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Abstract

So far, Marangoni convection is not satisfactorily explained. This work, completing two previous ones, gives the

basic mechanism explanation of this effect. Some typical case studies, where Marangoni convection occurs, are regarded

through the light of this new theory. The TPT is further used to model a pseudo-Marangoni cell with an ammonia/water

absorption process. Special attention has been paid to apply this theory to the cell gas–liquid interface conditions. All

modeling results confirm Marangoni convection basic mechanism explanation, which is general. The work emphasizes

that TPT is a powerful tool in refined qualitative/quantitative binary two-phase local interaction analysis. Here, it was

essential in finding out Marangoni convection true explanation.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The Marangoni convection stimulation is a practical

method used by the thermal absorption technology in

the past decades in order that the absorption processes

be significantly improved. The literature devoted to this

effect is rich, including theoretical and experimental

studies on various working fluid-absorbent–surfactant

combinations, [1–17]. Besides this, attempts have been

made also on explaining its nature. So far, a connection

between the absorbent surface tension gradient and in-

duced convection onset and stability is established, but

its true mechanism is still not well known.

In a previous paper [18], the basic mechanism of the

Marangoni effect is explained, using the two-point the-

ory (TPT) of mass and heat transfer [19] and a new

wording of the Laplace equation [20]. Here, further
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analysis of this topic is done, presenting the recent re-

sults of this approach applied to an ammonia/water

absorption process in a Marangoni cell.
2. True Marangoni effect mechanism

The common way of inducing Marangoni convection

is by obtaining interfacial tension gradients. In mono-

component and multi-component media, this is achieved

by creating surface temperature gradients (‘‘thermo-

capillarity’’) and both temperature and working fluid

(dissolved surfactant) concentration gradients (‘‘distill-

capillarity’’), respectively. Several models are proposed

to explain distill-capillarity, out of which it can be

mentioned that of the surfactant droplet [21], or that of

the ‘‘salting (radical)-out’’ [22], depending on whether

the surfactant exceeds the solubility limit in the absor-

bent or not. Supposing the surface tension depends on

temperature T and working fluid concentration c,
r ¼ rðT ; cÞ, than, the interfacial tension gradient along a

direction x is
ed.
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Nomenclature

c solution mass fraction (dimensionless)

C absorption heat (J/kg)

d surfactant droplet half length (m)

cp specific heat capacity (J/kgK)

D mass diffusivity coefficient (m2/s)

f figure of merit describing the ipa effect,

expressing the magnitude of forces (mass

currents) near the ideal point as compared

to those far from it

F force (N)

h Marangoni cell height (m)

jr reduced mass current (dimensionless)

Jv, Jc, JT velocity (N/m2), mass (kg/m2 s), and heat

fluxes (kgK/m2 s)

l Marangoni cell half length (m)

L11;r reduced phenomenological length (kgK s/

m2)

L Marangoni cell characteristic length (m)

Mg Marangoni number (dimensionless)

_m gas mass flow rate (kg/s)

p pressure (N/m2)

R1, R2 surface main curvature radii (m)

t time (s)

T temperature (K)

u liquid velocity along x coordinate (m/s)

v liquid velocity along y coordinate (m/s)

x, ðzÞ coordinate along Marangoni cell length (m)

y coordinate along Marangoni cell high (m)

ð�XrÞ interaction natural force (J/kgK)

Greek symbols

b thermal expansion coefficient (1/K)

c mass expansion coefficient (dimensionless)

Cv, Cc, CT proportionality function in Eq. (14) (N s/

m2, kg/m s and kg/m s, respectively)

D finite difference

k thermal conductivity (W/mK)

l dynamic viscosity (N s/m2)

t cinematic viscosity (m2/s)

P viscous tensor (N/m2)

q density (kg/m3)

r surface tension (N/m, J/m2)

s shear stress tensor (N/m2)

uv, uc, uT searched functions along direction x:
velocity (m/s), mass fraction, (dimension-

less) and temperature (K)

