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Plate-fin heat exchanger with rect an gu lar minichannels, as a type of high-per for -
mance com pact heat exchangers, has been widely used in liq ue fied nat u ral gas
field. How ever, the stud ies on sat u rated boil ing flow and heat trans fer for mix ture
re frig er ant in plate-fin heat exchanger have been scarcely ex plored, which are
help ful for de sign ing more ef fec tive plate-fin heat exchanger us ing in liq ue fied nat -
u ral gas field. There fore, in this pa per, the char ac ter is tics of sat u rated boil ing flow
and heat trans fer for mix ture re frig er ant in rect an gu lar minichannels of plate-fin
heat exchanger were stud ied numerally based on val i dated model. Then, the ef fect
of dif fer ent pa ram e ters (va por qual ity, mass flux, and heat flux) on heat trans fer co -
ef fi cient and fric tional pres sure drop were dis cussed. The re sults in di cated that the
boil ing heat trans fer co ef fi cient and pres sure drop are mainly in flu enced by qual ity
and mass flux while heat flux has lit tle in flu ence on them. This is due to the fact that
the main boil ing mech a nisms were forced con vec tive boil ing and the evap o ra tion of 
dis persed liq uid phase while nu cle ate boil ing is slight.

Key words: mini-channel, mix ture re frig er ant, sat u rated boil ing,
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In tro duc tion

Re cently, much at ten tion has been paid to plate-fin heat exchanger (PFHE), ow ing to
its ad van tages, such as smaller size, more ef fec tive and so on. The PFHE with rect an gu lar
minichannels (gap size about 0.5-10 mm) [1], have been widely used in liq ue fied nat u ral gas
(LNG) field [2]. In PFHE, the main phe nom e non in rect an gu lar minichannels is sat u rated boil -
ing flow and heat trans fer (SBFHT) of mix ture re frig er ant. There fore, better un der stand ing of
this phe nom e non is ben e fit for the de sign and op ti mi za tion of LNG PFHE. Due to the lim i ta -
tions of ex per i men tal mea sure ments and com pu ta tional tech nol ogy, the re al is tic phe nom e non
has been scarcely stud ied un til now. 

Many ex per i ments have been im ple mented to in ves ti gate the char ac ter is tics of
SBFHT in minichannels [3, 4], most of which were fo cused on sin gle-com po nent re frig er ant
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flow. Ac cord ing to some ref er ences [5, 6], the re sults showed that: a minichannel, un like a tube
(or macrochannel) with large di am e ter, has boil ing heat trans fer co ef fi cient mainly de pend ing
on heat flux and sys tem pres sure, and not de pend ing on va por qual ity and mass flux. The stud ies
sug gested that in minichannels, the key mech a nism for SBFHT was nu cle ate boil ing and forced
con vec tive boil ing could be ig nored. But, other stud ies [7, 8] sug gested that the con tri bu tion of
nu cle ate boil ing was re mark ably slight. Be sides, the stud ies pro posed by Xu et al. [9] and Chien
et al. [10] indacated that both the nu cle ate boil ing and forced con vec tive should be taken into ac -
count for SBFHT in minichannels. Feldman et al. [11] found that in minichannel flow, there ex -
isted two main mech a nisms for SBFHT: nu cle ate boil ing (i. e., boil ing heat trans fer co ef fi cient
de pends on heat flux, but does not de pend on va por qual ity) and forced con vec tion boil ing (i. e.,
boil ing heat trans fer co ef fi cient de pends on va por qual ity, and not in de pend ent of heat flux).
Kew and Cornwell [12] also in ves ti gated SBFHT on a com pact multi-chan nel plate. The re sults
showed that there might ex ist one of four mech a nisms in a nar row mini-chan nel: (a) nu cle ate
boil ing, (b) con fined bub ble boil ing, (c) con vec tive boil ing, and (d) par tial dry out.
Balakrishnan et al. [13] re searched SBFHT of R-134a/R-290/R-600a mix ture in a smooth hor i -
zon tal tube and found that the ef fect of nu cle ate boil ing pre vail ing even at high va por qual ity in
a low mass and heat flux. Anwar et al. [14] stud ied the boil ing heat trans fer and pres sure drop
char ac ter is tics for R1234yf up ward flow in a ver ti cal minichannel with 1.60 mm di am e ter. The
re sults showed that boil ing heat trans fer was strongly in flu enced by heat flux and sat u ra tion
tem per a ture, but showed in sig nif i cant de pend ence on mass flux and va por qual ity. Meanwhile,
the fric tional pres sure drop in creased as mass flux and va por qual ity in creased while de creased
with the in creas ing sat u ra tion tem per a ture. Li et al. [15] also in ves ti gated the up ward flow boil -
ing for R1234yf and found that par tial dry-out plays an im por tant role in the heat trans fer per for -
mance in minichannels. Boudouh et al. [16] car ried out an ex per i men tal in ves ti ga tion on con -
vec tive boil ing heat trans fer for wa ter in minichannels. The re sults in di cated that boil ing heat
trans fer co ef fi cients were typ i cally much larger than those in con vec tion pro cesses in volv ing a
sin gle phase. Ac tu ally, many ex per i men tal stud ies have in ves ti gated the be hav ior of SBFHT in
minichannels, but there still ex ist a lack of in for ma tion and re li able ex per i men tal data for en gi -
neer ing de sign. Mean while, there are many con tra dic tions in the avail able lit er a tures on this
topic also, the char ac ter is tics of SBFHT on mix ture re frig er ant are less in ves ti gated in
minichannels of LNG PFHE.

