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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 a co-curre
vertical tubular absorber. The absorber configuration is of the shell and tubes type. The absorption process progresses as the vapour ar
liquid contact inside the tubes. Water is used as the absorber cooling medium. A differential mathematical model has been developed on the
basis of mass and energy balances and heat and mass transfer equations, in order to provide further understanding of the absorber behavio
The model takes into account separately for the churn, slug and bubbly flow patterns experimentally forecasted in this type of absorption
processes inside vertical tubes and considers the simultaneous heat and mass transfer processes in both liquid and vapour phases, as wel
heat transfer to the cooling medium. The model equations have been solved using the finite-difference method. Results obtained for specific
data are depicted to show local values of the most important variables all along the absorber length. Parametric analyses have been performe
to show the influence of design parameters and operating conditions on the absorber performance. The effect of the heat and mass transfi
coefficients has also been evaluated.

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction The absorber design has a decisive importance on the
absorption system since not only the cycle performance de-
Intensive research has been developed in the absorptiorPends on its design but also the system cost. The simulta-
technology since its last revival in the 1970s. However the neous heat and mass transfer mechanisms occurring in the
technological solutions avaliée are not completely success- absorber have been widely ezsched, especially in the last
ful, especially in the branch of small size machines powered three decades. The complex ammipled interaction between
with residual and/or renewal energies [1]. The binary mix- heat and mass transfer complicates the study of the absorp-
ture ammonia-water is the most common working pair used tion process since the conditions that establish the transport
in this technology since its beginnings and nowadays there phenomena change as the process progresses. Moreover, the
is no doubt that prevails with a clear future [2]. Moreover hydrodynamicsin the absorber plays an importantrole on its
the specific properties of this mixture offer the possibility performance; therefore the knowledge of the two-phase flow
of using different types of cycles and components whose de-behaviour is also needed.
sign need to be carefully anab and evaluated [3]. Mainly, Bubble-type absorbers were strongly recommended for
the components used for the absorption and the generationammonia-water absorption systems instead of the thin
purification processes should be selected and designed carefalling film mode because bubble-type provides high heat
fully [4-6]. transfer coefficients and vapour distribution is easier than the
liquid distribution needed in the falling film absorbers [7].
mponding author, Tel.: +34 986 812605, fax: +34 986 811995, Several attempts to model, numerlca_lly and analytically, the
E-mail addressegseara@uvigo.es (J. Fernandez-Seara), heat and mass transfer processes in bubble absorbers can
jsieres@uvigo.es (J. Sieres), mvazquez@uvigo.es (M. Vazquez). be found in the literature. Infante Ferreira et al. [8] devel-
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Nomenclature
A transferarea...............ccoiiiiiinn.. m x ammonia molar
aesp  specific interfacialarea.............. ’m—3 concentration ............ kmol NHkmol—1
c heat transfer correction factor y coordinate along the absorber.............. m
cp specificheat.................... -k@rll- K‘i Vb slug bubble length ... .........coovvevi.... m
Cp pabmadl mass specific heat........ kg K™ yL separation distance between two Taylor
d tubediameter.............. ... e m bubbles m
o S hbubbles....o
5 mass_fFranstfﬁrIcoefﬂment """" krnol™ k; L YLmin Minimum separation distance between two
specificenthalpy ..................... k@~ Taylor bubbles m
T - 4 Taylorbubbles.........................L.
h girrtfelr?tr?;hc?:aprzéﬁiéll number """"" kg F4 ratio of ammonia to the total molar flux
l
j between-baffles section incremental number Greek symbols
. —1 -1
];7“1’ tUbF walll thermﬁtl conductivity ... W 'K|71 o heat transfer coefficient ......... w2K1
o 2gszc#oi\rlwelg ................. Idgn?sgl e, void fraction
0 mass flux ... I.m;g:z ol ) heatflux................coviiiin.n. Wi—2
Ny Bubble frequency......................] s Subscripts
Np number of baffles b bulk
Ny number of tubes c coolant
n rnnuoTa??‘Iru?(f discrete elements kmah-2.5-1 Ci coolant inlet to between-baffles section
n MmMolarfiux.................... . .
nsb number of discrete elements between baffles co iz?;):;ncteoutlet from &tween-baffles section
ri interfacialradius . ........................ m 3 liquid
ry coolant side fouling factor......... mK-w1 f |'Iqu'|d .
T LEMPEratUre . . ...oeeeeee e K L Iquid iim
Uoust  overall heat transfer coefficient... Ww2.K~1 Lsp liquid single-phase
Uy mean bubble rise velocity ............. -snt v vapour
1% total volume flux . ........oooeeini.. sl w wall
Vis mean velocity inthe film.............. mrl wi inner wall
x ammonia mass concentration ... kg NKg™! wo outer wall

oped a calculation model for vertical tubular absorbers using heat transfer coefficients are higher than those in the falling
experimental mean overall heat and mass transfer coeffi-film mode.