Subscripts

P control volume center

c critical

e, w, s, n east, west, south, north

e interface specific free energy (J/m2)

f interface specific force (N/m)

g gas

i, j, k variable index

l liquid

n current time iteration

r reduced
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In case of two-component and two-phase interactions,

the system is bi-variant and if absorption pressure were

established, the equilibrium temperature T and mass

fraction c in Eq. (1) depend one of each other. Usually,

authors assess distill-capillarity confining to simply

evaluate the sign of Eq. (1), only. Additionally, in papers

modeling Marangoni convection (e.g. [1,10,17]), surface

tension gradient equals the shear stress tensor s when

considering Navier–Stokes equations:

szizj ¼
or
ozi

ð2Þ

where zi; zj, i; j ¼ 1; 2; 3, are local coordinates for each

control volume node at the free surface. As a general

remark, the basic factor that brings about the fluid

motion in Marangoni convection is not mentioned in

any topic published work. For this reason, next we shall

give the simple explanation of its true mechanism.
First, in case of a liquid–gas interface, liquid–gas

interface pressure difference in a certain point of the

fluid free surface, Dp ¼ pl � pg, and surface tension are

related by Laplace equation:

Dp ¼ �rf

1

R1

�
þ 1

R2

�
ð3Þ

In Eq. (3), rf is the module of the surface tension vector

~rf considered as a specific force (N/m) acting in the

interface tangent plane, and if the interface normal ~n
were pointed in order to get out of the liquid, then

curvature radii are negative or positive with respect to~n
and from Eq. (3) Dp becomes positive or negative for

convex and concave interfaces, respectively, as a classic

result.

Now, taking into account the other aspect of the

surface tension, which equally might be considered as an

interface specific mean free energy (J/m2), a new wording

for the Laplace equation has been found recently [20]

Dp ¼ div~re ð4Þ
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In Eq. (4), Dp has same meaning and values as in Eq. (3)

and vector ~re (J/m2), having same module as that of

vector ~rf (N/m) in Eq. (3), re ¼ rf ¼ r, is directed to-

wards interface normal (see comment above), or to-

wards the opposite direction, in case of concave or

convex surfaces, respectively, and acts in good agree-

ment with the known principle of surface free energy

minimization tendency through interface area minimi-

zation. Eq. (4) is more general than Eq. (3). In order to

proof this statement, it is enough to apply the two

equations. to the particular case of an horizontal free

surface of a Marangoni cell in a rectangular xy coordi-

nate system, having the normal parallel to the coordi-

nate y, and a non-constant tension gradient with respect

to coordinate x, or
ox 6¼ ct in point ðx; 0Þ. Results would be

different: taking into account that

ore

oy
¼ orf

ox
ð5Þ

Eq. (4) emphasizes the generation of a non-zero fluid

pressure gradient with respect to coordinate x, according
to ðpg ¼ ct:Þ
op
ox

¼ o

ox
ore

oy

� �
¼ o

ox
orf

ox

� �
¼ o2r

ox2
6¼ 0 ð6Þ

while Eq. (3) does not, because for R1 and R2 ! 1, it

results that op
ox ¼ 0 for any~r variation [18]. Moreover this

result is in good agreement with the ‘‘Le Chatelier’’

principle, the system acting in order to counteract the

effect of the or
ox 6¼ 0 appearance at interface. Indeed,

considering a finite interface control volume as in Fig. 1,

Eq. (6) shows that when surface free energy is decreasing

in order that o2r
ox2 < 0, or increasing in order that o2r

ox2 > 0,

then the pressure of the east–west control volume faces

with respect to coordinate x will be different, expressed

by rpB < 0 or rpB > 0, and a fluid movement will be

generated towards positive or negative x coordinate, in

order to increase or decrease its free surface, respec-

tively, and preserve its initial specific minimum free en-

ergy (see Fig. 3). Further on, taking advantage of Eqs.

(4) and (5), fluid motion governed by interfacial tension

gradients might be characterized by the following more

general property:
n
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Fig. 1. Interface control volume.
gradðpÞ ¼ gradðdiv~rÞ ð7Þ

This mechanism––gradðdiv~rÞ ! gradðpÞ ! fluid move-

ment––is shown schematically for the salting-out effect

[22] and for the Marangoni convection in binary drops

in air [12] in Fig. 2a and b, respectively. In case of the

ammonia/water system during absorption without

additive, Fig. 2a, the crest region of free surface wave

becomes ammonia richer, causing surface tension de-

crease and consequently pe � pw < 0, so fluid moves

downward each crest side. In the wave trough, the re-

verse happens and fluid moves upward. The two pairs of

opposite flows combine in each crest side, resulting in

the horizontal opposite flows and the final two counter

eddy formation. During the absorption with additives,

the radical reverses the effect of ammonia in solution,

causing the reverse of fluid movement. Finally, Fig. 2b

present the so-called thermo-capillary and distill-capil-

lary effects in mono-component and binary drops in air,

condensed on a cool base. The top figures give an

incomplete explanation of fluid movement [12]. This

work completes it. In case of thermo-capillarity, tem-

perature variation plays the role of ammonia concen-

tration variation, and Fig. 2a without additives applies.

