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Abstract

This paper presents a detailed analysis of the heat and mass transfer processes during the absorption of ammonia into water in
vertical tubular absorber. The absorber configuration is of the shell and tubes type. The absorption process progresses as the
liquid contact inside the tubes. Water is used as the absorber cooling medium. A differential mathematical model has been develo
basis of mass and energy balances and heat and mass transfer equations, in order to provide further understanding of the absorb
The model takes into account separately for the churn, slug and bubbly flow patterns experimentally forecasted in this type of a
processes inside vertical tubes and considers the simultaneous heat and mass transfer processes in both liquid and vapour phas
heat transfer to the cooling medium. The model equations have been solved using the finite-difference method. Results obtained
data are depicted to show local values of the most important variables all along the absorber length. Parametric analyses have bee
to show the influence of design parameters and operating conditions on the absorber performance. The effect of the heat and m
coefficients has also been evaluated.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Intensive research has been developed in the absor
technology since its last revival in the 1970s. However
technological solutions available are not completely succes
ful, especially in the branch of small size machines powe
with residual and/or renewal energies [1]. The binary m
ture ammonia-water is the most common working pair u
in this technology since its beginnings and nowadays th
is no doubt that prevails with a clear future [2]. Moreov
the specific properties of this mixture offer the possibi
of using different types of cycles and components whose
sign need to be carefully analysed and evaluated [3]. Mainly
the components used for the absorption and the genera
purification processes should be selected and designed
fully [4–6].
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The absorber design has a decisive importance on
absorption system since not only the cycle performance
pends on its design but also the system cost. The sim
neous heat and mass transfer mechanisms occurring i
absorber have been widely researched, especially in the la
three decades. The complex andcoupled interaction betwee
heat and mass transfer complicates the study of the ab
tion process since the conditions that establish the trans
phenomena change as the process progresses. Moreov
hydrodynamics in the absorber plays an important role o
performance; therefore the knowledge of the two-phase
behaviour is also needed.

Bubble-type absorbers were strongly recommended
ammonia-water absorption systems instead of the
falling film mode because bubble-type provides high h
transfer coefficients and vapour distribution is easier than
liquid distribution needed in the falling film absorbers [7
Several attempts to model, numerically and analytically,
heat and mass transfer processes in bubble absorber
be found in the literature. Infante Ferreira et al. [8] dev
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Nomenclature

A transfer area . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

aesp specific interfacial area . . . . . . . . . . . . . . m2·m−3

c heat transfer correction factor
cp specific heat . . . . . . . . . . . . . . . . . . . . J·kg−1· K−1

c̃p partial mass specific heat . . . . . . . . . J·kg−1·K−1

d tube diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
F mass transfer coefficient . . . . . . . kmol·m−2·s−1

h specific enthalpy . . . . . . . . . . . . . . . . . . . . . J·kg−1

h̃ partial enthalpy . . . . . . . . . . . . . . . . . . . . . . J·kg−1

i element incremental number
j between-baffles section incremental number
kw tube wall thermal conductivity . . . W·m−1·K−1

�M molecular weight . . . . . . . . . . . . . . . . . kg·kmol−1

Ṁ mass flow . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

ṁ mass flux . . . . . . . . . . . . . . . . . . . . . . kg·m−2 ·s−1

Ṅb Bubble frequency . . . . . . . . . . . . . . . . . . . . . . . s−1

Nb number of baffles
Nt number of tubes
n number of discrete elements
ṅ molar flux . . . . . . . . . . . . . . . . . . . . kmol·m−2·s−1

nsb number of discrete elements between baffles
ri interfacial radius . . . . . . . . . . . . . . . . . . . . . . . . . m
rs coolant side fouling factor . . . . . . . . m2 ·K·W−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Uout overall heat transfer coefficient . . . W·m−2·K−1

uv mean bubble rise velocity . . . . . . . . . . . . . m·s−1

V total volume flux . . . . . . . . . . . . . . . . . . . . . m·s−1

VLf mean velocity in the film . . . . . . . . . . . . . . m·s−1

x ammonia mass concentration . . . kg NH3· kg−1

x̄ ammonia molar
concentration . . . . . . . . . . . . kmol NH3· kmol−1

y coordinate along the absorber . . . . . . . . . . . . . . m
yb slug bubble length . . . . . . . . . . . . . . . . . . . . . . . . m
yL separation distance between two Taylor

bubbles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
yLmin minimum separation distance between two

Taylor bubbles . . . . . . . . . . . . . . . . . . . . . . . . . . . m
z ratio of ammonia to the total molar flux

Greek symbols

α heat transfer coefficient . . . . . . . . . W·m−2·K−1

εv void fraction
ϕ heat flux. . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