cients all along the absorber length. Although this methodis  The vapour-liquid co-current absorption process inside
a good design tool, it does not allow obtaining local values vertical tubes is characterised by a changing two-phase flow
for important parameters such as temperature and concentrapattern. Churn flow takes place directly after the tube inlet
tion. Merrill et al. [9] put forward a boundary-layer theory and is followed by a developed slug flow and finally by a
approach that provides accteasolutions for temperature  bubbly flow until the vapour absorption is completed. There-
and concentration fields in the absorber. Herbine and Pérezfore the analysis of a vertical tubular absorber should take
Blanco [10] developed a model for the absorption process account of the transitions between the three different flow
in an ammonia—water bubble absorber with a vertical tube, regimes and the particularities in the heat and mass transfer
which yielded temperature amdncentration profiles along  processes in each one of them.

the absorber. However the resistance to mass transfer inside Many authors have studied the hydrodynamics of verti-
the bubbles was neglected in the model. Potnis et al. [11] cal co-current two-phase flow [14-20] and the transitions
used the Colburn and Drew [12] equations to develop a com- between different regimens [15,16,21-24]. Experimental re-
puter program for an ammonia—water GAX component with sults on heat or mass transfer specific flow regimens are

a fluted helical coil geometry. Kang et al. [7] proposed a also available, but most of them do not study simultaneous
design model for a bubble absorber with plate heat exchang-heat and mass transfer and are based on systems where either
ers to evaluate the heat and masnsfer resistances within  heat or mass transfer resistances are neglected [25-28].
both liquid and bubble and to find optimum design condi- Experimental research for bubble absorption in ammonia—
tions for the absorber. Kang et al. [13] compared the falling water systems is scarce, Infante Ferreira [8] studied churn,
film and bubble modes, concluding that in bubble type the slug and bubbly flow in a vertical absorber obtaining ex-
local absorption is always higher, the mixing is better and perimental global heat and masarisfer coefficients. Tere-
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saka et al. [29] investigated the mechanism of gas ab- T:r Strong
sorption from a bubble during bubble growth. Kang et solution
al. [30] developed a mass transfer correlation for 3NH /j\
H20 in bubble absorbers, distinguishing the processes of LT W s Chotansda
bubble growth and bubble disappearance in the bubble ab- —] C.:‘
sorption. Lee et al. [31] studied the mass transfer process ] ] b e
in bubble mode absorber of ammonia and water. Kim et g,--—v
al. [32] studied a counter-current slug flow absorber work- brlrl‘;z?eé--—f-f_f M [ [ m?
ing with the ammonia—water mixture and they distinguished @E H e e
two flow patterns, frost (churn) flow and slug flow, and Baffles
measured the local heat traesfrate varying several para- mlalalalsla “""5'3
meters. The same authors [33] also developed a data re- /’Gﬁ UL LYY L
duction model to obtain the local heat and mass transfer Shell
coefficients in the liquid side, from the experimental results. e EHEEE S a@
They found that the flow pattern has an important influ- st
ence on the heat and mass transfer coefficients in the liquid Weak ililatitili = loz%ant s
side. solution SESRTARES
This paper presents a detailed analysis of ammonia—water E> L] 3[] 0|1 |
absorption process in vertical tubular absorbers of the shell
and tubes type using water as the coolant. The churn, slug Maratas

and bubbly flow patterns are considered separately in the Vapour
analysis as well as the heat and mass transfer processes in the ﬁ
liquid and vapour phases. The analysis has been carried out
by developing a differential mathematical model. The model
is based on the equations reported by Colburn and Drew [12]
and employs local heat and mass transfer coefficients.

