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Abstract

A non-equilibrium phenomenological theory of mass and heat transfer, presented in previous works, is applied
here in combination with the classical equilibrium phenomenological theory to model absorption of the ammonia
bubble. The modeling tool is a non-empirical linear Phenomenological Hydro-Gaso-Dynamical (PhHGD) approach,
outlined in the second section of this paper. First results refer to the elucidation of the problem of the ammonia
bubble absorption, where from the following we are to be learned: (i) absorption process in the ammonia/water
medium is a mass phenomenon and not a surface one; (ii) an intensive way of improving absorption is emphasized,
which seeks to promote the i.p.a. effect appearance; this would replace the extensive way currently used, based on
increasing gas—liquid interaction area; to this extent, the bubble absorber is hereby proposed for efficient absorption;
(iii) the i.p.a. effect existence offers an additional chance for a satisfactory explanation of the Marangoni effect. The
PhHGD code is extended to a refined analytical study of absorption, which may constitute a first data base for the
bubble absorber. The paper also presents experimental results of ammonia bubble absorption in water, which are in
good agreement with the predictions of the PAHGD approach. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

After periods of time of more or less intense utiliz-
ation, the well-known NH3/H,O system has become a
subject of topical interest again, owing to certain
recent research work in the field of advanced thermal
absorption (e.g. [3,6,21]) and to the new orientation
towards applications, using natural working agents
[16]. In this context, the correct evaluation of the NH;/

E-mail address: staicovici@dnt.ro (M.D. Staicovici).

H,O gas-liquid interactions plays an important role in
the launching of this combination again.

Despite the comprehensive theoretical and practi-
cal experience in this system, the current assessment
of the mass and heat transfer in NH3/H>O installa-
tions is made exclusively on a global scale and is based
on empirical theories (e.g. of the two films, of pen-
etration and renewal, [7]). A detailed experimental
study of absorption in vertical pipe absorbers, made
by Keizer [10], has demonstrated that the applicability
of these theories to the NH3/H,O global system is
questionable. He finally used empirical equations,

0017-9310/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.

PII: S0017-9310(00)00030-2



4176 M.D. Staicovici | Int. J. Heat Mass Transfer 43 (2000) 4175-4188

Nomenclature

C local thermal capability (kJ/kmol), velocity
of sound (m/s)

cp specific heat at constant pressure (kJ/kmol
K)

d injection nozzle diameter (m)

Dy mass diffusivity coefficient (m?/s)

Dr heat diffusivity coefficient (m?%/s)

I figure of merit quantifying the increase of a

phenomenological function approaching an
ideal state, as compared to its far equili-
brium states

F; external force (N)

h specific enthalpy (kJ/kmol)

i specific mass current in the liquid (mol/

sm?)
Jr reduced interface mass current
Ji . interface mass current (mol/s)
Ji'e a  cumulated absorbed (interface) mass cur-
rent, mol
il specific ;! or average absorption indi-
Jz, g, a, s p Ji, g, a g p

cator (mol/s)
Ja.1.a  Ji g o coupled heat current (J)
Jga s specificjgy , (W)

q. 1 a

m,m  bubble feeding mass flow rate (kg/s)

n number of bubbles

p partial pressure (kPa, bar)

q specific heat current in the liquid, coupled

with i (W/m?)
q, 4, tube feeding mass flow rate (kg/s)
r radial coordinate (m)
R bubble radius (m)

s specific entropy (kJ/kmol K)
S bubble area (m?)

t time (s)

T,t temperature (K, °C)

v liquid velocity (m)

V bubble, tube volume (m?)

X liquid phase molar fraction (mol/mol)
gas phase molar fraction (mol/mol)
space coordinate (m)

N

Greek symbols

o density, kg/m® (kmol/m?)
o superficial tension (N/m)
o second order viscous tensor (N/m?)

u chemical potential (kJ/kmol)

T bubble lifetime (s)

A thermal conductance (W/m K)
A variation, duration

Subscripts

a absorption, cumulated
b bubble life time

e equilibrium

i mass

q heat

g gas, gaseous phase
1 liquid, liquid phase
S specific

t tube

0 initial

based on a Reynolds analogy, to correlate satisfac-
torily his experimental data.

