in Part I Fig. 2(b). The CHF
is calculated from the limiting condition of this force balance.
In [4], the interfacial lift-off model is implemented considering
the Helmholtz wavelength perpendicular to the horizontal surface.
The liquid supply to the heated surface is provided between the
vapor jets in each unit cell, similar to the Zuber pool boiling instabilities. The velocity difference between ascending vapor and descending liquid leads to the Helmholtz instability

ug,n − ul,n =

.

[6]

qCHF,sh =

where, the critical vapor wavelength λc at CHF occurs when the
vapor momentum generated overcomes the interfacial pressure
force, causing the wetting front to be lifted from the heated surface. The critical wavelength is

λc = 2π
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The compressibility limit is calculated by setting Mag,per = 0.3
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where the maximum critical superheat Tsh,max depends on the
critical nucleation site radius [7]

Tsh,max =





Tlg
2σ
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hlg ρg rn

(19)

where rn is the nucleation radius. For smooth surfaces, Marcus
(1972) [7] uses nucleation theory to predict rn = 1.23 μm and
Tsh,max = 22 K. Dunn and Reay (1982) [8] suggest the range
0.1 μm < rn < 25 μm. In the monolayer, copper particles are oxidized for improved wetting and superheating up to 75 K was observed [9]. The value shown in Part I Table 3 was calculated with
rn = 0.2 μm.
The choking limit is represented by the occurrence of sonic ﬂow
through a contraction, it is [10]

qCHF,ch = cd
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where cd is the discharge coeﬃcient, γ the heat capacity ratio, and
pg the vapor pressure.
The Zuber hydrodynamic limit for pool boiling [11] is given by
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where the wavelength is related to the jet diameter as λH = π D =
π λc /2 velocities relationship is derived from the continuity as

where the wavelength λm can be modulated by controlling the
porous surface [3].

ul,n =

3. Effective properties of wicks
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The rising vapor velocity is related to the CHF as

ug,n = 16

qCHF,ps

π ρg hlg

.

(14)

Combining these results
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The monolayer performance is heavily dependent on the working ﬂuid. We must know the behavior of monolayer effective properties (namely capillary pressure, thermal conductivity and permeability) in order to properly assess the FBCW performance. The
capillary pressure can be derived with the aid of Surface Evolver
[12] according to the following expression

(15)

While the former model was not able to predict the CHF for
plain surface for water at lower velocities, the latter has been in
Section 6. Both models were used to predict the CHF for plain surface for FC-72 in Part I Subsection 6.1.
2. CHF limits
Traditionally, the concept of CHF is associated with the boiling
crisis event where vapor generation prevents wetting of the heated
surface. In ﬂow boiling, however, this concept is extended as the
heat transfer can now be limited by different events, some of the
most relevant are shown in Part I Fig. 3. The calculated limits for

pc,max =

p∗c σ cos(θc )
.
dm

(22)

The variation of capillary pressure with average meniscus
height is shown in Fig. 1(a) for water. The maximum capillary pressure is 16.2 kPa with p∗c = 19 [13]. The permeability of the monolayer is

Km =

μl  u l 
− dp
dx

,

(23)

and for the monolayer the meniscus topology found from the Surface Evolver code is imported into the Star-CCM+ code [14] to calculate the permeability. Fig. 1(b) shows the liquid streamlines for
the close packed monolayer and variation of the permeability with
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Fig. 1. (a) Variations of the capillary pressure with the meniscus thickness. Both analytical and numerical are shown. (b) Variations of monolayer permeability with respect
to δm . The results are for water and parameters shown in Part I Table 3.

the meniscus thickness. The bulk permeability of Carman–Kozeny
[15] gives a similar result

Ki =

3 2
d
i m

180(1 −

i

)

