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Abstract—Many parameters influence the thermal efficiency of two-phase systems; among them, the type of refrigerant
employed in two-phase systems is of great importance. Carbon dioxide has been reintroduced as a possible R22 re-
placement, because of having more heat transfer rate and lower pressure drops, along with better environmental treatment
compared with widely-used refrigerants. In the present article carbon dioxide is studied and compared with some thermo-
physically-different refrigerants from the viewpoint of probability of dry-out occurrence. Dry-out phenomenon in two-
phase systems should be avoided as far as possible to prevent sudden drops in heat transfer. Dry-out occurrence is strongly
influenced by entrainment mass transfer. In the present study a semi-empirical model is proposed for simulation of
entrainment mass transfer in annular flow regime of liquid-vapor in a vertical tube. The significance of entrainment
phenomenon in carbon dioxide is compared with that of some other refrigerants to figure out the probability of dry-
out occurrence in different refrigerants. It will be demonstrated that CO2 relative to other refrigerants has much lower
amounts of entrainment. This issue along with other mentioned advantages shows the prominent effectiveness of carbon

dioxide among other conventional refrigerants.
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INTRODUCTION

Two-phase flow heat transfer characteristics have become an im-
portant issue because of their great influence on the performance
of cooling systems. Convective boiling heat transfer in channels
has been extensively studied. Most of the theoretical and experimen-
tal accomplished researches in this area have focused on computa-
tion of the heat transfer coefficient [1-6] and some other studies have
been devoted to simulation of CHF condition at which dry-out oc-
curs [7-9]. From the design and application viewpoint, avoiding
critical heat flux (CHF) is of great importance to achieve the best
possible performance of cooling systems. In this regard all the param-
eters that directly or indirectly affect this phenomenon should be
precisely investigated.

Entrainment increases the probability of dry out occurrence, and
dry out, in turn, decreases the thermal efficiency of two-phase flows.
In annular flow, the liquid film dries out due to evaporation and due
to the partial entrainment of the liquid in the form of droplets in the
vapor core. At dry out condition the single phase of vapor with some
liquid droplets flows in the pipe and since the heat transfer coeffi-
cient of vapor is much lower than that of liquid, a sudden drop in
heat transfer is experienced.

Entrainment mass transfer as an important issue that strongly in-
fluence heat transfer and fluid flow behavior has been studied for
many years. Most of the accomplished researches in this field are
experimental and have been carried out at restricted operating con-
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ditions and on some special fluids like water and some limited num-
ber of refrigerants [10-13].

The present study is devoted to simulation of entrainment, based
on the physical concepts and mechanism through which it takes
place. The contribution of entrainment is then compared with that
of evaporation to find how much the entrainment role is significant.
The effects of fluid type on the entrainment will be studied at the
end.

METHODOLOGY
1. Physical Concept of Entrainment Phenomenon

As vapor flows upon a liquid phase in the annular flow regime,
some waves on their interface form and begin to grow (Fig. 1). These
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Fig. 1. Schematic of interfacial waves and ripples in a typical annu-
lar two-phase flow.
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Fig. 2. Undercutting wave crest process by the vapor core flow (follow from left to right).

waves, called interfacial waves, strongly influence the fluid flow.
Drag, surface tension, density and velocity difference of fluids flow-
ing next to each other, and boiling phenomenon in the liquid film
are the most important issues known to be agents of wave forma-
tion at the interface.

For high enough velocities entrainment mass transfer commences
due to the effects of interfacial waves. In other words, as the interfa-
cial stress exceeds the retentive force of surface tension, liquid drop-
lets start to transfer in to the vapor core in the annular flow regime.

Undercutting waves crest by the flowing vapor, bursting of bub-
bles at the interface and impingement of existing droplets of vapor
core to the surface of liquid film are some reasonable mechanisms
by which this transfer of droplets can be justified. Among those the
first mechanism is more associated with interfacial waves and will
be of greater interest in this study. Process of undercutting waves
crest by the flowing vapor phase is demonstrated in Fig. 2.

There are many studies in the literature concerning with forma-
tion of waves, but most of those are not engaged with its conse-
quent influences. As claimed by Thome and Collier [14], interfacial
waves of different fluids form in different fluid velocities that di-
rectly depend on thermo-physical properties of each fluid. They
suggested a critical Re number for the onset of entrainment in annular
flow.