To find a more accurate method for the evaluation
of NH3/H,O gas—liquid interactions, Staicovici [25,26]
proposes the use of a non-equilibrium phenomenologi-
cal theory. It will be applied here in combination with
the classical equilibrium phenomenological theory to
model absorption of the ammonia bubble. The result-
ing modeling tool is a non-empirical linear Phenomen-
ological Hydro-Gaso-Dynamical (PhHGD) approach.
By doing so, an attempt is made to find an appropriate
local solution of the transport in the NH3;/H,O me-
dium, which might lead to its correct global evalu-
ation, applicable in the calculation of the absorption
installation. Also, taking into account the findings of
the author’s previous works, there are additional good
reasons to model the bubble absorption: (i) it is useful
in explaining satisfactorily the ammonia bubble
absorption problem [25,26]; (ii) it may contribute to a

simpler experimental validation of the PnHGD method
and (iii) from all interface shapes, the bubble quasi-
spherical one, having highest (volume/area) ratio, pro-
motes the best efficient absorption because it creates
the best conditions for the i.p.a. effect appearance
[25,26]. In the final part, starting from the bubble hy-
drodynamics, the paper presents the results of an ana-
lytic study of absorption, and gives experimental
results obtained in bubble absorption and their com-
parison with those predicted by the modeling.

2. Application of the PhHGD approach to the bubble
absorption

The PhHGD approach will be applied here, as a
first attempt, to combine equilibrium and non-equi-
librium phenomenological equations with classic
hydro-gaso-dynamics, to assess an interface coupled
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mass and heat transfer process, that of the bubble
absorption. Solution of the problem at hand was faced
from the very beginning with the following difficulties:
(a) there are only a few papers in the specialized litera-
ture, which deal with a thorough analysis of bubble
absorption/generation in multi-component media; (b)
although the process is in evolution, none of the
selected papers approach it with non-equilibrium
phenomenological tools, all the authors preferring to
consider a priori that an interface thermodynamical
equilibrium exists, and (c) so far, the PnHGD method
results may be only compared with experiment. The
papers falling into the category mentioned above are
due to Merrill and Perez-Blanco [17], who analyzed
the bubble absorption in binary solutions, ac-
companied by combined mass and heat transfer and to
Miyatake et al. [18], who give a simple universal
equation for the bubble growth in pure liquids, and in
solutions with non-volatile solute. Also, Sivagnanam
[24] have developed correlations for the subcooled con-
vection of binary mixtures during boiling, by using
data for acetone—water, isopropanol-water and n-buta-
nol-water, and Cooper and Stone [5] have reported ex-
periments where vapor bubbles are grown on a flat
wall in a binary liquid, which is initially stagnant and
isothermal (hexane and octane in various proportions).
Additionally, a lot of papers deal with the bubble
dynamics in the context of boiling/condensation pro-
cesses in pure liquids. For completion, some of them
will be quoted hereinafter. Al-Hayes and Winterton [1]
have obtained experimental results for the mass trans-

fer in air bubbles adhering to the wall of a pipe in
which the fluid (water, water with surfactants and eth-
ylene glycol) has a supersaturated history. Nigmatulin
et al. [20] examine a non-linear aspect of thermal and
dynamic oscillating mass interaction, between a spheri-
cal vapor and gas bubble in a liquid, taking into
account a non-uniform temperature in the bubble and
the reciprocal diffusion in the gas—liquid mixture. Aur-
acher and Maier [2] find a correlation for experimental
data of vapor bubble condensation in slightly sub-
cooled pure liquids (R11, R113, and C3HgO) governed
by a heat transfer mechanism. Klausner et al. [11]
determine the detachment time of vapor bubbles in
forced convection boiling. In a two part paper, Zeng et
al. [28] suggest a new model of prediction for the
detachment diameters of vapor bubbles in the satu-
rated stagnant liquid and in the flowing liquid upon
boiling. Brujan [4] analyzes the question of the collapse
of a spherical cavity bubble containing non-condens-
able gases and vapors in an infinite volume of non-
Newtonian liquid. Lee and Merte [14,15] have exam-
ined the growth of the bubble in uniformly super-
heated liquids and under microgravity conditions.

