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a b s t r a c t 

Bubbles formed in flow boiling merge and pickup momentum downstream and inhibit liquid supply to 

the heated surface. To investigate these competitions between the phases adjacent to the heated surface 

(hydrodynamic instabilities) and to establish leading-edge liquid supply tracks, the flow-boiling canopy 

wick (FBCW) was previously introduced. The FBCW is a periodic, 3-D porous (sintered, metallic powder) 

and perforated structure enabling capillary suction to optimally separate and direct the liquid and vapor 

paths adjacent to the heated surface, while the liquid track is formed between the periodic perforations. 

Here, addition of levees (geometric confinement) on the edge of the perforations ensures the hydro- 

dynamic stability (by diverting the vapor stream and wall-stabilizing the liquid track), thus extending 

the liquid track between the levees. The irrigated canopy is connected to porous posts and monolayer- 

evaporator for liquid supply and the vapor generated over the monolayer wick escapes through the per- 

forations. This thin evaporation wick results in large thermal conductance. The critical heat flux (CHF) or 

dryout limits (e.g., liquid-vapor hydrodynamic instability, capillary-viscous) of this leveed FBCW are ex- 

amined using analytical and numerical (CFD, including the VOF technique) simulations. The CFD results 

for saturated water at 1 atm and for a horizontal, rectangular channel heated at the lower surface show 

the surface liquid track is stabilized by the levees and the flow-boiling CHF and thermal conductance are 

enhanced significantly beyond the plain surface, reaching the capillary-viscous dryout limit. The leading- 

edge liquid track irrigation of the wick allows for use of smaller liquid velocities. The results for the FC-72 

fluid are also presented. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Boiling heat transfer allows for high heat flux at small thermal

esistance (large thermal conductance). Due to the random nature

f vapor bubbles generated, a threshold is reached where the sup-

ly of the liquid to the heated surface is interrupted, leading to

ydrodynamic-controlled dryout, i.e., the critical heat flux (CHF),

hich is followed by a rapid increase in the surface temperature.

he flow-boiling canopy wick (FBCW) applied to the lower surface

f a horizontal saturated liquid stream channel, shown in Fig. 1 (a),

as introduced [1] to replace this chaotic bubble formation with

eniscus-surface evaporation in a thin wick, creating separated

nd directed paths for the liquid and vapor phases. The FBCW unit

ell is shown in Fig. 1 (b) with all relevant geometric parameters.

he symbols are defined in the nomenclature. The main compo-
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ents of this 3-D wick are the porous perforated canopy, posts and

onolayer. These hold the liquid while allowing the vapor gener-

tion on top of the monolayer to escape through the perforations

nto the channel where the liquid flows. 

In the FBCW, the canopy separates the liquid stream from the

apor space, however, the vapor escaping through the perforations

ixes with the liquid above the canopy. This creates a two-phase

ydrodynamic-stability controlled CHF above the canopy. The pri-

ary instability is related to the leading-edge liquid track which

upplies the liquid to canopy which directs it to the evaporator

monolayer) through the posts. At high heat flux, the accumulated

apor flowing above this liquid track causes a shear instability. Be-

ow the canopy, the capillary-viscous controlled CHF governs the

iquid permeation, evaporation and vapor venting. 

The FBCW structure is periodic in two directions, and its sim-

lest unit cell will contain four permeable posts, a perforated, per-

eable canopy, and a thin, single-layer sintered-particle (mono-

ayer) wick covering the heated surface [ Fig. 1 (a)]. The monolayer

as an optimal permeability and capillary pressure and spreads the

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120080
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Nomenclature 

A area (m 

2 ) 

C inertial coefficient 

c d discharge coefficient 

c p heat capacity (J/kg-K) 

D, d diameter (m) 

f friction factor 

Fr Froude number 

G / A thermal conductance [K/(W/m 

2 )] 

g gravitational acceleration (m/s 2 ) 

H, h height (m) 

�h lg heat of evaporation (kJ/kg) 

K permeability (m 

2 ) 

k thermal conductivity (W/m-K) 

k B Boltzmann constant (J/K) 

L, l length, thickness (m) 
˙ M mass flow rate (kg/s) 

M molecular weight (kg/mol) 

˙ m mass flux (kg/m 

2 -s) 

Ma Mach number 

N p,x number of posts 

p pressure (Pa) 

P perimeter (m) 

Q heat flow rate (W) 

q heat flux (W/m 

2 ) 

Re Reynolds number 

t time (s) 

T temperature (K) 

u velocity vector (m/s) 

u axial velocity (m/s) 

u a speed of sound (m/s) 

v vertical velocity (m/s) 

W, w width (m) 

We Weber number 

x spatial coordinate (m), quality 

y spatial coordinate (m) 

z spatial coordinate (m) 

Z dimensionless figure of merit 

Greek symbols 

α void fraction 

γ heat capacity ratio, aspect ratio 

� difference, drop 

�p lateral post spacing (m) 

δ thickness (m) 

ε porosity 

κ wavenumber (1/m) 

λ wavelength (m) 

μ viscosity (Pa-s) 

ρ density (kg/m 

3 ) 

σ surface tension (N/m) 

τ shear stress (N/m 

2 ) 

φ generic variable 

θ c contact angle ( ◦) 

Subscripts 

ch choked flow 

CHF critical heat flux 

Cu copper 

c capillary, cell 

ca canopy 

ch channel 

c − v capillary-viscous 
a  
f flooding 

FBCW flow-boiling canopy wick 

g gas 

h heater 

l liquid 

lg liquid-gas phase change 

m monolayer 

max maximum 

n nucleation 

o baseline 

p post 

ps plain surface 

per perforation 

sh superheat 

s surface 

Z Zuber 

Others 

〈〉 spatial average 

¯ temporal average 
∗ dimensionless 

iquid supplied through the posts. The aim is to create and main-

ain a vapor space for steady and uniform film evaporation over

he heated surface, while allowing for uninterrupted liquid supply

epresented by the leading-edge liquid track and the vapor escape.

The CHF is the most important limit in flow-boiling, represent-

ng the upper limit for a safe operation [2] . The treatments of

he flow-boiling CHF, however, have been mostly empirical, due to

he complexity of the two-phase flow, and until recently there has

ot been a theoretical treatment comparable to that of the Zuber

or the pool-boiling CHF [3] . Even the empirical correlations have

een limited to a specific range of parameters not suited for dif-

erent experimental conditions. The underlying thermal-hydraulic

echanisms triggering the flow-boiling CHF have been addressed

n [3] and more recently in [4] . 