Subscripts

b bulk
c coolant
ci coolant inlet to between-baffles section
co coolant outlet from between-baffles section
i interface
L liquid
Lf liquid film
Lsp liquid single-phase
v vapour
w wall
wi inner wall
wo outer wall
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oped a calculation model for vertical tubular absorbers u
experimental mean overall heat and mass transfer co
cients all along the absorber length. Although this metho
a good design tool, it does not allow obtaining local val
for important parameters such as temperature and conce
tion. Merrill et al. [9] put forward a boundary-layer theo
approach that provides accurate solutions for temperatur
and concentration fields in the absorber. Herbine and Pé
Blanco [10] developed a model for the absorption proc
in an ammonia–water bubble absorber with a vertical tu
which yielded temperature andconcentration profiles alon
the absorber. However the resistance to mass transfer i
the bubbles was neglected in the model. Potnis et al.
used the Colburn and Drew [12] equations to develop a c
puter program for an ammonia–water GAX component w
a fluted helical coil geometry. Kang et al. [7] proposed
design model for a bubble absorber with plate heat exch
ers to evaluate the heat and mass transfer resistances with
both liquid and bubble and to find optimum design con
tions for the absorber. Kang et al. [13] compared the fal
film and bubble modes, concluding that in bubble type
local absorption is always higher, the mixing is better a
-

-

e

heat transfer coefficients are higher than those in the fa
film mode.

The vapour–liquid co-current absorption process ins
vertical tubes is characterised by a changing two-phase
pattern. Churn flow takes place directly after the tube in
and is followed by a developed slug flow and finally by
bubbly flow until the vapour absorption is completed. The
fore the analysis of a vertical tubular absorber should t
account of the transitions between the three different fl
regimes and the particularities in the heat and mass tra
processes in each one of them.

Many authors have studied the hydrodynamics of ve
cal co-current two-phase flow [14–20] and the transiti
between different regimens [15,16,21–24]. Experimenta
sults on heat or mass transferfor specific flow regimens ar
also available, but most of them do not study simultane
heat and mass transfer and are based on systems where
heat or mass transfer resistances are neglected [25–28]

Experimental research for bubble absorption in ammo
water systems is scarce, Infante Ferreira [8] studied ch
slug and bubbly flow in a vertical absorber obtaining
perimental global heat and mass transfer coefficients. Tere
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saka et al. [29] investigated the mechanism of gas
sorption from a bubble during bubble growth. Kang
al. [30] developed a mass transfer correlation for NH3–
H2O in bubble absorbers, distinguishing the processe
bubble growth and bubble disappearance in the bubble
sorption. Lee et al. [31] studied the mass transfer pro
in bubble mode absorber of ammonia and water. Kim
al. [32] studied a counter-current slug flow absorber wo
ing with the ammonia–water mixture and they distinguish
two flow patterns, frost (churn) flow and slug flow, a
measured the local heat transfer rate varying several para
meters. The same authors [33] also developed a dat
duction model to obtain the local heat and mass tran
coefficients in the liquid side, from the experimental resu
They found that the flow pattern has an important in
ence on the heat and mass transfer coefficients in the li
side.

This paper presents a detailed analysis of ammonia–w
absorption process in vertical tubular absorbers of the s
and tubes type using water as the coolant. The churn,
and bubbly flow patterns are considered separately in
analysis as well as the heat and mass transfer processes
liquid and vapour phases. The analysis has been carrie
by developing a differential mathematical model. The mo
is based on the equations reported by Colburn and Drew
and employs local heat and mass transfer coefficients.

2. System description

A schematic diagram of the vertical tubular absorbe
shown in Fig. 1. The absorber consists of a tube bundle
shell (shell and tubes type heat exchanger).

The ammonia vapour and the weak ammonia–water
uid solution are distributed at the bottom of the absor
and circulate co-currently upwards within the tubes. T
vapour enters at the bottom of the absorber and is distrib
into the tubes through small diameter nozzles. The liq
phase (weak solution) is also introduced at the bottom
the absorber, going into the tubes through the free area
tween tubes and nozzles. The absorption process progr
as the vapour and liquid contact inside the tubes. The
uid solution obtained (strong solution) is removed at the
of the absorber. Water is considered as the absorber
ing medium. A set of baffles is arranged transverse to
tube bundle to drive the coolant and to yield stiffness
the absorber (Fig. 1). The water flows downwards, exte
and transverse to the tube bundle, driven by the baffles
counter-currently to the liquid–vapour mixture.

Fig. 2 shows the typical temperature and concentra
profiles for the co-current absorption of the ammonia–w
mixture.
-

-

r

e
t

-
s

-

Fig. 1. Schematic diagram of the vertical tubular absorber.

Fig. 2. Temperature and concentration profiles for the co-current absorptio
process.

3. Mathematical model

A differential mathematical model has been developed
the basis of mass and energy balances and heat and
transfer equations. The model takes into account separ
for the churn, slug and bubbly flow patterns and con
ers the simultaneous heat and mass transfer process
both liquid and vapour phases, as well as heat transfe
the cooling water through the tube wall. In order to anal
the absorption process, mass, concentration and energ
ances are considered, in the same way mass and heat tr
equations have been applied as well as the proper boun
conditions in a differential control volume. The different
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Fig. 3. Differential control volume.

control volume where the model equations are applied is
picted in Fig. 3.