2

,

(24)

where i is the porosity of the wick component i and dm the particle diameter. The maximum particle Reynolds number is less than
0.1, conﬁrming the suitability of the Darcy model. The porosity for
canopy, posts and monolayer is listed in Part I Table 3, while dm is
the same.
To ﬁnd the average pressure drop in the monolayer we start by
integrating Eq. (23) using an area-averaged permeability

 pm =

μl  u l 
l ,
Km  w

(25)

where lw is the average wicking length. To ﬁnd the average velocity, we use the heat of evaporation

u l  =

qAm

ρl hlg A f low

,

(26)

where Am = π Lp /4 and A f low = π δm (Lp + D p )/2, with Lp as the
monolayer equivalent diameter. Combining these, we have
2
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ρl hlg



2
(Lp −D p )/3
4Lp
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qCHF,c−v .

(27)

Similarly, Fig. 2 shows the variations of the capillary pressure
and the monolayer effective thermal conductivity with the average
meniscus height for FC-72. The Hadley [15,16] correlation is used
for the effective thermal conductivity and the value is shown in
Fig. 2(b).

4. FBCW geometry optimization
Part I Fig. 5(b) shows the variations of qCHF, c-v with respect to
Np,x and Lper for different p , and qCHF, c-v increases with Np,x and
decreases with p . By increasing the number of posts (or Lper ), the
pressure drop due vapor passing through the perforation decreases,
as well as the pressure drop across the posts, allowing for the limitation to shift back to the monolayer pressure drop.
The optimized geometry for the FBCW unit cell is also shown
in Part I Fig. 5(b). The wicking length is related to the aspect ratio
γ = Wper / p for the anisotropic distribution of posts. The adopted
geometry corresponds to an aspect ratio γ = 3. After the geometric
optimization, the radial variation of monolayer meniscus thickness
(due to the variation in the capillary pressure), surface superheat
temperature, and thermal conductance found from the resistance
network models and are shown in Fig. 3(a) to (c). The results are
for qCHF = 15 MW/m2 for water. The area-averages (annulus) are
also shown, they are calculated as



φA
φ =  i h,i ,
Ah,i

(28)

where φ i is the variable of interest and Ah,i the discrete heated
(annulus) area.
5. CFD and VOF validations
Wick: The monolayer liquid meniscus topology is obtained
from Surface Evolver energy minimization code [12]. Then the direct (pointwise conservation equations) numerical simulation with

4
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(b)

Fig. 2. Variations of (a) capillary pressure, and (b) monolayer effective thermal
conductivity with respect to normalized (using sintered particle diameter) average
meniscus thickness with ideal packing and bulk properites [16], for FC-72. For the
capillary pressure, both the numerical and analytical results are shown.

Star-CCM+ solver [14] is used for the monolayer permeability and
effective conductivity using the resulting topology from Surface
Evolver code. The resistance network model solves momentum and
mass conservation in the wick while incorporating the meniscus
thickness dependence.
Channel: For the two-phase ﬂow the pointwise conservation
equation, commercial solver ANSYS Fluent [17] is used with following options: ﬂuid-ﬂuid; transient, incompressible, isothermal, turbulent ﬂow (realizable k −
closure model), ﬁrst order implicit
time, explicit volume of ﬂuid (VOF) [18] with geometric reconstruction (Courant < 0.25), the SIMPLE scheme with single momentum and continuity equation, and mesh resolution ≈ 0.25
mm. The VOF method is preferred over the level-set method because of its mass conservation characteristics [19].
The pointwise Fluent continuity and momentum equations are:

fs = σ

∂ρ
+ ∇ · u = 0,
∂t
∂
∂ t (ρ u ) + ∇ · (ρ uu ) = −∇ p + ∇ ·

Fig. 3. Radial distributions of the monolayer variables calculated using the network
model for water: (a) meniscus thickness δm , superheat Ts − Tlg , and (c) thermal
conductance G/A for q = 15 MW/m2 . Dashed line represents the area-weighted average.

(29)




μ(∇ u + ∇ uT ) + ρ g + f s ,
(30)

∂
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ρ = αρg + (1 − α )ρl ,
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