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Abstract

The purpose of this paper is to investigate mass and heat transfer in the process of film
condensation of vapor-air mixture for non-cryogenic fluids flow in a small vertical tube. A
two-phase mathematical model is developed to model the mixture and liquid film. The
governing equations for mixture and liquid-film have been resolved using a numerical
method. Furthermore, this phenomenon analyzed is linked to a steady-state. Therefore, the
development of numerical codes allows us to investigate the effect of implicated parameters
on this phenomenon. Ethanol and methanol as non-cryogenic typical working fluids are
realized for a good understanding of the heat and mass transfer mechanism during
condensation. In this way, several effects of influencing parameters were examined. The
predicted results showed a good agreement with experimental data.

Keywords: Condensation; Heat transfer; Mass transfer; Fluid flow; Vertical tube; Non-
cryogenic fluids.

1. Introduction

The mass and heat transfer during condensation is important for many heat exchanger
applications, such as air conditioning, generation of electricity, refrigeration, reactor safety,
aerospace, desalination, etc[1]. Indeed, the first theoretical model describing this
phenomenon was conducted by [2] in the event of laminar film condensation of pure stagnant
steam on a vertical plate. Therefore, several studies on condensation in different systems
were then carried out. The reader can find a bibliographic synthesis in this domain in the
references [3-4]. However, many studies on non-cryogenic fluids flow condensation in
different systems have been realized. Indeed, non-cryogenic fluids flow condensation in
small tubes/channel is promising in industrial use [5]. So far, numerical studies focusing on
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heat and mass transfer characteristics of non-cryogenic fluids process are relatively recent [6-
9]. Furthermore, studies with small vertical/horizontal tubes are limited. In both cases,
theoretical and experimental condensation studies lead to select some types of parameters,
namely: parameters related to the nature of the steam undergoing condensation (pure, mixed,
or mixed with a non-condensable vapor). Parameters characterizing the nature and geometry
of the wall (tube, channel, vertical, inclined, single wall, or covered with a porous layer). And
the parameters relating to the condensation mode (film, droplets, etc.).

Nomenclature

Cp  Specific heat [J.K ™ kg™] Grec

D Mass diffusivity [m’s] ) Film thickness [m]

d Tube diameter [m] 5 Dimensionless film thickness
g Gravitational acceleration [m.s™] A Thermal conductivity [W.K™]
hy, Latent heat of condensation [J.kg™] n Transformed radial coordinate
h, Local heat transfer coefficient W.m™2.K™] u Dynamic viscosity [Pa.s]

m,  Mass flow rate [kg.m™*.s™] D Mass density [kg.m~]

M,  Mass of vapor Subscripts

m,  Condensing mass flux [kg.molk™] L Liquid film

Nu  Overall Nusselt number v Vapor

P pressure w wall

q heat flux [W.m™] 0 Inlet

Re Reynolds number b Bulk

r Coordinate normal to the tube m mixture

Sh Sherwood number I Interface

T Temperature [K] n Iteration

u Radial velocity [m.s™]

v Transversal velocity [m.s™]

w Fraction of vapor

X Coordinate along the tube [m]

Concerning a vertical tube, a condensation model by forced convection for laminar
flow was reported by [10]. This model constitutes a contribution to contribute to
understanding the process of laminar mixed-convection condensation with a non-condensable
gas. [11] studied a laminar liquid film. They considered an isothermal wall and there
theoretical model elaboration was considered at the interface the evolution of the shear
stresses. [12] performed a laminar mixed convection condensation of mixture numerically. A
non-condensable gas was taken into account. Based on two-dimensional equations and two-
phase boundary layer, they investigate a thermal balance at the interface to calculate film
thickness. In the same context, a two phase boundary layers was investigated by [13]. The
forced convection of condensation of refrigerants R123 and R134 their mixture was studied
by [14] between two horizontal plates. The coupled equations of mass conservation, the
species, momentum and energy are investigated in two phases flow model. The study of
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turbulent film condensation was conducted by [15] inside a vertical tube in which with
isothermal walls.