As the de vel op ment of CFD, nu mer i cal sim u la tion tech niques have been widely used to
in ves ti gate heat trans fer [17, 18]. The sim u la tions on multi-phase flow have been paid much at ten -
tion ow ing to its wide ap pear ance in en gi neer ing field. There are a few in ves ti ga tions on SBFHT in
minichannels based on nu mer i cal sim u la tions com pared to the ex per i men tal stud ies [19, 20], but
most in ves ti ga tions mainly fo cused on SBFHT in microchannels. Even though the sim u la tion stud -
ies have in creased re gard ing SBFHT in minichannels and microchannels, there still ex ist some im -
por tant top ics to be in ves ti gated. The mech a nism that dom i nates SBFHT is still not clear. Also, there 
are a lack of ac cu rate mod els to de scribe SBFHT in minichannels be cause the flow and heat trans fer
in minichannels and microchannels (the ef fect of sur face ten sion) are en tirely dif fer ent from those in
macrochannels [21, 22].

In this pa per, a nu mer i cal model [23, 24], which in cludes an es ti ma tion method of di -
am e ter of dis persed phase, sim i larly with pre dic tion method for in ter fa cial length be tween the
two phase proposed by Li et al. [25], to sim u late SBFHT for mix ture re frig er ant in a ver ti cal
rect an gu lar minichannel of LNG PFHE was in tro duced. Then, the in flu ences of va por qual ity,
mass flux and heat flux on heat trans fer co ef fi cient and fric tional pres sure drop were also dis -
cussed. Fi nally, some im por tant con clu sions were drawn.
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Math e matic-phys i cal model

In this study, SBFHT pro cess was sim u lated nu mer -
i cally for up ward flow of mix ture re frig er ant in a ver ti cal
rect an gu lar minichannel of LNG PFHE. Its cross-sec tion
di men sion is a ´ b = 1.6 ´ 6.3 mm and the length is l = 200
mm, as shown in fig. 1. 

Gov ern ing equa tions

In or der to sim u late multi-phase flow ac com pa ny -
ing the ther mal phase change, it used the inhomogeneous
two-fluid model and ther mal phase change model in this
pa per. Also, the Reynolds-av er aged gov ern ing equa tions
for con ser va tion of mass, mo men tum and en ergy and tur -
bu lent quan ti ties in a Car te sian co-or di nate sys tem can be
ex pressed as fol lows [23, 24]. 

Mass con ser va tion
¶

¶ t
r rv v v v v vl( ) ( )r r+ Ñ =U G (1)

¶

¶ t
r rl l l l l lv( ) ( )r r+ Ñ =U G (2)

In eqs. (1) and (2), G Gvl lv= - . The term G vl > 0  rep re sents pos i tive mass flow rate in
per unit vol ume from liq uid phase to va por phase and Gvl  can be ex pressed:

G vl vl vlm A= & (3)

where & &m mvl lv= - .
The vol ume frac tion of va por (mix ture re frig er ant) is much more than that of liq uid at

high va por qual ity so as to form a con tin u ous re gion, but liq uid phase shows dis crete state.
There fore, liq uid phase and va por phase are con sid ered as dis persed phase and va por phase in
this study. The in ter fa cial area den sity Avl, can be ex pressed:

A
r

d
vl

l

l

=
6

(4)

From eqs. (3) and (4), it is clearly seen that G vl and G lv  in eqs. (1) and (2) are closely re -
lated to dl and mass flow rate in per unit in ter fa cial area.

