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This paper deals with a computational study for analysing heat and mass ex-
changes in the evaporation of a turbulent binary liquid film (water-ethanol and
water-methanol) along a vertical tube. The film is in co-current with the dry air
and the tube wall is subjected to a uniform heat flux. The effect of gas-liquid
phase coupling, variable thermophysical properties and film vaporization are
considered in the analysis. The numerical method applied solves the coupled
governing equations together with the boundary and interfacial conditions. The
algebraic systems of equations obtained are solved using the Thomas algorithm.
The results concern the effects of the inlet liquid Reynolds number and inlet film
composition on the intensity of heat and mass transfer. In this study, results ob-
tained show that heat transferred through the latent mode is more pronounced
when the concentration of volatile components is higher in the liquid mixture.
The comparisons of wall temperature and accumulated mass evaporation rate
with the literature results are in good agreement.
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Introduction

Film evaporation in ducts is of importance in many engineering application such as:
distillation, boiling, film cooling, and combustion premixing. Since the pioneering analytical
work of Nusselt [1], there have been numerous studies of internal and external evaporation of
pure components. Studies concerning the treatment of flows with multicomponent evapora-
tion have not received much attention.

A large number of works have been made for pure substances. Yan [2] studied the
effect of the liquid film thickness and concluded that it can be neglected when the liquid mass
flow rate is small. Feddaoui et al. [3, 4] and Feddaoui and Mir [5] investigate numerically the
co-current turbulent mixed convection heat and mass transfer in falling film of water inside a
vertical heated tube. They applied a low Reynolds number k-¢ turbulence model in the gas
stream. Senhaji et al. [6] studied numerically the evaporation in mixed convection of a pure
alcohol liquid film ethanol and methanol. The numerical calculations indicate that the metha-
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nol evaporates in more intense way in comparison to ethanol. A small proportion of this fluid
absorbs a significant amount of energy supplied from the wall in comparison to ethanol and
water using the same liquid Reynolds number. The mechanism of the evaporation of a binary
or a ternary liquid film has not been studied in detail, in spite of its important role in many in-
dustrial systems. Baumann and Thiele [7] considered the evaporation of a binary liquid film
flowing inside a cylindrical duct. For liquid benzene-methanol mixtures into a hot air stream,
they show that small portions of a second component in the liquid film can create significant
changes in the temperature levels as well as in the heat and mass transfer. Ali Cherif and Daif
[8] considered the evaporation of a thin binary liquid film by mixed convection in a vertical
channel. They showed the importance of the film thickness and composition in the mass and
heat transfers. Palen et al. [9] in their work devoted to evaporation of propylene glycol-water
solutions, found a weak dependence of heat transfer coefficient on heat flux and liquid flow-
rate and strong dependence on the solution composition. EI Armouzi et al. [10] investigated
numerically the evaporation by mixed convection of a binary liquid film flowing down of two
coaxial cylinders. They showed that the volatilities of the mixture influenced the heat trans-
ferred through the latent mode, which is more pronounced for mixture composed of volatile
components. The most recent works are those of Nasr et al. [11-13] which examined a numer-
ical analysis of evaporation of water-ethylene glycol into air by forced convection in a chan-
nel. They showed that the inversion temperature phenomenon for the evaporation of binary
liquid mixture is observed for high liquid concentration of ethylene glycol.

The objective of the present study is to analyze the mixed convection heat and mass
transfer processes in moving turbulent binary liquid film. 2-D incompressible boundary layer
model is employed for liquid film and gas flows. The effects of inlet liquid conditions on the
performance of falling film evaporation are examined.

Analysis

Physical model and assumption

The physical model concerned in this study is a ver-
tical tube of height H and a radius R (fig. 1). The tube
Liquid fim  wall is subjected to a uniform heat flux. The binary liquid
film is fed with an inlet liquid temperature T, and inlet
liquid mass flow rate 77, .

For the mathematical formulation of the problem,
the following simplifying assumptions are taking into
consideration:

— the flow is considered to be incompressible and axi-
symmetric,

— the solubility of air in the liquid film is negligible,

— the vapour and liquid phases are in thermodynamic
equilibrium at the interface, and

— radiation heat transfer, viscous dissipation and other
secondary effects are negligible.

Figure 1. Schematic diagram
of the physical system Governing equations

With the mentioned assumptions, the 2-D boundary layer flow steady turbulent mo-
mentum and heat transfer equations for the liquid film can be expressed as following.
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Basic equations for the liquid film

- continuity equation
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Effective viscosity and conductivity in liquid film are defined as wer = st + o and
et = ALt + AL (uLess and Ao are turbulent viscosity and conductivity).

