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Plate-fin heat exchanger with rectangular minichannels, as a type of high-perfor-
mance compact heat exchangers, has been widely used in liquefied natural gas
field. However, the studies on saturated boiling flow and heat transfer for mixture
refrigerant in plate-fin heat exchanger have been scarcely explored, which are
helpful for designing more effective plate-fin heat exchanger using in liquefied nat-
ural gas field. Therefore, in this paper, the characteristics of saturated boiling flow
and heat transfer for mixture refrigerant in rectangular minichannels of plate-fin
heat exchanger were studied numerally based on validated model. Then, the effect
of different parameters (vapor quality, mass flux, and heat flux) on heat transfer co-
efficient and frictional pressure drop were discussed. The results indicated that the
boiling heat transfer coefficient and pressure drop are mainly influenced by quality
and mass flux while heat flux has little influence on them. This is due to the fact that
the main boiling mechanisms were forced convective boiling and the evaporation of
dispersed liquid phase while nucleate boiling is slight.

Key words: mini-channel, mixture refrigerant, saturated boiling,
numerical simulation, CFX

Introduction

® School of Energy Science and Engineering, Harbin Institute of Technology, Harbin, China

Recently, much attention has been paid to plate-fin heat exchanger (PFHE), owing to
its advantages, such as smaller size, more effective and so on. The PFHE with rectangular
minichannels (gap size about 0.5-10 mm) [1], have been widely used in liquefied natural gas
(LNG) field [2]. In PFHE, the main phenomenon in rectangular minichannels is saturated boil-
ing flow and heat transfer (SBFHT) of mixture refrigerant. Therefore, better understanding of
this phenomenon is benefit for the design and optimization of LNG PFHE. Due to the limita-
tions of experimental measurements and computational technology, the realistic phenomenon

has been scarcely studied until now.

Many experiments have been implemented to investigate the characteristics of
SBFHT in minichannels [3, 4], most of which were focused on single-component refrigerant

"Corresponding authors, e-mail: caiwh@hit.edu.cn, jyq7245@sina.com



Chen, J., et al.: Numerical Investigation on Saturated Boiling Flow and Heat Transfer ...
S618 THERMAL SCIENCE: Year 2018, Vol. 22, Suppl. 2, pp. S617-S627

flow. According to some references [5, 6], the results showed that: a minichannel, unlike a tube
(or macrochannel) with large diameter, has boiling heat transfer coefficient mainly depending
on heat flux and system pressure, and not depending on vapor quality and mass flux. The studies
suggested that in minichannels, the key mechanism for SBFHT was nucleate boiling and forced
convective boiling could be ignored. But, other studies [7, 8] suggested that the contribution of
nucleate boiling was remarkably slight. Besides, the studies proposed by Xu et al. [9] and Chien
et al.[10] indacated that both the nucleate boiling and forced convective should be taken into ac-
count for SBFHT in minichannels. Feldman ez al. [11] found that in minichannel flow, there ex-
isted two main mechanisms for SBFHT: nucleate boiling (i. e., boiling heat transfer coefficient
depends on heat flux, but does not depend on vapor quality) and forced convection boiling (i. e.,
boiling heat transfer coefficient depends on vapor quality, and not independent of heat flux).
Kew and Cornwell [12] also investigated SBFHT on a compact multi-channel plate. The results
showed that there might exist one of four mechanisms in a narrow mini-channel: (a) nucleate
boiling, (b) confined bubble boiling, (c) convective boiling, and (d) partial dry out.
Balakrishnan et al. [13] researched SBFHT of R-134a/R-290/R-600a mixture in a smooth hori-
zontal tube and found that the effect of nucleate boiling prevailing even at high vapor quality in
a low mass and heat flux. Anwar et al. [14] studied the boiling heat transfer and pressure drop
characteristics for R1234yf upward flow in a vertical minichannel with 1.60 mm diameter. The
results showed that boiling heat transfer was strongly influenced by heat flux and saturation
temperature, but showed insignificant dependence on mass flux and vapor quality. Meanwhile,
the frictional pressure drop increased as mass flux and vapor quality increased while decreased
with the increasing saturation temperature. Li e al. [15] also investigated the upward flow boil-
ing for R1234yf and found that partial dry-out plays an important role in the heat transfer perfor-
mance in minichannels. Boudouh et al. [16] carried out an experimental investigation on con-
vective boiling heat transfer for water in minichannels. The results indicated that boiling heat
transfer coefficients were typically much larger than those in convection processes involving a
single phase. Actually, many experimental studies have investigated the behavior of SBFHT in
minichannels, but there still exist a lack of information and reliable experimental data for engi-
neering design. Meanwhile, there are many contradictions in the available literatures on this
topic also, the characteristics of SBFHT on mixture refrigerant are less investigated in
minichannels of LNG PFHE.