Mo men tum con ser va tion
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Figure 1. The computational model



Here the pres sure con straint pv = pl = p is given con sid er ing the same pres sure field
shared by all phases.

Ac cord ing to the dis cus sion in ref er ences [23, 24], the stan dard k-e model and zero
equa tion model were cho sen for va por phase and liq uid phase, re spec tively. 

For va por phase, tur bu lent vis cos ity can be mod eled:

m r
e

mtv v
v

v

C
k

=
2

(7)

The trans port equa tions of k and e for va por phase are shown:  
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where Pkv can be ex pressed:

P k Pkv tv v v v
T

v tv v v v kbv= Ñ Ñ + Ñ - Ñ Ñ + +m m rU U U U U( ) ( )
2

3
3 (10)

where Pkbv can be mod eled:

Pkbv
tv

tv
a= - Ñ

m
r

Pr
g (11)

For liq uid phase, tur bu lent vis cos ity, mtl, can be mod eled:

m r mtl l tlf l= U tl (12)

The length scale, ltl, can be de rived, shown:

l Vtl D
= ( )/ /1 3 1 7 (13)

En ergy con ser va tion
¶

¶ t
r H r H r T Q Hv v v v v v v v v v vl vs( ) ( ) ( )r r l+ Ñ = Ñ Ñ + +Uv G (14)

¶

¶ t
r H r H r T Q Hl l l l l l l l l l lv ls( ) ( ) ( )r r l+ Ñ = Ñ Ñ + +U l G (15)

where Gvl vsH  means heat trans fer in duced by interphase mass trans fer into va por phase and 
Glv lsH  rep re sents in ter fa cial val ues of enthalpy car ried into liq uid phase. So, their re la tion can
be ex pressed as fol lows based on the ther mal phase change model: 

Q Q H Hv l vl vs lv ls+ = - +( )G G (16)

From eq. (16), it is clearly seen that the to tal heat trans fer in duced by interphase mass
trans fer equals to the to tal interphase sen si ble heat trans fer. So to sub sti tute eq. (3) into eq. (16),
the ex pres sion for &mvl  can be ob tained: 
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v l
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-
(17)

Based on the two re sis tance model, the sen si ble heat trans fer pro cess can be achieved
us ing two heat trans fer co ef fi cients, which is de fined on each side of the phase in ter face. So,  Ql

and Qv are ex pressed:

Q h A T Tl l vl s l= -( ) (18)

Q h A T Tv v vl s v= -( ) (19)

where Ts is de ter mined from ther mo dy namic equi lib rium. If the ef fect of sur face ten sion on
pres sure is ig nored, the in ter fa cial tem per a ture is con sid ered:

T Ts sat= (20)

When con sid er ing liq uid phase on one side of phase in ter face, a zero-re sis tance con di -
tion is used. That is to say, it as sumes an in fi nite heat trans fer co ef fi cient in liq uid phase side of
phase in ter face, i. e., hl = 4. This ef fect means to as sume the in ter fa cial tem per a ture equal to that
of liq uid phase, Ts = Tl. There fore, for va por phase, hv can be de picted:

h
d

v
v v

l

=
l Nu

(21)

where Nuv can be cal cu lated based on Ranz-Mar shall cor re la tion [26], writ ten:

Nu v vl vl vl vl= + £ < £ <2 06 0 200 0 2500 5 0 3. Re Pr , Re , Pr. . (22)

where Revl and Prvl are de fined:

Re
, Pr

vl v l v l

v
vl

v pv

v

d C= -
=

r

m

m

l

U U
(23)

From eq. (4) and eqs. (18)-(22), it is clearly seen that dl re mark ably af fects Ql and Qv.
Mean while, from the pre vi ous anal y sis, it is found that dl de ter mines the sim u la tion ac cu racy on
SBHFT. How ever, in ANSYS CFX, dl is al ways set as the con stant value, which is not rea son -
able re mark ably. Based on en ergy con ser va tion, we have pro posed an es ti ma tion method [23,
24] to cal cu late dl based on en ergy con ser va tion, which can be ex pressed:

d
r l

mx C
l

l v v

pv

=
-3 1l gNu

out

( )
(24)