The bubble evolution in the NH3/H,O gas-liquid in-
teraction has been modeled in relation to the bubble
generator scheme, shown in Fig. 1. This scheme rep-
resents a portion of a vertical pipe absorber. The
gaseous mixture, coming from a reservoir of liquid
NH;/H,O at pressure 1.2-1.5 bar and temperature
5-40°C, is expanded up to the value of the normal
pressure and allowed to penetrate at flow rate ¢, in a

LEGEND
1- Thermostat+gas source
2- Gas cooler
3- Regulating valve
4- Absorbed gas
5- Tube
6- Calibrated nozzle
7- Injected bubble

8- Absorbent liquid
9- Polystyrene foam vessel
10- Microbalance

11- Manometer, Termometer
12- Thermal insulation

Fig. 1. Bubble generator scheme.
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pressure-equalizing tube, which, in the case of vertical
absorbers, has the role of a collector. The gas in the
tube has pressure p;, temperature 7, and volume V.
From here, the gas passes through a calibrated nozzle
and diameter dy, and penetrates into the absorbing
liquid mixture at the flow rate m. The parameters of
the gas injected in the liquid are p,, 7, and y. At the
gas—liquid interface and at infinity the liquid has the
parameters p;, 1] and x, respectively peo, Too, and X .

2.1. Governing equations

Modeling is based upon the following assumptions,
which are generally those formulated by Rayleigh [22]
for the dynamics of a single bubble, namely a spherical
symmetry flow and uniformity of the gas pressure in
the bubble (homobaricity). When the bubble radius
varies monotonously (growth or collapse), the homo-
baricity condition is written as [20] (R/C)? < 1, where
R and C are the bubble radius velocity, and the sound
velocity in gas, respectively. During the bubble oscil-
lations, homobaricity prevails if wR « C, where w =
2xf'is the annular frequency (/). Moreover, the follow-
ing assumptions are considered for the liquid and gas
medium: (a) the liquid gravitational forces are
neglected; liquid is newtonian, viscous and incompres-
sible; its physical and thermo-physical properties are
constant in time (4, ¢p, py, 0, Dx); (b) the gas has an
ideal behaviour and has an isothermal adiabatic evol-
ution, both in the tube and in the bubble; the flow in
the tube assumes negligible charge losses; the gas—
liquid interaction is an evolutional phenomenon,
deemed to be an open system from the thermodynami-
cal point of view; the molar fraction as well as the
specific heat at a constant pressure are constant.

2.1.1. Liquid phase equations

The liquid motion is governed by the following
equations [13]

global continuity
a -
2P+ div(p7) =0 (1)
at
continuity of a species
d -
pd—); T+divi=0 )

laminar flow ( Navier—Stokes)

dy do)
.V ik F; 3
Py P+ +y 3)

general coupled mass and heat transfer (thermodiffu-
sion)

ds , v . (= ) I
pTa = Gf]‘a—zk - dlv(q - /u) —iVu 4)
where [25]
ds 1dT ou dx
2 £ = 5
T (aT)p‘xdz ®)

2.1.2. Interface equations
At interface, the equations governing interaction are
the following:

motion

20

Pir=R =Pg — R + Pg(Ve — v,:R)(vg - R) (6)

where v, is the gas velocity, and R=0R/d1;
gas mass balance

oo+ pg(ve — R)S —0 )

where S is the interface area, V =4nR2R is the
time derivative of the bubble volume, and j; is the
reduced mass current involved in interaction [25,26]
liquid mass balance

JeolVI+ veerlprS = py| V] (8)

mass balance for a species

Jol Py + pIVIL = jo)x + p Dy VXS = py| V|(x + 6x)
©)
where dx is the actual increase of the molar fraction

X.
energy

P Ve 10Th = jupy| VIC + VTS (10)

where 07 is the actual increase of the liquid tem-
perature at interface, and C is the local thermal ca-
pacity [26].