As the development of CFD, numerical simulation techniques have been widely used to
investigate heat transfer [17, 18]. The simulations on multi-phase flow have been paid much atten-
tion owing to its wide appearance in engineering field. There are a few investigations on SBFHT in
minichannels based on numerical simulations compared to the experimental studies [19, 20], but
most investigations mainly focused on SBFHT in microchannels. Even though the simulation stud-
ies have increased regarding SBFHT in minichannels and microchannels, there still exist some im-
portant topics to be investigated. The mechanism that dominates SBFHT is still not clear. Also, there
are a lack of accurate models to describe SBFHT in minichannels because the flow and heat transfer
in minichannels and microchannels (the effect of surface tension) are entirely different from those in
macrochannels [21, 22].

In this paper, a numerical model [23, 24], which includes an estimation method of di-
ameter of dispersed phase, similarly with prediction method for interfacial length between the
two phase proposed by Li et al. [25], to simulate SBFHT for mixture refrigerant in a vertical
rectangular minichannel of LNG PFHE was introduced. Then, the influences of vapor quality,
mass flux and heat flux on heat transfer coefficient and frictional pressure drop were also dis-
cussed. Finally, some important conclusions were drawn.
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Mathematic-physical model %

In this study, SBFHT process was simulated numer- g |
ically for upward flow of mixture refrigerant in a vertical f :
rectangular minichannel of LNG PFHE. Its cross-section '
dimension is a x b =1.6 x 6.3 mm and the length is /=200
mm, as shown in fig. 1. ' i

Governing equations i

In order to simulate multi-phase flow accompany-

ing the thermal phase change, it used the inhomogeneous { |
two-fluid model and thermal phase change model in this /I\‘
y

paper. Also, the Reynolds-averaged governing equations . n

for conservation of mass, momentum and energy and tur- hT

bulent quantities in a Cartesian co-ordinate system can be

expressed as follows [23, 24]. Figure 1. The computational model

Mass conservation

0
E(vav)"_v(rvvav) =Fvl (1)

0
E(’”lpz)‘FV(”zPle):Flv (2)

Inegs. (1)and (2),I",, =—I",,. The term I", >0 represents positive mass flow rate in
per unit volume from liquid phase to vapor phase and I, can be expressed:

Fvl =mlevl (3)

where m,; =—m,,.

The volume fraction of vapor (mixture refrigerant) is much more than that of liquid at
high vapor quality so as to form a continuous region, but liquid phase shows discrete state.
Therefore, liquid phase and vapor phase are considered as dispersed phase and vapor phase in
this study. The interfacial area density 4,,, can be expressed:

6r,
A4, =—L 4
vl dl ( )

Fromegs. (3) and (4), itis clearly seen that /" ;and I";, in eqs. (1) and (2) are closely re-
lated to d; and mass flow rate in per unit interfacial area.

Momentum conservation
= (3p,U)+ VI (p,U,@ U,) =
t
=Vir[u, +u,1[VU, + VU)T =rVp, +7,(p, = P)e+ M, (5)

d
E(r,p,U,)+V[r, (P, U,® )=
=V, +u, IIVU, + (VUDT1= VD, +1(p) = Prep)2 + M, (6)
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Here the pressure constraint p, = p,= p is given considering the same pressure field
shared by all phases.

According to the discussion in references [23, 24], the standard k-¢ model and zero
equation model were chosen for vapor phase and liquid phase, respectively.

For vapor phase, turbulent viscosity can be modeled:

:utv =C;1pv - (7)

The transport equations of £ and & for vapor phase are shown:

%(rvpvkv)+v{rv|:vavkv _[:uv +‘u_rvijvj|} =rv(ka _pvgv) (8)

O

O,

%(rvpvev) +V{r{vavev —(uv +“iﬂwv} =7, %(CEIP;W ~Cupe) (9

where P;, can be expressed:
P, =p, VU (VU, +VUT) - %VUV Gu, VU, +p k) + Py, (10)
where Py, can be modeled:

B ovp, (11)

tv

Py =—

For liquid phase, turbulent viscosity, 4, can be modeled:

Hy :plf,uUtlltl (12)

The length scale, /,, can be derived, shown:

I =)V (13)
Energy conservation
20 H,)+ V0, U, H,) =V (4,9 T,) 40, + Ty H, (14)
0
E(’?PJHI)+V(”1P1U1H1)2V(”1/11VTJ)+Q1 +1,H (15)

where I, H ,, means heat transfer induced by interphase mass transfer into vapor phase and
I'), H , represents interfacial values of enthalpy carried into liquid phase. So, their relation can
be expressed as follows based on the thermal phase change model:

Qv +Ql :_(Flevs +Flles) (16)

From eq. (16), it is clearly seen that the total heat transfer induced by interphase mass
transfer equals to the total interphase sensible heat transfer. So to substitute eq. (3) into eq. (16),
the expression for m,, can be obtained:
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Qv +Ql (17)
Avl (Hls _Hvs)

vl =

Based on the two resistance model, the sensible heat transfer process can be achieved
using two heat transfer coefticients, which is defined on each side of the phase interface. So, Q,
and Q, are expressed:

0, = hlAvl(Ts -T1)) (18)

Qv =thvl(Ts _Tv) (19)

where 7, is determined from thermodynamic equilibrium. If the effect of surface tension on
pressure is ignored, the interfacial temperature is considered:

T, =T, (20)

When considering liquid phase on one side of phase interface, a zero-resistance condi-
tion is used. That is to say, it assumes an infinite heat transfer coefficient in liquid phase side of
phase interface, i. e., ;= . This effect means to assume the interfacial temperature equal to that
of liquid phase, 7, = T,. Therefore, for vapor phase, 4, can be depicted:

h = A,Nu, @1
d

where Nu, can be calculated based on Ranz-Marshall correlation [26], written:

Nu, =2+06Re?% Pr%3, 0<Re, <200, 0<Pr,<250 (22)
where Re,; and Pr,; are defined:
Re, =p,|U, -U,|d Co
1 =Py|Yy z’PVl:,U_p 23)
Hy Ay

From eq. (4) and egs. (18)-(22), it is clearly seen that d, remarkably affects O, and Q..
Meanwhile, from the previous analysis, it is found that &, determines the simulation accuracy on
SBHEFT. However, in ANSYS CFX, d, is always set as the constant value, which is not reason-
able remarkably. Based on energy conservation, we have proposed an estimation method [23,
24] to calculate d, based on energy conservation, which can be expressed:

J = \/3nlvNuv(1—;/)l o

mx g, Cp,

out

According to eq. (24), it is clearly shown that d, is determined based on the physical
parameters (such as mixture density, specific heat, and thermal conductivity of vapor phase),
Nusselt number on the vapor phase side of phase interface, vaporization rate, vapor quality at
outlet, mass flux, and volume fraction of liquid. Nusselt number on vapor phase side of phase in-
terface is estimated according to [26]. And the vaporization rate is also a key parameter to deter-
mine d,.
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Numerical schemes

In this paper, ANSYS CFX was used to simulate SBFHT of mixture refrigerant in a
vertical rectangular minichannel of LNG PFHE. In order to check the influence of mesh amount
on the simulation results, we chose three different meshes: 621000, 1290000, and 2130000
cells. The results showed that when the mesh amount exceeds 1290000 cells, the simulation re-
sults do not depend on the mesh amount. Therefore, to consider the computation efficiency, we
chose 1.290,000 cells to simulate all cases in this paper. The Reynolds-averaged Navier-Stokes
equations were used. The transient term, convection term and diffusion term were discretized,
respectively, using the high resolution scheme (second-order accurate), the first-order backward
Euler scheme and the central deferential scheme. The inhomogeneous two-fluid model was
used. For boundary conditions: (1) at inlet, mass-flow, vapor volume fraction, and temperature
were set, (2) at outlet, static pressure was set, and (3) at walls, constant heat flux was set. In order
to ensure the simulation convergence, the steady-state solution was obtained firstly, and then the
steady-state solution was used as the initial condition for simulating unsteady flows.

Mixture refrigerant

Mixture refrigerant consists of methane (mole fraction 42.06%), ethylene (36.12%),
and propane (21.82%). In the simulation, mixture refrigerant was seemed as a simple substance,
whose physical characteristic was calculated based on the different pressure and temperatures
from RefProp 7 software. In the simulation, the pressure was kept at 0.315 MPa and the tempera-
ture was changed from 150 to 222 K so as to control the vapor quality. For each simulation case,
the physical property of mixture refrigerant was constant since the temperature changed slightly
at a given condition in a minichannel.