Ac cord ing to eq. (24), it is clearly shown that dl is de ter mined based on the phys i cal
pa ram e ters (such as mix ture den sity, spe cific heat, and ther mal con duc tiv ity of va por phase),
Nusselt num ber on the va por phase side of phase in ter face, va por iza tion rate, va por qual ity at
out let, mass flux, and vol ume frac tion of liq uid. Nusselt num ber on va por phase side of phase in -
ter face is es ti mated ac cord ing to [26]. And the va por iza tion rate is also a key pa ram e ter to de ter -
mine dl.
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Nu mer i cal schemes

In this pa per, ANSYS CFX was used to sim u late SBFHT of mix ture re frig er ant in a
ver ti cal rect an gu lar minichannel of LNG PFHE. In or der to check the in flu ence of mesh amount
on the sim u la tion re sults, we chose three dif fer ent meshes: 621000, 1290000, and 2130000
cells. The re sults showed that when the mesh amount ex ceeds 1290000 cells, the sim u la tion re -
sults do not de pend on the mesh amount. There fore, to con sider the com pu ta tion ef fi ciency, we
chose 1.290,000 cells to sim u late all cases in this pa per. The Reynolds-av er aged Navier-Stokes
equa tions were used. The tran sient term, con vec tion term and dif fu sion term were discretized,
re spec tively, us ing the high res o lu tion scheme (sec ond-or der ac cu rate), the first-or der back ward 
Eu ler scheme and the cen tral def er en tial scheme. The inhomogeneous two-fluid model was
used. For bound ary con di tions: (1) at in let, mass-flow, va por vol ume frac tion, and tem per a ture
were set, (2) at out let, static pres sure was set, and (3) at walls, con stant heat flux was set. In or der 
to en sure the sim u la tion con ver gence, the steady-state so lu tion was ob tained firstly, and then the 
steady-state so lu tion was used as the ini tial con di tion for sim u lat ing un steady flows.

Mix ture re frig er ant

Mix ture re frig er ant con sists of meth ane (mole frac tion 42.06%), eth yl ene (36.12%),
and pro pane (21.82%). In the sim u la tion, mix ture re frig er ant was seemed as a sim ple sub stance,
whose phys i cal char ac ter is tic was cal cu lated based on the dif fer ent pres sure and tem per a tures
from RefProp 7 soft ware. In the sim u la tion, the pres sure was kept at 0.315 MPa and the tem per a -
ture was changed from 150 to 222 K so as to con trol the va por qual ity. For each sim u la tion case,
the phys i cal prop erty of mix ture re frig er ant was con stant since the tem per a ture changed slightly
at a given con di tion in a minichannel.

Re sults and dis cus sion

From pre vi ous in ves ti ga tions it is aware that dl  re mark ably in flu ences the sim u la tion ac cu -
racy, it is found that dl  re mark ably in flu ences the sim u la tion ac cu racy. In our pre vi ous study [23,

24], we used eq. (24) to com pute dl  in ANSYS CFX so
as to sim u late R21 up ward flow in a ver ti cal rect an gu lar
minichannel. The sim u la tion re sults agreed well with
ex per i men tal data from [2] when the va por iza tion rate
equaled to 0.97 while the de vi a tion be tween sim u la tion
re sults and ex per i men tal ones was within ±15%, as
shown in fig. 2. It was sug gested that the ex pres sion for 
dl is rea son able. So in this pa per, we also adopted the
same method to sim u late SBFHT of mix ture re frig er ant
in a ver ti cal minichannel. This flow can re mark ably in -
flu ence the heat trans fer co ef fi cient and fric tional pres -
sure drop of LNG PFHE. There fore, it is nec es sary to in -
ves ti gate SBFHT of mix ture re frig er ant con sid er ing the
ef fect of va por qual ity, mass flux and heat flux.

Flow pat tern

When the pres sure is kept at 0.315 MPa and the va por qual ity is more than 0.3, the void
frac tion for the mix ture re frig er ant is al ways more than 0.98, in other word, the va por phase al most
fills the whole minichannel. There fore, only the mist flow is ob served in this study, as shown  in  fig.
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3.  It  gives  out  the  void  frac tion  at  out let  as  m  = 200 kg/m2s, x  = 
=.0.712 and q = 20 kW/m2. The re sult in di cates that for the mist flow,
va por phase and liq uid phase, evenly dis trib uted in the minichannel ex -
cept near the wall. 