Using high-speed cinematography, Woodmansee and Hanratty
[15] observed that the principal means of droplet entrainment from
a liquid film into vapor core are the rapid acceleration, lifting, and
subsequent shattering of ripples on the liquid-vapor interface.

Most entrainment models in the literature are experimental and
more dependent on dimensionless groups than on physical poten-
tials of entrainment phenomenon. Despite the consensus on the strong
effect of interfacial instabilities on annular entrainment, most avail-
able models do not clearly consider this effect. The present study
attempts to find the fundamental physics for the entrainment phe-
nomenon. In this regard, entrainment is presumed to be the result
of sweeping a fraction of wave crest off into the vapor core as de-
monstrated in Fig. 2. Regarding this assumption, entrainment rate
depends on the volume of liquid removed from the wave crest, wave
length, number of waves in the control volume and the wave veloc-
ity. The above statement can be simply formulated as [16]:

_VypN,

E - t\\’ ‘ A(‘ 0 (1)
where, E, V,, p, N,, A, and t, are entrainment rate, liquid volume
removed from each wave crest, liquid density, number of waves,
interfacial area and the period of entrainment phenomenon respec-
tively.
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Total number of interfacial waves of wavelength, 4 in a pipe of
length, L and vapor core perimeter, P,, can be simply estimated as
below:
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Interfacial area through which liquid droplets transfer in to the
vapor core is:

A,=P <L 3)

And the period of entrainment phenomenon is written as:

to=

yp— Q)
Where, u accounts for flow velocity and indices / and g denote
liquid and vapor phase respectively. It can be found that determina-
tion of interfacial wave characteristics, including wave amplitude,
wavelength, velocity and frequency, is the prerequisite for mass trans-
fer calculations. After performing these computations the force bal-
ance at the interface should be evaluated to find the exact place on
the crest at which the drag force prevails over the retention force
and the wave breaks through the point and forms some liquid dro-
plets transferring to the vapor core.
2. Simulation of Interfacial Waves

If a light fluid flows over a layer of a heavier one, their interface
becomes unstable when the relative velocity exceeds a critical speed.
This instability, known as Kelvin- Helmholtz instability, may occur
at the interface of miscible or immiscible fluids, or within a single
fluid in the region of a strong density gradient [17]. The Kelvin-
Helmbholtz instability is of great importance in annular flow heat
and mass transfer behavior.

For an unstable annular flow, interfacial waves grow/decay expo-
nentially in their amplitude as time spends. However, experimental
observations found interfacial waves of relatively steady amplitudes
in typical annular flows. This issue demonstrates that the interfacial
waves of common annular flow regimes are of stable condition and
can be assumed to have constant amplitude and wave length.

Interfacial waves are assumed to be sinusoidal upon the obser-
vations of previous experiments [10,11,18,19]. Upon the recent ob-
servations of Alekseenko et al. [20], there are some fine ripples known
as secondary waves on the sinusoidal interfacial waves. These rip-
ples have been neglected in the present study since in this study the
volume of liquid disjoined from liquid film is our key point and
the existence of ripples on the waves does not make effects.

2-1. Wave Length Calculation
From the Kelvin-Helmholtz theory, there is a critical wave length
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for which the annular flow experiences a stable set of waves at the
interface. This wave length can be calculated through putting a zero
value for the imaginary part of the wave propagation velocity. A
wave of sinusoidal form traveling at the interface is assumed:

y(x,t)=¢ sin(—z-/-%r(x - ct)) ®)

In the above relation, y denotes interfacial wave equation, &, X, ¢
and t account for wave amplitude, axial coordinate, wave propaga-
tion velocity and time, respectively. The wave propagation velocity
can be calculated by applying the following relation [17]:

_ (1/2k5p,u,+pzu¥)
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Where, k=277 is the wave number. 6 and o are representative
of liquid film thickness and surface tension. The real and imaginary
parts of the wave propagation velocity (c; and ¢, respectively) are:
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By exerting the condition for neutrally stable waves (c~=0), the
wave length can be written as:

A= 2
(u—u)’(p/ ) = (20 pi0)

2-2. Wave Amplitude Calculation

The correlation of Glormes and Ishii is employed in this study
for computing interfacial waves’ amplitude. Glormes and Ishii ap-
plied the shear flow methodology to simulate wave propagation with
respect to liquid film flow [21]. They suggested the following equa-
tion to obtain the wave amplitude:

)

u
=C, 1~ 9
& “ﬂlfi ()

where £ and 7 are representative of liquid viscosity and interfacial
shear stress, respectively. C, is a dimensionless parameter which is
defined as the following.

