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ARTICLE INFO ABSTRACT
Keywords: The critical heat flux (CHF) of flow boiling in a mini-channel is vital for equipment safety, but the boiling crisis
Critical heat flux triggering mechanism has been proved unsatisfactory. In this study, the VOSET method is adopted to investigate

Flow boiling
Mini-channel
VOSET method

CHEF of subcooled flow boiling in a vertical rectangular mini-channel by considering the conjugated heat transfer
and using a reasonable nucleation site density model. Hundred of bubbles are accurately captured, and the
evolutions of flow pattern, dry patch, and wall superheating are reproduced. Based on those, the relationship
between boiling crisis and dry patch is demonstrated. When the heat flux is lower, some middle-sized isolated
bubbles adhere to the wall surface with a dry patch below. This dry patch can be rewetted quickly. Hence, the
wall superheating increases slightly along the flow direction and is within control. With the increasing heat flux,
the dry patch expands because some big bubbles merge into the elongated bubble, leading to the local heat
transfer deterioration, but the local wall superheating rise is still limited due to heat conduction inside the solid
wall and the rewetting effect. However, the continuous coalescence of elongated bubbles midstream and
downstream causes the appearance of an almost permanent dry patch with a high local wall superheating of
183.04 K near the outlet of the mini-channel when the heat flux rises to 500 kW/mZ, which has exceeded the CHF
of 375 kW/m? obtained in this study. This triggering mechanism of the flow boiling crisis is new and different
from the traditional ones. Besides, the departure from nucleate boiling (DNB) is found at 325 kW/mz, beyond
which the wall superheating increases rapidly with heat flux.

quick evaporation of stagnant liquid under the boundary layer. Weisman
and Pei [4] presented a theoretical prediction model of CHF for high-
velocity flow based on the fluid interchange between the core region
and the bubbly layer. The CHF appeared when the liquid transport be-
tween the bubbly layer and core was limited. Lee and Mudawwar [5]
developed a sublayer dry-out model to predict CHF during vertical
subcooled flow at high pressure and high mass velocity. Flow boiling
crisis happened when a thin liquid layer beneath an intermittent vapor
blanket dried out because of Helmholtz instability at the sublayer-vapor
interface. Galloway and Mudawar [6] proposed an interface separation
model based on the wavy distribution of the vapor-liquid interface near
the wall. Only the trough of the wavy vapor-liquid interface could wet
the heating wall. While the vapor-liquid interface would be pushed
away from the heating wall if the heat flux was large enough, resulting in

1. Introduction

Compared with the heat transfer of single-phase flow, that of flow
boiling has the advantages of high heat transfer coefficient (HTC) and
lower wall superheating. Therefore, it has a wide range of applications
in the nuclear industry, advanced electronic devices, aerospace, and
other fields [1,2]. CHF of the flow boiling in the mini-channel is vital for
the operation safety of compact equipment, and to this end, many sig-
nificant works have been done [2-8]. But the so-far proposed triggering
mechanism of boiling crisis (when heat flux exceeds CHF) has been
proved unsatisfactory.

Tong [3] correlated the experimental CHF data by using the concept
of boundary-layer separation. The flow boiling crisis began with the
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Nomenclature

A Liquid-vapor interface area, m*

B Exponent in the nucleation site density model

c Heat capacity, J/(kg-K)

Cc Exponent in the nucleation site density model

Clp) Empirical parameter depending on the pressure

D Characteristic diameter, m

f Surface tension, N/m>

F Reynolds number factor

g Gravitational acceleration, m/s?

G Mass flux, kg/(m°2es)

h Latent heat, J/kg

hiocatave  Local heat transfer coefficient of the wall, W/(m2eK)

hap Heat transfer coefficient of nucleate pool boiling

hy Heat transfer coefficient of flow boiling, W/(m2eK)

Ay ave Average heat transfer coefficient of the wall, W/(m2eK)

he it Heat transfer coefficient of single-phase flow, W/(m?eK)

m Phase change rate, kg/(msos)

M Molecular mass, kg/kmol

N Total wall surface nodes

Ny Coefficient of nucleation site density model, site/m>

p Pressure, Pa

Pr Relative pressure to critical pressure

q Heat flux of heating wall, W/m?

q Heat flux of phase transition, W/m?

qi Heat flux of ith wall surface node, W/m?

S Suppression factor

t Time, s

At Time interval, s

T Temperature, K

To Temperature constant in nucleation site density model, K

Ty Fluid temperature, K

T, ave Average fluid temperature, K

T, local Local fluid temperature, K

T. Critical temperature of water, K

Ty Wall temperature, K

Tow.ave Average temperature of the whole wall surface, K

Twioca  Average temperature of the local wall surface, K

Tsar Saturated temperature, K

ATgyp Wall superheating, K

ATqpw  Spatial average superheating of the whole wall surface, K

ATgpwave Temporal-spatial average superheating of the whole wall
surface in the dynamically stable stage of flow boiling, K

ATgp1qve Temporal-spatial average superheating of the local wall
surface in the dynamically stable stage of flow boiling, K

ATy Subcooling, K

u Velocity vector, m/s

Vintet Inlet velocity, m/s

1% Control volume, m?