In case of distill-capillarity, the lower-temperature

evaporating component plays the role of additive, and

Fig. 2a with additives applies.

In the following section we shall assess a Marangoni

convection from a quantitative point of view, modeling

an ammonia/water absorption process in a Marangoni

cell. However, prior to do so, first we shall give a simpler

mathematical formulation of the induced fluid move-

ment, helpful in our complete understanding of Ma-

rangoni convection and further modeling. We consider

the cell in Fig. 3 during absorption for an ideal fluid and

write equation of Bernoulli in its differential form for the

top fluid steady-state moving along the free surface and

integrate it between two arbitrary points 1 and x:

Z x

1

d
v2

2

� �
¼ �

Z x

1

dp
q

ð8Þ

For the sake of simplicity, we note that vð1Þ ffi 0 and

q � ct. Taking into account Eq. (4) we obtain

vðxÞ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

 2

q
or
ou

ðxÞ � or
ou

ð1Þ
� �s

ð9Þ

For a reduced form (index ‘‘r’’), we put vr ¼ v L
t (L––

characteristic length, t––cinematic viscosity) and Eq. (9)

becomes

vrðxÞ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2½MgðxÞ �Mgð1Þ�

p
ð10Þ

Eq. (10) emphasizes a reduced velocity dependence of a

Marangoni number



Fig. 2. Surface tension gradient variationfipressure variationfifluid movement mechanism for: (a) salting-out effect [21]; (b)

Marangoni convection in binary droplets in air [12].

Fig. 3. Schematic of a Marangoni convection cell.
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Mg ¼ L2

t2q
or
oz

ð11Þ

Common applications have or
oz

		 		 � 100 � 10�1, L � 10�2,

t � 10�6, q � 103, so that jMgj � 105 � 104. Eq. (9) en-

ables an interfacial tension gradient analysis in order to

get a certain induced fluid velocity. To this extent, Eq.

(1) was considered for r ¼ rðcðxÞÞ only. Analysis of

several oc
ox shapes (linear, polynomial and exponential)

revealed that the exponential form got velocities with

values met in current applications ðv � 10�2Þ, only. This

simple approach suggests an ipa behavior [23,24],

showing that ipa effects accompany Marangoni cells

working, and modeling presented in the following sec-

tion will show this.

Now, taking into account the ideas outlined above, we

are able to formulate the Marangoni convection true
explanation [18,19]. Indeed, Eqs. (1), (4), (5), (6) and (9)

can be considered the key of our problem: the Marangoni

convection is generated by non-constant interfacial tension

gradients, which create parallel fluid non-zero pressure

gradients, and consequently fluid motion, tending, accord-

ing to the ‘‘Le Chatelier’’ principle, to counteract in this

way the interfacial specific free energy variation. In multi-

component media, this convection is amplified due to the

presence of adjacent surface zones with opposite ipa effects,

of generation$ absorption, which brings about high local

non-zero interfacial tension gradients, and further high

pressure gradients and fluid motion. A schematic of the

interface Marangoni convection basic mechanism expla-

nation is given in Fig. 4. Here, Fig. 4a and b show the

counter and parallel flow formation. They emphasize also

the effect of or
ox variation, mathematically expressed by

� o2r
ox2

< 0 ) ou
ox

> 0

and

� o2r
ox2

> 0 ) ou
ox

< 0: ð12Þ

The mechanism of flow deviation is explained next, in

Fig. 4c and d. As they indicate, the main flow is deviated

by an opposite, secondary flow, towards the bottom of

the cell. Obviously, the stronger the secondary flow, the

higher the main flow deviation is. Main flow deviation

lies at the basis of the eddy formation.



Fig. 4. Schematic of the interface Marangoni convection basic mechanism explanation: (a) counter fluid flow formation
o2r
o2x > 0 ) rP > 0; (b) parallel fluid flow formation o2r

o2x < 0 ) rP < 0; (c) parallel fluid flow deviation and clockwise eddy formation;

(d) counter fluid flow deviation and counter clockwise eddy formation.
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3. Pseudo-Marangoni cell modeling

Induced convection in a pseudo-Marangoni cell, Fig. 3,

was modeled with the ammonia/water system. The mod-

eling uses known hydrodynamic, energy and species

transport equations for interface and bulk fluid of the cell.