2.1.3. Gas phase equations
The gas phase is governed by the following
equations:

law I of thermodynamics, for the gas in the tube
(g —m)hg = p, V1 (€3]

where ¢, m and V, are the gas flow rate at which
the tube is fed, the bubble and the tube volume, re-
spectively.
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Bernoulli equation (stationary ), applied to the flow
in the tube (the flow rate through the orifice, [9])

m =0 [pe|pg « — Pel (12)

where o is the Coriolis coefficient of the kinetic
energy, and Q is the nozzle flow section.
mass balance in the bubble

it —jiplVI = pgV (13)

2.2. Model equations. Initial and boundary conditions

The governing equations will be written herein
below in a form which allows for the application of
the known mathematical methods of numerical sol-
ution. To this effect, we shall firstly revert to the liquid
phase equation. A special analysis of the mass, Z and
heat, g — pi, flows in Eq. (4), derived from the entropy
source equation of thermodiffusion, showed that off-di-
agonal effects Soret and Dufour are small in case of
our application [25]. Hence, currents may not be
coupled, resulting in pure diffusion

i= —pDxVx (14)
and pure conduction, respectively
G—pi=—JVT (15)

The thermodiffusion equation is further simplified,
noting that the terms 7(du/07), , and ;V,u may be
neglected, as they are second-order terms, and the vis-
cous tensor ¢/, is canceled in the case of spherical
symmetry contraction (i = k) and of the incompressible
Newtonian liquid [13]. Equally, the integration of Eq.
(1), written on spherical coordinates, leads to

r2y = R?R = const (16)

where from

2
y= R@) 17

At interface, from Egs. (7) and (8) results in
pg(vg - R) = —jipR (18)
and respectively
2
(R ]
Vi=R = R<7) (I =) (19)

so that the equation of motion is re-written as

20 of 1 1
=R=pg— 7 T UipR) | — —— (20)
)4 R g R (] 1 ) (pg P])

Finally, the flow equation (3) written on spherical
coordinates and without the viscous term (see the
remark above) is integrated in relation to the radial
coordinate r, between R and oo. Using Eq. (19), it
results that

e

[RR +R(1 +]r)](1 —Ji) = RR=

1
= p_l(pl, r=R _poo) (21)

The second term of the left side of the equation is a
second-order term and may be neglected. Considering
the above, modeling the bubble absorption/generation
leads to the solving of the following system of non-lin-
ear ordinary differential equations and with partial de-
rivatives [25,27]

i m’ 20\ 1
— Pg,t O(zgng poo R pl

22/ 5P 1

+R (ji——1 YT (22)
. . 1 hyg
pg,tz[qt—m]vt (23)
dx +R-<R)28x —D (g% + &) (24)
ot r) ar - X\rar | ar2

2

a7, - (R\ 0T, (23T1 ale)
S R(=) S =py( 22 25
8t+ <1> or T r8r+8r2 25)
where
i = pgV +jipm|V] (26)

Egs. (22)-(26) serve to determine the first four
unknown factors, R, pg , x and Tj, respectively. In the
next step, the bubble radius velocity, R, and the bubble
radius acceleration, R, as well as the first time deriva-
tive of the gas pressure in the tube, p, , are deter-
mined. To determine the gas pressure in the bubble,
pg, and the liquid velocity, equations

i

27
o @7)

Pg = Pg 1 T

and, respectively, Eqgs. (17) and (19) are used.
The initial and boundary conditions that ensure the
uniqueness of the solution are as follows:
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R(0) = Ry; R(0) = v,—p(0) = 0; T1(0,7) = Tw;

X(O, r):xoo

Pe, ((0) = po + %{: +Apg i Pe(0) = poo + %;
PO, r) = poo

respectively,

t>0;r=R:

. Vx 1 VT,
ox=0—-x)i+Dx—; 1 =—|ipC+ -
MY o\ plRI

t>0:

Pi(t, 0) = po; Ti(1, 00) = Teo;  X(I, 00) = X oo

2.3. Numerical integration

The mathematical model presented in the previous
section has been numerically integrated by means of a
Runge-Kutta—Gauss code of solving non-linear ordin-
ary differential equation systems applied to motion
equations and by using an explicit scheme with finite
differences for equations with partial derivatives. The
forward time and the centered space have been used in
the scheme with finite differences. The necessary ther-
modynamic factors (j, /i, etc.) have been calculated at
each time step by using the Ziegler and Trepp [30]
state equation. To provide greater accuracy of the
simulation, the mass diffusitivity coefficient, which is
very important for the flow, has been adjusted at every
time step according to the equation

Dx = (3x+2)107° (28)

(where the mass fraction x has a value calculated at
the previous time step) without affecting the linearity
of the equation with partial derivatives. Eq. (28) is
valid within the range 0.0<x<0.7 and has been deter-
mined by linear interpolation of the results obtained
by Kojima and Kashiwagi [12].

2.4. Modeling results of the ammonia bubble absorption

Results have been obtained by means of a PAHGD
computer code. Prior to start the computations we
found the nearest ideal point which the system evolves,
in order to calculate the match function M(p; e, Xe)
intervening in the force equation [26]. Normally, this

should result from an iterative calculus, searching,
according to a Prigogine theorem, the way of mini-
mum entropy production. However, not all, but in
many cases a simpler practical method can be con-
sidered, remarking that most systems have state par-
ameters with quasi-constant values all along the
evolution period, coming out of their connection with
the infinite reservoirs or other engineering purposes
etc. Depending on the system variance, these par-
ameters partially or completely define the nearest ideal
point. In our case, the ammonia/water system is
biphase and bicomponent, so it suffices to have two
such parameters, but the type of the parameters may
change upon the specific application. For instance, for
the absorption process of a closed system absorption
refrigeration plant, these parameters are the rich sol-
ution final temperature, close to the sink source tem-
perature and the absorbed gas molar fraction, but for
the generation process, they change to the final poor
solution temperature, close to the warm source tem-
perature and the condensing pressure. In our case of
the bubble absorption, the near ideal point is defined
by the quasi-constant absorption pressure (p; = p,) and
gas molar fraction y.

Absorption takes place between gas and the sub-
cooled absorbent, when forces and currents are posi-
tive. The set of entry data corresponds to the
absorption of the ammonia bubble (y = 0.992) in
water (Xoo = 107%), at normal pressure (p,, = 1.001
bar) and environment temperature (7o, = 293 K). The
solution of the motion equation is shown in Fig. 2.
Fig. 3 elucidates the problem of ammonia bubble
absorption. Indeed, the reduced absorbed mass current
Jjr and the actual one

Je =Jepl V1(29) (29)

continuously increase during bubble growth time, caus-
ing the bubble pressure decrease, Fig. 4. At a certain
moment, the actual current equals the bubble mass
feeding rate m and the collapse starts. The cumulated
absorbed mass current

J e a0 = [Oj;_ () dz (30)

and the corresponding coupled heat current j;, , are
plotted against the bubble growth time in Fig. 5. The
liquid mass fraction and temperature distributions are
given in Figs. 6 and 7, respectively against same bubble
growth time and the radial depth in liquid, measured
from the interface. We note that liquid mass fraction
and temperature almost linearly decrease with the
radial depth during a complete evolution, and both
ammonia and the thermal field diffuse over a distance
of about 1.0 x 107 m.
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Fig. 2. Numerical solution of the dynamics of ammonia bubble absorption.