Two suggested mechanisms (models) for horizontal, heated sur-

aces are rendered in Fig. 2 . In the liquid-vapor, boundary-layer

nterfacial separation dryout [5,6] model the flow boiling crisis is

reated as a purely hydrodynamical phenomenon, analogous to the

ingle-phase flow with gas injection at the heated surface. The

enerated vapor decreases the liquid velocity gradient adjacent to

he surface, making this gradient to gradually diminish causing the

eparation of the liquid layer and dryout. 

In the vapor-liquid separated flow interfacial lift-off dryout

7,8] model the liquid supply to the surface is limited to the small

etting fronts in between long vapor patches covering the surface.

he dryout occurs when the momentum of the vapor generated in

he wetting front overcomes the interfacial pressure force, lifting

he liquid away from the heated surface. A recent extended version

f this model accounts for instabilities perpendicular to the surface

imilar to the Zuber treatment for pool boiling [9] . The calculation

f the CHF requires the implementation of a separated flow model

escribed in Part II Section 1 [13] . 

These have treated the plain surface, where bubbles are formed

andomly and intermittently (as compared to the perforated

anopy wick that creates continuous vapor stream from through

he perforations), so the leading-edge liquid track cannot be char-

cterized. 

Here we introduce levees around the perforations to protect the

eading-edge liquid track (and increase the dryout limit) from the

xial vapor acceleration which combined with the liquid perme-
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Fig. 1. (a) Schematic of the FBCW with levees showing the monolayer, posts, the perforated canopy, and the vapor path through the perforations into the liquid stream. The 

levees on top of the canopy divert this escaping vapor stream and confine the leading-edge liquid track. (b) The FBCW unit cell showing the geometric parameters of the 

channel and the wick. The symbols are defined in the nomenclature. 

Fig. 2. Two of the suggested CHF trigger mechanisms for flow boiling over a heated, plain surface horizontal surface. (a) Boundary-layer separation [5,6] . (b) Interfacial 

lift-off [7,8] . 
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Fig. 3. Schematic representation of the four most relevant flow-boiling CHF lim- 

its when using the FBCW with levees. Hydrodynamic limit, above the canopy. 

Capillary-viscous and liquid superheat limits, below the canopy. 
tion toward the evaporator lead to thinning of the liquid track

nd its instability [10,11] . By eliminating the competition between

he phases close to the heated surface and allowing for a continu-

us supply of the liquid through its capillary structure, the FBCW

ims to control and enhance the CHF and the thermal conductance

. Dryout limits for the FBCW with levees 

The related CHF (surface dryout) mechanisms in the FBCW are

hown schematically in Fig. 3 . 

Capillary-viscous limit, q CHF, c - v : the maximum capillary pressure

occurs in the monolayer) balanced by the summation of all vis-

ous and inertial pressure drops occurring along the liquid and va-

or paths (which depend on the mass flux). 

Liquid-vapor hydrodynamic limit, q CHF,lg : liquid-vapor interactions

and instabilities) above the canopy wick hindering the liquid sup-

ly to evaporator. 

Liquid superheat limit, q CHF,sh : the liquid inside the monolayer

ick is superheated ( �T ) and when this superheat exceeds a
sh 
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Table 1 

The FBCW geometric parameters shown in 

Fig. 1 written in terms of the post diam- 

eter D p , post spacing �p , the number of 

posts along the perforation N p,x , and the 

perforation width W per . 

W c = 2(W per + D p ) A base = W c L c 
L c = L per + D p A per = W per L per 

l w = (L ′ p − D p ) / 3 A ca = A base − A per 

W l = 2 D p + W per A po = N p,x πD 2 p / 4 

l per = D p 

Fig. 4. Schematic representation of viscous and inertial pressure drop components 

along the liquid and vapor paths in the wick side. 
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maximum �T sh,max , then bubbles are formed in the wick and hin-

der the liquid flow and cause dryout. 

Wick flooding limit, q CHF,f : when the dynamic pressure difference

across the canopy wick is large enough to force extra (over the

capillary-driven flow) liquid toward the heated surface. It is not a

main concern for the FBCW. 

Vapor kinetic theory limit , q max : the theoretical upper limit of

the vapor mass flux (one-dimensional molecular or thermal flow)

due to evaporation. 

Vapor choking limit, q CHF,ch : the vapor from the monolayer wick

surface flows through the vapor space and to the perforations,

and this reduction in flow cross-section area increases the veloc-

ity from v g, m 

to v g, per and can reach the sonic limit. 

Vapor compressibility limit, q CHF,Ma : our analysis assumes incom-

pressible flows, so the vapor Mach number Ma g,per is kept below

0.3. So, we use the vapor compressibility limit which is more re-

strictive compared to the vapor chocking limit. 

The capillary-viscous limit and the hydrodynamic limit are the

most relevant and will be discussed below. The other limits were

first discussed in previous works [1,12] and are detailed in Part II

Section 2 [13] . 

3. Wick side CHF and thermal conductance 

The CHF limits below the canopy (capillary-viscous, liquid su-

perheat) are controlled by the wick. For a given heat flux q , con-

stant liquid supply on the canopy surface is assumed along with

the evaporation rate on the monolayer wick. Both 3-D CFD and 1-D

network transport models are used for the prediction of the liquid

and vapor flows. The wick properties (volume average such as the

permeability, capillary pressure, and effective thermal conductiv-

ity) are found from bulk relationships or from direct (pointwise)

numerical simulation. The details are given in Part II Section 3

[13] . The capillary pressure and wick permeability are related to

the capillary-viscous limit, discussed in Subsection 3.1 , and the ef-

fective thermal conductivity is related to both the superheat limit

and the wick thermal conductance, discussed in Subsection 3.2 .

Subsection 3.3 introduces the CFD modelling utilized in this study.

3.1. Capillary-viscous limit 

The FBCW is made of monosized spherical copper particles of

diameter d m 

and sintered to a porosity of εm 

in the monolayer,

εp in the posts, and εca in the canopy. The capillary-viscous limit

depends on the maximum capillary pressure which occurs in the

monolayer, and the summation of liquid and vapor pressure drops

in the 3-D canopy wick. The canopy wick is the ensemble of three

wicks: 

Perforated canopy wick : perforated porous layer which separates

the inertia-dominated two-phase flow above it from the capillary-

dominated, separated liquid and gas flows. The periodic perforation

slots allow for the vapor venting and formation of the leading-edge

liquid track. 