The following assumptions have been made to deve
the model.

(1) The absorption process is in steady state and the a
sorber pressure is constant.

(2) Heat losses to the environment are negligible.
(3) The two-film and the Lewis and Whitman theory [34]

non-interfacial resistance are applied, i.e., the interf
concentrations of vapour and liquid are the equilibrium
concentrations at the interface temperature.

(4) The heat and mass transfer areas between liquid
vapour phases are equal.

(5) Bubble coalescence and break-up are not considere
(6) There is no direct heat transfer between the vapour

the coolant.
(7) For a transversal tube section, the coolant, liquid

vapour properties are assumed to be constant with
angular coordinate.

3.1. Mass transfer equations

Mass transfer between the vapour and the liquid ph
results from the combined contribution of molecular dif
sion (due to a concentration gradient) and a bulk transpo
material through the interface [35–38].

The total molar fluxṅ is the sum of ammoniȧnNH3 and
waterṅH2O molar fluxes, so the ratio of ammonia to the to
molar flux (z) can be established according to Eq. (1).

z = ṅNH3

ṅ
(1)

The molar flux of ammonia from the bulk vapour to t
interface is obtained from Eq. (2) (see Fig. 2), where m
transfer is defined to be positive from the vapour to the
terface.

ṅNH3|v = FvzLn

(
z − x̄vi

z − x̄vb

)
(2)

Likewise, the molar flux of ammonia from the interface
the bulk liquid is expressed in Eq. (3), where mass transf
defined to be positive from the interface to the liquid pha

ṅNH3|L = FLi zLn

(
z − x̄Lb

z − x̄Li

)
(3)

In order to carry out the mass continuity requiremen
the interface, the mass transport in the liquid (ṅNH3|L) and
vapour (̇nNH3|v) phases through the interface must be
same, as expressed in Eq. (4).

ṅNH3|L = ṅz = ṅNH3|v (4)

If the ammonia and total molar fluxes are determin
then the corresponding mass fluxes can be calculated
Eqs. (5) and (6), where�M is the components’ molecula
weight.

ṁNH3 = ṅNH3
�MNH3 (5)

ṁ = ṅNH3
�MNH3 + ṅ(1− z) �MH2O (6)

3.2. Heat transfer equations

There are two different regions in which heat trans
takes place, on the one hand the heat transfer betwee
vapour and the liquid phases, on the other hand the
transfer between the liquid phase and the coolant thro
the tube wall.

Combined heat and mass transfer takes place in the liq
uid and vapour phases. Therefore, there is a sensible he
the mass flux between the bulk and the interface conditi
which must be considered in the heat transfer equati
A detailed discussion of these equations can be foun
the literature [35–37]. The sensible heat transferred from
bulk vapour to the interface (see Fig. 2) is given in Eq. (
Heat transfer is defined to be positive from the vapour to
liquid phase.

ϕv = αv

cv

1− e−cv
(Tvb − Ti) (7)

The sensible heat transferred from the interface to the
bulk liquid is given by Eq. (8).

ϕL = αLi
cL

1− e−cL
(Ti − TLb) (8)

with c being

c = ṁNH3c̃p,NH3 + ṁH2Oc̃p,H2O

α
(9)

According to the control volume shown in Fig. 3, the ene
balance at the liquid–vapour interface provides Eq. (1
which states the energy continuity and reflects the cou
heat and mass transfer nature at the interface.

ϕL = ϕv + ṁNH3�h̃NH3 + ṁH2O�h̃H2O (10)
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where�h̃ is the components’ difference of vapour and liqu
partial enthalpies at the interface conditions.

The heat flux transferred from the bulk liquid to the ou
tube wall is given by Eq. (11).

ϕc = Uout(TLb − Two) (11)

where

1

Uout
= dwo

2kw

Ln

(
dwo

dwi

)
+ dwo

αLwdwi
(12)

being αLw the heat transfer coefficient between the liq
phase and the inner tube wall.

The heat flux transferred from the outer tube wall to
coolant is given by Eq. (13)

ϕc = 1

1/αc + rs
�TLM (13)

wherers is the coolant side fouling factor [39] and�TLM

is the logarithmic mean temperature difference, define
Eq. (14).