The saturated vapor of R123, R134a then the mixture of R134a-R123 is studied.
Coupled boundary layer equations of film and mixture were employed [16-20]. All these
studies concern two-phase models to study mass and heat transfer for mixed-convection
condensation. This model concerned a vertical tube, in the case of mixture turbulence [17],
an inclination angle of the tube on simultaneous condensation [18, 21] and a study outside of
a smooth tube. Result conducted shows that the heat transfer coefficient increases depending
on the mass flow rate. Then, the pressure drop along the tube increased with the seam way of
heat transfer. In the study of [21], the pressure drop of condensation was numerically
investigated inside a smooth tube. This study used 8.38 mm of inner diameter and 1.48m of
length. The fluid of condensing was R134a at 40<C saturation temperature. Among the
results, the effect of inclination angle on void fraction and pressure drop at high mass fluxes
became negligible.

In the research of [19], an experimental study for R170 was conducted. This study
concerns a condensation in the horizontal tube with 4mm inner diameter. They examined
saturation pressure (from 1MPa to 2.5 MPa) and mass flow effects on heat transfer. They
compared various well-known correlations with experimental data. In addition, the [22]
correlation can accurately predict the experimental pressure drop with a main absolute
relative deviation is less than 18 <C. Numerical simulation of film condensation in a vertical
channel performed by [23]. In this study, an analytical model of film condensation is
conducted with consideration of the effect of vapor flow in the Nusselt model [2]. Results
show that as the inlet vapor velocity increases, the film of condensate tends to be thinner.
This was explained by the increase of vapor the wall heat flux the increases of shear stress.
[24] reported an experimental study for the condensation of steam on square wire wrapped on
a horizontal copper tube.

An analytical solution for the laminar film in the case of simplified steady-state
equations for pure water vapor was conducted by [25-26]. Thy interested in film respectively
in an inclined and horizontal tube. [27] developed an equation that relates the mixture-liquid
interface parameters and stream parameters based on the thermodynamic analysis. They also
presented a forced convection film condensation on the outside surface of a horizontal tube.
Results indicate that increases in the mass fraction of the noncondensable gas in the stream
reduce the heat flux. Recently, a numerical study of laminar film condensation was
conducted by [7]. This study concerns a case of pure vapor in an isothermal vertical tube.
However, they based on the assumptions taken into account in the Nusselt study [2]. Besides,
they simplified the Navier-Stokes equations for obtained the equation of liquid film thickness
for film-wise condensation on fluted surface. Curvature variation effects on a condensing
were investigated based on liquid film thickness equation. An experimental study of
condensation in a horizontal low-finned tube was investigated by [28]. The condensate
retention between pure steams compared with that of fins was found lower due to lower
surface tension. They noted also, that it resulted in vapor-side enhancement around 3, further
50% of the heat transfer over most of the range of data. In the literature, other authors were
interested by the study of heat and mass transfer in vertical tube among them we cite [29].
Also, mass and heat transfer for water film simulated numerically by many authors such [30-
36].

To the author's best knowledge; there are no published experimental studies on
laminar film condensation from vapor-gas mixtures in small vertical tube. Thus, this study is
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going to develop theoretically model of heat and mass transfer for laminar condensation of
non-cryogenic downward fluids flow in small vertical tube.

The manuscript is organized as follows: Section Model presents the mathematical
model. Section Method proposed method and model validation. Section Results reports the
results and physical discussions. The final section presents the conclusions.

2. Problem Formulation

Fig.1 shows geometry under consideration with the boundary conditions. The tube
dimensions are width d=2R=0.005m and length L=2m. The mixture vapor-gas flow enters
the tube with a uniform inlet temperature To, uniform velocity uo, and uniform pressure Po.
For the walls Dirichlet condition was chosen.
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Fig. 1. Geometry with the boundary conditions.
Assumptions and Governing Equations