U
N.= "““j"z';ja; (10)
(ol 5]
C,=0.0283N;"

C,=0247

for N,<0.0667
for N,>0.0667 (11)

N, in the above correlation is the viscosity number, g is the gravita-
tional acceleration, and Ap is the liquid and vapor densities differ-
ence.

Wave length and amplitude is computed up to this part of simula-
tion. Now the point at which the wave crest will be disjoined should
be calculated to obtain the exact volume of liquid removed from
the liquid at the interface. This point is obtainable through a force
analysis on the waves.
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Fig. 3. (a) Forces act on a typical interfacial wave, (b) deformed
shape of wave in flow.

2-3. Force Balance on Interfacial Waves

The force balance on the wave is applied to find the disjoining
point of the wave. Forces which act on a typical wave are shown
in Fig. 3(a). As demonstrated there, the surface tension force is as-
sumed to exert just on the wave front because the wave usually flatten
in the rear to experience the least possible surface tension force [16].

As demonstrated in Fig. 3(a), the exerted forces on the crest in-
clude interfacial drag, surface tension force and gravity. At this stage,
the mentioned forces are calculated individually.
2-3-1. Interfacial Drag

The first considered force is the interfacial drag and is of follow-
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ing form:
1 2
Fp= Eﬂprwuw (12)

, where F), and f; account for interfacial drag and interfacial friction
factor, respectively. p,, and u,, are the homogeneous density and
velocity of vapor core.

Interfacial shear stress is computed in the work of Holowach and
Hochreiter [16], applying liquid density and velocity instead of those
of vapor core. In the present study, applying interfacial shear stress
in the form of Eq. (12) results in better consistency with experi-
mental results of similar conditions. Therefore, vapor core charac-
teristics are applied to obtain interfacial shear stress.

Interfacial friction factor, £, can be obtained by applying the cor-
relation of Wongwises and Kongkiatwanitch that is for the case of
two-phase flows with entrainment mass transfer taking place [22]:

ﬁ: 1 7. 1 72(Reg)70.768(§/D)—0.253

Re, =22~ 20) '(2_2@ (13)
g

where Re, and D account for the vapor core Reynolds Number and
the pipe diameter, respectively.
The area on which drag force acts can be calculated as:

A2-x R (A B
Ad,»xjm-,,,-,,gz'[ A esin(kx)dx —[&— esin(kx )](5 -2x ) (14)

Where, X" demonstrates axial position of wave disjoining point
(Fig. 3a).
2-3-2. Gravitational Force

The volume of the liquid disjoined from the wave should be cal-
culated to obtain the gravitational force. This volume can be com-
puted by applying disc integration over the limits demonstrated in
Fig. 3(a). The volume is written in terms of axial coordinate of the
disjoining point [16]:

K'=27x/2 (15)

v _g_/lz{—2+25ink*+2(1—sin2k*)”2 }

= 4 “l, . * . * “1, . *\2
7| cos” (sink )—sink (cos™ (sink ))
Then the gravitational force can be achieved:

F=pvVg (16)

2-3-3. Surface Tension Force
The surface tension force on the front of the wave is calculated
through the following correlation:

F=0K e a7

Where, 0; K,y me A, account for surface tension, average curva-
ture of the wave crest, and the effective area on which the surface
tension force acts, respectively.

The curvature of the wave of sinusoidal form can be calculated
using the following relation [23]:

K == (K sin() [1+((K)cos(kx)) T (18)
It is assumed for simplicity that the area on which the surface
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tension force acts is a semi-circle of diameter (4/2—2x"). This as-
sumption is based on the wave deformation [16].

A= g(m—zx*)2 (19)
The surface tension force acts tangentially to the wave profile,

and since in this study the sinusoidal profile is assumed for the wave,
the angle, @shown in Fig, 3(a) is:

O=tan"'(ke cos(kx)) (20)
Substituting relations (18-20) into Eq. (17) results in:
F,= (ﬂ/S)J{*L%}(ﬂ/z _2x°) Q1)
[1+(kcos(kx"))]

As mentioned before, the forces which act on wave profile are
surface tension, drag and gravity. The point at which these forces
balance is assumed the disjoining point of wave, since after this point
the drag force prevails over the retentive force of surface tension
and results in sweeping a little part of the wave off and transferring
in to the vapor core. The exact coordinate of the disjoining point
can be achieved through applying a force balance on the wave:

FptF,—F=0 22)

Substituting the value of each force in the above relation results in
an implicit equation with a single unknown of X" that can be solved
by trial and error method.