The phenomenological modeling of the bubble
absorption may be a valuable lesson for a future
advanced thermal absorption technology. Next, we
synthesize what is to be learned from it. First, the
absorption process in ammonia/water medium is a mass
phenomenon and not a surface one, as pointed out also
by Eq. (29). Second, absorption can be improved in an
intensive way, seeking not the remoteness from the
ideal point (see the classical point of view), but the
nearness to it, when the currents naturally increase up

to very high values without any additional technical
improvements (see figure of merit f = 740.7 in Fig. 3,
which is defined according to Staicovici [26]). The ten-
dency manifested in the construction of NH;/H,O
absorbers of increasing the gas—liquid contact area,
through the dispersion of one of the phases to increase
the absorption efficiency may not result in the antici-
pated effect. On the contrary, by extending the contact
area the more rapid evolution of the interface towards
the equilibrium parameters is delayed (the mass frac-
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Fig. 3. Numerical phenomenological elucidation of the ammonia bubble absorption problem.
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Fig. 4. Numerical solution of the tube and bubble pressure variation during ammonia bubble absorption.

tion x of the liquid at interface decreases with the
increase of the contact area, at the same gas feeding
flow rate) and absorption decreases, as compared to
the one achieved in a less dispersed phase. Moreover,
the auxiliary pumping energy consumption is also
increased. Thus, in the light of the above, the increase
of the contact area is merely an extensive technical sol-
ution, which helps to compensate the absorption
decrease caused by an artificial remoteness from the
ideal point, offering in exchange a more stable func-
tioning of the absorbing device. In addition to the

above, it is noted that quasi-spherical bubbles with a
minimum contact area for the same volume, stands for
the greatest chances to achieve the best mass and heat
transfer through i.p.a. effect appearance. This gives
rise to the idea of constructing a (NH3/H->O) bubble
flow absorber [25]. It is a flat plate and is mounted
horizontally. In comparison with a present (NH3/H,0)
absorber with vertical pipes or with liquid phase dis-
persion, the bubble absorber offers the following ad-
vantages: (i) maximum absorption efficiency; (ii)
minimum pressure loss on gas side; (iii) it is suited to a
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Fig. 5. Numerical solution of the cumulated absorbed mass and coupled heat currents during ammonia bubble absorption.
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-A
x(kgkg )

MasS fraction

Fig. 6. Numerical solution of the liquid mass fraction evolution generated by the ammonia bubble absorption.

modern compact plate construction; (iv) minimum
auxiliary energy consumption. Third, intensive theor-
etical and experimental research work has been carried
out during the last decade aiming at improving absorp-
tion, by means of additives (surfactants) which stimu-
late the Marangoni convection [8,19,23]. Up to the

, T IK

Liquid temperature

present date there is no satisfactory explanation of the
mechanism which generates this effect [29]. Most of the
unsuccessful attempts have been based on the effect of
superficial tension reduction in the liquid, obtained by
means of additive agents. The non-equilibrium thermo-
dynamics offers yet another chance to the clarification

Fig. 7. Numerical solution of the liquid temperature evolution generated by the ammonia bubble absorption.
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Fig. 8. Numerical study case of initial liquid temperature influence on mass and coupled heat currents in ammonia bubble absorp-

tion.

of this problem. Without having the intention to give a
qualitative and so much more quantitative complete
explanation, we will however make a primary analysis
of the cause which can lead to the occurrence of the
Marangoni effect from the non-equilibrium phenom-
enological point of view [25]. Here, contrary to the
effect obtained by the dispersion of phases, by means
of additive agents the interface area decreases consider-
ably, and its parameters approach the equilibrium
values. Interface becomes non-homogeneous, in the
sense that violent absorption centers appear at its

level, which alternate with weak interaction zones, due
to the presence of the surfactant (which can be dis-
solved in the absorber or not). This non-homogeneity,
influenced to a small extent by the superficial tension,
causes an accentuated perturbation of the liquid sur-
face, which is characteristic to Marangoni instability.