Modeling used the TPT for absorption/generation pro-

cesses at interface [25]. Its first purpose is to analyze with

known theoretical tools the Marangoni effect and com-

pare it with the explanation outlined in paper second

section. Pseudo-Marangoni cell comes from the fact that

no additive effects were accounted for in the convection

simulation, meaning that, when absorption starts, the fluid

mixture surface located below the ‘‘drop’’ is free of gas

absorption, has same surface tension as that of a gas–

liquid interface, and absorbing mixture equilibrium is de-

scribed by its pure ammonia/water equation of state [26].

3.1. Physical model

The governing system of equations comprises

Cartesian two-dimensional equation of continuity,
Navier–Stokes equations, energy and species transport

equations:

Continuity :

oq
ot

þ q~r � ð~V Þ ¼ 0

Navier–Stokes :

q
o~V
ot

þ q~V � ~rð~V Þ ¼ �~rpþ ~r � ~Pþ qgðbDT þ cDcÞ þ~F g

Energy :

q
oT
ot

þ q~V � ~rðT Þ ¼ 1

cp
~r � ðk~rT Þ

Species :

q
oc
ot

þ q~V � ~rðcÞ ¼ ~r � ðqD~rcÞ

ð13Þ
3.2. Numerical model

The system of four partial differential equations was

solved numerically, with the help of a CAFFA code



3774 D. Isvoranu, M.D. Staicovici / International Journal of Heat and Mass Transfer 47 (2004) 3769–3782
(Computer Aided Fluid Flow Analysis), incorporating

the Finite Volume Method. In order to solve the pres-

sure, the SIMPLEX algorithm was used. The simulation

domain was discretized by a large enough number of

cells in order that the computing accuracy be satifactory.

We choosed a rectangular mesh of 96· 96 volumes of

control. The numerical method is segregated, non-stag-

gered, semi-implicite in space and explicite (Euler) in

time, based on a hybride scheme. It applies to the

primitive variables velocity, temperature and concen-

tration. Writing the transport equations in the general

form

oqu
ot

þ oJu;k

oxk
¼ qSu ð14Þ

where Ju;k is the convective and diffusive flux of the

searched function u along the direction xk

Ju;k ¼ quku � Cu
ou
oxk

ð15Þ

and integrating over the control volume DV , we ob-

tain

ðqn
Pu

n
P � qn�1

P un�1
P ÞDV

Dt
þ JeAe � JwAw þ JnAn � JsAs

¼ qSuDV ð16Þ

The e, w, n and s indexes hold for the positions of the

cell walls, while the uppercase localize the mesh knots.

Putting flux Ju;k in a discretized form, we obtain a linear

algebraic system as

aPuP ¼ aEuE þ aWuW þ aNuN þ aSuS þ bP ð17Þ

which was solved by an iterative semi-implicit procedure

(SIP).

The boundary and initial conditions, which have

made the subject of a through analysis, are given next:

1: y ¼ h and x 2 ð0; dÞ : u ¼ 0; v ¼ 0;
oT
oy

¼ 0;
oc
oy

¼ 0

2: y ¼ 0 and x 2 ð0; lÞ : u ¼ 0; v ¼ 0; T ¼ 293 K;
oc
oy

¼ 0

3: x ¼ 0 and x ¼ l : u ¼ 0;
oT
ox

¼ 0;
oc
ox

¼ 0

ð18Þ
The temperature ðT Þ, the concentration ðcÞ and the u
velocity component can be found at interface, y ¼ h
and x 2 ðd; lÞ, writing the transport equations for the