At this stage, all the variables in Eq. (1) have been calculated. It
should be noted that the computed value result from Eq. (1) is the
maximum value of the entrainment and it isn’t necessarily equal to
the real entrainment rate which can be measured through experi-
ments. This issue is the result of returning a little fraction of the swept-
off wave into the liquid film again because of prompt acceleration
of flow in the vapor core. On the other hand, some empirical cor-
relations have been employed during calculation of friction factor
and wave amplitude that may exert some etrors in our model. There-
fore, Eq. (1) should be modified by utilizing a correction factor. To
obtain an appropriate correction factor, we have applied results of
Utsuno et al.’s experiment [24]. The correction factor is of the fol-
lowing form:

cp:z.s(%)@ @)

Therefore, the final form of the entrainment rate correlation will be:

4
E:z.s(&) Voo (u—w) 4)
Pr o

The tube is assumed to be warmed up by constant and uniform
heat flux similar to the condition applied in experiment of Utsuno
et al. [24]. The experiment of Utsuno et al. was accomplished in
the pressure range of 3<p<9 Mpa and Reynolds number range of
5.4x10°<Re<3.5x10°. The exerted heat flux in their set of experi-
ments varied from 0.33 to 2 MW/m’.

The most sensible contribution of mass transfer in two-phase flows
is evaporation. Therefore, evaporation can be a good criterion for
evaluation of other mass transfer contributions. Evaporation rate is
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estimated through the following relation:
I
.9 )

Moy =1~ 25)

In the present study the necessity of considering entrainment mass
transfer contribution is evaluated. It is worth introducing a dimen-
sionless factor, named mass transfer ratio, which represents the ratio
of entrainment mass transfer to the evaporation contribution.

. m
mass transfer ratio=—= (26)

RESULTS AND DISCUSSION

A computer program is written in Matlab programming envi-
ronment to calculate the exact fraction of liquid that is cut off by
the shearing force of high-speed flowing vapor at the pipe core. The
proposed correlation for entrainment is compared with some empir-
ical correlations and deviations are tabulated and shown in Table 1.
Most of the available empirical correlations are obtained from ex-
periments on water as working fluid; therefore, thermo physical
characteristics of water are employed in Eq. (24) to achieve an ac-
ceptable comparison between the present and other available models.

Entrainment rate has made dimensionless through dividing by
total mass flow rate and named “entrainment fraction,” e.

E

=5 @7

Variation of entrainment fraction via mass flow velocity is plotted
for four thermo-physically different fluids and depicted in Fig. 4. It
is found that an increment in mass flow velocity increases the amount
of entrainment. To justify this phenomenon, the influence of mass
velocity and surface tension, as Weber Number, is evaluated on the
interface wave amplitude and wavelength and displayed in Figs. 5
and 6, respectively. Since the interfacial wave amplitude and wave-
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Fig. 4. Variation of entrainment fraction against mass flow veloc-
ity; comparison between CO2, R22, R134a and H20.

length are directly related to the entrainment rate, simulation results
of the present study are compared with experimental observations
of Sawant et al. [28]. The flow and physical conditions of the present
problem are set to those of Sawant et al.’s experiment to have an
applicable comparison between the results. It seems that increasing
mass velocity decreases wave amplitude and wavelength. The first
leads to a decrease in entrainment rate, while the second increases
the entrainment contribution through increasing the total number
of waves. Results of computer program demonstrate that the sec-
ond issue is more effective than the first one.

As shown in Fig. 4, the entrainment contribution of mass trans-
fer in carbon dioxide is much less than that of R22 and R134a, while
water has the least entrainment contribution among other consid-
ered fluids. This issue is due to specific thermo-physical character-
istics of water and carbon dioxide that make them different from
other refrigerants.