Post wicks : porous columns arranged as anisotropic unit cell and

between the perforations, with their lateral spacing limited by the

perforation width. The parameters are the post diameter D p , post

spacing �p , the number of posts along the perforation N p,x , and

the perforation width W per . The perforation width is limited by the

capillary length [14] 

l c = 

(
σ cos θc 

�ρlg g 

)1 / 2 

, (1)

and for water, this is 2.1 mm, at saturation temperature ( p =
atm). Here we use W per = 1.5 mm to ensure no liquid penetra-

tion through the perforations during a startup condition. The unit
ell has two posts along the perforation and an additional post be-

ween each perforation ( N p,x = 3), the axial perforation length is 

 per = N p,x �p + (N p,x − 1) D p . (2)

onolayer wick : ideally a single layer of close-packed, sintered

pherical diameter particles covering the heated surface and allow-

ng for evaporation. It has an effective conductivity that along with

he wick small thickness results in large thermal conductance (de-

ails are discussed in Part II). The monolayer unit cell is centered

round the post and it has an equivalent diameter 

 

′ 
p = 

[ 
4 

π
( W per + D p ) ( �p + D p ) 

] 1 / 2 
. (3)

able 1 summarizes the FBCW geometric parameters. The optimal

arameters N p,x and �p alongside with the overall optimization of

he wick geometry are discussed further in Part II Section 4 [13] 

The capillary-viscous CHF q CHF, c - v is the upper limit for the

BCW performance imposed by the wick. It is the threshold when

he summation of all wick component viscous pressure drops

canopy, posts, and monolayer) and the vapor inertial pressure

rop balance the maximum capillary pressure in the monolayer,

.e., 

p m 

+ �p p + �p ca + �p per,g = p c,max , (4)

hese liquid and vapor paths and the respective pressure drops are

epicted in Fig. 4 . The maximum capillary pressure is obtained

rom the relation in [15] . 

The viscous pressure drop components are given by the Darcy

aw [14] (with volume-averaged properties calculations discussed

n Part II) 

p = 

μ〈 u 〉 
〈 K〉 L. (5)

hase velocities in the different wick components are calculated

rom the imposed heat flux and geometric relationships as 

 l,o = 

q 

ρl �h lg 

A base 

A ca 
, v l,po = 

q 

ρl �h lg 

A base 

A po 
, v g,o = 

q 

ρg �h lg 

A base 

A per 
. (6)
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Fig. 5. (a) Variations of the various pressure drops with heat flux. The mono- 

layer and vapor perforation pressure drops dominant. The optimized wick capillary- 

viscous CHF is also shown. (b) Variation of q CHF, c - v with N p,x for different �p (for 

water). 
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Fig. 6. (a) Schematic representation of the evaporation on the monolayer showing 

the variation of the meniscus thickness. (b) Unit-cell meniscus for hexagonal pack- 

ing obtained using the Surface Evolver code. Snapshots of temperature distribution 

in the particle and liquid, the copper-water interface is shown with broken line. (c) 

Variation of the effective thermal conductivity with the average meniscus thickness. 
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u  
 finite-volume network model is used for the monolayer proper-

ies varying with the meniscus thickness. 

The inertial pressure for vapor passing through a perforation is

16] 

p per,g = 

1 

2 

Cρg v 2 g,o , (7) 

here the inertial coefficient is 

 = 

[
1 . 642 

A 

∗(1 − A 

∗2 . 6 )(1 + l ∗3 . 5 + A 

∗3 . 6 ) 
− 1 

]2 

, (8) 

nd A 

∗ = A per /A base and l ∗ = l per /D per . 

Rewriting Eq. (4) , the capillary-viscous CHF can be written as a

unction of the pressure drop components 

 

∗2 C 

2 ρg �h 

2 
lg 

q 2 CHF,c −v + 

μl 

ρl �h lg 

[ 

(L ′ p − D p ) / 3 

K m 

4 L ′ p 
2 

〈 δ〉 m 

(L ′ p + D p ) / 2 

] 

×q CHF,c −v = p c,max , (9) 

urther details on this derivation are given in Part II Section 3 [13] .

Figure 5 (a) presents the variation of pressure drops with im-

osed heat flux. As expected, higher capillary pressure is needed

or higher q . Based on the optimized wick parameters shown in

ig. 5 (b), the capillary-viscous limit is q CHF ,c - v = 17 MW/m 

2 for a

p c, max = 16.2 kPa. 

.2. FBCW Thermal conductance 

The thermal conductance of the FBCW depends on the mono-

ayer effective conductivity 〈 k 〉 m 

and the meniscus height 〈 δ〉 m 

,

hown in Fig. 6 (a), i.e., 

 q 〉 = −〈 k 〉 m 

A m 

A 

T s − T lg 

〈 δ〉 m 

= 

G 

A 

(T s − T lg ) . (10)
The heat conducts through the monolayer wick with its pores

ccupied by liquid. The meniscus adjusts its topology according to

he capillary pressure and Fig. 6 (b) shows the equilibrium surface

or a given pressure, obtained with the meniscus surface compu-

ation code Surface Evolver [17] . The variation of the computed ef-

ective conductivity is shown in Fig. 6 (c) as a function of the av-

rage meniscus thickness, for water and copper particle (closely

acked). The Hadley [18] correlation is used for the bulk effective

hermal conductivity. The simulations use the Star-CCM+ [19] code

sing symmetry (1/12th geometry) with mesh size of 0.02 d m 

. The

oundary conditions are prescribed temperature T s at the base

f the particle and the liquid, prescribed temperature T lg on the

eniscus, and adiabatic elsewhere. The solid-liquid interfacial cou-

ling uses the conjugate heat transfer. The bulk effective thermal

onductivity from the correlation in [14] is also shown. The ef-

ective thermal conductivity is higher at lower capillary pressures

larger average meniscus thickness), and the heat flows mainly

ithin the particle. The monolayer effective thermal conductivity

s about ten folds larger than that of liquid water, greatly increas-

ng the thermal conductance to 150 kW/m 

2 -K. 