x Vapor fraction

Greek letters

y Exponent in contact angle model

n Dynamic viscosity, Paes

e Turbulent viscosity, Paes

6o Contact angle constant in nucleation site density model,
A Thermal conductivity, W/(m-K)

p Density, kg/m3

W Enhancement factor

Non-dimensional numbers

Bo Boiling number

Ja Jacobi number

Nuy, Nusselt number of flow boiling
Nug, Nusselt number of single-phase flow
Pr Prandtl number

Pr; Turbulent Prandtl number
Re Reynolds number
Subscripts

ave Average value

b Bulk

c Critical

inlet Inlet of channel

l Liquid

local Local value

nb Pool boiling

R Relative value

s Solid

sat Saturation

sp Single phase

tp Flow boiling

v Vapor

w Wall

sup Superheating

sub Subcooling

Acronyms and abbreviations

2D Two-dimensional

3D Three-dimensional

AMG Algebraic multigrid

CFD Computational fluid dynamics

CHF Critical heat flux

DNB Departure from nucleate boiling point
HTC Heat transfer coefficient

LS Level set

PWR Pressurized water reactor

VOF Volume of fluid
VOSET Coupled volume-of-fluid and level set

the boiling crisis. Liu and Nariai [7] investigated boiling crisis triggering
mechanism based on the homogeneous nucleation. A significant number
of homogeneous vapor bubbles generated and accumulated near the
wall, triggering the boiling crisis. Ha and No [8] proposed a new dry-
spot model to predict CHF in pool boiling and forced convection
boiling. A dry patch appeared when many bubbles formed around one
bubble and restricted the liquid feeding this bubble. With the increase in
the number and size of the dry patches, the number of effective nucle-
ation sites diminished, leading to the boiling crisis. Kim et al. [9] con-
ducted a visual study of DNB during a vertical upward flow boiling. It
was found that the isolated bubble flow turned into an elongated bubble

flow with the increasing heat flux. The evaporation of the thin liquid
film below the elongated bubble caused a periodic dry patch formation.
And an irreversible dry patch appeared with increased heat flux further,
leading to the departure from nucleate boiling. Hata et al.[10] investi-
gated the subcooled boiling heat transfer in a vertical tube with high
mass fluxes. A comparison was performed between experimental results
and theoretical results obtained by the sublayer liquid dry-out model.
Besides, different dominant mechanisms for the boiling crisis at high
liquid Reynolds numbers were discussed in detail. It is worth stressing
that most of the above models are proposed based on the macro channel,
and their availability in the mini-channel is still unknown.
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In this paper, the focus will be paid to the flow boiling in the mini-
channel. The numerical simulation method can obtain detailed infor-
mation during the flow boiling, which favors revealing the triggering
mechanism of the boiling crisis in the mini-channel. However, few
works about CHF of flow boiling have been reported. Sato and Niceno
[11] numerically studied pool boiling using a color function to capture
the liquid-vapor interface. The boiling patterns covered from the
nucleate boiling to the film boiling, and a CHF of 1200 kW/m? was
obtained in their study. DolatiAsl et al. [12] investigated the CHF during
the subcooled flow boiling of water-alumina nanofluid based on the
Euler-Euler model under different fluid subcooling, mass fluxes, tube
angles, and nanoparticle volumes. The CHF was obtained based on
whether the sudden change of wall surface temperature happened along
the flow direction. However, the conjugated heat transfer between solid
wall and fluid was neglected in their study. Zhang et al. [13] adopted the
Eulerian two-fluid model to predict the CHF under pressurized water
reactor (PWR) conditions, and the effects of secondary flow on CHF were
explored. But the accurate two-phase interface was neglected, which
was detrimental to revealing the intrinsic mechanism of the boiling
crisis. Pothukuchi et al. [14] reviewed CFD modeling of CHF in flow
boiling. The model availability in predicting wall superheating and CHF
was assessed, while the triggering mechanism of boiling crisis was not
the concern. In summary, the reported numerical simulation works are
far from enough to reveal the triggering mechanism of CHF during the
flow boiling in a mini-channel, and the main reasons are characteristic
size difference and neglect of /less attention is paid to the accurate
interface capture.

At present, based on interface capture methods, including Level-set
[15], VOF [16], and VOSET [17], many related numerical simulation
studies focusing on bubble behaviors in flow boiling have been done.
Mukherjee and Kandlikar [18,19] analyzed the growth of a single bub-
ble in a three-dimensional (3D) microchannel using the Level-set
method. A trapped liquid layer was observed below the bubble as it
elongated, and a dry patch was found when the elongated bubble filled
the channel. Besides, the hydrophilic wall could retard the formation of
the dry patch and enhance heat transfer. Lee and Son [20] adopted the
Level-set method to investigate the subcooled flow boiling in a mini-
channel by considering the conjugated heat transfer. The flow and
heat transfer characteristics during the growth and coalescence of
several bubbles were illustrated. Lee et al. [21] employed the Level-set
method to thoroughly investigate the effects of fin height, spacing,
and length on the flow boiling in a finned microchannel. However, only
one or two elongated bubbles were captured. Zu et al. [22] used the VOF
method to study the velocity, temperature, and pressure fields of bubbly
flow generated by a vapor inlet on the sidewall. Luo et al. [23] adopted
the VOF method to explore the effects of inlet mass flux, wall heat flux,
and inlet vapor quality on heat transfer in a 3D annular flow. Ling et al.
[24] conducted the VOSET method to analyze the growth and coales-
cence of bubbles in a 3D microchannel. And recently, Ling et al. [25]
discussed bubble activities and flow patterns of two-dimensional (2D)
subcooled flow boiling at different fluxes in detail. The above numerical
studies have provided significant insights into the flow boiling in the
mini-channel. However, most of them only include several bubbles
because of the computation cost or model limitation, and some neglect
the conjugated heat transfer. These deficiencies hinder the study of heat
flux effects on wall superheating and flow patterns, leading to the dif-
ficulty in revealing the triggering mechanism of boiling crisis during the
flow boiling further.