Results and discussion

From previous investigations it is aware that d, remarkably influences the simulation accu-

racy, it is found that d, remarkably influences the simulation accuracy. In our previous study [23,

24], we used eq. (24) to compute d;, in ANSYS CFX so

= = as to simulate R21 upward flow in a vertical rectangular

am=50kgm2s™, g=1.1 kWm* L ! : .

| . m- 215 kgm?s ™, g =6 kwmE - minichannel. The simulation results agreed well with

experimental data from [2] when the vaporization rate

equaled to 0.97 while the deviation between simulation

results and experimental ones was within £15%, as

shown in fig. 2. It was suggested that the expression for

d, is reasonable. So in this paper, we also adopted the

) same method to simulate SBFHT of mixture refrigerant

0 5 ry - 5 7o ina vertical minichannel. This flow can remarkably in-

Experimental heat transfer coefficients [\wm k"] fluence the heat transfer coefficient and frictional pres-

sure drop of LNG PFHE. Therefore, it is necessary to in-

Figure 2. Comparison between simulation  yestigate SBFHT of mixture refrigerant considering the
results and experiment ones [24, 25] effect of vapor quality, mass flux and heat flux.
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o

@

+15%

'_1 -

Simulated heat transfer coefficients

Flow pattern

When the pressure is kept at 0.315 MPa and the vapor quality is more than 0.3, the void
fraction for the mixture refrigerant is always more than 0.98, in other word, the vapor phase almost
fills the whole minichannel. Therefore, only the mist flow is observed in this study, as shown in fig.
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3. It gives out the void fraction at outlet as m =200 kg/m?s,x =

=0.712 and ¢ = 20 kW/m?. The result indicates that for the mist flow,

vapor phase and liquid phase, evenly distributed in the minichannel ex- ¥

cept near the wall. Void fraction

Heat transfer coefficient

Figures 4 and 5 show the heat transfer coefficientas a function
of vapor quality at different mass fluxes with heat flux ¢ = 20 kW/m?
and at different heat fluxes with mass flux m = 250 kg/m’s, respec-
tively. From figs. 4 and 5, it is found that the heat transfer coefficient re-
markably increases with the increasing vapor quality. From this point, it
proves that forced convection boiling plays an important role in SBFHT
of mixture refrigerant. Compared to the results at low vapor quality, the
heat transfer coefficient shows more quickly increase at high vapor
quality. It means that the evaporation of dispersed liquid phase is the
heat transfer mechanism at high vapor quality. Meanwhile, the effect of

0.999
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0.998
0.9975
0.997
0.9965
0.996
0.9955
0.995

Figure 3. The typical flow
pattern in this study

mass flux is more obvious at high vapor quality. The heat transfer coefficient is slightly influenced
by heat flux at different vapor qualities. That is to

o
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L —g— g =20 KW/m®, m =390 kg/m°s
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Heat transfer coefficients [kWm=2K™"]
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|

"

say, the contribution of nucleation boiling can be
ignored for heat transfer in the saturated boiling
heat transfer process of mixture refrigerant in ver-
A tical rectangular minichannels of LNG PFHE.
- Figures 6 and 7 show the relation between heat
transfer coefficient and mass flux at different vapor
qualities with heat flux ¢ =20 kW/m? and at differ-
ent heat fluxes with vapor quality x = 0.627, re-
/ spectively. It is found that the heat transfer coeffi-
cient can be remarkably affected by mass flux and
also linearly increases with the increasing mass
Y2 o3 02 o5 06 o7 o8 o9 10 flux. Inaddition, fig. 6 also indicates that the heat

Vapor quality [x] transfer coefficient increases more quickly with

Figure 4. Heat transfer coefficients vs. vapor

mass flux at high vapor quality and the effect of va-

uality at different mass fluxes por quality is more obvious at high mass flux. This
anatity is due to the fact that the boiling mechanism of

40
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[ —— g =10 KW/m?, m = 250 kg/m?s
g =20 kW/m?, m = 250 kg/m’s
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n
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Heat transfer coefficients [ka'zK"]
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(=]

o
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forced convection enhances with the increase of
mass flux and vapor quality in the saturated boiling
heat transfer process of mixture refrigerant. Mean-
while, at different mass fluxes, the effect of heat
flux can be ignored for heat transfer coefficient.