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

2. System description

[

[

[
1

: \ L

A schematic diagram of the vertical tubular absorber is : \ :-:: : e :
shown in Fig. 1. The absorber consists of a tube bundle in a - | & s e m |
shell (shell and tubes type heat exchanger). = : _ =YL 2 |
The ammonia vapour and the weak ammonia—water lig- —g I = |¥ib, = I S
uid solution are distributed at the bottom of the absorber SN = —I—I"/ > 1
and circulate co-currently upwards within the tubes. The s N !

vapour enters at the bottom of the absorber and is distributed o )
into the tubes through small diameter nozzles. The liquid Elr(g).ci.s':emperature and concentratiaofies for the co-current absorption
phase (weak solution) is also introduced at the bottom of
the absorber, going into the tubes through the free area be-3 M athematical model
tween tubes and nozzles. The absorption process progresses
as the vapour and liquid contact inside the tubes. The lig- A differential mathematical model has been developed on
uid solution obtained (st_rong soilution) is removed at the top the basis of mass and energy balances and heat and mass
of the absorber. Water is considered as the absorber c00ly 4 sfer equations. The model takes into account separately
ing medium. A set of baffles is arranged transverse to the ¢o, the churn, slug and bubbly flow patterns and consid-
tube bundle to drive the coolant and to yield stiffness 0 ers the simultaneous heat and mass transfer processes in
the absorber (Fig. 1). The water flows downwards, external poth liquid and vapour phases, as well as heat transfer to
and transverse to the tube bundle, driven by the baffles andihe cooling water through the tube wall. In order to analyse
counter-currently to the liquid—vapour mixture. the absorption process, mass, concentration and energy bal-
Fig. 2 shows the typical temperature and concentration ances are considered, in the same way mass and heat transfer
profiles for the co-current absorption of the ammonia—water equations have been applied as well as the proper boundary
mixture. conditions in a differential control volume. The differential
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M, + Ff”'t -dy M, + F’i'/"v -dy transfer is defined to be positive from the vapour to the in-
I;-y cy terface.
ohy ch -
h + -d h Y..d . Z — Xvi
oy Y g oy 4 ANHzlv = Fuz Ln(z——fvtlg> ()
" +("§XL-dy B +6x"-d _ _ v . -
%y v oy Y Likewise, the molar flux of ammonia from the interface to
T T x the bulk liquid is expressed in Eq. (3), where mass transfer is
: oL +—t—0y, defined to be positive from the interface to the liquid phase.
1 1 b _
=1 o 1 z . Z—XLb
= = 5 i A - d = i
3 : g m|L,n'r,\,,L,3|L<—I—| |, iy ‘V E y ANHzlL = Fliz Ln( Py ) Q)
=) — . . .
o _ _ ; _ _ In order to carry out the mass continuity requirement at
: by B y0 : v.NHy s By, 1,0 the interface, the mass transport in the liquigi,|.) and
1 1 v vapour @nHzlv) phases through the interface must be the
M, M, same, as expressed in Eq. (4).
h, h, ANHg|L =12 = iiNH3 v (4)

X X . .
L v If the ammonia and total molar fluxes are determined,

then the corresponding mass fluxes can be calculated from

Fig. 3. Differential control volume. Egs. (5) and (6), wherd/ is the components’ molecular

weight.
cpntrol_volgme where the model equations are applied is de—mNHs = fiNHa MNH; (5)
picted in Fig. 3. T — . —
The following assumptions have been made to develop ™ = INHsMNHz + (1 — 2)Mh,0 (6)
the model.

3.2. Heat transfer equations

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

(2) Heat losses to the environment are negligible.

(3) The two-film and the Lewis and Whitman theory [34] of
non-interfacial resistance are applied, i.e., the interface
concentrations of vapour driquid are the equilibrium
concentrations at the interface temperature.

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

(5) Bubble coalescence and break-up are not considered.

(6) There is no direct heat transfer between the vapour and
the coolant.

(7) For a transversal tube section, the coolant, liquid and
vapour properties are assumed to be constant with the
angular coordinate.

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

Combined heat and mass tréerstakes place in the lig-

id and vapour phases. Therefore, there is a sensible heat of

he mass flux between the bulk and the interface conditions,
which must be considered in the heat transfer equations.
A detailed discussion of these equations can be found in
the literature [35—37]. The sensible heat transferred from the
bulk vapour to the interface (see Fig. 2) is given in Eq. (7).
Heat transfer is defined to be positive from the vapour to the
liquid phase.

c
171)76.(Tvb— Ty (7)
— e v

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

Py =y
3.1. Mass transfer equations

Mass transfer between the vapour and the liquid phases

) o e cL
rgsults from the comblne_d contrl_butlon of molecular diffu oL = o] — (T} — Tin) (8)
sion (due to a concentration gradient) and a bulk transport of l—ec

material through the interface [35-38]. with ¢ being

The total molar flux: is the sum of ammoniany, and
waternp,o molar fluxes, so the ratio of ammonia to the total
molar flux (z) can be established according to Eq. (1).