The following assumptions have been formed in the development of the governing
equation. The liquid and gas flows are laminar and the flow is two-dimensional with
symmetries ax. It implies that the flow velocity has only two components: u(axial) and
v(radial) and that all the physical quantities involved in the problem depend only on the axial
and radial coordinates. Condensate film is impermeable to incondensable gas and Interface
liquid and vapor-gas mixture is in the thermodynamic equilibrium. Humid air is an ideal
mixture of Methanol/Ethanol vapor. It is considered an ideal gas. For relatively low pressures,
the equation of state of ideal gases can then be applied B, =(p RT)/M, . The fluids are

viscous Newtonian. The Newtonian fluid hypothesis is justified for most fluids and allows us
to write that the tangential shear stress is proportional to the transverse velocity gradient
7= uou/ or . The approximations of the boundary layer are assumed valid for liquid film and

gas mixture. This hypothesis allows the elimination of axial diffusion terms &°/0x’in the
transfer equations and the radial pressure gradient which leads to parabolic equations. The
liquid film is governed respectively by an equation of continuity, momentum equation, and
energy equation.
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The mixture vapor-gas is governed by the same equation as the liquid plus an
equation of species as follows:
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Interface Boundary Conditions
Inlet conditions at (x = 0):
x=0 ,T =T, ,w,=w,, P =P, )
At (r=0):
(oufer) = ,(oT/or) = , (owfar) = v, =0 )
Wall condition at (r = R):
uL =VL =0 , T =TW (10)
Continuities at the interface (r =R —¢) for velocity and temperature:
ul(x) =Up, =Ug, (11)
T (X)=Tm,l =T, (12)
For a Newtonian fluid no slip is assumed:
ou ou
| ﬂm(ﬁrjm. um(ar) (13)

The velocity of air-vapor mixture:

D, )(ow
Y :_[1—w, j[ or j (4

Heat balance:
A [aT j ;tm(aTmJ +hy m (15)
or or ), !
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The (Eq.15) can be expressed as follow:

T, :
q,=0,+¢, = (ﬂL —Lj +h, m (16)
or ), !
This (Eq.16) presents the total heat transfer which equals the sum of sensible heat and
the latent heat. The mass fraction of vapor in the mixture can be calculated using the flowing
equation (Eqg.17).
MvP

v (17)

" Ma(Pm_F)\/,I)+MVF)\/,I

Mixture Properties

Assuming ideal gas behaviors, the total pressure P, at any point within the vapor—gas
mixture is given by the sum of the vapor and gas partial pressures:

P,=Pv+Pa (18)
The temperature of the vapor and noncondensable gas are assumed to be equal T, =T, .
m,p
— v Ity 19
Py RT, (19)
m,p
_Mm,p, 20
Pa RT, (20)
The total mixture density can be defined as,
P =P+ Ps (21)

Where p, and p, are the local vapor and air density, and p, is the local mixture

density. Assuming the vapor-gas mixture is incompressible; the local mass fraction of the
vapor and air gas can be defined as (Eq.22) wherew, +w, =1.

szﬁ;wa:& (22)
P P
By using the above equations we get,
M.w
_ a 23
P (1-w, )M, + WM, P (23)
Since, the partial pressure of non-condensable gas can be written similarly as,
M (1-w,) (24)
Pe = (1-w, )M, +w,M, P
Then, the molar fraction of the vapor components, at the interface, can be defined as,
M
W, =P 25)

Ma(pa,l — Py, )+ Mvpv,l

Heat and Mass Transfer Parameters

Bellow, we define a local Nusselt and Sherwood numbers along of interface relating
respectively to the heat and mass transfer coefficient:
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Nu, = hd, __ qd, (26)
ﬂ“m /Im(Tl _Tb)
h,, .d h (1—
sh, = MCh _ m, (1—w,)d, (27)
(Dv) pm(Dv)(Wl_Wb)
The mass flow rate of the condensation is expressed as:
m, = PuD, W (28)
1-w, or

Besides, the overall mass balance must be conserved which means mass conservation,

therefore:
d-o

m,/2= I (zrpu)mdr+.[(7zrpv)ldx (29)
0 0
A condensing rate can also give an idea of the performance of condensation in the
tube (Eq.30). Therefore, a non-dimensional number is introduced as follow:

M, = [mydx/m, (30)
0

With m,and m, are respectively the mass debit of vapor and the condensate mass
rate. my[kg.s'] defined as, my =7z (d—&,)" pu,.

According to the results of the bibliographic review, several studies have considered
that the thermodynamic properties are constant. However, they are not. Therefore, in this
study, the thermodynamic properties of the vapor-gas and liquid film mixture are considered

as a function of temperature. These properties are calculated using correlations reported in
the literature.