interface control volume (Fig. 1) in the discrete

form:
Umþ1
P ¼ Um

P 1

�
� D _m

Dt
qm

PDV

�

� Dt
qm

PDV
ð _ml

eu
l
e � _ml

wu
l
w þ _mg

nu
g
n � _ml

su
g
s Þ

� ðpl
e � pl

wÞ
Sy
2

Dt
qm

PDV

þ Dt
qm

PDV
Sy
2
ðsexx � swxxÞ �

Dt
qn

PDV
Sx

dr
dx

� �
P

Tmþ1
P ¼ T m

P � C
ðcpÞmP

_mg
n

Dt
qm

PDV

þ Dt
qm

PDV
Sy
2

k
cp

oT
ox

� �
e

�
� k

cp

oT
ox

� �
w

�

� Dt
qm

PDV
Sx

k
cp

oT
oy

� �
s

cmþ1
P ¼ cmP � ðcg

n � cmP Þ _mg
n

Dt
qm

PDV

þ Dt
qm

PDV
Sy
2

qD
oc
ox

� �
e

�
� qD

oc
ox

� �
w

�

� Dt
qm

PDV
Sx qD

oc
oy

� �
s

ð19Þ

where C is the absorption heat and

D _m ¼ _ml
w þ _ml

s � _ml
e � _mg

n ¼ qmþ1
P � qm

P

Dt
DV

_me ¼ _mg
e þ _ml

e; _mw ¼ _mg
w þ _ml

w

ug
w ¼ ug

e ¼ 0; _mg
w ¼ _mg

e ¼ 0; pg
w ¼ pg

e ; ug
n ¼ 0

_mg
n ¼ �jr½maxð _ml

e; 0Þ þ maxð _ml
w; 0Þ þ maxð� _ml

s; 0Þ�
oT
oy

� �
n

¼ 0;
oc
oy

� �
n

¼ 0

T m
P D _mþ

X
i¼e;w;n;s

T m
i _mi ¼

C
ðcpÞmP

_mg
n

cmPD _mþ
X

i¼e;w;n;s

cmi _mi ¼ ðcg
n � cmP Þ _mg

n

ð20Þ

The interface gas mass flow rate _mg
n was calculated

according to TPT in relation with the reduced absorbed/

generated mass flow rate jr (kg gas/kg absorbent mix-

ture) [23,24] and the flow rates traversing faces e, w and

s. Also, in equations above we neglected the diffusive

terms for the north face in case of T and c, and forces

equilibrium at interface results in

ss
xy ¼ sn

xy þ
dr
dx

ð21Þ

Unlike all previous works (e.g. [1]), considering gas–

liquid equilibrium conditions at interface, here for the

first time the whole system is supposed to evolve in the

cell in a non-equilibrium state, between an initial state,

chosen at random (vapor concentration and tempera-

ture are cg ¼ 0:987 and Tg ¼ 293:15 K, respectively,
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solution initial conditions are cl ¼ 0:3, Tl ¼ 293:15 K

and the pressure is pg ¼ pl ¼ 1 bar) and a final one, of an

ideal state, given by pg ¼ pl ¼ 1 bar, cg ¼ 0:987;
cl ¼ 0:34, and Tg ¼ Tl ¼ 293:15 K. Here, two explana-

tions follow: first, the ideal point is the equilibrium

point, thought in a classic meaning, but having different

properties with respect to force approaching it (of

equilibrium and natural) and second, given that the

system is two-component and two-phase, therefore bi-

variant, and assuming that the two independent vari-

ables are absorption pressure and gas mass fraction,

kept with constant valued during the whole cell

absorption process, pg ¼ pl ¼ 1 bar¼ constant, and cg ¼
0:987 ¼ constant, the ideal point is completely deter-

mined. Using the reduced form, according to TPT the

mass current absorbed or generated depends on the

natural force ð�XrÞ and phenomenological coefficient

L11;r by

jr ¼ L11;rð�XrÞ

Unlike classic forces, becoming zero in the equilibrium

point, the reduced natural force governing the system

evolution towards the ideal point, is not, and respects

the natural force postulate which emphasizes the ideal

point approaching (ipa) effect. In our case the ipa effect,

is plotted in Fig. 5 with respect to solution mass fraction

[23]. Mass and heat currents have same ipa behavior

towards the ideal point.

The thermo-physical and dynamical properties were

adjusted every step of time and grid. Next we shall give

some information regarding these properties. The sur-

face tension of the ammonia/water mixture was consid-

ered linear with respect to the liquid phase mass fraction

of pure components [27], according to

rNH3=H2O ¼ crNH3
þ ð1 � cÞrH2O ð22Þ
0.0 0.2 0.4

-800

-400

0

400

800

0.0 0.2 0.4

p
x
M
L
f

         
         
         
         

         ..