Therefore, in this study, based on a nucleation site density model
obtained by the experimental method, the VOSET method reconciling
both efficiency and accuracy is adopted to study the triggering mecha-
nism of boiling crisis during the subcooled flow boiling in a vertical
rectangular 3D mini-channel by considering the conjugated heat trans-
fer. The evolution of wall superheating with bubble activities, flow
pattern, and the dry patch is discussed thoroughly under different heat
fluxes for the auxiliary analysis of the triggering mechanism of boiling
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crisis.
2. Problem description

As shown in Fig. 1, the subcooled flow boiling in a vertical rectan-
gular mini-channel with a size of 1.0 mm (x) x 1.0 mm (y) x 20.0 mm (2)
is investigated to reveal the flow boiling crisis. The water with a sub-
cooling of 20 K (ATsyp = Tsar —Tinter) gets into the channel from the
bottom inlet at 0.1 m/s. The solid wall with a thickness of 0.2 mm on the
right side of the channel is adopted to consider the conjugated heat
transfer, and the heat flux varying from 200 kW/m? to 500 kW/m? is
added to the outside of the wall. The other surrounding sides perpen-
dicular to the z-direction are no-slip and adiabatic walls (Table 1).

The heating wall is monocrystal silicon with thermal conductivity of
148 W/(m-K), and the static contact angle of a water droplet on that is
set as 50. The system pressure is 1 MPa, corresponding to saturated
temperature and latent heat of 453 K and 2.02 x 10° J/kg, respectively.
Liquid-vapor surface tension is 0.042 N/m. The other physical proper-
ties are listed in Tab. 1.

3. Mathematical models
3.1. Governing equations
As shown in Fig. 1, the computation region includes the solid and

fluid regions. The unsteady heat conduction in the solid region is
described by Eq. (1).

| mm 0.2 mm

Outlet \1jnm

20 mm Heat flux

Wall = ||
(No slip and
adiabatic boundary)

-

Inlet
Vinter=0.1 m/s

Fig. 1. Configurations of 3D vertical rectangular mini-channel.
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Table 1
Physical properties of study mediums.

Density Viscosity Thermal conductivity Heat capacity
(kg/m®) (Pa-s) (W/(m-K)) (J/(kg-K))
Wall 2330 - 148 766
Liquid 888.1 1.51 x 107* 0.674 4400
Vapor  5.14 1.5 x10°° 0.036 2712
dp,c,T
% =V-(4,VT) 1

where p is the density, kg/m?; ¢ is the heat capacity, J/(kg-K); A is the
thermal conductivity, W/(m-K), T is the temperature, K.

In this study, two assumptions are made for the numerical simulation
in the fluid region: the fluid is incompressible; the liquid-vapor interface
temperature is set as the saturated temperature [25]. Based on those, the
flow, heat transfer, and phase transition in the fluid region are described
by Egs. (2)-(7).

Vou — G _ i) i )
v P

0
(g;’) +Ve(pun) = — Vp+ V- [+ 1,) (Vu+ V') | + £+ pg ®3)
6(/) C 7,T) Cpib:
= AV (pepuT) = V- { (/1, + ;’,—r) VT} @
9(p,cpuT) _ Cpully
TV (picpouT) = V- Kﬂ, + P—ﬁ) VT] ®)
. 1/,
/ idv — & / ddA ®)
v h A
or| . oT
4= /’iv—‘ — A= 7)
on|, "on .

where u is the velocity vector, m/s; m is the phase change rate, kg/
(m3es); 7 is the dynamic viscosity, Paes; 1, is the turbulent viscosity
calculated by the Smagorinsky model [26], Paes; f is the surface tension
calculated by the CSF model [27], N/m3; g is the gravity, m/sz; Pr, is the
turbulent Prandtl number; h is the latent heat of water, J/kg; g is the heat
flux caused by phase transition[28], W/mz; the indexes s, I, and v
represent the phase of solid, liquid, and vapor, respectively.

In this study, the vapor-liquid interface is captured by the VOSET
method [17], which possesses the advantage of both VOF and Level-set
methods with less computational cost. The implemented details of the
3D VOSET method can refer to Ref. [29]. The boundary conditions of the
computational domain are set as follows. The constant temperature and
velocity boundaries are applied at the channel inlet; the free outlet
boundary is used at the channel outlet; the no-slip boundary is employed
for all walls; a constant heat flux is applied to the outer surface of the
right heating wall, and the other walls are adiabatic boundaries.

The finite volume method (FVM) is conducted to discretize Egs. (1)-
(7) and boundary conditions, and the discrete equations are solved by
the efficient algebraic multigrid (AMG) method. The projection algo-
rithm is adopted to deal with the coupling between pressure and ve-
locity. The solving of the abovementioned variables and the control of
solving procedure are completed by a self-programming code.