Frictional pressure drop

Figures 8 and 9 present the relationship be-
tween frictional pressure drop and vapor quality
at different mass fluxes with heat flux ¢ = 20
03 07T 05 05 o7 o5 o5 7o kW/m?and at different heat fluxes with mass flux

Vapor quality [x] m =250 kg/m?s, respectively. The frictional pres-
Figure 5. Heat transfer coefficient vs. vapor quality  sure drop is obviously influenced by vapor quality

at different heat fluxes
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Figure 6. Heat transfer coefficient vs. mass flux at
different vapor qualities
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Figure 8. Frictional pressure drop vs. vapor
quality at different mass fluxes
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Figure 10. Frictional pressure drop vs. mass flux
at different vapor qualities
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Figure 7. Heat transfer coefficient vs. mass flux at
different heat fluxes
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Figure 9. Frictional pressure drop vs. vapor
quality at different heat fluxes
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at different heat fluxes

when mass flux is more than 200 kg/m?s. At the same time, the frictional pressure drop increases
with the increasing vapor quality when the vapor quality is not more than 0.7. But the frictional pres-
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sure drop decreases as vapor quality increases when the vapor quality is more than 0.7. Besides, the
effect of mass flux is obvious for the frictional pressure drop. The larger mass flux is, the higher fric-
tional pressure drop is. Figure 9 also shows that the frictional pressure drop is obviously influ-
enced by heat flux and increase with the increase of heat flux. In other words, the frictional pres-
sure drop reaches a peak value at vapor quality x = 0.7. The frictional pressure drop increases as
the vapor quality increases when the vapor quality is less than 0.7.

Figures 10 and 11 show frictional pressure drop as a function of mass flux at different
vapor qualities with heat flux ¢ = 20 kW/m? and at different heat fluxes with vapor quality
x =0.627. The frictional pressure drop is remarkably affected by mass flux and increases with
the increasing mass flux. The frictional pressure drop shows more quick increase with mass flux
at high mass flux and the effect of vapor quality is more remarkable at high mass flux. Mean-
while, the effect of heat flux is also remarkable for the frictional pressure drop at the different
mass fluxes in the SBFHT process of mixture refrigerant in vertical rectangular minichannels of
LNG PFHE.

Conclusions

In this paper, a computational model was introduced to simulate SBFHT of mixture re-
frigerant at high vapor quality (x = 0.3~0.95) in a vertical rectangular minichannel of LNG
PFHE. The characteristics and mechanism of SBFHT were analyzed. Some important conclu-
sions can be drawn as follows.

e The heat transfer coefficient remarkably increases with the increase of vapor quality and
mass flux, but almost does not change with heat flux.

e The frictional pressure drop obviously increases with the increasing mass flux and slightly
increases with the increase of heat flux while as the vapor quality increases, the frictional
pressure drop firstly increases and then decreases with a peak value at vapor quality x=0.7.

e For SBFHT at high vapor quality, forced convection boiling and the evaporation of dispersed
liquid phase are the main heat transfer mechanism while nucleate boiling can be ignored.
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Nomenclature

A, - interfacial area density between h,  — heat traqsfer coefﬁcignt for vapor phase
liquid phase and vapor phase on one side of phase interface

C,, — specific heat at constant pressure, [Jkg'K™] k — turbulent kinetic energy

w  — aconstant, (= 0.09) /, — turbulence !ength spale, [m]

C,; — constant with the value of 1.44 M - the. sum of interfacial forces

C,, — constant with the value of 1.92 acting on a phase due to the presence

d;  — mean diameter of dispersed phase, [m] of other phases S

fu — a proportionality constant m  — mass-flux, [kgm s] o )

g — gravity, [ms_,] m,; — mass-flow rate in per unit interfacial

H  — enthalpy, [Jkg] area from liquid phase to vapor phase

H;;  — interfacial values of enthalpy Nu, - NUSSG]t numb.er for vapor phase
carried into liquid phase side of phase interface

H,, — interfacial values of enthalpy Py, — buoyancy production term for vapor phase
carried into vapor phase p — pressure, [Pa] 5

h; - heat transfer coefficient for liquid q — heat flux, [Wm ]
phase on one side of phase interface O, - interphase sensible heat transfer

to liquid phase across interfaces
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0, - interphase sensible heat transfer & — turbulent dissipation rate
to vapor phase across interfaces 2 — thermal conductivity, [Wm 'K ]
g — heat flux, [Wm ] U — viscosity, [Pa-s]
Re,; — Reynolds number of vapor phase 4, — turbulent viscosity, [Pa-s]
r — volume fraction _ densi Kem?
T — temperature, [K] P ensity, | em ]
/ — time, [s] or  — constant W?th the value of 1.3
U - velocity, [ms'] o, — constant with the value of 1.0
U, - turbulent velocity scale, [ms™'] Other symbol
Vp  — the fluid domain volume
X — vapor quality ®  — tensor product
Greek symbols Subscripts
I'y, — mass-flow rate in per unit l — liquid phase
volume from vapor phase to liquid phase out — outlet )
I, — mass-flow rate in per unit sat  — §aturat19n
volume from liquid phase to vapor phase s — interfacial
y  — vaporization rate t — turbulence
\ — vapor phase
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