�TLM = (Two − Tci) − (Two − Tco)

Ln[ Two−Tci
Two−Tco

] (14)

3.3. Mass and energy balances

Based on the differential control volume shown in Fig.
mass, concentration and energy balance equations are e
lished.

dṀv = −dṀL (15)

d
(
Ṁvxv

) = −d
(
ṀLxL

)
(16)

d
(
Ṁvhv

) = −d
(
ṀLhL

) − ϕc dAc (17)

An analysis of the bulk vapour phase yields Eqs. (1
(20).

dṀv = −ṁdAi (18)

d
(
Ṁvxv

) = −ṁNH3 dAi (19)

d
(
Ṁvhv

) = −(
ṁNH3h̃v,NH3 + ṁH2Oh̃v,H2O + ϕv

)
dAi (20)

The heat and mass transfer area between the liquid
vapour phases dAi is given in Eq. (21), whereaesp is the
specific interfacial area. The heat transfer area from the
wall to the coolant dAc, based on the outer tube diameter
calculated from Eq. (22).

dAi = aesp
πd2

wi

4
dy (21)

dAc = πdwo dy (22)

Eqs. (1)–(22) constitute the mathematical model of
absorber, based on the assumed hypothesis.
b-

3.4. Flow patterns and flow parameters

The hydrodynamics within the absorber is character
by a changing two-phase flow, since the mass flow of vap
and liquid change continuously from the inlet conditions un
til the absorption process is completed. The heat and ma
transfer coefficients, the specific interfacial area and the two
phase flow void fraction depend on the flow pattern. Th
a detailed knowledge of the two-phase flow behaviou
required. In vertical tubular absorbers with co-currently
ward flow inside the tubes, churn, slug and bubbly fl
patterns are present, according to Infante Ferreira [17]. The
three different regimes are depicted in Fig. 4(a).

The churn flow pattern is only an entrance effect j
after the inlet nozzle [22] that causes an unstable flow
gion with a co-current upward flow of the liquid and vapo
phases (see Fig. 4(b)). The churn flow regime can be stu
under the annular flow model, as suggested by Ueda
The interfacial radiusri and the mean velocity in the liq
uid film, VLf , can be calculated iteratively from the Hiki
and Ishimi [41] relations. The transition between churn fl
and slug flow occurs when the entrance effects are dum
Taitel et al. [22] and Hewitt and Roberts [23] develop
two-phase flow regime maps for vertical tubes, but the p
dictions do not seem to be very realistic, as pointed ou
Infante Ferreira [17] based on his experimental observati
These results highlight that the churn flow in the absorp
process is only an entrance effect and the churning le
should not be calculated from the two-phase flow regim
maps, because the churn flow conditions are not satisfie

The slug flow pattern is characterised by the vapour ph
rising as bullet shaped bubbles separated by slugs of liq
The vapour bubbles almost fill the tube cross section
their length is large relative to the tube diameter. These l

Fig. 4. Flow patterns in vertical tubular absorbers.
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bubbles are known as Taylor bubbles [18]. In this pape
will be assumed that the Taylor bubble consists of a
sphere nose followed by a cylindrical body (see Fig. 4
and it is surrounded by a thin liquid film. An iterative pr
cedure must also be used to determine the interfacial radiu
ri of the Taylor bubble and the mean velocity in the liqu
film,VLf . By means of local material balance calculatio
using Fig. 4(c), Eq. (23) can be written.

uvr
2
i − V

(
dwi

2

)2

= VLf

[(
dwi

2

)2

− r2
i

]
(23)

whereV is the total volume flux through the channel anduv

is the mean bubble rise velocity as proposed by Nicklin
al. [19] and Collins et al. [20].VLf is the mean velocity in
the film, which completes the iterative procedure using
Hikita and Ishimi [41] and Kriegel [42] correlations.

The bubble lengthyb is given by Eq. (24).

yb =
[

Ṁv

ρvṄb

+ 1

3
πr2

i

]
1

πr2
i

(24)

whereṄb is the bubble frequency in the absorber. The s
aration distance,yL, between two Taylor bubbles can b
obtained from Eq. (25).

yL = uv

Ṅb

− yb (25)

The bubbly flow pattern is characterised by isola
spherical bubbles rising co-currently with the liquid [4
This flow regimen arises at the end part of the absorp
process.

The initial bubble size allows determining the bubble f
quency in the absorber. Considering the churn flow only
an entrance effect, the initial bubble size will be obtain
taking into account the slug flow and the Taylor bubble
haviour at the initial conditions. Pinto and Campos [14] a
Pinto et al. [15] obtained the minimum slug length of a liqu
plug where the slug flow regime remains stable. Follow
Pinto et al. [15] it will be assumed that the minimum sl
length is (yLmin = 5dwi), and this length will be taken as th
initial slug length (yL). The Taylor bubble length, the initia
bubble volume and the bubble frequency are calculated
atively by means of Eqs. (24) and (25). The two-phase fl
void fraction is obtained from Nicklin et al. [19] in chur
and slug flows and from Zuber and Findlay [44] in bubb
flow. Both methods are based on the drift flux model [4
The specific interfacial area in churn and in slug flow
calculated as the surface area of the bubble per unit liq
vapour volume [36]. In bubbly flow the correlation propos
by Hikita et al. [46] is used.