_ HNH3C p,NHg + 111H,0C p,H,0 )
o
According to the control volume shown in Fig. 3, the energy
L= M (1) balance at the liquid—vapour interface provides Eg. (10),
n which states the energy continuity and reflects the coupled
heat and mass transfer nature at the interface.

9}

The molar flux of ammonia from the bulk vapour to the 5 N
interface is obtained from Eq. (2) (see Fig. 2), where mass ¢; = ¢, + niNH AANH; + 11H,0ATH,0 (20)
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whereA# is the components’ difference of vapour and liquid
partial enthalpies at the interface conditions.

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

@c = Uou(TLb — Two) (11)
where
1 dWO <dwo> dWO
=—1>Lnl— )+ 12
Uout 2ky, dwi oL wdwi ( )

being o w the heat transfer coefficient between the liquid
phase and the inner tube wall.

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

Pc (13)

- l/ac+rs
wherer, is the coolant side fouling factor [39] a7} v

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

(Two — T¢i) — (Two — Tco)

Two—Tgi
Ln Two—Tco]

ATim = (14)

3.3. Mass and energy balances

Based on the differential control volume shown in Fig. 3;

281

3.4. Flow patterns and flow parameters

The hydrodynamics within the absorber is characterised
by a changing two-phase flow, since the mass flow of vapour
and liquid change continuolydrom the inlet conditions un-
til the absorption process immpleted. The heat and mass
transfer coefficients, the spéciinterfacial area and the two-
phase flow void fraction depend on the flow pattern. Thus,
a detailed knowledge of the two-phase flow behaviour is
required. In vertical tubular absorbers with co-currently up-
ward flow inside the tubes, churn, slug and bubbly flow
patterns are present, accorglito Infante Ferreira [17]. The
three different regimes are depicted in Fig. 4(a).

The churn flow pattern is only an entrance effect just
after the inlet nozzle [22] that causes an unstable flow re-
gion with a co-current upward flow of the liquid and vapour
phases (see Fig. 4(b)). The churn flow regime can be studied
under the annular flow model, as suggested by Ueda [40].
The interfacial radiug; and the mean velocity in the lig-
uid film, Vs, can be calculated iteratively from the Hikita
and Ishimi [41] relations. The transition between churn flow
and slug flow occurs when the entrance effects are dumped.
Taitel et al. [22] and Hewitt and Roberts [23] developed
two-phase flow regime maps for vertical tubes, but the pre-
dictions do not seem to be very realistic, as pointed out by
Infante Ferreira [17] based on his experimental observations.
These results highlight that the churn flow in the absorption
process is only an entrance effect and the churning length

mass, concentration and energy balance equations are estalghould not be calculated from the two-phase flow regimen

lished.

dM, = —dM; (15)
d(Myx,) = —d(Mpxy) (16)
d(Mvhv) = —d(MLhL) —pcdA, (17)

An analysis of the bulk vapour phase yields Egs. (18)—
(20).
dM, = —rmidA;
d(vav) = —mNHz dA;
d(Myhy) = —(riNHghv,NHg + HiiH,000 H,0 + @u) dA;  (20)

(18)
(19)

The heat and mass transfer area between the liquid and

vapour phases 4l is given in Eq. (21), whereesp is the

specific interfacial area. The heat transfer area from the tube

wall to the coolant d ., based on the outer tube diameter is
calculated from Eq. (22).

2.
dAi = aespTWI dy (21)

Egs. (1)—(22) constitute the mathematical model of the
absorber, based on the assumed hypothesis.

maps, because the churn flow conditions are not satisfied.
The slug flow pattern is characterised by the vapour phase
rising as bullet shaped bubbles separated by slugs of liquid.
The vapour bubbles almost fill the tube cross section and
their length is large relative to the tube diameter. These long

1. :
| N2
1 *Bl=
Bl IE v
N IE
§ 3 = " §
| z \ .
¥ 5] . . .
[ |[1= Wy | \
| 2 - . .
| Z \ § .
B E e § §
| = | % | .
| (e | % § .
| 2 g % \ .
§ )G § . § 3
T Liquid in !L) - L
Vapour in [PAITEEN

a) b)

