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Abstract

Heat mransfer is described in nucleate pool boiling and forced convective boiling of pure liquid and their non-azeotropic
‘mixtures at low mass flow rate where the Ocean Thermal Energy Conversion system and the Kalina cycle may operate using
a limited temperature difference between a hotter liquid on the sea surface and a cooler liquid at a depth of the sea,

1. Introduction

‘Though heat transfer in boiling of mixture was first paid atiention in
'many chemical engineering process, it recently has received attention for
improvement in a thermal efficiency in a power plant and in a coefficient
of performance in a heat pump and refrigeration cycles. In the case of
pure liquid, its saturation temperature is fixed at a constant value under a
constant pressure, while for a binary mixture, its temperature does
change along a boiling point curve on a phase equilibrium diagram with
a variation of concentration as shown in Fig.1. In addition to this, its
change is responsible for the difference beiween corresponding
saturation temperatures for the liquids. The characteristics that the
saturation temperature of the binary mixture can be changed by the
concentration, makes it suitable to enhance the thermal efficiency of the

Lorentz cycle during which the of heat source and heat sink.
vary due to the heat transfer,
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Figure 1 Phase equilibrium diagram of mixtures at p = 4 bar
(—Dew point curves; --Boiling point curves)

More recently, in order to improve the thermal efficiency of the
‘Ocean Thermal Energy Conversion system which is designed to operate
at a limited small temperature difference between a hotter liquid on the
sea surface and a cooler liquid at a depth of the sea, one conceives a
‘binary mixture as a candidate of test liquid. Kalina proposed the Kalina
cycle with a regenerator, a separator of vapor and liquid and a absorber
and succeeded in improving its thermal efficiency by nslng' the mixture
aof water and ammonia.. Since these systems generally make usc of a
small temperature difference for energy conversion, in these evaporator
tubes, wall superheat or heat flux and in addition to these mass
velocity(flow rate) naturally become relatively low.

‘Therefore, the state of knowledge on boiling heat transfer first in
pure liquids and then their non-azeotropic mixtures will be described
only at a low mass velocity here, It may be necessary to say that
although heat transfer problems caused during the operation of the cycles
‘have so far received considerably less attention than those of the single
component systems due to a complexity of the heat transfer process,
'much attention becomes stressed on these problems involved.

2. Features of Flow Structure in a Heated Tube

‘The forced convective boiling in an evaporator tube is categorized by
the development a flow configuration along the tube length because of
the variation in flow state due to phase change by heat addition.
Therefore, before discussing heat transfer problems we have to keep the
flow simation formed in the tube in mind.

Figure 2 illustrates schematically liquid-vapor flow patterns in a
vertical evaporator tube and in a horizontal evaporator tube at low and
high mass flow rates, respectively. As shown in Fig.1, the features of the
flow are significantly different between vertical and horizontal ones due
to an effect of the gravity. This difference becomes of importance in
evaluating the heat transfer rates,
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In the casc of the vertical flow, roughly speaking, the liquid and
vapor symmetrically flows along the tube length because of mo
gravitational effect. The flow patern changes from bubble flow through.
slug flow and annular flow to mist flow. ‘The position at which the flow
pattern changes, strongly depends both on the mass flow ratc and on the
vapor generation rate which is controlled by either heat flux or
temperature difference. In the case of a low mass flow rate and a small
temperature difference, the bubble and anmular flow regions becomes
relatively longer as compared with the regions of the another flow
patterns.

In addition to this, in the case of the horizontal flow since an inertia

At low mass flow rate

Jorce is coupled with the gravitational force, the developmient of the flow
pattern strongly depends on the mass flow rate. As a result, the flow
pattemns are more complicated in the horizontal tube than those in the
vertical tube. At a low mass flow rate, or example, the flow pattem
changes from bubble flow through slug flow and wavy flow to mist flow.
In the wavy flow, the liquid and vapor flow separately in the lower and
upper parts of the tube, At a high mass flow rate, the flow pattem
develops from bubble flow through slug flow and semi-annular or
wavy-annular flow, annular flow, finally 1o mist flow. In the annular
flow, a liquid film covers the whole tube perimeter on which its
thickness usually varies from the top to the bottom due to gravity.
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Figure2 Flow patterns in a vertical and horizontal evaporator tubes at
low and high mass flow rates