Table 1. Comparison between empirical correlations of entrainment rate and the suggested correlation

Reference

Working fluid Correlation of entrainment

Mean error®* Average error**

Ishii-Mishima [13] Water-air

We,=pj.d/o(Aplp,)"”

E=G(1—x)tanh(7.25x 10 "R¢)*We! %) 1.5% 1.5%

Hewitt and Whalley [25] Water-air Rew:exp(S.8504+0.4249(/1g/,u,)A/p,/—pg) if Re;<Re, E=0 0.5% -0.1%
if Re>Re, E=5.75x10" e pu,[(Re—Re. ) (1i/do)p/07]**'

Sawant [13] Water-air Re,;,=250logRe,— 1265, We,=p,j:d/o((0— p)/ )" > 15% 15%
E=G(1-x)(1-Re,,/Re)tanh(2.31 x 10*x Re; " We! )

Schadel et al. [26] Water-air Re, =exp(5.8504+0.4249(11,/11)/ p/ p,) if Re,<Re,, E=0 5.5% -43%
if Re,>Re, E=1.175x 10 *u,u(Re~Re,)/p/ p,

Okawa et al. [27] Water-steam  £,=0.005(1+3005/d) 2.1% 2.1%
E=4.79%10"(p/p)" " pp i o

Ueda [12] Alcohol-air  U=(z/0)(av/57)*¢ 4.8% 4.8%
E=3.54x10"U"

Utsuno-Kaminaga [24] ~ water-Steam  E=G(1—x)tanh(0.16Re]"'"We,*—1.2) 0.84% -1.28%

We,=p,j:d/o(Ap/p,)"”

£ _ 1 v |E| resent model_Elex eriment|
Mean error= Nz—i’—————-f———El x100%
i=1

experiment

[El

|present model |experiment

x 100%

**Average error= li
Ni=

prmmem
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Variation of entrainment fraction via surface tension changes is
plotted and shown in (Fig. 7). It is found that the amount of entrain-
ment decreases with increasing the fluid surface tension. Increasing
the fluid surface tension increases the amplitudes of waves propa-
gating at the interface, which in turn increases the entrainment rate
potentially (Fig. 5). On the other hand, wavelength increases with
surface tension (Fig. 6), which results in a decrement in the num-
ber of interfacial waves. When interfacial waves increase in ampli-
tude they are more vulnerable of being cut off by vapor core and a
larger amount of liquid enters through the vapor core. Results dis-
play that decrease in number of waves prevails over the increase in
wave amplitude and at last decreases the entrainment rate with the
fluid surface tension.

The other parameter which has been considered in this study is
the effect of pipe diameter. In pipes of larger diameter the entrain-
ment fraction is larger than that of smaller ones. Variation of entrain-
ment rate in different pipe diameters is depicted in Fig. 8. It seems
that after some diameters, further increment in pipe diameter does
not considerably affect entrainment mass transfer.

Variation of mass transfer ratio against wall heat flux is shown
in Fig. 9. It can be found from the figure that mass transfer ratio,
representing the contribution of entrainment relative to evaporation,
takes values that can be hardly ignored. These values emphasize
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Fig. 8. Variation of entrainment fraction against pipe diameters.
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Fig. 9. Variation of mass transfer ratio against wall heat flux; com-
parison between CO2, R22, R134a and H20.
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the necessity of considering the effect of entrainment contribution
in heat and mass transfer simulation of annular two-phase flows.

It seems that entrainment constitutes a considerable contribution
of mass transfer in carbon dioxide, R22 and R134a, while the amount
of entrainment mass transfer is less for water in comparison with
the other three fluids.

CONCLUSION

Four thermophysically different fluids are considered in this study
to be evaluated from the viewpoint of their entrainment mass trans-
fer contribution in annular flow regimes. Results have shown the
significant contribution of entrainment in all fluids.

Entrainment contribution of mass transfer is compared with the
evaporation contribution and found in similar or at some situations
higher order than it. This issue signifies the necessity of considering
entrainment in simulations of fluid flow and heat transfer of annu-
lar two-phase flows. Therefore, a general entrainment correlation is
of great worth. Most of the available correlations of entrainment in
the open literature are experiment-based, which have been derived
for a specific fluid in special conditions and cannot be generally
applied in other situations. In the present study a semi-empirical
correlation based on the strong fundamentals of entrainment phenom-
enon is developed which well satisfies the empirical correlations.

Entrainment fraction is calculated for three popular refrigerants
(CO,, R134qa and R22) and for water. Comparison between the mag-
nitude of entrainment fraction at different conditions for the four
considered fluids shows that CO, has lower entrainment fraction
compared with other considered refrigerants and water has the mini-
mum contribution of entrainment among all considered fluids. The
lower amount of entrained droplets results in lower probability of
dry-out occurrence, which in tumn increases the efficiency of the
cooling system.
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