3.2. Nucleation model

Bubble nucleation is one of the most challenging issues for the macro
numerical simulation of flow boiling, and in the present study, it is
described by a nucleation site density model developed from theoretical
analysis and experimental data. The system pressure of 1.0 MPa in this
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study is high, which can not be handled by common nucleation site
density models. After a literature search, the model developed by Li et al.
[30] is adopted to determine the active nucleation site density, which
has been verified by experimental data under a wide range of pressure:
0.101 MPa-19.8 MPa. This model consists of Egs. (8)-(12), where the
active nucleation site density is related to the wall superheating, pres-
sure, and contact angle. In this study, the pressure and contact angle are
constant, and the active nucleation site is only decided by the wall
superheating.

N, = No(1 — cosf)exp[f(p) |ATgn s *® €))
£(p) = 26,006 — 3.678exp( — 2p) —21.907exp( 5.2 ©
24.065
C = —0.0002p* +0.0108p +0.0119 10)
B=0.122p +1.988 (€N)
1 0=(1 60) Te = To)” 12
— COost = — COS|
YNT. =T,

where Ny = 1000 site/m?, 0o = 41.37°, T, = 374 °C, Ty = 25 °C, y = 0.719
by default [30]. The unit of the pressure p is MPa.

In implementing the nucleation model, the activated nucleation site
number for a special condition is determined by the nucleation site
density first; then, the preset nucleation sites are randomly put on the
inner side of the heating wall. Once one nucleation site reaches its
predetermined nucleation conditions, an artificial bubble nucleus with a
radius of one grid is put there. From this implementation process, it is
clear that the abovementioned nucleation model will fail without
considering the conjugated heat transfer.

3.3. Models verification

In this study, the uniform cubic grid is adopted to discretize the fluid
region. The fluid mesh is consistent with solid mesh at the fluid-solid
interface, and a fine grid spacing of 20 pm is applied to discretize the
solid wall along the x-direction. In the grid-independence study, average
wall superheating of 15.02 and 14.48 K are obtained in the dynamically
stable stage of flow boiling based on the fluid meshes with uniform
312,500 nodes and 439,040 nodes under the heat flux of 250 kW/m>.
The relative difference is 3.60 %, which is acceptable considering the
high computation cost, different nucleation site distributions in different
grids, and the complexity of the two-phase heat transfer problem.
Therefore, the grid with a total node of 437500, including 312,500 fluid
and 125,000 solid nodes, is employed in this study to conduct the nu-
merical simulations.

The common correlations of flow boiling obtained by experimental
data can be classified into four categories: enhancement-factor, super-
position, asymptotic,q ~ ATy, and flow pattern-based types[2]. Next,
comparisons are made with some representative correlations for sub-
cooled flow boiling heat transfer to validate numerically predicted re-
sults in this study.

Shah correlation (enhancement-factor model) [31]

q = th(Tw - Tsm) = whsp,l(Tw - T:al) (13)
0.8 U.4/1
hyy = 0.023Re; " Pr, D 14
w= y, for low subcooling as)
Wo + (Tew — Ts)/(T\y — Tywr) for high subcooling
[ 230B0” for Bo>0.3x107* a6)
Y0 =\ 1 +46Bo for Bo < 0.3 x 10
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q

Boza

a7)
where hy, and hg,; represent the HTC of flow boiling and single-phase
flow, respectively, and the latter is calculated by Dittus-Boelter corre-
lation [32] (Eq. (14)), W/(mZ-K); Re is the Reynolds number; Pr is the
Prandtl number; D is the characteristic diameter, m; y is the enhance-
ment factor calculated by Egs. (15)~(17); Bo is the boiling number; G is
the mass flux, kg/(mzos).

Papell correlation (enhancement-factor model) [33]

0.7 0.7
Nu, _ 90.0Ja’0’84( q ) (&) (18)
Nug, hp,u P
Nug, = 0.021Re{*Prl* 19)
AT:u
Ja = IS wb — (20)

where Nuy, and Nug, express the Nusselt number of flow boiling and
single-phase flow, respectively; Ja is the Jacobi number calculated by
Eq. (20); ATgp = Tsae —Tp is the fluid subcooling, K; Tp is the fluid
temperature, K.

Gungor-Winterton correlation (superposition model)[34]

q = hopi(Tyw = Ty) 4 Shup (To — Tyar) 21
By = 55P%12( = 0.4343InPg) "M = 034067 (22)
S=1/(141.15x 10 °F*Re; ") (23)
F=1+24x10*Bo"® (02)]

where hy;, is the HTC of nucleate pool boiling calculated by Cooper
equation [35] (Eq. (22)), W/(mzoK); S is the suppression factor; F is the
Reynolds number factor; Py is the relative pressure to critical pressure;
M is the molecular mass, kg/kmol.

Liu-Winterton correlation (asymptotic model)[36]

@ = [Faopi)” + (S6u)" = [Fhy (AT + ATos) |* + (ShipAT) (25)
S=1/(1+0.55F"'Re}") (26)
F=[1+xPr(p/p,— 1) ]0'35 27

where x is the vapor fraction.

Kutateladze correlation (asymptotic model)[37]

h12]7 = h.\zp.[ +1, (28)
by = C(p)g®’ 29
q= hrp(Tw - Tsat) (30)

where C(p) is an empirical parameter depending on the pressure, and
how to obtain its value can refer to Ref. [37].