In this paper, the churn flow region length is conside
to be equal to the initial bubble length, because the ch
flow exists while the vapour is coming into the tube. Af
the vapour bubble detaches from the nozzle it will evo
into the slug flow pattern. The slug to bubbly flow patte
transition occurs for a slug bubble length less than the in
tube radius (Moissis [24]).
3.5. Heat and mass transfer coefficients

In churn and slug flows, the heat transfer coefficient in
vapour phase (αv) is obtained from Gnielinski [47]. The hea
transfer coefficient between the liquid and the liquid–vap
interface (αLi ) is calculated from the film wise condensati
theory [48–50], as pointed out by Kim et al. [33]. In bubb
flow, the vapour phase heat transfer coefficient (αv) is cal-
culated by means of the Chilton and Colburn analogy [
from the mass transfer coefficient (Fv). The heat transfe
coefficient in the liquid phase (αLi ) is obtained from Deck
wer [25].

In churn and slug flows, the vapour phase mass tran
coefficient(Fv) is obtained by using the Chilton and Colbu
analogy from the heat transfer coefficient(αv). In bubbly
flow, the correlation proposed by Clift et al. [52] is used.
churn flow, the mass transfer coefficient between the liq
phase and the liquid–vapour interface(FLi ) is obtained us-
ing the Chilton and Colburn analogy from the heat trans
coefficient(αLi ). In slug flow, the correlation proposed b
Lamourelle and Sandall [26] is applied. In bubbly flow t
equation proposed by Hughmark [27] for isolated bubble
used.

In churn flow, the heat transfer coefficient between
liquid phase and the tube wall (αLw) is considered to be
equal to the heat transfer coefficient between the liquid ph
and the liquid–vapour interface (αLi ). In slug and bubbly
flows, the heat transfer coefficient between the liquid ph
and the tube wall (αLw) is calculated weighing up the he
transfer coefficient in the liquid (αLi ) and the single-phas
heat transfer coefficient (αLsp) obtained from Gnielinski [47
for turbulent flow and from Kays and Crawford [53] fo
laminar flow, using the formula proposed by Keizer [5
(Eq. (26)). The heat transfer coefficient between the t
wall and the coolant (αc) is obtained from Zukauskas
al. [55].

αLw = εvαLi + (1− εv)αLsp (26)

4. Solution method

The previous set of non-linear differential equations c
not be solved analytically; therefore a finite-difference
merical method has been used. The absorber length at
between-baffles section has been divided in a finite num
of elementsnsb with an incremental length�y.

The coolant is introduced at the top of the absorber dr
by the baffles and heated up when it contacts the tube bu
If inlet coolant, liquid andvapour conditions were know
at any incremental element (i = 1, . . . , n), then the outlet
conditions would be obtained. Since heat and mass tran
processes should be considered simultaneously in ord
obtain the unknown conditions, heat and mass transfer equ
tions and mass, concentration and energy balances shou
solved together. As shown in Eqs. (2) and (3), mass tran
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ent
depends on the value of ratioz and the interface temperatur
On the other hand, the heat transferred between the va
and liquid phases given by Eq. (10) depends on the inter
temperatureTi and the ammonia and total mass transfer
Moreover, the heat flux transferred between the bulk
uid and the coolant, shown in Eqs. (11) and (12), depe
on the outer tube wall temperatureTwo and the logarith-
mic mean temperature difference with the coolant. Taking
these things into account, an iterative procedure must be
plemented to solve the finite difference equations obta
from the discretization of Eqs. (1)–(22).

The following algorithm uses four iterative loops to o
tain the values of the ratioz, the interface temperatureTi ,
the outer tube wall temperatureTwo and the coolant outle
temperatureTco. Once these parameters are calculated,
vapour and liquid conditions of the next incremental elemen
can be obtained. The calculation procedure is summa
below.

(1) Guess the interface temperatureTi .
(2) Calculatex̄Li and x̄vi with the assumed interface tem

perature and the absorber pressure, considering e
librium and saturation conditions.

(3) Guessz.
(4) CalculateṅNH3|v andṅNH3|L from Eqs. (2) and (3).
(5) If ṅNH3|v = ṅNH3|L, go to step 6, otherwise guess

new value ofz and go to step 4.
(6) Calculate the sensible heat transferred from vapour

liquid phases, using Eqs. (7) and (8).
(7) Check the energy balance at the interface usin

Eq. (10). If verified, go to step 8, otherwise gues
new value ofTi and go to step 2.

(8) Calculate the ammonia and total mass fluxes tra
ferred from Eqs. (5) and (6).

(9) GuessTwo.
(10) Calculate the heat flux transferred from the bulk liq

to the outer tube wall from Eq. (11).
(11) GuessTco.
(12) Calculate the heat flux transferred from the outer t

wall to the coolant, using Eqs. (13) and (14).
(13) CheckTco using Eq. (27). If the values are equal go

step 14, otherwise guess a newTco and go to step 12.

Tco = Tci + ϕc�Ac

Ṁc

nsb
cp,H2O

(27)

(14) Check the heat fluxes obtained in steps 10 and 1
they are equal go to step 15, otherwise guess a
Two and go to step 10.