3. Analytical study of NH;/H,O absorption

The use of PhHGD code was extended to an ana-
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lytical study of ammonia/water absorption [25]. The
modeled scheme in Fig. 1 is not provided with a cool-
ing system, absorption heat being naturally dissipated
in the vessel with large heat capacity absorbent.
Hence, from this point of view our results may differ
to some extent to those which could be obtained on a
better cooled absorber. However, they preserve the
intrinsic important features of absorption, independent
of the flow type, and constitute at the same time a first
data base for the bubble absorber proposed in para-

graph two. The absorption is appreciated by the cumu-
lated absorbed mass current j/, , and a specific

Ji ¢ a s» Which is defined by the integral mean

y L, 1,
Jijgoas — T L Ji, g(f)df = ;]i, e 2(7) (€28)

where 7 is the bubble life time. The quantity expressed
by Eq. (31) is a measure of absorption efficiency and is
termed as average indicator of absorption. Addition-
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ally, the results also include information about the
coupled heat currents j;', , and j;', , . defined simi-
larly to theirs mass homologues. The results presen-
tation is confined here only to show the influence on
the absorption of the initial liquid temperature,
absorption pressure, gas temperature and gas mass
fraction, plotted in Figs. 8—11, respectively. Fig. 8 rec-
ommends that liquid initial temperature should not
overcome to much the ideal point temperature, because
the average absorption indicator decreases and its
increase at higher temperatures is accompanied by im-
portant departures of liquid mass fraction x from the
ideal value x.. The absorption pressure shows consider-
able influence on absorption efficiency, the average in-
dicator decreasing about three times when pressure
increases from 0.2 to 2.9 bar, which is very surprising,
Fig. 9. Working with as much as low absorption press-
ures is therefore desirable, but obviously this must also
be correlated with the other design parameters of a
plant. Fig. 10 shows little influence of the gas tempera-
ture on absorption. However, low gas temperatures
should be avoided and on this purpose gas superheat-
ing, a common practice with absorption refrigeration
plants, has from the mass/heat transfer point of view a
second good reason. Fig. 11 shows a considerable in-
fluence which, this time, the gas mass fraction
employed up on absorption efficiency. The cumulated
absorbed mass current increases very much with y
approaching unit. On the contrary, absorption ef-
ficiency decreases about twice from maximal values for
same y variation, which is again very surprising. Bear-
ing in mind its high energy consumption, vapor rectifi-
cation, also commonly used in absorption plants, this
time there is an additional reason to be avoided, that
of decreasing mass/heat transfer in absorption pro-
cesses. To this extent, on the opposite side, resorption
plants gain twice eliminating rectification.

4. Experimental

Experiments of ammonia bubble (y = 0.970-0.991)
absorption in distilled water (x(r = 0) < 5.0 x 107%),
at normal pressure (p; = p, = 1.001 bar) and tempera-
tures of the gaseous and liquid phases of (5.1-19.4)°C
and (1.2-17.0)°C, respectively, were accomplished. The
testing scheme is given in Fig. 1. The temperatures of
gas and liquid were measured by making use of 0.1°C
precision thermometers. The tube feeding mass flow
rate, ¢, and the cumulated absorbed mass current
i o2 Were gravimetrically estimated, with a micro-
balance (precision of 1.0 x 1077 kg), weighting the
mass of ammonia absorbed in the vessel containing the
liquid absorbent during a timed period of time which
corresponds to a pre-established number of injected
bubbles. Time measurements were carried out by

means of a chronometer with a precision 0.1 s. The
gas mass fraction was assessed from readings of press-
ure and temperature of the ammonia/water solution
contained in the reservoir and using current equili-
brium data of ammonia/water combination. The mean
experimental results are given in Table 1. For compari-
son, the same Table contains the cumulated absorbed
mass currents calculated by means of the model given
in Section 2 with experimental entry data. Although
the experiments are in a reduced number for the
moment, their good agreement, within +15% confi-
dence limits, with the modeling, validate the proposed
combined non-equilibrium and equilibrium phenom-
enological approach for mass and heat transfer local
processes in ammonia/water mixtures.