Fig. 2 displays the average wall superheating calculated by experi-
mental correlations and numerical methods under different heat fluxes.
The results indicate that the changing trend of predicted results is
similar to empirical correlations, especially the Gungor-Winterron cor-
relation. Table 2 lists the relative differences between numerically pre-
dicted results and different correlations. Quantitatively, regarding the
numerically predicted results, there is a maximal average relative
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Fig. 2. Comparisons in average wall superheating between experimental cor-
relations and numerical methods under different heat fluxes.

difference of 37.99 % compared with the Papell correlation, and a
minimum of 10.00 % is obtained compared with the Liu-Winterton
correlation.

It is well-known in the heat transfer textbook [32] that the Rohsenow
equation for pool boiling heat transfer can have a 30 % margin of error
for a wall superheating by a given heat flux. The maximum relative
differences in predicted results of wall superheating between the present
numerical simulation and the Gungor-Winterton and Liu-Winterton
correlations are less than 25 %, which is acceptable.

4. Simulation results and discussion

In this section, the flow pattern and heat transfer of the subcooled
flow boiling in a vertical mini-channel with different heat fluxes are
demonstrated, and the triggering mechanism of CHF is revealed.

4.1. The evolution of wall superheating with flow patterns under different
heat fluxes

The evolution of wall superheating with flow patterns is one of the
most intuitive ways to observe the CHF phenomenon. Hence it is firstly
presented in this subsection.

Fig. 3 illustrates the representative snapshots of the subcooled flow
boiling under different heat fluxes. Light blue and white colors represent
liquid and liquid-vapor interface, respectively; the wall superheating
decides the wall color. It is worth stressing that the presented temper-
ature in this paper is the wall superheating. Once the heat flux is added
outside the heating wall, the liquid is heated by the conjugated heat
transfer. When the liquid and wall reach a certain temperature, the
phase transition ensues with some activated bubbles. Under different
heat fluxes, different numbers of bubbles are activated because of
different wall superheating, leading to visibly different flow patterns of
flow boiling. Furthermore, the wall superheating changes with the
evolution of flow patterns. Next, the developments of flow patterns and
wall superheating are demonstrated in detail.

As shown in Fig. 3(a), when the heat flux is 200 kW/Inz, the wall
superheating is low in the initial stage, and only a few bubbles are
activated. As time goes on, more and more bubbles are activated, and
these bubbles grow and merge into a big one or condense and shrink
inside the subcooled liquid. After 200 ms, the flow pattern is stable. The
bubble size is smaller than the characteristic size of the mini-channel,
and only bubbly flow happens at this heat flux. Under the effect of
bubbly flow, the wall superheating is still at a low level. It is noteworthy



Y.-J. Chen et al.

Table 2

Relative differences between present simulation results and different correlations.
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Relative difference(%) Shah correlation Papell correlation

Gungor-Winterton correlation

Liu-Winterton correlation Kutateladze correlation

Maximum 54.20 65.87 22.21
Minimum 13.32 13.77 16.10
Average 32.17 37.99 18.14

16.95 33.54
3.45 0.20
10.00 14.45

that a small dry patch appears below the middle-size bubble, but there
will be quickly rewetted without significant local temperature rise.
Therefore, there is no significant difference in the wall superheating
along the flow direction, and a more detailed quantitative comparison
will be provided in the next section.

When the heat flux increases to 300 kW,/m?, as shown in Fig. 3(b),
the activated bubble number is larger than that in the case with the heat
flux of 200 kW/m? at the same time step. Many small bubbles coalesce
into a big one close to the mini-channel’s characteristic size. At 50 ms, it
can be observed that the wall superheating of the nucleate boiling region
is lower than that in the single-phase flow region. At 200 ms, a slightly
elongated bubble is observed at the outlet of the mini-channel, and the
dry patch area below expands. Moreover, a slight wall superheating
increase is found in this dry patch region. Fortunately, few elongated
bubbles are observed with time, and the slightly larger dry patch is still
rewetted quickly by the subcooled liquid. Besides, because of the high
thermal conductivity of the solid wall, some heat from the dry patch
region will be conducted to the first half of the mini-channel and brought
away by the fluid. Therefore, the whole wall superheating is still low
when the heat flux is 300 kW/m?2. Only bubbly flow happens in the mini-
channel, with the wall superheating increasing slightly along the flow
direction. The CHF has not been triggered yet.

As shown in Fig. 3(c), as the heat flux rises to 400 kW/m?, many
bubbles are activated and quickly merge into some big bubbles. Still, the
flow pattern is bubbly flow before 100 ms, and the wall superheating
does not change much along the flow direction because of the bubble
activities and wall conduction. However, after 200 ms, these big bubbles
cannot leave away from the mini-channel and only coalesce into elon-
gated bubbles in the second half of the mini-channel. The flow pattern
changes into the slug flow from the bubbly flow along the flow direction.
A long dry patch appears below the elongated bubble, and the hot wall
directly exchanges the heat with the vapor. The wall superheating of the
dry patch region rises more quickly than the other regions covered by
subcooled liquids. Even the liquid in the bottom corner of the mini-
channel section is almost dried out. Unfortunately, the dry patch
needs some time to be rewetted again. As a result, the local wall
superheating of the dry patch region near the channel outlet keeps
growing to a high value of 110.46 K, leading to the local heat transfer
deterioration when the heating time is over 300 ms.