Heat trans fer co ef fi cient 

Fig ures 4 and 5 show the  heat  trans fer  co ef fi cient as  a  func tion 
of va por qual ity at dif fer ent mass fluxes with heat flux q  =  20  kW/m2

and  at  dif fer ent  heat  fluxes with mass flux m = 250 kg/m2s, re spec -
tively. From figs. 4 and 5, it is found that the heat trans fer co ef fi cient re -
mark ably in creases with the in creas ing va por qual ity. From this point, it 
proves that forced con vec tion boil ing plays an im por tant role in SBFHT 
of mix ture re frig er ant. Com pared to the re sults at low va por qual ity, the
heat trans fer co ef fi cient shows more quickly in crease at high va por
qual ity. It means that the evap o ra tion of dis persed liq uid phase is the
heat trans fer mech a nism at high va por qual ity. Mean while, the ef fect of
mass flux is more ob vi ous at high va por qual ity. The heat trans fer co ef fi cient is slightly in flu enced

by heat flux at dif fer ent va por qual i ties. That is to
say, the con tri bu tion of nu cle ation boil ing can be
ig nored for heat trans fer in the sat u rated boil ing
heat trans fer pro cess of mix ture re frig er ant in ver -
ti cal rect an gu lar minichannels of LNG PFHE.

Fig ures 6 and 7 show the re la tion be tween heat
trans fer co ef fi cient and mass flux at dif fer ent va por
qual i ties with heat flux q = 20 kW/m2 and  at  dif fer -
ent  heat  fluxes with va por qual ity x = 0.627, re -
spec tively. It is found that the heat trans fer co ef fi -
cient can be re mark ably af fected by mass flux and
also lin early in creases with the in creas ing mass
flux. In ad di tion, fig. 6 also in di cates that the heat
trans fer co ef fi cient in creases more quickly with
mass flux at high va por qual ity and the ef fect of va -
por qual ity is more ob vi ous at high mass flux. This
is due to the fact that the boil ing mech a nism of
forced con vec tion en hances with the in crease of
mass flux and va por qual ity in the sat u rated boil ing
heat trans fer pro cess of mix ture re frig er ant. Mean -
while, at dif fer ent mass fluxes, the ef fect of heat
flux can  be ig nored for heat trans fer co ef fi cient.

Fric tional pres sure drop

Fig ures 8 and 9 pres ent the re la tion ship be -
tween   fric tional  pres sure  drop  and  va por qual ity  
at  dif fer ent  mass  fluxes with heat flux q = 20
kW/m2 and at dif fer ent heat fluxes with mass flux
m = 250 kg/m2s, re spec tively. The fric tional pres -
sure drop is ob vi ously in flu enced by va por qual ity
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Figure 3. The typical flow
pattern in this study
(for color image see journal
web site)

Figure 4. Heat transfer coefficients vs. vapor
quality at different mass fluxes

Figure 5. Heat transfer coefficient vs. vapor quality
at different heat fluxes



when mass flux is more than 200 kg/m2s. At the same time, the fric tional pres sure drop in creases
with the in creas ing va por qual ity when the va por qual ity is not more than 0.7. But the fric tional pres -
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Figure 6. Heat transfer coefficient vs. mass flux at
different vapor qualities

Figure 7. Heat transfer coefficient vs. mass flux at
different heat fluxes

Figure 8. Frictional pressure drop vs. vapor
quality at different mass fluxes

Figure 9. Frictional pressure drop vs. vapor
quality at different heat fluxes

Figure 10. Frictional pressure drop vs. mass flux
at different vapor qualities

Figure 11. Frictional pressure drop vs. mass flux
at different heat fluxes



sure drop de creases as va por qual ity in creases when the va por qual ity is more than 0.7. Be sides, the
ef fect of mass flux is ob vi ous for the fric tional pres sure drop. The larger mass flux is, the higher fric -
tional pres sure drop is. Fig ure 9 also shows that the fric tional  pres sure  drop  is  ob vi ously  in flu -
enced  by  heat  flux  and  in crease with the in crease of heat flux. In other words, the fric tional  pres -
sure  drop  reaches  a  peak  value at va por qual ity x = 0.7. The fric tional pres sure drop in creases as
the va por qual ity in creases when the va por qual ity is less than 0.7.