Basic equations for the gas flow

The laminar mixed convection heat and mass transfer in the gas flow is governed by
the following conservation equations.

— continuity equation
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Two additional equations are required to complete the mathematical model. At every
axial location, the overall mass balance in the gas flow and liquid film should be satisfied:
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Turbulence model

In this work, a modified Van Driest eddy viscosity model for the turbulent liquid
film proposed by Yih and Liu [14] was used. The turbulent eddy viscosity is given by:

2
T
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for (R-r)/6, <0.6, where:
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For 0.6 <(R-r)/6, <1 the turbulent eddy viscosity for the liquid film was taken as
constant and equal to its value at (R-r)/6, =0.6 which may be readily obtained from
eg. (10).

The turbulent conductivity A, can then be obtained by introducing the turbulent
Prandtl number, Pr;:

c
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Lt = Mt Pr, 12)
where the turbulent Prandtl number can be evaluated from Cebeci and Smith [15]:
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In eq. (13), B* is given by Habiba and Na [16].

Boundary and interfacial conditions

The boundary conditions are:
— at the entry (x = 0)
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Us=Uop, Te=To, Wi=Wp, P=Po TL=To (14)
— at the tube wall (r =R)
oT,
u =v =0, Aot —==Qy (15)
or
— at the centre line (r = 0)
Mo o To_g M_g -0 (16)
or or or

At the liquid-gas interface (r = R — dy), the matching conditions are:
— continuity of velocity and temperature

Ts(X)=Tgs =T_s, Us(X) =Ugg =U g 17)

— continuity of shear stress
ou au
o=l ) (05 )

The transverse velocity component of the air-vapour mixture is deduced by assum-
ing the liquid-gas interface to be semi-permeable [17] (that is, the solubility of air into the lig-
uid is negligibly small and the transverse velocity of air is zero at the interface):
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The mass fraction at the interface of species i vapour can be evaluated by [13]:

P*
Ws 1 = Yl (20)
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A similar relationship holds for the second component.
The P and PJSJ are the total pressure and the partial pressure of species i at the in-
terface, respectively. M, and M; are the molecular weights of air and of speciesi (i =1, 2).
The heat balance at the interface implies:

or Jis or Jes

where hgg is the enthalpy of evaporation and mg the vapour generation rate (= pgVs).

At the interface, the heat is transferred from the liquid film (eqg. 21) into the gas flow
by two modes. The first is the sensible heat due to the gas temperature gradient Qs, whereas
the second is via the latent heat associated with the liquid film vaporization Q.

In order to evaluate the importance of the different processes of energy transfer a
non-dimensional accumulated mass evaporation rate is introduced:
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The pure component data are approximated by polynomials in term of temperature
and mass fraction. For further details, the thermophysical properties are available in Reid and
Sherwood [18], and Bird et al. [19].

Numerical method

The governing equations for continuity, momentum, energy, and species concentra-
tion with appropriate boundary conditions are solved by the finite-difference numerical meth-
od. A fully implicit numerical scheme in which the axial convection terms are approximated
by the backward difference and the radial convection and diffusion terms by the central dif-
ference is employed to transform the governing equations into finites differences equations.
Each system of the finites differences equations forms a tri-diagonal set which can be effi-
ciently solved by the Thomas algorithm [20]. The correction of the pressure gradient and axial
velocity profile at each axial station in order to satisfy the global mass flow constraint is
achieved using a method proposed by Raithby and Schneider [21].

Marching procedure

After specifying the flow and thermal conditions, the numerical solution is advanced
forward and step by step:

(1) For any axial location x, guess the values of dPg/dx and J.

(2) Solve the finite-difference forms of egs. (2) and (5) simultaneously for velocities
up and Ug.

(3) Integrate numerically the continuity equations of liquid film and gas flow to find
v, and vg:

i
v:—llijpurdr (23)
proxy

(4) Solve the finite-difference forms of egs. (3) and (6) for temperatures T and Tg.

(5) Solve the finite-difference forms of eq. (7) for mass fraction of species w; (i = 1, 2).