3. Method

The parabolic systems equations (1)-(7) with the appropriate boundary conditions
were transformed into algebraic equations system using a finite differences method. An
implicit scheme is used. The problem is approached by making appear beforehand a form
common in to all the equations, which makes it possible to apply it on all the equations. A
non-uniform mesh is used while increasing the number of nodes at the inlet and at the
interface where the gradients are important. Each grid step is increased by a fixed percentage
a in an axial direction and S in a radial direction. After discretization, the nonlinear
equations obtained are coupled and depend on the values of velocities and radial coordinates
at the considered nodes. Thomas algorithm [37] has been implemented to solve the system
equation. A proposed method by Raithby and Schneider [38] has been implemented to
velocity and correct pressure.

Resolution Procedure

To solve the system of equations some steps were followed:
e Evaluate the initial values of element I;
e Assume the pressure gradient dp/dx and thickness film &, ;

e Calculate the radial velocity of vapor and liquid film;

7
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¢ Integrate the continuity equation to calculate the transversal velocities;

e Calculate the temperatures in the liquid film and mixture phase;

e Calculate the error mass of both liquid film and mixture;

e Approximate liquid film thickness equation (31) and pressure gradient equation
(32) using the numerical method as:

n_ n-1
st =y —er =% (1)
er" —er
@3
n+l n o -
d_p :d_p —er, o n wa)—(l (32)

dx dx ™ er

e Correct pressure and velocity [37].

e Check mass satisfaction.

¢ |f the satisfaction of the mass is verified, pass to the convergence criterion equation
(33) for (T, uand w)

max ¢n _¢n—1

max |@"

e Ifitis checked between two successive iterations for all the nodes of the line, then
we go the next step. If not, the process must be repeated.

e Obtain the data of (1+1).

e Evaluate the new values of the variables dependent on the thermodynamic
properties of the fluid.

e Obtain the data of the tube.

—€r

m

<10°° (33)

Stability Mesh

To ensure the stability of our grid and that the results are grid independent server tests
were carried out. Therefore, we have compared the total heat transfer for different values of
I,J and K. In light of those results, the calculations were performed with 131x(81+31)
grids this is an optimum mesh of this study. For this reason, the grid distribution adopted in
this study consists of 31, nodes, in the transverse direction of the liquid region, of the liquid
region, 81 and 131 nodes respectively in the transverse direction of the mixture region and in
the axial direction. In another way, we transformed the cylindrical coordinates into a
coordinate system, in such a way that77 =0 corresponds to center line77 =1 corresponds to
the liquid-mixture interface 7 = 2 corresponds to the wall. The equations of this change are:

n,=r for (R-0)<r<R (34)

n=2-(R-r)/é6 for 0<R-6 (35)

The sensitivity of the numerical model was conducted for the dimension of the mesh
to determine the optimal mesh. Some dimensions of grids have benne used to calculate the

Nusselt number equation (26). Indeed, it's the most severe test. The calculation of the error
for the grid shows that the error does not exceed 5% in the case NI =141, NJ =81, NL =31,

consequently, the grid 141x(81+31) mesh was used for following our study. Table.1 shows
the comparing number of local Nusselt at the interface for a different mesh with A, B, C, and
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D corresponding respectively to 131x(51+21) , 131x(81+21) , 141x(51+21) and
141x(81+31) dimensions.

Table.l1. Local Nusselt number for various grid arrangements at the interface
(Pozlatm, To=25<TC, Reo:500).

x/d A B C D
1.511 142.885 149.994 149.557 157.786
4.581 91.883 95.104 87.608 90.494
20.878 57.873 59.115 57.667 58.874
58.766 40.300 40.829 39.840 40.275
102.459 31.479 31.774 31.406 31.576
152.212  25.1694 25.343 25.198 25.243

230.236 18.820 18.905 18.690 18.671

Model and Code Validation

To further check the adequacy of our model and code, the results of the present model
were first compared with those of [39] for humid air. Fig.2 shows the evolution of sensitive

Nusselt number according to input Reynolds number for P, =1atm, T, =60"C , AT =55C.
We note that the relative error between the present predictions and those of [39] is less than
3%. The discrepancies shown are essentially due to the thermophysical properties used in the
two studies. It follows that the model and the proposed numerical code are considered to be
suitable for this purpose.