Review on Heat Transfer in Boiling of Binary Mixtures 3

3. Characteristic of Flow Boiling Heat Transfer

Although the flow boiling heat transfer in the evaporator is strongly
affected by the flow pattem, it geuerally consists of two different
mechanisms; one is mucleate boiling of the liquid and the other is
forced convection of the liquid with evaporation at the liquid-vapor
interface. Since heat transfer is related closely to the flow pattern, it
should be separately treated with depending on whether the surface is
submerged in a large volume of liquid like a bubble flow or covered
‘with a thin liquid film like an anmlar flow, and then in case of the thin
liquid film on whether the direction of the surface is vertical or
horizontal as shown inFig.2. When our attention is focused on the low
mass flow rate, the length of the transition region like a slug flow
appearing between bubble and anmular flows would be expected to be
relatively short. Therefore, the heat transferred at the low mass flow
raies is mainly governed by both the mucleate boiling and the forced
convection. The heat transfer will be separately described here for the
‘pure liquid and the binary mixture.

4 Correlation of heat transfer for pure liquid

4.1 Nucleate boiling heat transfer

‘The nucleate boiling heat transfer plays in essential role in heat
transfer in the bubble flow region and then some contributions are
nlwmdnwnm'hemwﬂruﬂuwpaum ‘Therefore, it is of

know th iling even in dealing
‘with heat transfer in flow boiling.

Many comrelations are so far proposed to predict the heat transfer
coefficients for the nucleate boiling as listed in Table 1. The nucleate
heat transfer is subject to the properties of any particular liquid-surface
combination but is hardly affected by the forced convection(the mass
flow rate) and the orientation of the surface that would be easily
understood from the fact that these effects are not included into any
carrelation i Table 1. It is very difficult to recommend which
correlation is the best appropriate because each one inherits from what
effects is mainly taken into account in its derivation.

4.2 Convective heat transfer in the vertical
evaporator tube

‘“There exist two ways of how to predict the heat transfer the annular
flow. One is based an a relation of the form:

by _

hio
‘where h is the heat transfer coefficient if the pure liquid was flowing
through the tube, X, i the Lockhan-Martinelli parameter, which plays
an important role in determining the flow pattern:
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Table 2 gives an example of this types of comelations.
‘The second oue is
1 =S hyg + F by, “@

where hrp is the local heat transfer coefficient, S hyg is the contribution
due to the mucleate boiling, F hegy the contribution due to convection
with evaporation, by is the heat transfer coefficient of ordinary pool
‘boiling and hCON is the heat transfer coefficient for the two phase flow.
‘The mostly used correlation for sarurated boiling in the anmular flow is
the Chen correlation[14] and later his original correlation was modified
by Bennett and Chen[15) which succeeded in correlating all the forced
convective boiling heat transfer data for water and organic systems.
Since this stands on the that both i

occur to some degree over the entire range of the correlation and the
contributions made by the two mechanisms are additive, the multiplier,
F, means the effect of the increase in liquid velocity, which is caused by
the existence of vapor flow and then the other factor, S, means the effect
of the suppression of mucleate boiling due to the steeping of the
temperature gradient in the liquid film on the wall, which is caused by
the forced convection. Chen proposes F hCON using the multiplier

and the Dittus-Boelter carrelation as:
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and § hyg using the Forster and Zuber{10] analysis and the suppression
factor as:
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Itmight be expected that the suppression factor, S, would approach unity
atlow flows and zero at high mass flows. Chen[14] suggests that § can
be first represented as a function of the local two-phase Reynolds
number, Rere = F**¥ Rey, Rey = G(1-x)D/ir, and the Benmet and
Chen[]S] lmproved it to give equation(8). The functions F and S were
from i data using an iterative

procedure to obtain the best solutions. It is necessary to say finally that
the other correlation for the nucleate boiling is available though Chen
employed anly the Forster and Zuber correlation, while most of
employed the Dittus-Boell ion for ive heat

transfer,
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Recently, Gungor and Winterton[17], for example, derived a new

using the Cooper in Table 1 for the

nucleate boiling and the Dittus-Boelter correlation and determined the
two factors F and S as:

F =14 2400080M5137(1/ X,,)°% )
.. . ®
T \T+253x10°F " Re, ™

L is conclded that flow boiling heat transfer, for samrated and
subcooled conditions, vertical and harizontal flow, tubes and anmuli, can
be predicted with reasanable accuracy for over 4300 data points for
‘walers, refrigerants and ethylene ghycol and so on by their correlation,