Fig. 4. Flow patterns in vertical tubular absorbers.
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bubbles are known as Taylor bubbles [18]. In this paper it
will be assumed that the Taylor bubble consists of a half
sphere nose followed by a cylindrical body (see Fig. 4(c))
and it is surrounded by a thin liquid film. An iterative pro-
cedure must also be used to detare the interfacial radius

r; of the Taylor bubble and the mean velocity in the liquid
film, V1 ;. By means of local material balance calculations,
using Fig. 4(c), Eq. (23) can be written.

vt () =n{(5) ]

whereV is the total volume flux through the channel and
is the mean bubble rise velocity as proposed by Nicklin et
al. [19] and Collins et al. [20]Vs is the mean velocity in
the film, which completes the iterative procedure using the
Hikita and Ishimi [41] and Kriegel [42] correlations.
The bubble lengtly, is given by Eq. (24).

M, 1 ,]1

Y [vab - 37”1}7772

whereN,, is the bubble frequency in the absorber. The sep-

aration distancey;, between two Taylor bubbles can be

obtained from Eq. (25).
Uy

=—— — Y
YL N Y

The bubbly flow pattern is characterised by isolated
spherical bubbles rising co-currently with the liquid [43].

(23)

(24)

(25)
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3.5. Heat and mass transfer coefficients

In churn and slug flows, the heat transfer coefficientin the
vapour phasen,) is obtained from Gnielinski [47]. The heat
transfer coefficient between the liquid and the liquid—vapour
interface ;) is calculated from the film wise condensation
theory [48-50], as pointed out by Kim et al. [33]. In bubbly
flow, the vapour phase heat transfer coefficien) (is cal-
culated by means of the Chilton and Colburn analogy [51]
from the mass transfer coefficienk(). The heat transfer
coefficient in the liquid phasex(;) is obtained from Deck-
wer [25].

In churn and slug flows, the vapour phase mass transfer
coefficient(F,) is obtained by using the Chilton and Colburn
analogy from the heat transfer coefficigiat,). In bubbly
flow, the correlation proposed by Clift et al. [52] is used. In
churn flow, the mass transfer coefficient between the liquid
phase and the liquid—vapour interfaQ®_;) is obtained us-
ing the Chilton and Colburn analogy from the heat transfer
coefficient(«y;). In slug flow, the correlation proposed by
Lamourelle and Sandall [26] is applied. In bubbly flow the
equation proposed by Hughmark [27] for isolated bubbles is
used.

In churn flow, the heat transfer coefficient between the
liquid phase and the tube wally(y) is considered to be
equal to the heat transfer coefficient between the liquid phase
and the liquid—vapour interface(). In slug and bubbly
flows, the heat transfer coefficient between the liquid phase

This flow regimen arises at the end part of the absorption and the tube Wa”C(LW) is calculated We|gh|ng up the heat

process.
The initial bubble size allows determining the bubble fre-

transfer coefficient in the liquide( ;) and the single-phase
heat transfer coefficieni(sp) obtained from Gnielinski [47]

quency in the absorber. Considering the churn flow only as for turbulent flow and from Kays and Crawford [53] for

an entrance effect, the initial bubble size will be obtained
taking into account the slug flow and the Taylor bubble be-
haviour at the initial conditions. Pinto and Campos [14] and
Pinto et al. [15] obtained the minimum slug length of a liquid
plug where the slug flow regime remains stable. Following
Pinto et al. [15] it will be assumed that the minimum slug
length is (L min = 5dwi), and this length will be taken as the

initial slug length ¢;). The Taylor bubble length, the initial

bubble volume and the bubble frequency are calculated iter-

atively by means of Egs. (24) and (25). The two-phase flow
void fraction is obtained from Nicklin et al. [19] in churn

and slug flows and from Zuber and Findlay [44] in bubbly
flow. Both methods are based on the drift flux model [45].
The specific interfacial area in churn and in slug flow is

calculated as the surface area of the bubble per unit liquid—

vapour volume [36]. In bubbly flow the correlation proposed
by Hikita et al. [46] is used.

laminar flow, using the formula proposed by Keizer [54]
(Eg. (26)). The heat transfer coefficient between the tube
wall and the coolantd) is obtained from Zukauskas et
al. [55].

aLw = pali + (1 — &y)osp (26)

4, Solution method

The previous set of non-linear differential equations can-
not be solved analytically; therefore a finite-difference nu-
merical method has been used. The absorber length at each
between-baffles section has been divided in a finite number
of elements:sp with an incremental lengtiy.