(15) The new vapour and liquid conditions can now be
tained from Eqs. (15)–(20).

Once the previous algorithm is applied to thensb ele-
ments of any between-baffles section (j ) an outlet coolan
temperature profile is obtained.

The coolant mixes while flowing down to the adjoinin
between-baffles section. Therefore, the coolant temperatu
r

-

at the inlet of the (j − 1) between-baffles section is cons
ered to be equal to the coolant average temperature a
outlet of thej -section, according to Eq. (28) and assum
the coolant specific heat is constant.

Tci(j − 1) =
∑nsbj

i=nsb(j−1)+1Tco(i)

nsb
, j = 2, . . . ,Nb + 1

(28)

where the inlet coolant temperature at eachi-element is ob-
tained from Eq. (29).

Tci(i) = Tci(j − 1), i = nsb(j − 2) + 1, . . . , nsb(j − 1)

(29)

The absorber is solved from the bottom to the top. T
vapour and the weak solution conditions are known
the bottom and the cooling water temperature at the
Therefore, the inlet coolant temperatureTci(j) for each(j)

between-baffles section must be assumed. Then, the o
coolant temperatures (Tco) are obtained and a trial and e
ror method is applied until Eq. (28) is verified with the in
coolant temperatureTci(j − 1) from the previous between
baffles section. This procedure must be carried out along
absorber.

The solution method explained above has been im
mented in a computer program using FORTRAN 95. S
equations required for NH3–H2O equilibrium and thermo
dynamic properties are taken from Ziegler and Trepp [56

5. Results and discussion

The initial data required by the computer program are
absorber geometry and material thermal properties, as
as the absorber operating conditions. The results provide
the program are the distributions along the tubes lengt
several parameters such as: temperature, concentration an
mass flow of the vapour and liquid phases, interface t
perature and interface liquid and vapour concentrations
coolant and tube wall temperatures; the ammonia, water
total molar fluxes transferred between phases, the ratioz of
ammonia to total molar flux, the heat and mass transfer
efficients, the void fraction, the bubble volume, the spec
interfacial area and the heattransfer fluxes. The program
was used to simulate and analyse the performance of tu
vertical absorbers considering data from different practica
applications. Furthermore, a parametric study was car
out in order to analyse the influence of each design p
meter and operating condition on the absorber performa
Results for a specific application are presented here.

The geometry and material thermal properties of the
sorber are specified in Table 1. The operating conditions
shown in Table 2. These data characterise representativ
sign and operating conditions of an absorber for a smal
pacity ammonia–water absorption refrigeration system [
Direct numerical results are shown in Table 3. The differ
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Table 1
Geometry and material thermal properties of the absorber

Absorber length [m] 0.9
Inner tube diameter [m] 0.022
Outer tube diameter [m] 0.025
Number of baffles 12
Number of tubes 40
Nozzle diameter [m] 0.009
Thermal conductivity [W·m−1·K−1] 13
Coolant side fouling factor [m2·K·kW−1] 0.2

Table 2
Absorber operating conditions

Vapour mass flow rate [kg·h−1] 15.0
Vapour concentration [kg NH3·kg−1] 0.999
Vapour temperature [K] 283.15
Inner tube pressure [bar] 2.0
Weak solution mass flow rate [kg·h−1] 100.0
Weak solution concentration [kg NH3·kg−1] 0.225
Weak solution temperature [K] 318.15
Coolant mass flow rate [kg·h−1] 1500.0
Coolant temperature [K] 293.15

Table 3
Results

Strong solution mass flow rate [kg·h−1] 115.0
Strong solution concentration [kg NH3·kg−1] 0.324
Strong solution temperature [K] 298.23
Coolant outlet temperature [K] 298.78
Absorption length [m] 0.783

parameter distributions along the absorber tubes length
shown in the next figures.

Fig. 5 shows the vapour mass flow rate along the lengt
the absorber tubes. The horizontal dashed lines on the fi
point out the transition between flow patterns (churn to s
and slug to bubbly flows) and the absorption achievem
The vapour mass flow is the most representative variab
characterize the absorber performance, since the evolution o
the absorption process can be easily followed on the fig
The absorption is considered completed when the va
mass flow is less than 1% of its initial value. The leng
from the bottom to the point where the absorption proc
is completed is named as the absorption length. From
absorption length to the top of the tubes only single liq
phase flow exists. The dissimilar absorption rates within
tubes for the different flow patterns can be observed.

Fig. 6 depicts temperature profiles along the abso
length. The horizontal dashed lines point out the transi
between flow patterns and the absorption length. The
continuities in temperatures when the transition between
different flow regimes takes place are due to different h
and mass transfer correlations. It can be seen that the va
(Tvb) and interface (Ti) temperature distributions come to
end on the absorption length. In the churn flow region
liquid (TLb) temperature decreases. However, at the be
ning of the slug flow zone a slight increase in the liqu
r

Fig. 5. Vapour mass flow rate profile along the absorber length.