4.3 Convective heat transfer in the horizontal
evaporator tube

Figure 2 shows that the flow pattems in the horizontal wbe are
different from those in the vertical tube, especially in the anmular flow

0 the b isd the low mass flow rate, liquid

and vapor separately flow each other. As the result, the difference in heat
transfer between the upper and lower parts becomes significantly large.
Taking account for this respect, Yoshida et al.{18] developed their
‘method to predict the heat transfer in the vertical tube based on the Chen
concept in which the circurmferential averaged or axially local heat
wansfer coefficient for the separated and annular flows is treated with
respectively during the flow boiling inside horizontal smooth tubes.
‘This method shows the best precision irl predicting flow boiling heat
transfer of pure refrigerants among correlation proposed hitherto,

The procedure proposed by Yoshida et al[18] is introduced as
follows:
(1) Calculate a separation angle ¢, with equation (11)

%= 1+ 0.72[(11—")”[%:.]“]. [%L) " ®

- & Y e V(2"
reonf o) (2]

and ¢, is a separation angle estimated by assuming that there is no slip
between the liquid and vapor flows and that the liguid-vapor interface s
a horizontal plane.,

(When ¢, > 162 deg, set 4, equal to 180 deg. In this case the flow
regime is annular. Then, calculate the local heat transfer coefficient by
equation(11) which is applicabie to the annular flow.

hop =S hyy + F b, an
‘where
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(3)When ¢, < 162 deg, the flow regime is a separated one. In this case,
the circumferential averaged heat transfer coefficient must be calculated
by taking account of the circumferential heat conduction within the tube
wall,

In the case of a material with a high thermal conductivity such as
copper, the variation of the wall temperature is approximately
compensated by the circumferential heat flow so that the heat transfer
Tale in the dry part of the wbe perimeter can be ignored. The
circumferential averaged ar axially local heat transfer coefficient can be
calculated from equation (17), where only the heat transfer in wet partis
considered

Fuu an

9,
Ry, = i
™ 7180
‘where hyy, is the heat transfer coefficient for the wet part and is
calculated from equation(18)
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In the case of other material, it is needed to take into account of the
heat transfer in the dry part due to the large temperature difference
‘between the wall and vapor. ‘The heat transfer coefficient in the dry part
hdry is given as follows:

e »
L-L=l+w,[(@) /m] [_2__]“’ @
B, H, &Dp,(p,-p,)
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On the other hand, Gungor and Winterton[17] revised their
‘generalized correlation for the vertical flow by taking the flow effects
into consideration using the Froud number, Fr, leading to the result that
‘each factor for the vertical tube multiplied by Fys = Fr® 2™ and §, .,
= Fr'?, respectively, is enough to predict the heat transfer coefficient in
the horizontal mbes.

Jung et al.[47] also proposed their correlation using the Stephan and
Abdelsalam in place of the Forster and Zuber correlation in Table 1 for
the nucleate boiling and the Dittus-Boelter correlation and determined.
the two factors F and S as:

o3
1 @)
F= 1.37[0.29 + Yu—)
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§ =4048 X' Bo™® )
‘They reported that their correlation was betler in predicting the heat
transfer than either the Bennett and Chen and the Gungor and Winterton
correlations

5. Correlation of heat transfer for binary mixture

5.1 Nucleate boiling heat transfer

1t is generally known that heat transfer coefficient in nucleate
boiling of binary mixture is much lower than that cxpected from the
individual components of the mixture. This is iliustraled as an example
in Fig.3, where the heat transfer coefficients in a boiling of R12-R113
and R22-R11 mixtures, the temperature difference beiween boiling and
dew points on phase equilibrium at pre d the diffe
of the mass fraction in liquid and vapor phase, are plotied over the liquid
mass fraction of R12 and R22. The heat transfer coefficients are
surprisingly much lower than the values, obtained when linearizing
‘between the pure components. The same behavior is found to appear in
another mixtures, The mechanism that heat transfer coefficients are
sharply reduced is considered: Individual components pass from the
liquid to the vapor phase in different proportions, and the faster

/ap of the more volatil causes an of the
bubble forming boundary layer with the less volatile component, 5o that
the local boiling temperature increases. There are so far two different
ways of how to estimate this effect. One is related to the temperature
differences between boiling and dew points and the other one to the
difference of the mass fraction in liquid and vapor phase. Many

far can be roughly into two from the
phiysical point of view as listed in Table 3. The reduction in the heat
tremsfer coefficient is considered to be attributed to the difference of the
‘mass fraction as pointed out by the most of the correlations in Table 3.