.3. CFD Simulation of wick liquid flow 

The 2x6 perforations canopy wick simulated (CFD) for both

he wick liquid flow and the channel two-phase flow hydrody-

amics using Ansys Fluent [20] is shown in Fig. 7 . The CFD

imulation details are given in Part II Section 5 [13] , which in-

lude the volume-averaged properties. The boundary conditions for

he 3-D wick flow simulations and a typical flow traced by the

treamlines are shown in Fig. 7 . The pressure drop from the 1-D

etwork model have been compared with these 3-D results and

ood agreement has been found. Since the monolayer permeability

aries with the local meniscus thickness (which depends on heat

ux), more accurate results are expected from the point-wise nu-

erical treatment where the variation of the meniscus thickness

s tracked and a variable local permeability is used. However over-

ll, the 1-D network and the 3-D CFD results suffice to predict the

ick liquid flow relatively accurately. These CFD results of the liq-

id flow in the canopy wick are combined with the CFD results in
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Fig. 7. The 2x6 perforations canopy wick simulated (CFD) for the wick liquid flow, 

showing the boundary conditions (irrigation from the channel flow and evaporation 

on the monolayer). Typical streamlines for the liquid flow through the perforated 

canopy, posts, and monolayer are also shown. 

Fig. 8. The 2x6 perforations canopy wick simulated (CFD) for the channel two- 

phase flow, showing the boundary conditions (irrigation of the wick and vapor es- 

caping from the perforations). 
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Section 4 , to render the combined behavior in videos presented in

Section 6 . 

4. Channel-side CHF without levees 

While aspects of the two-phase hydrodynamics above and the

capillary-viscous thermal hydraulics below the canopy are inter-

twined, they can be separated to introduce independent control

of the CHF. The very high CHF reported in [1] ( q = 20 MW/m 

2 

for liquid inlet velocity u l, o = 2 m/s) is valid for a rather short

heater ( L ch = 12 mm, i.e., only two axial perforations) and a sin-

gle lateral perforation (with periodicity) used there. The addition

of lateral vapor perforations introduces instabilities that greatly af-

fect (lateral interfacial shearing) the leading-edge liquid track. Sim-

ilarly, for longer heaters (additional axial perforations) it affects the

liquid track dryout (axial interfacial shearing by progressive down-

stream increase of the vapor mass flow rate). In this study, to mini-

mize the lateral size effect, two lateral perforations with lateral pe-

riodic boundary conditions are used in the CFD simulations, shown

in Fig. 8 (additional details of the CFD modelling are given in Part

II Section 5). Also to include large enough heater length, we use

six axial perforations with the continuity exit condition. 

The hydrodynamics of the two-phase flow above the canopy in-

volves the vapor escape from the perforations and merging with

the liquid stream. The geometric parameters of the FBCW are

shown in Fig. 1 (b). The liquid inlet velocity and the vapor veloc-
ty exiting the perforation, and the direction of gravity are also

hown there. The liquid and vapor inertial forces are scaled with

heir respective viscosities in the Reynolds number for the liquid

nd vapor phases. The role of the interfacial liquid-vapor surface

ension is presented in the Weber number using the liquid inertia

or scaling. 

The role of gravity (buoyancy) is presented by the Froude num-

er, again using the liquid inertia for scale. Since compressibility of

he flowing vapor will be addressed, the Mach number using the

apor speed of sound for scale (for Mach number smaller than 0.3,

he compressibility effect can be neglected). So, the hydrodynamic

imensionless numbers are the Reynolds numbers, the Weber, the

roude and Mach number, i.e., [21,22] 

Re l = 

ρl u l, o W ch 

μl 

, Re g = 

ρg v g,per D per 

μg 
, We D = 

ρl u l, o D h 

σ
, 

Fr D,per = 

[
ρl u 

2 
l, o 

g(ρl − ρg ) D per 

]1 / 2 

, Ma g,per = 

v g,per 

u a 
, 

(11)

ere subscript l stands for liquid, g for vapor (gas), D per is the per-

oration hydraulic diameter and u a is the vapor speed of sound. 

So, in general the hydrodynamic crises, including the dryout,

re governed by these dimensionless parameters. In addition, for

xample when the Froude number is larger then unity, the role of

ravity is less significant (compared to liquid inertia) and the liq-

id stream is able to carry the vapor axially. 

.1. Leading-edge liquid track and dryout 

The leading-edge liquid track is that portion of the bulk of liq-

id stream that flows in contact with the perforated canopy, in

etween neighboring vapor-exit perforations. The liquid and va-

or coexist and compete in the channel, and the vapor mass flow

ate progressively increases downstream. This leads to a two-phase

ydrodynamic-stability controlled CHF, i.e., the eventual breakup of

his leading-edge liquid track, which then results in downstream

rack dryout (interruption of the supply of liquid to the evapora-

or through the wick). This breakup of the liquid track is observed

n the CFD simulations and is due to vapor-liquid interfacial shear

Kelvin-Helmholtz). 

Figure 9 shows the time evolution of the average leading-edge

iquid track width with time at the outlet, for three different heat

uxes of 1.5, 2.0 and 2.5 MW/m 

2 up to 1.5 times the liquid par-

icle transit time (traveling the channel length), since no signifi-

ant changes were observed after that. The results are for u l, o =
.5 m/s. The liquid and vapor distributions at the exit of the chan-

el (39 mm) are also shown on top with the corresponding snap-

hots. For q = 2.5 MW/m 

2 , the liquid track width approaches zero,

ndicating discontinuity in the liquid supply to the wick. For lower

eat fluxes, q = 1.5 MW/m 

2 and 2.0 MW/m 

2 , there is continuous,

on-zero liquid track width. Based on this, the predicted hydro-

ynamic limit for the FBCW without levees is around q CHF , lg = 2.0

o 2.5 MW/m 

2 . This is in general agreement with reported experi-

ental results (for saturated water in vertical channel) of about 2

W/m 

2 for u l, o = 0.5 m/s [23–25] . At large liquid velocities, i.e.,

arge Froude number, the effect of gravity is reduced. For example

or u l, o = 0.5 m/s, Fr D, per = 3.4. 

Further comparison of the CFD and experimental results will be

resented in Section 6 . 