The coolant is introduced at the top of the absorber driven
by the baffles and heated up when it contacts the tube bundle.

In this paper, the churn flow region length is considered If inlet coolant, liquid andvapour conditions were known
to be equal to the initial bubble length, because the churnat any incremental element £ 1, ..., n), then the outlet
flow exists while the vapour is coming into the tube. After conditions would be obtained. Since heat and mass transfer
the vapour bubble detaches from the nozzle it will evolve processes should be considered simultaneously in order to
into the slug flow pattern. The slug to bubbly flow pattern obtain the unknown conditionseht and mass transfer equa-
transition occurs for a slug bubble length less than the innertions and mass, concentration and energy balances should be
tube radius (Moissis [24]). solved together. As shown in Egs. (2) and (3), mass transfer
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depends on the value of ratiand the interface temperature. at the inlet of the { — 1) between-baffles section is consid-
On the other hand, the heat transferred between the vapouered to be equal to the coolant average temperature at the
and liquid phases given by Eq. (10) depends on the interfaceoutlet of the j-section, according to Eg. (28) and assuming
temperaturd; and the ammonia and total mass transferred. the coolant specific heat is constant.

Moreover, the heat flux transferred between the bulk lig- nepi

uid and the coolant, shown in Egs. (11) and (12), dependsT (G—1) = Zi:nsb(jfl)Jrl Teo(i) _o Ny 41
on the outer tube wall temperatuf@, and the logarith- atJ - Nsb » S TS
mic mean temperature difference with the coolant. Taking all (28)

these things into account, an iterative procedure must be im- . .
plemented to solve the finite difference equations obtained where the inlet coolant temperature at ealement is ob-
from the discretization of Egs. (1)—(22). tained from Eq. (29).
The following algorithm uses four iterative loops to ob- 7.y — 7,;(j — 1),

tain the values of the ratig, the interface temperaturg,

the outer tube wall temperatuf@,, and the coolant outlet (29)
temperaturel,. Once these parameters are calculated, the  The absorber is solved from the bottom to the top. The
vapour and liquid conditions of énnextincremental element  vapour and the weak solution conditions are known at
can be obtained. The calculation procedure is summarisedthe bottom and the cooling water temperature at the top.

i=nsb(j—2)+1a-~-a”sb(j—1)

below. Therefore, the inlet coolant temperatig(j) for each(j)
between-baffles section must be assumed. Then, the outlet
(1) Guess the interface temperatde coolant temperatures{,) are obtained and a trial and er-

(2) Calculatex,j andxy; with the assumed interface tem-  ror method is applied until Eq. (28) is verified with the inlet
perature and the absorber pressure, considering equicoolant temperatur&(j — 1) from the previous between-

librium and saturation conditions. baffles section. This procedure must be carried out along the
(3) Guesx. absorber.
(4) Calculateinm,|y andriinm,|., from Egs. (2) and (3). The solution method explained above has been imple-
(5) If AiNHglv = 7iNHg|L, QO tO step 6, otherwise guess a mented in a computer program using FORTRAN 95. State
new value of; and go to step 4. equations required for Ng+H>O equilibrium and thermo-

(6) Calculate the sensible heat transferred from vapour anddynamic properties are taken from Ziegler and Trepp [56].
liquid phases, using Egs. (7) and (8).

(7) Check the energy balee at the interface using
Eq. (10). If verified, go to step 8, otherwise guess a 5. Resultsand discussion
new value ofT; and go to step 2.

(8) Calculate the ammonia and total mass fluxes trans-  The initial data required by the computer program are the

ferred from Egs. (5) and (6). absorber geometry and material thermal properties, as well
(9) Guesgo. as the absorber operating conditions. The results provided by
(10) Calculate the heat flux transferred from the bulk liquid the program are the distributions along the tubes length of
to the outer tube wall from Eq. (11). several parameters such agnfeerature, concentration and
(11) Guesco. mass flow of the vapour and liquid phases, interface tem-
(12) Calculate the heat flux transferred from the outer tube perature and interface liquid and vapour concentrations, the
wall to the coolant, using Egs. (13) and (14). coolant and tube wall temperatures; the ammonia, water and
(13) Checklyo using Eq. (27). If the values are equal go to  total molar fluxes transferred between phases, the ratio
step 14, otherwise guess a néyy and go to step 12. ammonia to total molar flux, the heat and mass transfer co-
Ve AA. efficients, the void fraction, the bubble volume, the specific
Teo=Tci + R (27) interfacial area and the hetatansfer fluxes. The program