Most of the correlations can be roughly given in the following form:

1 @5
LW
hl hz
except for the case of Jungnickel{28] employing by =y , + b %, The
canstant Cyy, is always larger than unity whose magnitde largely
dcpmdsanlhemassfm‘:ﬁm. The constant Cyy, means a level of the
reduction in heat transfer coefficient due to the effect of mass transfer.

Some experiments for the nucleate boiling are, for reference,
summarized in Table 4,

Recenily, Inoue and Monde[32] and Inoue et al. [57]have measured
boiling heat transfer coefficients for binary mixtures with a large
between the corresponding pure substances(see Fig.1) and pointed out
that the Jungnuckel et a1.[28] and the Schiunder{29] correlations which
siand on the difference of the mass fraction are rather different in a
character from the measured data as shown in Fig.4. while he Thome
correlation[26] has a similar trend, but undespredicts the data as shown
inFig.5. Therefore, they have devised the Thome correlation by taking
into account of the effect of the heat flux on the basis of observation of

v k=

‘Doiling behavior(rel. scc Fig.6 in Inouc and Monde{32] ) on a horizontal
‘wire and succeeded in correlating their data well.

Figures 6 and 7 show a comparison of their new correlation[57] and
the measured data for mixiures with a large difference in saturation
temperatures and with a small difference in saturation temperatures,
Tespectively.

Fujita and Tsutsui[33} scparately propose the correlaticn from the
similar concept as estimated from comparison of both equations listed
in Table 3. Their correlation can predict their data for methanol-water,

hanol-cthanel, cthanol-n-butanol, and methanol-b mixiures
wilh a good agreement. It is worth to say that the correlations in which
culy the ined {from ph: ilibrium diagram are used, are

easier for calculating the heat transfer coefficient than those using the
physical properties depending on the mass fraction,
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5.2 Convective heat transfer in the vertical
evaporator tube

‘The heat wransfer in forced convective boiling is also much lower for
the mixtures than that for the pure liquid as estimated from the result
obtzined in the nucleate boiling. Bennett and Chenf15] developed the
Chen comrelation for the pure liquids by taking into account of mass
transfer effects, 50 as to extend to the aqueous mixtures of ethylene glycol
and then gave the following equation for the heat tansfer of the
‘mixtures.

B = hooy Frue + hypSps @)
where
= AT @n
Fue=Ff(Pr, )[ AT_L'
f@r) = (&AZ"'_IJ““ 28)
[A_T] - I_L-_Y;M_[ﬂm} @
AT, Jcon PLH b AT, anis
o
By, =0023 &iikel“[f(l’x,_).”] (—"‘A—J G0)
D Dy
s= 1 - c, an
1+253x107°[f (Pr,)F [ Re, '

= _l__ux
l_rg(y.—a)[d_r.h] o
Hy ds |\ Dy
Recently, Celata et al.[42) show that the Bannett and Chen correlation
can applicable for the binary mixtures of R12-R114 and is superior to
the type of correlation such as proposed by Mishra et al,[43].
Table 5, for reference, listed some recent experimental studies of
‘heat transfer for mixtures in flow boiling.

5.3 Convective heat transfer in the horizontal
evaporator tube

A significant reduction in the heat transfer coefficient appears for
‘binary mixtures atiributable to mass transfer effects.

Jung et al.[49] proposed their following correlation which is derived
‘based on the Chen concept but different for the Bannett and Chen
correlation, and reported tharit can predict their data for the mixture of
R22-R114 with a mean deviation of 9.6 %.

R = B Fose + B S ]

where hyp i is the Unal comrelation, hecy is also the Dittus-Boelter
equation, Spy = S/Cya, Cyy is the constznt in the Unal correlation, § is
given by equation(24) and Fou, = F Cp , F is given by equation(23) and
Coe I8 proposed as:

C, = (1= 035y, - x,]"*) G33)

Jung et al.[49] recommend to use the Stephan and Abdelsalam

comrelation for the heat transfer coefficients for the individual

when ing hygg e They that their

correlation is the best oue in correlating their data amang the other
correlations(15][17][46].