Fig. 6. Temperature profilesalong the absorber length.

(TLb) temperature is observed, as a consequence of
mass and heat transfer rates at this absorption stage. Fu
in the absorber, the liquid temperature drops again up to
top of the absorber length. The inlet vapour (Tvb) tempera-
ture is much lower than the liquid (TLb) and interface (Ti )
temperatures, rising quickly when churn and slug regim
take place in the tubes. At the end of slug flow and in
bubbly flow regime the vapour temperature (Tvb) decreases
moving away from both the interface and liquid tempe
tures. The liquid and vapour temperatures are always lo
than the interface temperature.However, the liquid tempera
ture (TLb) is closer to the interface (Ti) temperature than th
vapour (Tvb) temperature. This denotes that the heat tra
fer resistance is dominant in the vapour rather than in
liquid phase. The cooling water (Tco) temperature profile is
also plotted in Fig. 6. The coolant circulates counter-cur
to the two-phase flow inside the tubes. The temperature
tribution spreads out at intervals due to the baffles mix



J. Fernández-Seara et al. / International Journal of Thermal Sciences 44 (2005) 277–288 285

the
lant
nif-

ed b

o-
bulk

rp-
n be

er-
n

the
f
(
ions
from

he
n-
ses
cen-
, the
of

x
oint

tion
flux
r to
ow
m,

the
our
up
alle
are

The
ia–
rbin
ub-

rent

alu-
and

rfor-
ther
The

g its
ab-

-

red
s il-
are

r de-
very
s
ently
t of
val-
wer
r, it
r
Fur-
f an
orp-
e of

e be-
eat
effect. The water temperature increases from the top to
bottom of the absorber. However, the increase of the coo
temperature at the lower part of the absorber is more sig
icant than at the upper zone because the heat generat
the absorption process is higher.

Fig. 7 shows the interface and bulk liquid ammonia m
lar concentrations along the absorber tubes length. The
liquid concentration (̄xLb) increases throughout the abso
tion length and remains constant up to the tube top. It ca
seen that the bulk liquid concentration (x̄Lb) enlargement is
larger in churn and slug flows than in bubbly flow. The int
face liquid concentration (x̄Li ) remains always higher tha
the bulk liquid concentration.

The profiles of the vapour molar concentrations at
bulk (x̄vb) and at the interface (x̄vi) as well as the ratio o
ammonia molar flux to the total molar flux transferredz)
are depicted in Fig. 8. The vapour and liquid concentrat
at the interface evolve in the same way, as can be seen
Figs. 7 and 8. The bulk vapour concentration (x̄vb) decreases
in the churn flow region and in the slug region while t
bulk concentration (̄xvb) is greater than the interface conce
tration (x̄vi). Once the bulk vapour concentration line cros
the curve of the interface concentration and the bulk con
tration becomes smaller than the interface concentration
bulk vapour concentration increases slowly until the end
the absorption process is attained.

The ratio of ammonia molar flux to the total molar flu
(z) is greater than the vapour concentrations up to the p
where the three magnitudes become equal. Afterwards,z be-
comes lower than the vapour concentrations. However,z re-
mains always higher than the interface liquid concentra
(x̄Li ), as can be seen in Fig. 7. Therefore the total molar
and the ammonia molar flux are always from the vapou
the liquid phase, according to Eqs. (1)–(3). In the churn fl
region and in the slug region up to the length of 24.4 c
the ratio of ammonia molar flux to the total molar flux (z)
is greater than 1. Therefore ammonia is absorbed from
vapour into the liquid and water is desorbed into the vap
region according to Eq. (2). From the length of 24.4 cm
to the end of absorption process, the z values are sm
than 1, therefore both ammonia and water components
absorbed from the vapour phase into the liquid phase.
phenomenon of initial water desorption in the ammon
water absorption process has been also reported by He
and Perez-Blanco [10] for a co-current ammonia–water b
ble absorber and by Kang et al. [7,13] for a counter-cur
ammonia–water bubble absorber.

Parametric analysis was carried out in order to ev
ate the influence of the geometrical design parameters
the operating conditions on the absorber design and pe
mance. Each parameter was varied while keeping all o
constant and equal to the data given in Tables 1 and 2.
effect of each parameter was evaluated by considerin
influence on the tubes length required for the complete
sorption achievement.
y

r

e

Fig. 7. Liquid phase molar ammonia concentrations profiles along the ab
sorber length.

Fig. 8. Vapour phase molar ammonia concentrations and ratioz profiles
along the absorber length.