As the heat flux increases to 500 kW/m?, 138 bubbles are accurately
captured at the instant of 35 ms, which is the most bubble number in the
present study. These small bubbles merge into an elongated one in a
short time. A dry patch with a half-pipe length appears after 200 ms, and
the elongated bubble needs more time to get out of the mini-channel.
Besides, as shown in Fig. 4, an elongated bubble in the middle of the
channel merges into the downstream one, hindering the rewetting of the
dry patch near the outlet and causing a significant wall superheating
increase. The ratio of rewetting time to monopolized time of the dry
patch near the outlet is very small, and the dry patch there almost be-
comes permanent, as shown in Fig. 3(d). As a result, heat transfer
deterioration in the channel outlet happens rapidly, with the local wall
superheating increasing to the highest value of 183.04 K in this study.
The wall superheating of over 110 K is intolerable when heat flux ex-
ceeds 400 kW/m?, and it can be considered that the boiling crisis has
happened due to prolonged local dry. It is noteworthy that the main
content to illustrate in this subsection is why the wall superheating in-
creases to an extremely high value with increasing heat flux, that is, the
intrinsic triggering mechanism of the flow boiling crisis. Whether the

applied heat flux has exceeded CHF needs a quantitative criterion, which
will be provided by wall superheating profiles in the next section. In
addition, unlike the pool boiling, the elongated bubble will be pushed
out of the mini-channel, and the dry patch will be rewetted sooner or
later for the slug flow. Moreover, some heat of the dry patch region is
brought away by vertical heat conduction of the wall, which will also be
quantitatively explained in the next section. Therefore, the local wall
superheating will change periodically and won’t be totally out of control
when the boiling crisis appears.

The present simulation results are similar to the theories presented
by Lee and Mudawwar [5] and Ha and No [8], namely, the formation
and development of dry patches below the bubble trigger flow boiling
crisis. However, the reason for the formation and development of dry
patches is different, and the cause in this study is the appearance of the
elongated bubble, which is similar to the experimental results of Kim
et al. [9].

In summary, different flow patterns of subcooled flow boiling
happen in the mini-channel under different heat fluxes, significantly
affecting the heat exchange between the heating wall and fluid. The wall
superheating is almost homogeneous when only bubbly flow happens.
Whereas, once the flow pattern turns into slug flow, a distinct hot spot
occurs on the heating wall due to the formation of dry patches.
Furthermore, a significant wall superheating increase happens with the
appearance of an almost permanent dry patch near the outlet, triggering
the boiling crisis.

4.2. Quantitative analysis of heat transfer characteristic of subcooled flow
boiling in a vertical mini-channel under different heat fluxes

In this subsection, a quantitative analysis of heat transfer charac-
teristics of subcooled flow boiling in a vertical mini-channel under
different heat fluxes is presented, and values of ONB and CHF are
provided.

4.2.1. Quantitative analysis of whole wall heat transfer characteristics

Firstly, a quantitative analysis of whole wall heat transfer is made.
Fig. 5 illustrates the trends of average wall superheating under the
representative heat fluxes. When a constant heat flux is added to the
outside wall, the wall superheating increases and reaches a dynamically
stable value after about 400 ms for all cases. During the dynamically
stable stage, the wall superheating oscillates with the bubble activities.
When the heat flux is 500 kW/m?, the amplitude is distinct because of
the evolution of the long dry patch, with a value of about 15 K, as shown
in Fig. 3(d). The temporal-spatial average wall superheating during the
stable stage under the heat fluxes of 200, 300, 400, and 500 kW/m? are
11.66, 19.42, 43.70, and 77.26 K, respectively. The wall superheating
rises with the increase of heat flux. It is worth stressing that the statistics
in the following parts are based on the data in the dynamically stable
stage.

The average temperature of the fluid is adopted as the reference
temperature for calculating the temporal-spatial average HTC based on
the Newton’s law of cooling, as displayed in Eq. (31). Fig. 6 demon-
strates the trends of temporal-spatial average wall superheating and
HTC under representative heat fluxes. The wall superheating increases
with the heat flux, while the HTC increases firstly and then decreases. It
can be found that under high heat flux conditions, although the nucleate
boiling intensity increases upstream, the dry patch develops down-
stream, leading to the reduction of the overall HTC. Moreover, when the
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Fig. 3. Representative snapshots of 3D subcooled flow boiling under different heat fluxes.
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Fig. 4. Representative snapshots of elongated bubble coalescence and wall superheating rise when the heat flux is 500 kW/m?2.
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Fig. 5. Trends of spatial average heating wall superheating under representa-
tive heat fluxes.

heat flux is 500 kW/m?, the HTC is only 57.2 % of the maximum value
obtained at 275 kW/m?, thus, the wall superheating rises rapidly,
causing the boiling crisis.
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where q; is the heat flux of ith wall surface node; N is the total wall
surface nodes.