Tt may be noticed finally that most of the correlations predicting heat
transfer for the annular flow derived based on the Chen criterion in
which the Dittus-Boelter equation is commonly employed for heat
wansfer in flow, while th for the nucleate
heat transfer seems to be arbitrary chosen from any correlation in Table
3. The reduction in the heat transfer for the mixture due to the mass
transfer effects seems to be treated with from the two different points of
view not only in nucleate boiling but also in convective boiling: one is
focused on the temperatre difference, and the other one the
concentration difference.

6.Concluding Remarks

The interest in flow boiling heat transfer in mixtures has been
increased. Further experimental works with different mixtures must be
done an a wide range of compositions to verify the known carrelations
and to improve them. T would be hoped to make it clear how the mass
transfer influences the heat transfer, especially in the field of mucleate

Nomenclature

a  :Thermal diffusivity

B, :Boiling mumber (= q/p, Hy)

€ :Mass fraction of a more volatile component in 2 system
C, :Specific heat at constant pressure

d, :Diameter of bubble departure

D :Tubediameter of Mass diffasivity
f, Pressure factor

f,  :Surface factor

£, :Nucleation factor

F  :Enhancement factor

Fr :Froude mumber {= G*/(p,’gD)}

g :Acceleration of gravity

G :Mass flux

b :Heat transfer coefficient

by :Ideal heat transfer { = 1/(xy/h; + 1/(xa/hy) }
Hy, :Latent heat in vaporization

1 :Representative length of heated surface
M :Molecular weight

P :Pressure

P, :Critical pressure

Pr :Prandtl number

q  Heat flux

R, :Smoothness degree of heated surface
Re:Reynolds number (= G(1 -x)D/jtr)

S :Suppression factor

T :Temperature
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T, :Critical temperature

T, :Satration temperature

Twi  <Ideal wall temperature { = (Tign + ATi) }

ATg  :Temperature difference between dew and bubble point
{ =(Tioontzoex ~ Touk )

ATy :Ideal wall superheat( = (ATwy X1 + ATz )}

AT,  :Wall superheat .

%, y:Quality or Mole fractions of liquid and vapor

Xgo Y :Miass fraction of liguid and vapor

X, :Lockhart-Martinelli parameter

Greek symbel

:Volume expansion coefficient
Mass transfer coefficient
Thermal conductivity
:Viscosity

‘Kinematic viscosity

<E P rOR

p Deasity
G :Surface tension
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Tabie 1 Correlations for pool boiling in pure liquid

Author Correlation
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Table 1 Correlations for pool beiling in pure liquid(Continued)

Author Correlation
Stephan and Abdelsalam(8]
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e o
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Table2 Heat transfer correlation for forced convective boifing

Authors Correlations Condition

Schrockand bz 1\P] . Water,p=3-35aa
=073 104+ 1.5 [

Grossman(tl]  hior [B" o415 (3) ] Upward flow

Wright{12] brr _ o575 1 "'} Water, p=1-Saia
o o. .xw‘u.s(z) Dowmaard flow

‘Pujol and RI3

ber _ 090 |Box10t 4 5 (l)n 1]
Steaning[13] o~ X, Upward flow

,," 1 R113
=053 [a.xw‘ +175 (x—“)w] Downwand flow

buo a0 (26)* )" g mnamly (22 "(w .
D\ps ko

Table 3 Correlations for pool boiling in mixture
Authors Correlations
Vaa Stralen(19] n= %p Hedia/T

weyf s
" )

AT Xal Xy

h _ 1 .
Bis  1+A0(0-83+0.12Pbar]) (y—x AT,q

Tolubinsky and Ostrobsky[21] ~ N.=|

Stephan and KBmer(20)

. 0N
[ £ vHeo{%a1 (1da)  +Xas (1do) 2} ]

_(y.rx..)‘}“‘ o2
x{l Wty T

ll+(y.x—x.‘)‘[_ '
f,=
Ju(prm)

Calus and Leonidopouios{23] ATsee=(Xa1ATuac, 1 +XazATsur. 2)

el ()]

Calus and Rice[22] ! 1,%7

Happel 2ud Stephaal24] %=1—h(n-x.)"
e & e
Stephan and Preusseri25) 1. °'1°(m...] (pL)