.
M . i
ngp € P-H20 was used to simulate and analyse the performance of tubular

(14) Check the heat fluxes obtained in steps 10 and 12. If vertical absorbers considegrdata from different practical
they are equal go to step 15, otherwise guess a newapplications. Furthermore, a parametric study was carried

Two and go to step 10. out in order to analyse the influence of each design para-
(15) The new vapour and liquid conditions can now be ob- meter and operating condition on the absorber performance.
tained from Eqgs. (15)—(20). Results for a specific apghtion are presented here.
The geometry and material thermal properties of the ab-
Once the previous algorithm is applied to theg, ele- sorber are specified in Table 1. The operating conditions are
ments of any between-baffles sectigt) &n outlet coolant  shown in Table 2. These data characterise representative de-
temperature profile is obtained. sign and operating conditions of an absorber for a small ca-

The coolant mixes while flowing down to the adjoining pacity ammonia—water absorption refrigeration system [57].
between-baffles section. Theoeé, the coolant temperature Direct numerical results are shown in Table 3. The different
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0,9
Table 1
Geometry and material thermal properties of the absorber 08
Absorber length [m] 0.9
Inner tube diameter [m] 0.022 0,7 4
Outer tube diameter [m] 0.025
Number of baffles 12 05 4
Number of tubes 40
Nozzle diameter [m] 0.009 g %%
Thermal conductivity fwm=—1.K—1] 13 g
Coolant side fouling factor [fK-kw—1] 0.2 E 041
0,3
Table 2 02|
Absorber operating conditions
Vapour mass flow rate [kg~1] 15.0 0.1+
Vapour concentration [kg Nﬁkg—l] 0.999
Vapour temperature [K] 283.15 0.0 ; ' T : ‘ ‘ ' ‘
Inner tube pressure [bar] 2.0 0 2 4 6 8 10 12 14 16
Weak solution mass flow rate [Ky 1] 100.0 Vapour mass flow rate (kg-h™)
Weak solution concentration [kg Nj-—kg*l] 0.225
Weak solution temperature [K] 318.15 Fig. 5. Vapour mass flow rate prafialong the absorber length.
Coolant mass flow rate [kiy~1] 1500.0
Coolant temperature [K] 293.15 0,9
0,8
Table 3 07
Results
- 1 06
Strong solution mass flow rate [kg -] 115.0
Strong solution concentration [kg Nrkg—1] 0.324 E 0,5
Strong solution temperature [K] 298.23 ?D
Coolant outlet temperature [K] 298.78 5 044
Absorption length [m] 0.783 a—
02
parameter distributions along the absorber tubes length are
shown in the next figures. o
Fig. 5 shows the vapour mass flow rate along the length of 0,0

the absorber tubes. The horizontal dashed lines on the figure 5 100 #5200 @5k R0E @ 40 43
point out the transition between flow patterns (churn to slug Temperature (°C)

and slug to bubbly flows) and the absorption achievement.

The vapour mass flow is the most representative variable to Fig. 6. Temperature profileiong the absorber length.

characterize the absorber perfance, since the evolution of
the absorption process can be easily followed on the figure.(7Lp) temperature is observed, as a consequence of high
The absorption is considered completed when the vapourmass and heat transfer rates at this absorption stage. Further
mass flow is less than 1% of its initial value. The length in the absorber, the liquid temperature drops again up to the
from the bottom to the point where the absorption process top of the absorber length. The inlet vapoiiyd) tempera-
is completed is named as the absorption length. From theture is much lower than the liquidi{y) and interface 1;)
absorption length to the top of the tubes only single liquid temperatures, rising quickly when churn and slug regimens
phase flow exists. The dissimilar absorption rates within the take place in the tubes. At the end of slug flow and in the
tubes for the different flow patterns can be observed. bubbly flow regime the vapour temperatuif@y) decreases,
Fig. 6 depicts temperature profiles along the absorber moving away from both the interface and liquid tempera-
length. The horizontal dashed lines point out the transition tures. The liquid and vapour temperatures are always lower
between flow patterns and the absorption length. The dis-than the interface temperatukéowever, the liquid tempera-
continuities in temperatures when the transition between two ture (7.p) is closer to the interface) temperature than the
different flow regimes takes place are due to different heat vapour () temperature. This denotes that the heat trans-
and mass transfer correlations. It can be seen that the vapoufer resistance is dominant in the vapour rather than in the
(Tvp) and interface ;) temperature distributions come to an liquid phase. The cooling watef{y) temperature profile is
end on the absorption length. In the churn flow region the also plotted in Fig. 6. The coolant circulates counter-current
liquid (7ip) temperature decreases. However, at the begin-to the two-phase flow inside the tubes. The temperature dis-
ning of the slug flow zone a slight increase in the liquid tribution spreads out at intervals due to the baffles mixing
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effect. The water temperature increases from the top to the
bottom of the absorber. However, the increase of the coolant
temperature at the lower part of the absorber is more signif-
icant than at the upper zone because the heat generated b
the absorption process is higher.