On the other hand, the changes of temporal-spatial average wall
superheating and HTC can be divided into three stages within the
studied heat flux range. Before reaching 275 kW/m?, the flow pattern is
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Fig. 6. Profiles of temporal-spatial average wall superheating and HTC.

bubbly flow, which is the first stage, as shown in Fig. 3(a). With the heat
flux increasing, the wall superheating rises slowly, but HTC improves
rapidly. After that, the flow pattern tends to turn into or has become slug
flow in the second half of the mini-channel from 275 to 400 kW/m?,
which is the second stage, as shown in Figs. 3 (b) and (c). A clear dry
patch appears below the elongated bubble, leading to the quick increase
of wall superheating while a rapid decrease of HTC. The dry patch area
broadens with the heat flux, and the wall superheating and HTC curves
behave at a contrary trend. While the heat flux is over 400 kW/m? to the
third stage, the slug flow region and dry patch area expand. Wall
superheating and HTC continue to increase and decrease, respectively,
but the change rate reduces. The reasons for the changing trend of wall
superheating and HTC at the first and second stages have been illus-
trated before, so that won’t be covered again here. Next, an additional
explanation is made for the third stage. As shown in Fig. 7, the wall
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Fig. 7. Wall superheating profiles along the flow direction under the repre-
sentative heat fluxes.

superheating gradient inside the wall along the flow direction increases
with the heat flux. The average heat fluxes through the central section of
the wall (z = 0.01 m) are 904.16, 1346.20, and 1729.42 kW/m? when
the applied heat fluxes are 400, 450, and 500 kW/m? respectively.
Fig. 8 displays the average heat flux profiles along the flow direction in
the dynamically stable stage of the flow boiling. More heat in the dry
patch region is conducted to the nucleate boiling region with the in-
crease of heat flux, and it is brought away from there. Therefore, when
the heat flux exceeds 400 kW/m?, the wall superheating does not in-
crease exponentially, and the reduction rate of HTC slows down slightly.

4.2.2. Quantitative analysis of local wall heat transfer characteristics

In this subsection, a quantitative analysis of local HTC and vapor
fraction profiles along the flow direction under the representative heat
fluxes are presented. The local HTC and vapor fraction near the inlet and
outlet are neglected because no nucleation sites are put there. The local
HTC is calculated by Eq. (32). As shown in Fig. 9, along the flow di-
rection, the local HTC keeps growing for the case with a heat flux of 200
kW/m?, while it increases at first and then decreases in other cases. As
shown in Fig. 3, the bubbles coalesce with each other during the forward
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Fig. 8. Heat flux profiles along the flow direction under the representative
heat fluxes.
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Fig. 9. Trends of HTC distributions along the flow direction under represen-
tative heat fluxes.

flowing, and its effect on heat transfer depends on whether large/elon-
gated bubbles are formed with a large dry patch below. If not, the heat
transfer is enhanced; otherwise, it worsens. Next, the reasons for the
different trends of HTC are explained.

+Ar Niocat
i " qi/Nioca
g Vi VLT (32)
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hlacal.ave
where Njy.q expresses the node number for obtaining the local average
heat flux.

When the heat flux is 200 kW/mz, along the flow direction, the
boiling intensity enhances with the slight increase of vapor fraction,
leading to the continued rise of HTC. As the heat flux increases to 300
kW/m?, the advantage of boiling enhancement is failed downstream
because of the negative effects of the dry patch below some big slipping
bubbles near the outlet, causing an inflection point (z = 13.25 mm) at
the HTC curve. Besides, as shown in Fig. 10, a corresponding turning
point can be found at the vapor fraction curve, implying the volume of
the slipping bubble increases rapidly from this point. And it indirectly
proves that the dry patch area is growing. Furthermore, as shown in
Fig. 10, the vapor fraction increases rapidly from the upstream when the
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Fig. 10. Trends of vapor fraction distributions along the flow direction under
representative heat fluxes.
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heat flux exceeds 400 kW/m?, indicating that the dry patch extends to
the middle and upper reaches of the mini-channel, and the reflection
point of the HTC curve moves towards the entrance as well. More
importantly, the vapor fraction is over 0.8 from z = 0.01025 m to the
outlet for the case with the heat flux of 500 kW/m?, and the downstream
is almost filled with elongated bubbles most of the time. The dry patch
below these elongated bubbles causes the local HTC to be below 5000
W/m?eK, which verified the occurrence of heat transfer deterioration
and boiling crisis near the channel outlet from the perspective of local
HTC.

4.2.3. Quantitative analysis of characteristic wall superheating curve

In this subsection, the last thing to highlight is to obtain the quan-
titative DNB and CHF of the subcooled flow boiling in the studied mini-
channel. It is noteworthy that the maximum average wall superheating
is 76.96 K when the heat flux is 500 kW/m?, while the maximum local
wall superheating is up to 183.04 K. The whole wall superheating is not
out of control once local heat transfer deteriorates with a large dry
patch. Therefore, in this study, the highest local wall superheating
during flow boiling is selected as the characteristic wall superheating to
obtain its relationship with the heat flux. As shown in Fig. 11, an obvious
turning point at ¢ = 325 kW/m? is observed in the characteristic wall
superheating curve. After that, the characteristic wall superheating in-
creases linearly with heat flux. However, there is no soaring phenome-
non in the curve of characteristic wall superheating. On the premise of
appearing local large-area dry patch, the main reasons for no soaring
wall superheating rise are the periodic rewetting of the dry patch and the
vertical heat conduction inside the solid wall.