.2. Kelvin-Helmholtz shear instability of leading-edge liquid track 

We pursue that the FBCW hydrodynamic limit is caused by the

apor-liquid relative velocity, so the Kelvin-Helmholtz instability

isrupts the liquid track [e.g., [11] ]. This is illustrated by Fig. 10 .

he Kelvin-Helmholtz instability occurs under a threshold velocity
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Fig. 9. Time variations of the average liquid track width at the channel outlet for 

three different heat fluxes. The corresponding snapshots of the outlet phase distri- 

butions are shown on top. Liquid track dryout is reached for q = 2.5 MW/m 

2 . The 

results are for u l, o = 0.5 m/s. 
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w  
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m
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Fig. 10. Liquid-vapor interface above the leading-edge liquid track. Schematic rep- 

resentation of Kelvin-Helmholtz instabilities. 
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ifference across the interface between two phases. The instability

riterion includes the velocity and density of each phase, as well

s the surface tension [26] i.e., 

 u g − u l | < 

{ 

2 

ρ∗
g ρ

∗
l 

[
σ g(ρ∗

g − ρ∗
l 
) 

ρ∗
g + ρ∗

l 

]1 / 2 
} 1 / 2 

, (12)

here dimensionless densities are ρ∗
k 

= 

ρk 
(ρg + ρl ) 

. For saturated

ater-vapor flow, this threshold relative velocity is | u g − u l | = 8.9

/s. The critical wavenumber is 

c = 

2 g 

(u g − u l ) 2 
(ρ∗

g − ρ∗
l 
) 

ρ∗
g ρ

∗
l 

= 

[
g( ρ∗

g 
2 − ρ∗

l 
2 ) 

σ

]1 / 2 

, (13) 

here the critical wavelength is λc = 2 π/κc . Using the geometric

arameters of the FBCW, we related this wavelength at the channel
utlet as a function of heat flux as 

c = 

π(u g − u l ) 
2 

g 

ρ∗
g ρ

∗
l 

(ρ∗
g − ρ∗

l 
) 

= 

π

g 

(
q 

ρg �h lg 

A m 

〈 α〉 A ch 

− u l 

)2 

× ρ∗
g ρ

∗
l 

(ρ∗
g − ρ∗

l 
) 
, (14) 

here 〈 α〉 is the void fraction and the product 〈 α〉 A ch the cross-

ection area occupied by the vapor. Figure 10 shows the results

or water and the critical wavelength is 1.6 cm. The corresponding

HF from this simple analysis is about 2.5 MW/m 

2 , close to that

ound from the liquid track breakdown in Subsection 4.1 above.

he void fraction can be obtained from the CFD and the results

n Fig. 10 contemplate the range from 0.6 to 1.0. We now move to

dd levees to stabilize the liquid track and increase the CHF to the

apillary-viscous limit marked in Fig. 10 . 

. Stabilizing the liquid track with levees for enhanced CHF 

The CHF predicted by CFD simulations for the FBCW is much

maller than the capillary-viscous limit of 17 MW/m 

2 , due to the

iquid-vapor interaction, i.e., hydrodynamic limit. The continuity of

he leading-edge liquid track disappears for a heat flux of about

.0 to 2.5 MW/m 

2 . 

In order to increase the CHF, 1 mm thick levees spanning the

ntire channel are added on the side of each perforation row to

revent the exiting vapor from spreading laterally and axially, dis-

urbing the liquid stream. The front end of the vapor tracks are

lso closed to prevent vapor recoiling upstream which hinders the
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Fig. 11. The 2x6 perforations canopy wick with levees simulated (CFD) for the two- 

phase flow, showing the boundary conditions (irrigation of the wick and vapor es- 

caping from perforations). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Time variations of the average liquid track height at the channel outlet for 

three different heat flux. The corresponding snapshots of the outlet phase distribu- 

tions are shown on top. The results are for u l, o = 0.5 m/s. 

Fig. 13. Frontal view of the streamlines representation of the diversion of vapor 

caused by the addition of levees for: (a) q = 5 MW/m 

2 . (b) q = 15 MW/m 

2 side 

view, and (c) perspective view with levees. The envelope of the vapor bubble is 

sketched by the dashed line. The results are for u l, o = 0.5 m/s. 
liquid entering the liquid track. This creates aquaducts and pre-

vents dryout. This leveed 2x6 perforations FBCW domain used in

the CFD simulations is shown in Fig. 11 . An upstream, entrance

length of 6 mm was added to allow for the liquid to enter the in-

tralevee aquaducts or divert to the top of the channel. The levee

walls are subjected to the velocity no-slip condition. As shows

Fig. 1 (a), the levees are porous structures sintered on top of the

canopy. The levee height is H l = 3 mm and the wall thickness is

l l = 1 mm, as mentioned earlier. The larger levee heights of 5 mm

and 7.5 mm did not make a noticeable improvement (over the

3 mm height) up to 17 MW/m 

2 . 

In contrast with the case of no levees in Section 4.3, the ad-

dition of levees even while reducing the available width for the

leading-edge liquid track, isolates it from severe shear instability

by the vapor exiting the perforations. The absence of lateral vapor

shearing, diverting the vapor outward, and the geometric confine-

ment of the liquid (anchoring to the levee walls) all assist in the

stability of the liquid track. Fig. 12 shows the temporal variations

of the liquid track height at the exit, for three different heat fluxes,

for u l, o = 0.5 m/s, up to 1.5 times the liquid particle transit time.

The related phase distribution snapshots are shown on top. The

leading-edge liquid track remains stable (not breaking and caus-

ing dryout) up to the end of the channel for very high heat flux

(15 MW/m 

2 , below the capillary-viscous limit of 17 MW/m 

2 ), many

folds over the CHF with no levees (about 2.0 to 2.5 MW/m 

2 ). 

We now examine the levees mediated roles of the vapor diver-

sion (which affects the Kelvin-Helmholtz instability) and the geo-

metric liquid confinement (which anchors the liquid) on the CHF. 