[P

} 6. 9733

sefit (42)

xl?
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T-hle3€nruhhouiorponlboﬂm¢mmnme(conhme)

Author C
Thome[26] h—!.l._" 18
Rt 17
ll.,,—{l yi—x) ) (H,,)(dx
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h 1
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oL
h 1
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. 1+ L L) 15 e -2 |
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Table 4 Some experimental studis of pool boiling heat transfer in mixtures

Authors- - * Heated Surface *Test B a)
Bonillaetal.  Horizontal Plats Acetone+Ethano} 0.1
341 Ethanol+Butanol
Acetone+Water
Ethanol+Water
Isobutanol+Water
Van Wijk etal. Horizontal Wire Ethanol+Toluene 0.1
351 Isopropanol+Cyclo Hexane '
Acetone+Water
Butanol+Water
Pentanol+Water
Van Stralen[36} Acetone+Butanol
Sternling et al, Ethanol+Benzene
Bn Isopropanol+Ethylene Glycol
Isopropanol+Cyclo Hexane
Methanol+Ethylene Glycol
Grigor'ev et al. Horizontal Tube Ethanol+Butanol 0.1
{381 Acetone+Butanol
EthanokWater
Van Stralen Horizontal Wire Methyl-Ethyl-Ketone+Water 0.1
a9 Methanol+Water
Tolubinsky et al. Horizontal Tube Ethanol+Benzene 0.1
391 Ethanol+Water
Kormer Acetone+Butanol
{401 n-Heptane+Methyl-Cyclo-Hexane
Methyl Ethyl Ketone+Toluene
Acetone+Water
Propanol+Water
Stephan et al. Acetone+Butanol 0.1-1.0
[20] Heptane+Methyl-Cyclo-Hexane
Methanol+Benzol
Tolubinsky et al. Vertical Tube Ethanol+Water 0.t
[21] Methanol+Water
Ethanol+Butanol

Ethanol+Benzene
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Table 4 Some experimental studis of pool boiling heat transfer in mixtures(Continued)

Authors Heated Surface Test Substances Prossures(MPa)
Stephan et al. i Tube Ethanol+Cyclo-He 0.1-03
1] Methanol+Benzol

Calus et al, i Wire propancl+Wa 0.1
123 Acetone+Water

Ethylene-Glycol+Water

Calus et al. Horizontal Wire Propanol+Water a1
Happel et al. Tube B ne+Tolt 0.05-02
243 Ethanol+Benzene
N Isobutanol+Water

Stephan et al. i Tube Acetone+Methanol 0.1
[2s} Acetone+Water
Jungnickel et al. Horizontat Plate R22+R12 0.1-20
28] RI24R13
Bieretal. Horizontal TubeR12+SF6 0.56-0.97
[301 R22+5F6 (Reduced Pressure)

RI3B1+SF6
Fujita et al. Horizontal Plate Methanol+Water 0.1
33] Ethanol+Water

Methanol+Ethanot

Ethanol+n-Butanol

Methanol+Benzene




Review on Heat Transfer in Boiling of Binary Mixtures

Table 5 Some recent Experimental studies of heat transfer for mixtures in flow boiling

Authors year mixture
Bennett and Chen{15] 1980  water/fethylene v e
glycol

Toral et al.{44] 1982  ethanol/ 1 v e
cychlohexan

Nakanishi et al.[45] 1986 R12/R13 t b e

Ross et aL.[46] 1987  RI152a/R13B1 t h e

Hihara et al.[46] 1989 RI2R22 t h €
RI114/R22

Jung et al.[47} 1989 R22MR113 t b e

Jung et al.[48] 1989  RI2/R1522 t b ]

Jung et al.{49] 1989  refrigerants t h e

Murata and Hashizume[50] 1950 RIIRI114 t h e

‘Takamatsu et al.[51] 1990 R2RI114 3 h w

Fujita et al. [52] 1991 RI1RI113 t v e

Yoshida et al.[18] 191  R22R114 t b e

Sami and Duong(53] 1992 R22R114 a' h w

Sami and Schnotale[$4] 1992 R22/R114 t b w
R22/R152a

Celata et al.[42] 1993 RI2RI1I4 t v e

Takamatsu et aL.[55] 1993 R22R114 t h

twbe, a:annulus, *:enhanced surface
h: horizontal,  v: vertical
e: electrically heated, w: water heated
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