15 prrr—r—r——r —————r ——r——— ————— T————rr ——
4f 3
13
12 - —— Dharma Rao et al P =10 atm -
11 _ Present prediction T =60°C _
10 AT=55°C 3

Nu 9E
Rl

6
sE 3
3 3
k]S Ly Lo 4 Lo o Lo o s L3
1000 1200 1400 1600 1800 2000
Re

Fig. 2. Sensitive Nusselt number versus the Reynolds number.

4. Results and Discussion

The graph in Fig.3 uses film thickness to examine the effect of changing W, for the
same Re,, AT, and P, for both fluids Ethanol and Methanol. This can be explained by the
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fact of the non-condensable gas accumulating near to interface which limits the heat transfer
and consequently the deprivation of methanol/ethanol vapor condensation. It shows that the

film thickness increase when W, is increased. This trend is in conformity with the detrimental
effect on heat transfer of increasing quantities of air non-condensable. For 30% of Methanol
and Ethanol vapor, the condensation rate is highest. And the effect on the film thickness of
increasing W, is more pronounced for methanol compared to ethanol.

1 L] I 1 ) 1 )

0,00020 |- OO0 e el O e e 11 0=
.. 0 i -
0,00016 | -
et Syt

-E 0,00012 ’ o o o—0—]
o000 o O]

7] . i g et
000008 -
}-0-0-( D /. DOl
0,00004 —o—w=20% —o—w=20% 4
Methanot——w=25% Ethanol ——w=25% |

=0 w=30% ——w=30%
0’00000 1 i 1 L 1 i 1 1 1 L 1
0 50 100 150 200 250 300 350 400
x*

Fig. 3. Thickness film for three vapor fraction values,
AT =20'C,P =1atm,Re, =800
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Fig. 4. Dimensionless velocity of Methanol for
1 €[0,1], AT =20°C, P =1atm, Re, =800
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Fig. 6. Interfacial temperature liquid-mixture for three fraction values
AT =20°C,P =1atm,Re, =1000

In addition, for the fraction values of 30%, the thickness is relatively pronounced
because the thermal resistance near to interface is relatively in regression comparing with 30%
case. It also shows that heat transfer is important at the entrance, and increases with the
fraction of mixture because the decrease in the fraction of the Methanol/Ethanol vaporW,,
signifies an increase of the air in the mixture. This presence of non-condensable gas (air)

decreases considerably the exchange coefficient. Indeed, the air vapor lifted up towards the
interface by the movement of the steam, thus offering an obstacle to the transfer of vapor to

the condensate film. However, for a fully established state is noticed beyond X" =100 . Thus,
for the three values of the vapor fraction chosen. As the Fig.3, axial distributions of
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dimensionless film thickness for AT =20°C, Re, =800, and Nu,becomes relatively greater
in case of methanol.
The evolution of the longitudinal component of the dimensionless velocity u” =u/u,

depending on the radial distance for three axial positions (X =0.03m, x =0.60m, x =1.97m)

and for different conditions simulation, for Methanol Fig.4 and for Ethanol Fig.5. The profile
of the longitudinal component depending on radial distance changes from uniform
distribution imposed at the entrance x = 0.03 (m) to the parabolic form characteristic of the
flow of poison as the gas flows through the tube x = 0.60 m and x = 1.97 (m).

In Fig.6, the effect of the vapor fraction is represented. This figure shows that
mixture-liquid interface temperature is generally decreasing along the tube. This decrease can
be explained by the cooling of the walls due to the low temperature imposed on them.
Besides, it was noticed that an increase in the vapor mass fraction is directly in proportion to
an increase in the inlet mixture temperature and consequently (a decrease in the
incondensable gas).

The temperature effect difference is represented in figures (7)-(10) for different values

of AT=T,-T,, . For this effect, we chose three values as follows AT =10"C,20'C,30°C.

For this effect the inlet temperature is fixed at 50" C which means a wall temperatures
correspond to 40°C,30C , and 20'C . These figures show that, for the same values of
Reynolds number, P,inlet pressure and inlet fraction of vapor w, the values of heat transfer

Fig.7, film thickness Fig.8, rate of condensate Fig.9 and interfacial temperature Fig.10 do not
converge to the same limit at the end of condensation at x/d = 400. The increase of AT causes
a decrease in parietal temperature, the rate of vapor in the mixture, consequently the increase
of the difference between the vapor mass fractions.