(6) Check the satisfaction of the overall conservation of mass in both gas flow and
liquid film. If the following criteria:

(R iy )2 R-0, X
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FOL
are met, then test the convergence of the velocity, temperature and the mass fraction of species.
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If the maximum relative errors between two consecutive iterations satisfy the crite-
rion:

‘max <107 (25)

where y represents the variables u, T and w; (i = 1, 2).

The solution for the current axial location is complete. Now if eq. (25) is not simul-
taneously met, repeatedly solve the finite-difference equations for u, v, T, and w; (i = 1, 2) in
the gas flow and liquid film until the condition specified in eq. (25) is fulfilled. If egs. (24) are
not satisfied, adjust dP4/dx and o, and repeat procedures (1)-(6) for the current axial location.

A Dbetter approximation of the liquid film thickness d, is obtained in function of the
error in the mass flow E,, using the secant method [22].Thus:

n n-1
O =0 n

n+1 n
Syt =67 - er g En (26)

where Er’; is the error in the mass flow at iteration n, calculated from masse balance in the
liquid film.

The convergence criteria used is E,, < 107°. Usually four to five iterations are suffi-
cient to obtain converged solution.

Grid pattern

To obtain enhanced accuracy in the numerical computations, grids are chosen to be
non-uniform in both axial and radial directions. The grids are transversely clustered near the
gas-liquid interface, and the grid density is also higher in the region near the inlet. Several dif-
ferent grid distributions have been tested to ensure that the calculated results are grid inde-
pendent (tab. 1). It is noted that the difference in the local Nusselt number, Nu,, from compu-
tations using either 101 x (61 + 31) or 101 x (101 + 41) grids are always less than 4%. In light
of those results all further calculations were performed with the 101 x (61 + 31) grid.

Table 1. Comparison of local Nusselt number Nu, for various grids

x/d 51 x (81 + 21) 101 x (61 + 31) 101 x (101 + 41) 201 x (121 + 81)
10.25 347.45 351.25 355.35 363.76
15.38 172.98 174.17 175.52 178.80
20.44 118.64 120.05 120.79 121.80
30.48 79.46 79.56 79.92 81.08
50.1 58.04 58.22 58.32 58.67
79.4 52.99 52.89 52.88 52.84

100 55.18 54.98 54.86 54.72

Parameters used in test case are: Reg = 2000, Q, = 5000 W/m? Py = 1 atm, R = 0.0l m, H = 2 m, Re_ = 500,
To = ToL = 20 °C, 50% water-ethanol mixture
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Figure 2. Validation of calculated (a) wall temperature, (b) total accumulated evaporation rate

In figs. 2(a) and (b) the present predictions of wall temperature, and total accumulat-
ed evaporation rate are compared with those of Ali Cherif and Daif [8]. It is clear that general-
ly the agreement between our prediction and study of Ali Cherif and Daif [8]. Through this
program test, the proposed numerical algorithm is considered to be suitable for the practical
purpose.

Results and discussion

In the numerical study, computations were performed by considering a liquid film
composed of water-ethanol or water-methanol mixtures. The length of the tube is equal to 2 m
and radius is equal to 0.01 m. The wall of the tube is subjected to a uniform heat flux density
ranging between 1000 W/m? and 5000 W/m?. Inlet liquid Reynolds number is chosen to be
from 500 to 2000, and inlet gas stream Reynolds number Reg is 2000. Inlet air temperature is
taken equal to 20 °C while the inlet liquid temperature at 20 °C.

Figure 3 illustrates the effect of inlet liquid Reynolds number on the interfacial and
wall temperatures along the tube for two mixtures (water-ethanol and water-methanol). The
results indicate that Ts and T,, increase monotonically in the flow direction for both mixtures.
This feature is due to the fact that the liquid mixture absorbs sensible heat from gas flow as it
falls along the tube. The reason for the decrease of wall and interfacial temperatures with
higher liquid flow rate can be justified by the fact that the energy required for the evaporation
is sufficient in the case of lower inlet liquid film.

50 . . . ;
TICl [—™ 1 Re =500 50% water-ethanol o 50 T ' 50% water-methanol
45|~ -,T-;v } ) mixture y m C]45 L - T:v} Rey =500 " mixture
40 S fg}ReL= 1000 —- ,uv} Re, = 1000
- —a_ 'S
[ —*— Ty} IRe, = 2000 e P
25 [~ T} N Tu} Rey_ = 2000
30 - 30t
25 > 25
20 oy 20 el atlts
@ O 20 40 60 80 100 0 20 40 60 80 100
xd () x/d

Figure 3. Effect of inlet liquid Reynolds number on the axial evolution of wall and interfacial
temperature of (a) water-ethanol film and (b) water-methanol film
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The curves also indicate that the wall and interfacial temperatures of water-methanol
mixture is higher than the water-ethanol mixture. This results is explained by the fact that
methanol component is more volatile than the ethanol component.