Pa
rti

al
 re

du
ce

d 
no

n-
eq

ui
lib

riu
m

 (n
at

ur
al

) t
he

rm
od

yn
am

ic
al

 fo
rc

e,
(-X

) (
X)

r

Solution mass 

Fig. 5. Natural force behavior around the ideal point of pseudo-Mar

mass fraction.
where pure component surface tension are functions of

temperature, t (K) [28], given by

rNH3ðH2OÞ ¼ r1;NH3ðH2OÞ
tc;NH3ðH2OÞ � t
tc;NH3ðH2OÞ � t1

� �n1;NH3ðH2OÞ

ð23Þ

In Eq. (23), r1;NH3ðH2OÞ is a certain surface tension value,

calculated for the temperature t1;NH3ðH2OÞ (K), and

tc;NH3ðH2OÞ (K) and n1;NH3ðH2OÞ hold for the critical tem-

peratures and a certain corresponding exponent value of

the pure components, respectively. The thermal con-

ductivity of the liquid phase mixture was assessed

according to [28]

kNH3=H2O ¼ ckNH3
þ ð1 � cÞkH2O � 0:72cð1 � cÞ

� ðkH2O � kNH3
Þ ð24Þ

where pure components thermal conductivity is function

of liquid temperature, t (�C), given by

kNH3ðH2OÞ ¼ l1;NH3ðH2OÞ þ l2;NH3ðH2OÞt þ l3;NH3ðH2OÞt2 ð25Þ

and li;NH3ðH2OÞ, i ¼ 1; 2; 3, are coefficients given in [28].

The dynamic viscosity was assessed in relation with the

liquid mass fraction (c) and temperature, t (�C), deter-

mining the coefficients Bi;j, i ¼ 0; . . . ; 6, j ¼ 0; . . . ; 3, of a

double polynomial fit of the known viscosity plot [29]

lNH3=H2O
¼

X3

j¼0

tj
X6

i¼0

Bi;jci ð26Þ

Additionally, the other thermo-physical and dynamical

properties of the ammonia/water mixture (density ðqÞ,
enthalpy, specific heat capacity and expansion coeffi-

cients ðb; cÞ) were calculated from mixture equation of

state [26]. The mass diffusivity coefficient ðDÞ was con-

sidered function of the liquid mass fraction c, and has

been calculated according to the following equation:
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Fig. 6. Marangoni convection film for ð~uðx; yÞ þ~vðx; yÞÞ. The top arrows t ! and t # indicate time increase in every row and from row

to row, respectively. The time can be calculated for each figure in seconds from equations tI–V ¼ 0:23þ ðn� 1Þ � 0:24, n ¼ 1; . . . ; 25 and

tVI ¼ 6:0 þ 10 � 0:24 � m, m ¼ 1; . . . ; 4 for the first five rows and for the sixth, respectively. The two last figures characterizes fluid

movement for the rest of process, t � 15:6–240 s and more.
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D ¼ ð3cþ 2Þ � 10�9 ð27Þ

Eq. (27) is valid within the range 0:06 c6 0:7 and has

been obtained by linear interpolation of the results of a

previous work [30].
4. Modeling results

Results were obtained for cell parameters l ¼ h ¼
0:05 and d ¼ 0:0125, Fig. 3. A selection is given in Figs.

6–11. Fig. 6 shows the film of the modeled Marangoni
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the process, tP 240 s. Cell mean ammonia mass fraction
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formed in the beginning, are gradually replaced by a big

central one, driving almost all cell fluid. Then, absorp-

tion increases little, the ammonia mass fraction asymp-

totically approaches its ideal point value ðc ¼ 0:34Þ, and
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Fig. 9. Modeling results of the absorption ammonia/water pseudo-Marangoni cell (time 0.47 s): (a) orðxÞ
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ox and jrðxÞ;
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fluid surfaces located under ‘‘drop’’ and the adjacent

absorbing free surface (see pseudo-Marangoni cell
explanation, given in Section 3), causing unbalanced

surface tension gradients and top fluid movement re-



Fig. 10. Modeling results of the absorption ammonia/water pseudo-Marangoni cell (time 5.75 s): (a) orðxÞ
ox and uðx; hÞ; (b) orðxÞ

ox and jrðxÞ;
(c) ð~uðx; yÞ þ~vðx; yÞÞ; (d) pðx; yÞ; (e) cðx; yÞ; (f) T ðx; yÞ.