Fig. 12 shows representative snapshots of subcooled flow boiling
under the heat flux of 325 kW/m?. For better presentation, the legend in
Fig. 12 is different from that in Fig. 3. The slug flow happens with some
elongated bubbles occupying the whole channel section near the outlet,
and large dry patches below them are observed. Therefore, the forma-
tion of a large dry patch is the indicator of the quick increase of char-
acteristic wall superheating. However, the characteristic wall
superheating is only 45.23 K at ¢ = 325 kW/m?, and it is inappropriate
to consider this value as the CHF. Besides, as shown in Fig. 12, nucleate
boiling is inhibited due to the presence of elongated bubbles near the
outlet. Therefore, in the present study, the heat flux of 325 kW/m? can
be regarded as the point of DNB. The observation of this DNB is of great
importance for the security of practical equipment operation.

In addition, the characteristic wall superheating increases linearly
when the heat flux is over the DNB, leading to the difficulty in obtaining
the CHF by its rising rate. Based on the above illustration and analyses, it
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Fig. 11. Profile of characteristic wall superheating with heat flux.
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Fig. 12. Representative snapshots of 3D subcooled flow boiling under the heat
flux of 325 kW/m>

can be concluded that the rapid increase in local wall superheating will
happen once the region is covered by a large dry patch, which may
trigger the boiling crisis. Therefore, during the dynamically stable stage
of flow boiling, if the monotonous increment of local wall superheating
exceeds 25 K in a short time under a certain heat flux, that can be
regarded as the CHF. From representative snapshots of 3D subcooled
flow boiling in Fig. 3, it is found that the high wall superheating tends to
appear near the channel outlet. Therefore, the profile of local wall
superheating with time in this region is used to identify the CHF. As
shown in Fig. 13, the local wall superheating in the region near the
channel outlet rises and falls periodically because of the periodic
rewetting of dry patches. On the other hand, the area of dry patches is
different, causing different changing amplitudes in local wall super-
heating. According to the defined triggering criterion of boiling crisis in
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Fig. 13. Trends of local wall superheating near the channel outlet under
different heat fluxes.
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this study, the CHF of 375 kW/m? is obtained, and the corresponding
local wall superheating increases monotonously from 58.53 to 84.00 K
in the time range 0.63 to 0.67 s. Next, the triggering process is illustrated
further by the bubble contours.

As displayed in Fig. 14, the length of isolated elongated bubbles is
short at 620 ms, without obvious heat transfer deterioration. Then, some
adjacent elongated bubbles near the channel outlet coalesce into a
longer one at 625 ms, and some subsequent bubble merges into this long
elongated bubble at 630, 635, and 640 ms. As a result, the large dry
patch below the long elongated bubble requires much time to rewet, and
the heat transfer in the vicinity of the channel outlet deteriorates,
leading to a sharp rise of local wall superheating in a short time and
triggering the flow boiling crisis. The defined triggering criterion of the
boiling crisis in this study is unconventional. Therefore, no quantitative
comparison is made in CHF between the present numerical simulation
method and empirical correlations or experimental data.

In summary, quantitative analysis indicates that the HTC near the
outlet keeps at a low level for the case with high heat flux because of the
high vapor fraction with a large dry patch, which causes the heat
transfer deterioration and boiling crisis even though much heat from the
dry patch region is brought away by heat conduction inside solid wall.
Besides, DNB (about 325 kW/m?) and CHF (about 375 kW/m?) are
obtained by profiles of characteristic wall superheating and local wall
superheating.

5. Conclusions

In this paper, the VOSET method is adopted to investigate the sub-
cooled flow boiling and its crisis in a vertical rectangular mini-channel
by considering conjugated heat transfer and a reasonable nucleation
site density model. The evolution of bubble and flow patterns of sub-
cooled flow boiling is reproduced. The small bubbles up to the quantity
of 138 are accurately captured in the studied mini-channel within the
heat fluxes of 500 kW/m? The relationship between flow pattern and
heat transfer is discussed, and the triggering mechanism of the flow
boiling crisis is revealed based on the formation and development of the
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dry patch. The major conclusions based on present simulation condi-
tions are summarized as follows.

(1) The flow boiling crisis in the vertical rectangular mini-channel is
triggered by a large dry patch. Once a large dry patch appears
below the elongated bubble, the heat exchange between the
liquid and heating wall is isolated. If the elongated bubble in the
midstream keeps merging downstream, the dry patch near the
outlet cannot be rewetted in a short time, and the wall temper-
ature will increase sharply and trigger the boiling crisis. This
triggering mechanism of the flow boiling crisis is new and
different from the traditional ones. Besides, unlike pool boiling,
much heat from the dry patch region is transferred to the nucleate
boiling region by wall conduction, and the heat transfer deteri-
oration is not easy to happen.

(2) A DNB point of the subcooled flow boiling in the studied vertical
rectangular mini-channel is obtained based on the characteristic
wall superheating. A distinct turning point at 325 kW/m? is found
in the characteristic wall superheating curve when the elongated
bubble forms with a large-area dry patch below it, which is
defined as the DNB point because the wall superheating is not
very high while nucleate boiling is inhibited. Beyond this point,
the wall superheating increases much faster with heat flux.
The characteristic wall superheating increases linearly when the
heat flux is over the DNB, leading to the difficulty in obtaining the
CHEF by its rising rate. On the other hand, once a large dry patch
covers one region, the sharp increase of local wall superheating
with time will occur. Therefore, in this study, a new boiling cri-
sis’s triggering criterion is defined as the monotonous increment
of local wall superheating is over 25 K in a short time, and a CHF
of about 375 kW/m? is obtained based on that.
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