5.1. Vapor diversion by levees 

Figures 13 (a) to (c) show the perforation escaping vapor

streamline without and with the levees, for heat fluxes below their

corresponding CHF. The results are for u l, o = 0.5 m/s. The blue

background represents the liquid and the green bubble represents

the vapor. Without levees, the instantaneous vapor streamlines

spread both laterally (red color) as well outwardly (blue color). The

vapor shearing thins and destabilizes the leading-edge liquid track,

causing dryout ( Fig. 9 ). The outward vapor flow does not effect the

liquid track. As shown in Figs. 13 (b) and (c), the addition of levees

prevents the lateral vapor flow and divert that outward, protecting

liquid track from shear instability. The vapor recoils and enters the

aquaducts, but it does so at a much lower velocity, i.e., reduced in-



J. Ferreira and M. Kaviany / International Journal of Heat and Mass Transfer 159 (2020) 120080 9 

Fig. 14. Liquid track topology and the surrounding vapor at the channel exit. (a) 

The case on no levees leads to smaller CHF due to lateral spreading of the vapor 

exiting the perforations, and here the results are for q = 1.5 MW/m 

2 . (b) With the 

levees, the vapor diversion and the levee wall-stabilize the liquid track. 
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Fig. 15. Variations of CFD predicted channel exit (a) interfacial relative phase ve- 

locity, and (b) time-averaged liquid tack height, with respect to the heat flux. The 

results are for cases without and with levees and for u l, o = 0.5 m/s. 
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erfacial shear. The black arrows represent vapor streamlines suc-

essfully diverted away from the liquid track, they flow over the

ntralevee channel without recoiling. 

Figure 13 (c) shows a perspective view of the entire channel for

he leveed perforation and very high heat flux. The vapor expands

aterally beyond the perforation rows, but its effect on the liquid

rack is greatly diminished. At q = 15 MW/m 

2 the height of the

xit liquid track height is nearly the same as the q = 1.5 MW/m 

2 

ithout levees. 

.2. Wall geometric confinement of liquid track 

Geometric confinement has a stabilizing effect on the liquid

rack [27] . This is illustrated in Figs. 14 (a) and (b), with and with-

ut levees. Addition of levees to the side of the perforations al-

ows for the liquid confinement between them and shields the liq-

id from the lateral shearing. The walls anchor the liquid (no-slip

ondition), requiring additional shear from the vapor flow to dis-

urb the liquid track. Both the liquid and vapor phases experience

he same pressure gradient (neglecting inertial effects) within the

quaduct, so there is a measure of local mechanical equilibrium

etween the phases. 

So the vapor diversion by the levees protects the liquid track

rom the lateral vapor shear and the only interfacial interaction

s due to the relative axial velocity at the interface. In addition

he geometric liquid confinement further stabilizes the liquid track.

e now examine the contributions of these two stabilizing effect

hich extend the dryout, using the CFD results. Figures 15 (a) and

b) show the CFD predicted variations of the vapor-liquid interfa-

ial velocity slip (volume averaged over the phases) and the av-

raged exit liquid track height, with respect to the imposed heat

ux. 
In Fig. 15 , the Kelvin-Helmholtz limit and the capillary-viscous

imits are also shown. The results are for no-levees geometry as

ell as with levees of height 3 mm. The CFD predicted and ex-

erimental result for CHF without levees are also shown. The re-

ults show the interfacial relative velocity decreases with the pres-

nce of the levees. This is due to the vapor diversion. We also note

hat even under very high heat flux where the relative velocity is

arger than the critical value predicted by Eq. (12) , the liquid track

emains stable, Fig. 15 (b), and CHF is delayed. This indicates that

iquid geometric confinement prevents the development of Kelvin-

elmholtz instability. 

The CFD simulations show that at high heat flux, the escaping

apor still manages to disturb the liquid track by entering from the

pen top surface of the duct, but even with high relative velocities,

he Kelvin-Helmholtz instability cannot suppress the leading-edge

iquid track. So in Fig. 15 (a), we mark the enhancement of the CHF

y the levees into two regimes. The first is by the vapor diversion

nd the second by the liquid geometric confinement, where the

atter has a much larger and impacting extent. 

.3. Effect of liquid inlet velocity 

The added stability provided by the levees allows for lower in-

et liquid velocities without affecting the leading-edge liquid track

eight inside the levees. Fig. 16 shows the axial variations of in-

tantaneous liquid track height for three liquid inlet velocities, 0.5,

.2, and 0.05 m/s at y = 1 mm. Local dryout is observed for the

owest velocity, 0.05 m/s, and illustrated by the snapshots of phase

istribution. 

The inlet velocity affects also the exit (at L ch ) temporal-spatial

veraged void fraction and quality, and the inlet velocity enhance-

ent defined as a measure of the convergence of inlet liquid into

he intralevee aquaducts. These are listed in Table 2 . The quality

s calculated using the void fraction outlined in [28] . The ther-

al conductance ( G / A ) discussed in Subsection 3.2 is expected to

e the same for all three cases, while the exit quality increases

ith decreasing velocity. The exit void fraction is larger than 0.9

or all three cases. So, the FBCW allows for using smaller liquid
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Fig. 16. Axial variations (at y = 1 mm. marked with broken line) of the liquid track 

height for different inlet velocities for t = 66 ms. Local dryout occurs for the lowest 

velocity and also shown by snapshots of the phase distribution of the intralevee 

flow. 

Table 2 

Effect of inlet liquid velocity on the temporal-spatial 

averaged void fraction and vapor quality at the exit, 

and the liquid flow enhancement at the intralevee en- 

trance and Froude number. The results are for q = 15 

MW/m 

2 . 

u l ,o , m/s 〈 ̄α〉 〈 ̄x 〉 〈 ̄u l 〉 o /u l, o Fr D,per 

0.05 0.958 0.148 5.84 0.34 

0.2 0.9532 095 2.03 1.34 

0.5 0.862 0.048 1.51 3.36 
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inlet velocity while keeping both the dryout limit (CHF) and the

thermal conductance much larger than those for the plain surface.

This would make for a more efficient use of the liquid stream for

evaporation. The effect of gravity, represented by the Froude num-

ber, is also shown. The results are for q = 15 MW/m 

2 and H l = 3

mm, and L ch = 3.9 cm, and the liquid track persists up to the exit

(no dryout) even with liquid inlet velocity (0.1 m/s). However, the

Froude number becomes smaller than unity for this inlet velocity. 

6. Summary of results 

6.1. Water 

The predicted CHF (left vertical axis) and G/A (right vertical

axis) for the flow boiling (in a channel with horizontal, upward

heated surface) with and without the FBCW coating are shown in

Fig. 17 (a), along with various limits. The results are for saturated

water at 1 atm, and with u l, o = 0.2 m/s (as a typical low velocity,

and for 0.1 m/s the results are similar). The results for the FBCW

are for a 2x6 perforation corresponding to a heated channel length

of 39 mm. The geometric parameters are listed in Table 3 . 