The effect of the inner tube diameter on the requi
tubes length for the complete absorption achievement i
lustrated in Fig. 9. The diameter and length of the tubes
the key parameters from the standpoint of the absorbe
sign. Therefore the results presented in Fig. 9 can be
helpful. These results state thedecisive influence of the tube
diameter on the required absorption length and consequ
on the absorber size. It is noteworthy the sharply impac
the tube diameter on the absorption length for diameter
ues lower than 30 mm and in particular for diameters lo
than 20 mm, as it can be seen in the figure. Moreove
is also noticeable the small influence of tube diameter fo
values greater than 30 mm on the absorption length.
thermore, the results in Fig. 9 also reveal the existence o
optimal tubes diameter, which leads to complete the abs
tion process with the shortest tubes length. The existenc
an optimal inner diameter is a consequence of a balanc
tween longer slug flow pattern regions (where the liquid h
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Fig. 9. The effect of inner tube diameter and number of tubes on the requir
tubes length for the absorption process completion.

and mass transfer coefficients are higher than in bubbly fl
and the decrease of bubble frequency (which leads to bi
bubbles) and the reduction of the transfer area with the
duction of the inner tube diameter. With the data conside
in the analysis, the minimum absorption length correspo
to tubes with 35 mm inner diameter. It has been also fo
that with inner tube diameters bigger than 70 mm only b
bly flow takes place in the tubes.

Fig. 9 also shows the influence of the number of tu
in the absorber on the tubes length required for the abs
tion completion. The required tubes length decreases w
the number of tubes increases, as it is concluded from th
sults shown in the figure. However, it is noticeable that
reduction attainable in the required tubes length diminis
as the number of tubes increases. It should be pointed th
Fig. 9 a perfect continuous trend is not obtained when v
ing the number of tubes because this variation is discrete
the tube bank configuration is also affected.

Fig. 10 shows the evolution of the required tubes len
for the absorption completion when varying the weak so
tion concentration and the inletcooling water temperature
The results show that the tubes length increases cons
ably with the weak solution concentration. Low weak s
lution concentrations reduce the required tubes length
promoting the mass transfer process. Experimental re
obtained by Kim et al. [32] agree with the results repor
in the figure. For the data considered in this application (
bles 1 and 2) the strong solution saturation temperatur
sults 41.7◦C. This temperature constitutes the limit for t
coolant inlet temperature. The results in the figure reflect th
the required tubes length increases with the coolant tem
ature. This trend is strengthened as the coolant temper
approaches to the strong solution saturation tempera
however, when reducing the cooling water temperature
variable is not a limiting one and its effect on the requi
tubes length is weaker.

Fig. 11 shows the influenceof the heat transfer coeffi
cients in the liquid (αLi ), vapour (αv), and in the coolant (αc)
r

-

-

-
e
;

Fig. 10. The effect of the weak solution ammonia concentration and
coolant temperature on the required tubes length for the absorption proce
completion.

Fig. 11. The effect of heat transfer coefficients on the required tubes length
for the absorption process completion.

regions as well as between the liquid and tube wall (αLw), on
the required tubes length for the absorption completion.
heat transfer coefficient between the liquid and the liqu
vapour interface (αLi ) has the most significant effect on th
tubes length. The heat transfercoefficient between the liqui
and the tube wall (αLw) is the next more important facto
followed by the heat transfercoefficient in the coolant (αc).
The heat transfer coefficient in the vapour phase has no
nificant effect on the absorber length beyond a multiply
factor (MF) of 0.5. The influence of the mass transfer coe
cients in the liquid (FLi ) and the vapour (Fv) regions on the
required tubes length is shown in Fig. 12. The mass tran
coefficient in the liquid phase has a more important ef
on the tubes length than the mass transfer coefficient in
vapour phase. Kang et al. [7,13] also obtained similar res
for the counter-current bubble absorber.
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Fig. 12. The effect of mass transfer coefficients on the required tubes length
for the absorption process completion.

6. Conclusions

In this paper, a detailed analysis of the heat and m
transfer processes during the absorption of ammonia
water in a co-current vertical tubular absorber has been
sented. The analysis has been carried out developing a
ferential mathematical model based on mass and energy
ances and the heat and mass transfer equations. The m
takes into account separately the churn, slug and bubbly
patterns experimentally forecasted in this type of absor
process.

The results show that the absorption process progre
rapidly in the churn and in the slug flow regions but slo
down in the bubbly flow. The interface temperature is nea
equal to the bulk liquid temperature; therefore the heat tr
fer resistance is located mainly in the vapour phase.
results also predict water desorption at the beginning of
absorption process.

The diameter and length of the tubes are the key
rameters from the standpoint of the absorber design.
results reveal the existence of an optimal inner tube di
eter that minimises the required tubes length. For tube
ameters lower than the optimal diameter the influence o
the tubes length is very significant. The increase in
number of tubes causes the reduction of the required t
length; however, the reduction attainable diminishes as
number of tubes increases. Low weak solution concen
tions reduce the required tubes length by promoting
mass transfer process. The tubes length increases wit
coolant temperature and this trend is strengthened as
coolant temperature approaches to the strong solution
ration temperature. The heat and mass transfer coefficien
the vapour phase have no significant effect on the absorp
process. However, the others heat and mass transfer c
cients should be always taken into account in the analy
since their effects on the absorption process are importa
-
-
el

s

e

-
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