This leads to increased temperature gradients, vapor concentration, and the rate of
condensation. Along the tube, the Nusselt number decreases as the temperature difference
increased for both methanol and ethanol Fig.7. Indeed, as Nu, reaches values greater than (1),

the transfer by convection is active. It decreases along the tube as the mixture progresses. It
can be shown that heat transfer is important at the entrance and heat transfer increases with
the temperature difference because of the increase in the temperature difference (AT) signifies
a decrease of wall temperature which leads to a reduction of the interface temperature. In
addition, the film thickness allows giving an idea with regard to the performance of the
condensation phenomenon. Indeed, in Fig.9 it is noted that the condensed mass flow is
important for large temperature values and decreases along the tube from input to output. In
addition, this result reveals that for the same values of parameters P =1atm, W =62%, and
Re, =1000 methanol (b) has a rate relatively more important.

This observation is corroborated by (Fig.8). Since these parameters reflect the mass
transfer. It is remarkable to note that condensate film thickness varies according to a very
similar trend with the cumulative condensation rate. Indeed, the thickness reaches
respectively for Ethanol (a) and Methanol (b) & =1.7x10*m and & =1.45x10"*m. This is
because the reason for phase change phenomena is favored by great temperature difference
AT .
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From the previous figures, Methanol is suitable for condensation comparing to
Ethanol case, this is due because of thermal heat capacities that are different and their latent
heat. Fig.11 and Fig.12 present graphs of Nusselt number and film thickness for three values

of Re, for AT =20C, w, =0.68 and P =1atm. We notice that the numbers of Nusselt at the
interface decreases strongly with the rise of the dimensionless longitudinal coordinate (x/d).

Then they tend asymptotically towards a constant value. This evolution results from the
definition of the Nusselt number equation (Eq.26).

0,00018 -
000015 -
E 0.00012 -
3 1 P=1atm 1
“© 0,00000 @ Re,=1000 4
‘ —=—=10°C ==i==10°C
0,00006 4 —0=20°C  =0=20°C T
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0,00003 - -
L] v L) v L} v T v T v 1 v 1 v
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x*

Fig. 8. Condensate film thickness, W =0.62, P =1atm, Re, =1000 .

As expected, Nu, increases with inlet Reynolds number, due to the decrease in film
thickness, as depicted in Fig.12. However, Fig.11 shows thinner films with increased Re,due
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to the greater shear force at the interface. Indeed, this is globally due to the ratio of the
convective and conductive flow along the tube. In addition, convective transfers are therefore
more intense at the entrance of the tube. We also note that the rate of condensation reduces
with the rising of Reynolds number. The increase in Reynolds number generates an increase
in air vapor accumulated near the interface. As intended, Nu, increases with Remolds number,

due to the decrease in film thickness, as depicted in Fig.11.
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Fig. 9. Rate of mass condensation, P =latm, Re, =100, W =0.68.
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Fig. 10. Interfacial temperature, AT =20 C, P =1atm, Re, = 1000C.
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Fig. 11. Local Nusselt number, AT =20 C, P =1atm,W =0.68.
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Fig. 12. Film thickness for three Reynolds number values, AT =20 C , P =1atm.

Conclusion

Heat and mass transfer in the laminar condensation processes of vapor-air mixture for
ethanol and methanol non-cryogenic fluids flow in a small vertical tube has been investigated.
Two-phase flows with phase change have been developed. Several effects of varying the inlet
parameters have been examined and presented. The main conclusions from this study are
synthesized as: Numerical and analytical means have been developed to investigate
condensation mass and heat transfer. Along the tube there is a decrease of heat transfer
coefficient accompanied by a temperature decrease of the gas mixture. The condensation heat
transfer coefficients and the rate of condensation decreases considerably. The mass and heat
transfer is improved by large temperature differences, large fractions of vapor, and by low
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Reynolds numbers. The condensation process is relatively efficient in the methanol vapor-air
mixture compared to ethanol one.
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