The limits on the CHF are: starting from the lowest, the Zu-

ber pool boiling ( q CHF,Z ), the experimental results for the plain sur-

face ( q CHF,ps ), the capillary-viscous ( q CHF, c - v ), the superheat ( q CHF,sh ),

the vapor compressibility ( q CHF,Ma ), vapor chocking at perforation

( q CHF,ch ), and the kinetic theory ( q max ). The red bar on the left ac-

counts for the effect of a non-ideal monolayer, the bottom end rep-
esents loose packing, lower capillary pressure, and the top end

exagonal packing, maximum capillary pressure. The limits and

ench marks for the G / A are, starting with the lowest, the experi-

ental results for the plain surface ( G / A ) ps , the FBCW performance

 G / A ) FBCW 

, the conductance of 1 mm of pure copper ( G / A ) Cu , and

he conductance of 1 mm synthetic diamond( G / A ) diamond . 

The lower portion of Fig. 17 (a) shows the performance of the

lain surface ( Section 4 ). The experimental results are also for

 l, o = 0.2 m/s, with q CHF,ps of about 1.5 MW/m 

2 as typical [23,24] ,

nd ( G / A ) ps of about 75 kW/m 

2 -K is also typical and strongly local

apor-quality dependent [29] (deteriorates very quickly for vapor

uality larger than 0.1 [25] ). The use of the modified interfacial

ift-off model from [9] gives q CHF,ps = 1.5 MW/m 

2 , in agreement

ith the reported experimental results. The original interfacial lift-

ff model [7] is unstable for u l ,o < 1 m/s. 

Addition of the FBCW and creation of the vapor space under-

eath the canopy and evaporation on the thin monolayer increases

he thermal conductance and the ( G / A ) FBCW 

is twice as large as the

lain surface value, as shown in Fig. 17 (a). This was observed with

r without the levees. This ( G / A ) FBCW 

is still below the ( G / A ) Cu , so

n typical heat transfer devices the evaporator resistance is still

mportant compared to conduction resistance through the metal-

ic membranes. 

The FBCW with levees increases the CHF substantially over the

lain surface, provided the monolayer capillary pressure can reach

he ideal packing value which for the FBCW listed in Table 3 gives

 CHF ,c - v = 17 MW/m 

2 . This enhancement is represented by the di-

ensionless figure of merit Z FBCW 

, defined as [12] 

 F BCW 

= 

q C HF,F BC W 

q CHF,ps 

(G/A ) F BCW 

(G/A ) ps 
, (15)

here the plain surface CHF q CHF,ps and thermal conductance

 G / A ) ps are shown in Fig. 17 (a). The Z FBCW 

of 20 demonstrates the

dvantage of the FBCW over plain surface flow boiling. 

.2. FC-72 

Direct simulations and local volume averaged properties have

lso been calculated for the FC-72 as working fluid (saturated at

 atm). The maximum capillary pressure is smaller than water

4.18 kPa compared with 16.2 kPa), mostly due to its lower surface

ension. 

Figure 17 (b), shows the performance of the plain surface. The

xperimental results are also for u l, o = 0.05 m/s, with q CHF,ps of

bout 0.25 MW/m 

2 as typical [8] , and ( G / A ) ps of about 15 kW/m 

2 -

 is also typical and strongly local vapor quality dependent [30] .

dditionally, two other values are shown for the plain surface CHF,

sing the interfacial lift-off model described in Part II Section 1.

he prediction of model [7] with u l, o = 1 m/s (solution not sta-

le below this), gives q CHF,ps = 0.3 MW/m 

2 marked as the upper

imit of the shaded region in the left axis. Its revised model [9] for

 l, o = 0.25 m/s, gives q CHF,ps = 0.18 MW/m 

2 , the lower limit. The

xperimental result of [8] is also shown. 

The FC-72 FBCW results are for four evaporator wicks and op-

imal geometry, namely: (i) monolayer (ideal packing p c,max ) and

ii) monolayer [bulk p c,max [31] ] with d m 

= 50 μm, and (iii) bilayer

nd (iv) trilayer with d m 

= 100 μm and bulk p c,max to allow for

acking irregularity. Using the local, meniscus-thickness dependent

onolayer properties for (i) gives q CHF ,c−v = 0.47 MW/m 

2 , while

ii) gives q CHF ,c−v = 0.25 MW/m 

2 . The bilayer and trilayer evapora-

ors perform similar to (i). The extra layers help reduce the evap-

rator pressure drop component (increase in the cross-sectional

rea), however, the thermal conductance deteriorates. Evaporator

i) gives ( G / A ) = 0.057 MW/m 

2 -K, four fold increase over the
FBCW 
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Fig. 17. Various limits on the flow-boiling CHF and thermal conductance ( G / A ) for plain surface and for surface coated with FBCW with and without the levees. The ideal 

particle packing of the monolayer wick gives the largest capillary pressure, and therefore, the capillary-viscous limit controls the CHF. With a non-ideal (loose) packing this 

CHF decreases. This is depicted on the left side. Various limits and bench marks for both CHF and G / A are also marked. (a) Saturated water at 1 atm. (b) Saturated FC-72 at 

1 atm. 
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Table 3 

Summary of FBCW main parameters, by row: heat flux, channel flow and fluid properties; unit 

cell, perforation and post geometry; dimensionless numbers; pressure drop components and wicking 

length; thermal conductance, superheating and performance measure. The CHF enhancement (hydro- 

dynamic instability delay) is caused by diverting the vapor exiting the canopy wick perforation and 

stabilizing the leading-edge liquid track between perforations with the levee walls. A video of the 

flows is available in the Supplementary Materials . 

q (MW/m 

2 ) u l,o (m/s) v g, o (m/s) v l, o (cm/s) ρ l / ρg μl / μg 

15 0.2 61.2 0.85 1622 23 

H ch (mm) L ch (mm) W ch (mm) L per (mm) H l (mm) l l (mm) 

15 39 12 4.5 3 1 

W per (mm) �p (mm) N p,x εm , d m (μm) εp , K p (μm 

2 ) εca , K ca (μm 

2 ) 

1.5 0.5 4 0.40, 50 0.35, 1.41 0.35, 1.41 

Re l Re g We D,c Fr D,per Ma g,o 

1 × 10 3 6.2 × 10 3 3.9 1.34 0.15 

�p ca (kPa) �p p (kPa) �p m (kPa) �p per,g (kPa) ��p i (kPa) p c,max (kPa) 

0.4 2 7 3.9 13.4 16.2 

G / A (MW/m 

2 -K) T s − T lg (K) �T sh,max (K) Z FBCW 

0.15 100 160.4 20 

Table 4 

Summary of the FBCW parameters and results for FC-72, using four evaporators, by row: heat flux, channel 

flow and fluid properties; unit cell, perforation and post geometry; dimensionless numbers; pressure drop 

components and wicking length; thermal conductance, superheating and performance measure. The CHF en- 

hancement (hydrodynamic instability delay) is caused by diverting the vapor exiting the canopy wick perfora- 

tion and stabilizing the leading-edge liquid track between perforations with the levees. A video of the flows is 

available in the Supplementary Materials . 