5. Conclusions

Despite the comprehensive theoretical and practical
experience in the NH3/H,O system, the current assess-
ment of the mass and heat transfer in installations
working with it is made exclusively on a global scale
and is based on empirical theories (e.g. of the two
films, of penetration and renewal). According to a
detailed study of absorption, the applicability of these
theories here is questionable. Today, the common
practice for this assessment is to use the experiment
and the Reynolds analogy correlations, although this
technique is confronted with limited predictive qual-
ities. To find a more accurate method for the evalu-
ation of NH;/H,O gas-liquid interactions, a non-
equilibrium phenomenological theory is applied in this
work in combination with the classic equilibrium
phenomenological theory and the hydro-gaso-dynamics
to model absorption of the ammonia bubble. The
resulting modeling tool is a non-empirical linear
(PhHGD) approach. First results refer to the elucida-
tion of the problem of the ammonia bubble absorp-
tion, where the followings are to be learned from:

1. absorption process in the ammonia/water medium is
a mass phenomenon and not a surface one;

2. an intensive way of improving absorption is empha-
sized, which seeks to promote the i.p.a. effect
appearance; this would replace the extensive way
currently used, based on increasing gas—liquid inter-
action area; to this extent, the bubble absorber is
hereby proposed for efficient absorption;

3. the i.p.a. effect existence offers an additional chance
for a satisfactory explanation of the Marangoni
effect.

The PhHGD code is extended to a refined analytical
study of absorption, which may constitute a first data
base for the bubble absorber. The paper also presents
experimental results of ammonia bubble absorption in



4187

M.D. Staicovici | Int. J. Heat Mass Transfer 43 (2000) 4175-4188

(o0 X OV ="Ap- 01 XST=P=04C0=",_01 X0'9=295_01 X8y > (0=71x:[00'] =d =),

$TI—
T+ TTF6CE
€5
SEl+ €I T6C
$'6—
€9+ 1'TIF80¢
81—
6PI+ €EIFITE
9~
TL+ 0TI FTy
Ipl—
6+ €97F9¢ep
6’8~
€SI+ TECTFHop
b0-
6SI+ ITIFI€E
80—
6YI+ THIFhoe
1T
$6+ 0TIF8LT
P01
T8+ SEITFSLT
€SF TIIFesy

STI+TIe

STIF10¢

STI+¢0¢

STIFTre

STI+0SY

0'ST+STr

0ST+ LIy

STI+8S¢

STI+STH

STL+ Ly

STI+SLT
ST+ 0SY

9CEF09L

88T+ 659

8°¢€+508

6'S€+ €06

19T+ 616

$'¢9+ 566

T9E+TULS

61T+ €65

661 +LE9

S9T+L98

€L+ L9¢
Sv1+96¥

STl

LET

'l

$8°0

£8°0

el

0L'1

8L'1

(!
081

S91

6°0C

P8

oYl

ve

L9t

§oc

0°0¢
£9¢

(e =)" U001 (580 (s =)P01 (B 4 01 X SFUy01 (8) SO0FIV

(014

(04

(04

(04

(04

0¢

0¢

(04

(04

(04

(ti%
oy

L86

$86

L86

686

166

166

€86

L86

166

886

0L6
086

u ($0F) 401

0Ll

991

81

6°¢l

0L 11

08°6

oL'L

0S9

SL'Y

0C'e

0r'c
0C'l

€81

y'81

981

681

I's

vl

76l

S'L1

6°L1

S8l

06l
6'Cl

(0.500F) 0=n'L (O.500F) °L

!

01

[4

I
‘ou uny

e ‘3

%) 10119 dATIR[DI
%o ne|

[eruouIodxa uBdpN

+$189) uondiosqe 9[qqnq Isjem/eruowrure ur ° %9 103 uostredwos [Ppow/[eIuswLIAdN

[ J1qeL



4188

M.D. Staicovici | Int. J. Heat Mass Transfer 43 (2000) 4175-4188

water, which are within +15% confidence limits with
the predictions of the PnHGD approach. This first suc-
cessful example shows that the two phenomenological
approaches, non-equilibrium and equilibrium, lead to
same results and can be coupled in order to assess
coupled mass and heat transfer at least for the local
processes at hand.
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