The relative importance of the latent heat flux for both mixtures along the tube is il-
lustrated in fig. 4. It is noted that latent heat exchange decrease at the entrance (x/d < 20) but
as the flow goes downstream (x/d > 20) the reverse trend is noticed for lower inlet liquid flow
rate Re. = 500 and Re, = 1000. The latent heat flux during water-ethanol and water-methanol
evaporation increases with the decrease of inlet liquid Reynolds number. This result can be
explained by the fact that an increase of the inlet liquid flow rate induces a decrease of the in-
terfacial temperature and consequently the latent heat flux decreases. This is readily under-
stood by realizing that a reduction in the film flow rate causes greater film evaporation and
hence a higher latent heat flux. Thus, it is noted that for the two mixtures considered, the
highest latent heat flux is obtained for the liquid film constituted of water-methanol. It is
worth to note that at Re; = 500, at the exit tube Q. /Qy, is always below 12% for water-ethanol
mixture, but it is about 25% for water-methanol mixture.

0.20 : : : : 04y : : ; :
Re =500 9 . —=— Re| =500 50% water-methanol
Q / = Re = 50% water-ethanol Q/ L o |
L/Qw —— Rey = 1000 mixture QW 2 o Re, = 1000 mixture
015 — RSL = 2000 | 03 —— Re|_ = 2000 i

0.10 0.2
0.05 0.1
0.00 L L L L 0.0 L L . .
0 20 40 60 80 100 0 20 40 60 80 100
(a) x/d (b) x/d

Figure 4. Effect of inlet liquid Reynolds number on the axial evolution of latent heat flux of (a) water-
ethanol film and (b) water-methanol film

The total evaporating rate evolution is illustrated in fig. 5. It is observed that this
evaporation rate is more important for smaller values of the inlet liquid Reynolds number.
This result can be justified by the fact that when we decrease the inlet liquid film flow rate,
the total internal energy stored in liquid film evaporates the inlet liquid film flow rate, and

0.005 : : : : 0.012 — : : -
Mr —=— Re, =500 50% water-ethanol Mr L - EGL = ?ggo 50% water-methanol
—— Re, =1000 i L Re = mixture
0.0041 R:t = 2000 mixture 00107 _._Re, = 2000 I
0.008
0.006
0.004
0.002
- : ; : : : 0.000 === ; . ; ;
@ O 20 40 60 80 100 0 20 40 60 80 100
x/d (b) x/d

Figure 5. Effect of inlet liquid Reynolds number on the axial evolution of the total accumulated
evaporation rate of (a) water-ethanol film and (b) water-methanol film
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hence the total accumulated evaporation rate increases. By comparing figs. 5(a) and (b), it is
noted that the accumulated evaporation rate of the water-methanol mixture is more important
than the water-ethanol mixture. This confirms the results observed previously in fig. 4. The
increase of the magnitude of the evaporation is a function of the volatility components in each
mixture which is higher for water-methanol mixture than that of the water-ethanol mixture.

Figures 6 and 7 present the axial evolution of the latent heat flux and the total accu-
mulated evaporation rate, respectively, for different conditions. It is observed from figs. 6(a)
and (b) that the latent heat flux increases during the evaporation of water-ethanol as the input
concentration of the alcohol component in the mixture increase. This result can be justified by
the fact that when we increase the inlet liquid concentration of alcohol component, the volatil-
ity of the liquid mixture increases (the water is less volatile than the ethanol and methanol),
which enhance the evaporation process, and consequently an increase of the heat transferred
by latent mode. It becomes apparent, by comparing the magnitude of (Q./Q.,) as shown in fig.
6, about 78% of energy supplied from the wall is transported by latent mode using a methanol
film, 26% for 50%water-methanol mixture, 21% for ethanol, 12% for 50% water-ethanol mix-
ture and only 7% for water.