Evaporator q (MW/m 

2 ) G / A (MW/m 

2 -K) T s − T lg (K) �T sh,max (K) Z FBCW 

Monolayer 0.47 0.057 8.2 50 7.14 

Monolayer (bulk) 0.25 0.044 5.6 2.93 

Bilayer 0.46 0.012 40.2 1.43 

Trilayer 0.49 0.008 64 1.01 

u l,o (m/s) v g, o (m/s) v l, o (cm/s) ρ l / ρg μl / μg 

0.05 2.53 2.67 122 34.9 

1.32 1.39 

2.03 2.14 

2.15 2.27 

H ch (mm) L ch (mm) W ch (mm) L per (mm) H l (mm) l l (mm) 

15 39 10 4.5 3 1 

10.5 

W per (mm) �p (mm), N p,x εm , d m (μm) 〈 δm 〉 (μm) εp , K p (μm 

2 ) εca , K ca (μm 

2 ) 

0.5 0.5, 4 0.40, 50 31.4 0.35, 1.41 0.35, 1.41 

0.40, 50 37.5 1 

0.75 0.40, 100 200 0.35, 5.63 0.35, 5.63 

0.40, 100 300 

Re l Re g We D,c Fr D,per Ma g,o 

0.3 × 10 3 2.5 × 10 3 2.3 0.54 0.006 

1.6 × 10 3 0.003 

2.9 × 10 3 2.4 0.44 0.005 

3.1 × 10 3 0.005 

�p ca (Pa) �p p (Pa) �p m (Pa) �p per,g (Pa) ��p i (Pa) p c,max (Pa) 

94 777 2488 822 4185 4185 

49 402 1138 221 1813 1813 

24 214 236 432 907 907 

25 227 167 486 907 907 
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plain surface value. For (ii), using the effective thermal conduc-

tivity discussed in Part II Section 3, the thermal conductance in-

creases by three folds. On the other hand, cases (iii) and (iv) the

thermal conductance is below the plain surface. So for the CHF

and the thermal conductance enhancements, different evaporators

should be used, and when combining the optimal performance the

dimensionless figure of merit Z FBCW 

should be used. This enhance-

ment for the monolayer with the ideal packing is over 6 folds com-

pared to plain surface. 

The above results are summarized in Table 4 . Thermal conduc-

tance results are valid with or without the levees. This ( G / A ) FBCW 
s still below the ( G / A ) Cu , so in typical heat transfer devices the

vaporator resistance is still important compared to conduction re-

istance through the metallic membranes. The addition of levees,

imilar to the case for water discussed in Subsection 6.1 , allows

or a lower liquid inlet velocity without compromising the CHF. 

Compared to water, FC-72 has smaller surface tension and a

arger liquid viscosity, which results in smaller maximum capillary

ressure and larger pressure drop. The mass flow rates are high

ven at relatively low heat flux, due to the lower heat of evap-

ration, reducing the q CHF, c - v . The use of FBCW allows for using

maller u l ,o . 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120080
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120080
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Fig. 18. Phase distributions and flows above and below the canopy wick for the CFD simulated 2x6 perforations FBCW, with snapshots of the phase distributions along 

selected axial and lateral locations. A video of the flows is available in the Supplementary Materials . 
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. Conclusions 

Enhancement of flow-boiling CHF and thermal conductance in

orizontal channel heated from the lower surface with the FBCW

flow-boiling canopy wick) is investigated using CFD simulations

nd stability analysis. The perforated canopy allows for forma-

ion of a leading-edge liquid tracks between the perforation which

re subject to shear instability as vapor accumulates momentum

ownstream. So, by adding levees to this 3-D porous structure hy-

rodynamic instability is suppressed allowing for continuous liquid

upply to the heated surface for heat flux up the capillary-viscous

imit. 

The specific predicted results for 3.9 cm long heated section

overed by the unit-cell based FBCW are a heat flux in excess of 15

W/m 

2 for the water-copper wick and high thermal conductance

f 150 kW/m 

2 -K. Without the levees the CHF is about 2.5 MW/m 

2 ,

lose to the plain surface value. These represent a 20 fold enhance-

ent over the plain surface measured by the figure of merit de-

ned in Section 6 . 

The capillary-viscous CHF is controlled by the maximum capil-

ary pressure which occurs in the monolayer, and the packing of

he sintered particles is critical, with the close packing of a single

ayer giving the highest p c,max and the randomly packed multilayer

iven by the lower bulk p c,max . Left of Fig. 17 , this effect on the

 CHF, c - v is shown, with the lower limit based on the bulk, random

acking p c,max = 4 σ/ (C r d m 

) of 12.6 kPa, where C r = 0.375 [31] . 

Table 3 summarized the wick parameters, flow condition and

roperties, and predicted performance of the leveed FBCW for wa-

er. The results are for u l, o = 0.2 m/s, i.e., a rather low liquid ve-

ocity, thus making this a very efficient use of the liquid stream for

emoving high heat flux. Similarly, Table 4 shows these results for

C-72. 

Figure 18 shows a snapshot of the related video of the phase

istributions and flows above and below the canopy wick for wa-

er for the CFD simulated 2x6 perforations FBCW vapor exiting
he canopy wick perforation and stabilizing the leading-edge liq-

id track between perforations with the levee walls. Snapshots

f the phase distributions along selected axial and lateral loca-

ions are also shown. These are explained using CFD predictions

nd a Kelvin-Helmholtz instability analysis. Additionaly, a video

f the phase distributions and flows above and below the canopy

or FC-72 for the CFD simulated 2x6 perforations FBCW with lev-

es is linked here https://doi.org/10.1016/j.ijheatmasstransfer.2020.

20080 . 

The investigation of the hydrodynamic control of the boiling

rises with FBCW capillary surface structure for two fluids allows

or thermal control of high heat flux systems and also allows for

nsights into the boiling phenomena. 
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