Fig ures 10 and 11 show fric tional pres sure drop as a func tion of mass flux at dif fer ent
va por  qual i ties  with  heat  flux  q  =  20  kW/m2  and  at  dif fer ent  heat fluxes with va por qual ity
x = 0.627. The fric tional pres sure drop is re mark ably af fected by mass flux and in creases with
the in creas ing mass flux. The fric tional pres sure drop shows more quick in crease with mass flux
at high mass flux and the ef fect of va por qual ity is more re mark able at high mass flux. Mean -
while, the ef fect of heat flux is also re mark able for the fric tional pres sure drop at the dif fer ent
mass fluxes in the SBFHT pro cess of mix ture re frig er ant in ver ti cal rect an gu lar minichannels of
LNG PFHE.

Con clu sions

In this pa per, a com pu ta tional model was in tro duced to sim u late SBFHT of mix ture re -
frig er ant at high va por qual ity (x = 0.3~0.95) in a ver ti cal rect an gu lar minichannel of LNG
PFHE. The char ac ter is tics and mech a nism of SBFHT were an a lyzed. Some im por tant con clu -
sions can be drawn as fol lows.
· The heat trans fer co ef fi cient re mark ably in creases with the in crease of va por qual ity and

mass flux, but al most does not change with heat flux.
· The fric tional pres sure drop ob vi ously in creases with the in creas ing mass flux and slightly

in creases with the in crease of heat flux while as the va por qual ity in creases, the fric tional
pres sure drop firstly in creases and then de creases with a peak value at va por qual ity x = 0.7.

· For SBFHT at high va por qual ity, forced con vec tion boil ing and the evap o ra tion of dis persed
liq uid phase are the main heat trans fer mech a nism while nu cle ate boil ing can be ig nored.
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No men cla ture
Avl –  in ter fa cial area den sity be tween

    liq uid phase and va por phase
Cpv –  spe cific heat at con stant pres sure, [Jkg–1K–1]
Cm –  a con stant, (= 0.09)
Ce1 –  con stant with the value of 1.44
Ce2 –  con stant with the value of 1.92
dl –  mean di am e ter of dis persed phase, [m]
fm –  a pro por tion al ity con stant
g –  gravity, [ms–2]
H –  enthalpy, [Jkg–1]
Hls –  in ter fa cial val ues of enthalpy

    car ried into liq uid phase
Hvs –  in ter fa cial val ues of enthalpy

    car ried into va por phase
hl –  heat trans fer co ef fi cient for liq uid

    phase on one side of phase in ter face

hv –  heat trans fer co ef fi cient for va por phase
    on one side of phase in ter face

k –  tur bu lent ki netic en ergy
lt –  tur bu lence length scale, [m]
M –  the sum of in ter fa cial forces

    act ing on a phase due to the pres ence
    of other phases

m –  mass-flux, [kgm–2s–1]
&mvl –  mass-flow rate in per unit in ter fa cial

    area from liq uid phase to va por phase
Nuv –  Nusselt num ber for va por phase

    side of phase in ter face
Pkbv –  buoy ancy pro duc tion term for va por phase
p –  pres sure, [Pa]
q –  heat flux, [Wm–2]
Ql –  interphase sen si ble heat trans fer

    to liq uid phase across in ter faces



Ref er ences

[1] Jiang, W. C., et al., A Com par i son of Brazed Re sid ual Stress in Plate-fin Struc ture Made of Dif fer ent
Stain less Steel, Ma te ri als & De sign, 30 (2009), 1, pp. 23-27

[2] Kuznetsov, V. V., Shamirzaev, A. S., Boil ing Heat Trans fer for Freon R21 in Rect an gu lar Minichannel,
Heat Trans fer En gi neer ing, 28 (2007), 8-9, pp. 738-745

[3] Kandlikar, S. G., De vel op ment of a Flow Boil ing Map for Subcooled and Sat u rated Flow Boil ing of Dif fer -
ent Flu ids in side Cir cu lar Tubes, Jour nal of Heat Trans fer-Trans ac tions of the ASME, 113 (1991), 1, pp.
190-200

[4] Kandlikar, S. G., Balasubramanian, P., An Ex ten sion of the Flow Boil ing Cor re la tion to Tran si tion, Lam i -
nar, and Deep Lam i nar Flows and Microchannels, Pro ceed ings,  Se lected Pa pers Pre sented at the First In -
ter na tional Con fer ence on Microchannels and Minichannels, 3rd Tay lor and Fran cis Ltd, Roch es ter In sti -
tute of Tech nol ogy, Roch es ter, N. Y., USA, 2004, pp. 86-93