0.30¢ : : T . 1.0 T : T T
QQy ——100% ethanol water-ethanol - Q/Q —_ water-methanol
1/ 100% methanol
0.25§ ~*~ 80% ethanol " | —— '80% methanol mixture

—=— 50% ethanol mixture . 0.8
—=— 20% ethanol J
0.204 —— 0% ethanol

—=— 50% methano|
—— 20% methano|
0% methanol

] 0.6
0.15]
0.4 §
0.10
0.05 0.2
0.00L— s s - : 0.0 - : - -
@ O 20 40 60 80 100 0 20 40 60 80 100
x/d () xd

Figure 6. Effect of inlet liquid film composition on the axial evolution of latent heat flux of (a) water-
ethanol film and (b) water-methanol film

0.012 . : T : 0.06 : T : .
Mr —— 138;/2 emanol water-ethanol Mr —*—1883? me}nanol water-methanol
—— ethano . —— methano H
0.010F 509 ethanol mixture 0.05F o 50% methanol mixture
—— 20% ethanol —o— 20% methanol
0.008.—— 0% ethanol i 0.04|—— 0% methanol
0.006 0.03+
0.004 - 0.02+
0.002 0.01+
0.000 0.00 , R
0 20 40 60 80 100
(a) x/d (b) x/d

Figure 7. Effect of inlet liquid film composition on the axial evolution of the total accumulated
evaporation rate of (a) water-ethanol film and (b) water-methanol film

Figure 7 present the impact of the inlet liquid concentration of alcohol component
on the accumulated evaporation rate of both mixtures, the more volatile component (ethanol
and methanol) evaporate more dominantly such it’s concentration in the liquid mixture in-
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crease. In the case of higher evaporation rate at Re_ = 500, results reveals that 5.6% for meth-
anol of the inlet liquid mass flow rate evaporates at the end of the tube (1% for 50% water-
methanol mixture, 1% for ethanol, 0.4% for 50% water-ethanol mixture and 0.18% for water,
respectively).

Conclusions

The evaporation in mixed convection mode of a binary liquid film (water-ethanol
and water-methanol mixtures) flows down along a vertical tube under constant heat flux has
been numerically studied. The effect of the inlet liquid Reynolds number and the inlet film
composition on the heat and mass transfers has been presented and analyzed. The main con-
clusions from the study are summarized below.

e The heat transferred through the latent mode is more pronounced for mixture composed
of more volatile component.

e The mixture evaporating rate Mr increases when the inlet liquid mass flow rate decreases.

e Heat and mass exchanges are more enhanced in mixtures with a higher concentration of
volatile component.

e Evaporation in annular flow clearly demonstrates that small portions of alcohol compo-
nent with water film can contribute significantly to the cooling of heated walls.

Nomenclature
¢, - specific heat at constant pressure, [Jkg™"K™] u - axial velocity, [ms™]
Coa — specific heat for air, [Jkg™K™] v —transversal velocity, [ms™]
Coi  — specific heat for species i vapor, [Ikg K™ w —mass fraction
Dim — mass diffusivity of species i vapor in the gas X —axial co-ordinate, [m]
mixture, [m%s~] G
o . -1 reek symbols
g - gravitational acceleration, [ms™]
H  —tube length, [m] Ty —inlet liquid flow rate, [kgs‘l]1
hyy - latent heat of evaporation of mixture, [Ikg™] 2 —thermal conductivity, [Wm™K™]
M, - molecular weight of air, [kgmol™] u - dynamic viscosity, [kgm™s™]
M; - molar mass of species i vapor, [kgmol™] p  —density, [kgm™]
Mr - total evaporation rate Indices
Nu, - local Nusselt number
P —mixture pressure, [Nm™] a —dryair
Pwi - partial pressure of species saturated i, [Nm™] G - vapor phase
Pr  —Prandlt number i —component indice
Q - heat flux, [Wm™] L - liquid phase
R —tube radius, [m] m - mixture
r — radial co-ordinate, [m] s —liquid-gas interface
Re - Reynolds number of gas mixture, (= ugd/vo) t —turbulent
Re, —inlet liquid film Reynolds number, w —wall condition
(= 4l /ndugL) 0 —inlet condition

References

[1] Nusselt W., Film Condensation Steam on Vertical Plate (in German), Zeitschrift des Vereines Deutscher
Ingenieure, 60 (1916), 27-28, 541-546 and 569-575

[2] Yan, W. M., Binary Diffusion and Heat Transfer in Mixed Convection Pipe Flows with Film Evapora-
tion, Int. J. Heat Mass Transfer, 36 (1993), 8, pp. 2115-2123

[3] Feddaoui, M., et al., Co-Current Turbulent Mixed Convection Heat and Mass Transfer in Falling Film of
Water Inside a Vertical Heated Tube , Int. J. Heat Mass Transfer, 46 (2003), 18, pp. 3497-3509