D. Isvoranu, M.D. Staicovici / International Journal of Heat and Mass Transfer 47 (2004) 3769–3782 3779
lease. First moments of absorption and fluid movement

are described by Figs. 6 and 8. Velocity u rigorously

obeys inequalities (12) with respect to orðxÞ
ox variation, Fig.
8a, strictly determined by the jrðxÞ variation, Fig. 8b.

Figs. 9–11, obtained for three different absorption

times (corresponding to absorption beginning, middle



Fig. 11. Modeling results of the absorption ammonia/water pseudo-Marangoni cell (time 15.6 s): (a) orðxÞ
ox and uðx; hÞ; (b) orðxÞ

ox and jrðxÞ;
(c) ð~uðx; yÞ þ~vðx; yÞÞ; (d) pðx; yÞ; (e) cðx; yÞ; (f) T ðx; yÞ.
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and end of process) and noted each with (a)–(f), repre-

sent functions orðxÞ
ox and uðx; hÞ, orðxÞ

ox and jrðxÞ ð~uðx; yÞþ
~vðx; yÞÞ, pðx; yÞ, cðx; yÞ and T ðx; yÞ, respectively. An
interpretation of the plotted results follows, with

emphasis of Marangoni convection explanation, given in

Section 2:
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(1) jrðxÞ plots reveal the occurrence of ipa effects, char-

acterized by figures of merit having magnitude order

of fabs;gen � 101–102.

(2) Surprisingly for an absorption cell, its free surface

suffers not only absorption processes, jr > 0, but

generation ones also, jr < 0; both processes occur

either simultaneously in adjacent places, or in same

place but different times; the generation process

diminishes absorption efficiency, but this is the prize

paid by the Marangoni cell for producing fluid

mechanical work (convection); from this point of

view, bubble flow based absorbers stimulate more

absorption ipa effect appearance, receive mechanical

work and for this reason they might be more effi-

cient.

(3) Generally, orðxÞ
ox > 0 for jr P 0 and orðxÞ

ox < 0 for jr < 0;

although this is not rigorously verified, the reduced

mass current jr fundamentally influences orðxÞ
ox varia-

tion and consequently fluid movement.

(4) High surface tension gradients play the most impor-

tant role in Marangoni convection.

(5) The Marangoni basic mechanism, outlined in Fig.

4a–d and by inequalities (12), is rigorously verified

for all results. This can be checked in Figs. 8a–11a,

and Figs. 9c–11c, including here the eddy formation

process.

From the above it results that TPT is a powerful,

essential tool in refined qualitative/quantitative binary

two-phase local interaction analysis. Also, the results

suggest that Marangoni convection could be obtained

without surfactant use, not only in absorption processes,

as we already showed through the present modeling, but

also in generation of binary processes, if adequate cells

were constructed, which stimulate by their geometry an

initial surface tension gradient appearance, because,

once started, the Marangoni convection is capable to

evolve by itself (to be self maintained). Being indepen-

dent of the refrigerant/absorbent working combination,

of whether a surfactant is dissolved or not in an absor-

bent, of whether the processes are of thermo-capillarity

or of distill-capillarity, the Marangoni convection basic

mechanism explanation, outlined in the previous papers

[18,25] and in this one, is general.
5. Conclusions

So far, Marangoni convection is not satisfactorily

explained. This work, completing two previous works,

gives the basic mechanism explanation of this effect.

Some typical case studies, where Marangoni convection

occurs, are regarded through the light of this new the-

ory. The TPT is used further to model a pseudo-Ma-

rangoni cell with an ammonia/water absorption process.

Modeling results specific conclusions follow:
• jrðxÞ plots reveal the occurrence of ipa effects, charac-

terized by figures of merit having magnitude order of

fabs;gen � 101–102.

• Surprisingly for an absorption cell, its free surface

suffers not only absorption processes, jr > 0, but gen-

eration ones also, jr < 0; both processes occur either

simultaneously in adjacent places, or in same place

but different times.

• The generation process diminishes absorption effi-

ciency, but this is the prize paid by the Marangoni cell

for producing fluid mechanical work (convection);

from this point of view, bubble flow based absorbers

stimulate more absorption ipa effect appearance, re-

ceive mechanical work and for this reason they might

be more efficient.

• High surface tension gradients play the most impor-

tant role in Marangoni convection.

• All modeling results confirm Marangoni convection

basic mechanism explanation, which is general.

• The work emphasizes that TPT is a powerful tool in

the refined qualitative/quantitative binary two-phase

local interaction analysis. Here, it was essential in

finding out Marangoni convection true explanation.
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