[5] Charnay, R., et al., Flow Boil ing Heat Trans fer in Minichannels at High Sat u ra tion Tem per a tures: Part  –
Ex per i men tal In ves ti ga tion and Anal y sis of the Heat Trans fer Mech a nisms, In ter na tional Jour nal of Heat
and Mass Trans fer, 87 (2015), Aug., pp. 636-652

[6] Charnay, R., et al., Flow Boil ing Heat Trans fer in Minichannels at High Sat u ra tion Tem per a tures: Part I – 
As sess ment of Pre dic tive Meth ods and Im pact of Flow Re gimes, In ter na tional Jour nal of Heat and Mass
Trans fer, 87 (2015), Aug., pp. 653-672

[7] Oliveira, J. D., et al., An Ex per i men tal In ves ti ga tion on Flow Boil ing Heat Trans fer of R-600a in a Hor i -
zon tal Small Tube, In ter na tional Jour nal of Re frig er a tion, 72 (2016), Dec., pp. 97-110

[8] Marzoa, M. G., et al., Ex per i men tal Flow Boil ing Heat Trans fer in a Small Polyimide Chan nel, Ap plied
Ther mal En gi neer ing, 103 (2016), June, pp. 1324-1338

[9] Xu, Y., et al., An Ex per i men tal Study of Flow Boil ing Heat Trans fer of R134a and Eval u a tion of Ex ist ing
Cor re la tions, In ter na tional Jour nal of Heat and Mass Trans fer, 92 (2016), Jan., pp. 1143-1157

[10] Chien, N. B., et al., Boil ing Heat Trans fer of R32, CO2 and R290 in side Hor i zon tal Minichannel, En ergy
Procedia, 105 (2017), May, pp. 4822-4827

[11] Feldman, A., et al., Nu cle ate and Con vec tive Boil ing in Plate Fin Heat Exchangers, In ter na tional Jour nal
of Heat and Mass Trans fer, 43 (2000), 18, pp. 3433-3442

[12] Kew, P. A., Cornwell, K., Cor re la tions for the Pre dic tion of Boil ing Heat Trans fer in Small-Di am e ter
Chan nels, Ap plied Ther mal En gi neer ing, 17 (1997), 8-10, pp. 705-715

[13] Balakrishnan, R., et al., Flow Boil ing Heat Trans fer Co ef fi cient of R-134a/R-290/R-600a Mix ture in a
Smooth Hor i zon tal Tube, Ther mal Sci ence, 12 (2008), 3, pp. 33-44

[14] Anwar, Z., et al., Flow Boil ing Heat Trans fer, Pres sure Drop and Dryout Char ac ter is tics of R1234yf: Ex -
per i men tal Re sults and Pre dic tions, Ex per i men tal Ther mal and Fluid Sci ence, 66 (2015), Sept., pp.
137-149

Chen, J., et al.: Numerical Investigation on Saturated Boiling Flow and Heat Transfer ...

S626 THERMAL  SCIENCE: Year 2018, Vol. 22, Suppl. 2, pp. S617-S627

Qv –  interphase sen si ble heat trans fer
    to va por phase across in ter faces

q –  heat flux, [Wm–2]
Revl –  Reynolds num ber of va por phase
r –  vol ume frac tion
T –  tem per a ture, [K]
t –  time, [s]
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Ut –  tur bu lent ve loc ity scale, [ms–1]
VD –  the fluid do main vol ume
x –  va por qual ity

Greek sym bols

Glv –  mass-flow rate in per unit
    vol ume from va por phase to liq uid phase

Gvl –  mass-flow rate in per unit
    vol ume from liq uid phase to va por phase

g –  va por iza tion rate

e –  tur bu lent dis si pa tion rate
l –  ther mal con duc tiv ity, [Wm–1K–1]
m –  vis cos ity, [Pa×s]
mt –  tur bu lent vis cos ity, [Pa×s]
r –  den sity, [kgm3]
sk –  con stant with the value of 1.3
se –  con stant with the value of 1.0

Other symbol

Ä –  ten sor prod uct

Sub scripts

l –  liq uid phase
out –  out let
sat –  sat u ra tion
s –  in ter fa cial
t –  tur bu lence
v –  va por phase
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