[4] Feddaoui, M., et al., The Numerical Computation of the Evaporative Cooling of Falling Water Film in
Turbulent Mixed Convection inside a Vertical Tube, Int. Comm. Heat Mass Transfer, 33 (2006), 7, pp.
917-927



Khalal, L., et al.: Numerical Study of Heat and Mass Transfer during Evaporation of ...
1540 THERMAL SCIENCE, Year 2015, Vol. 19, No. 5, pp. 1529-1540

[5] Feddaoui, M., Mir, A., Turbulent Mixed Convection Heat and Mass Exchanges in Evaporating Liquid
Film along a Vertical Tube. Int. J. Heat Exchangers, 8 (2007), 1, pp. 15-13

[6] Senhaji, S., et al., Simultaneous Heat and Mass Transfer inside a Vertical Tube in Evaporating a Heated
Falling Alcohols Liquid Film into a Stream of Dry Air, Heat Mass Transfer, 45 (2009), 5, pp. 663-371

[7] Baumann, W. W., Thiele, W. M., Heat and Mass Transfer in Evaporating Two-Component Liquid Film
Flow, Int. J. Heat Mass Transfer, 33 (1990), 2, pp. 267-273

[8] Ali Cherif, A, Daif, A., Numerical Study of the Heat and Mass Transfer between Two Vertical Plates in
Presence of Binary Liquid Film on the One Heated Plate (in French), Int. J. Heat and Mass Transfer, 42
(1999), 13, pp. 2399-2418

[9] Palen, J. W., et al., Falling Film Evaporation of Binary Mixtures, AIChE J., 40 (1994), 2, pp. 207-214

[10] El Armouzi, M., et al., Numerical Study of Evaporation by Mixed Convection of a Binary Liquid Film
Flowing Down the Wall of Two Coaxial Cylinders, Heat and Mass Transfer, 41 (2005), 4, pp. 375-386

[11] Nasr, A., et al., Evaporation of a Thin Binary Liquid Film by Forced Convection into Air and Superheat-
ed Steam, Journal of Thermal Science, 19 (2010), 4, pp. 346-356

[12] Nasr, A., et al., Evaporation of a Binary Liquid Film by Forced Convection, Thermal Science, 15 (2011),
3, pp. 773-784

[13] Nasr, A., et al., Numerical Study of Evaporation by Mixed Convection of a Binary Liquid Film, Energy,
36 (2011), 5, pp. 2316-2327

[14] Yih, S., Liu, J., Prediction of Heat Transfer in Turbulent Falling Liquid Films with or without Interfacial
Shear, AIChE J., 29 (1983), 6, pp. 903-909

[15] Cebeci, T., Smith, A. M. O., A Finite Difference Method for Calculating Compressible and Turbulent
Boundary Layers, J. Basic Eng. Trans. ASME., 92 (1970), 3, pp. 523-535

[16] Habib, I. S. Na, T. P., Prediction of Heat Transfer in Turbulent Pipe Flow with Constant Wall Tempera-
ture, J. Heat Transfer, 96 (1974), 2, pp. 253

[17] Eckert, E. R. G., Drake, R. M., Analysis of Heat and Mass Transfer, McGraw-Hill, New York, USA,
1972

[18] Reid, R. C., Sherwood, T. K., The Properties of Gases and Liquids, McGraw Hill, USA, New York,
1984

[19] Bird, R. B., et al, Transport Phenomena, John Wiley and Son, New York, USA, 1960

[20] Patankar, S. V., Numerical Heat Transfer and Fluid Flow, Hemisphere/Mc Graw-Hill, New York, USA,
Chap. 6, 1980

[21] Raithby, G. D., Schneider, G. E., Numerical Solution of Problems in Incompressible Fluid Flow: Treat-
ment of the Velocity Pressure Coupling, Num. Heat Transfer, 2 (1979), 4, pp. 417-440

[22] Ralston A., Rabinowitz, P., A First Course in Numerical Analysis, McGraw Hill Book Co, New York,
USA, 1965

Paper submitted: September 27, 2012
Paper revised: March 25, 2013
Paper accepted: March 31, 2013




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.3

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Remove

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages false

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages false

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages false

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /FRA <>

    /ITA <>

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName ()

      /DestinationProfileSelector /NA

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.250000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [2159.000 2794.000]

>> setpagedevice