Fig. 7 shows the interface and bulk liquid ammonia mo-
lar concentrations along the absorber tubes length. The bulk=
liquid concentrationX; p) increases throughout the absorp-
tion length and remains constant up to the tube top. It can be
seen that the bulk liquid concentratiof) §) enlargement is
larger in churn and slug flows than in bubbly flow. The inter-

ngth (m)

face liquid concentrationy(;) remains always higher than Wi ‘ : . ‘
the bulk liquid concentration. 0.23 0,28 033 0,38 0,43
The profiles of the vapour molar concentrations at the Molar concentration (kmol NHskmol ™)

bulk (xyp) and at the interfacex(;) as well as the ratio of _ o ' _ _

ammonia molar flux to the total molar flux transferred ( Fig. 7. Liquid phase molar ammonia cmntrations profiles along the ab-
. . . Lo . sorber length.

are depicted in Fig. 8. The vapour and liquid concentrations

at the interface evolve in the same way, as can be seen fromr 0,9 -

Figs. 7 and 8. The bulk vapour concentratidg,] decreases

in the churn flow region and in the slug region while the RS
bulk concentrationyyp) is greater than the interface concen- 07 j
tration (vy;). Once the bulk vapour concentration line crosses 06

the curve of the interface concentration and the bulk concen-
tration becomes smaller than the interface concentration, theg o5 |
bulk vapour concentration increases slowly until the end of
the absorption process is attained.

The ratio of ammonia molar flux to the total molar flux 0.3 1
(z) is greater than the vapour concentrations up to the point
where the three magnitudes become equal. Afterwaiiols; &
comes lower than the vapour concentrations. Howeves; o4 T .
mains always higher than the interface liquid concentration
(xLi), as can be seen in Fig. 7. Therefore the total molar flux ‘
and the ammonia molar flux are always from the vapour to
the liquid phase, according to Egs. (1)=(3). In the churn flow Molar concentration (kmol NH; kmol™)
region _and in the S!UQ region up to the length of 24.4 cm, Fig. 8. Vapour phase molar ammonia concentrations and ratimfiles
the ratio of ammonia molar flux to the total molar flux ( 4iong the absorber length.
is greater than 1. Therefore ammonia is absorbed from the

vapour into the liquid and water is desorbed into the vapour  tra effect of the inner tube diameter on the required

region according to Eq. (2). From the length of 24.4 cm Up ypes ength for the complete absorption achievement s il-
to the end of absorption process, the z values are smallergirated in Fig. 9. The diameter and length of the tubes are
than 1, therefore both ammonia and water components arge key parameters from the standpoint of the absorber de-
absorbed from the vapour phase into the liquid phase. Thegijgn. Therefore the results presented in Fig. 9 can be very
phenomenon of initial water desorption in the ammonia— he|pful. These results state tHecisive influence of the tubes
water absorption process has been also reported by Herbingjiameter on the required absorption length and consequently
and Perez-Blanco [10] for a co-current ammonia—water bub- on the absorber size. It is noteworthy the sharply impact of
ble absorber and by Kang et al. [7,13] for a counter-current the tube diameter on the absorption length for diameter val-
ammonia—water bubble absorber. ues lower than 30 mm and in particular for diameters lower
Parametric analysis was carried out in order to evalu- than 20 mm, as it can be seen in the figure. Moreover, it
ate the influence of the geometrical design parameters ands also noticeable the smallflnence of tube diameter for
the operating conditions on the absorber design and perfor-values greater than 30 mm on the absorption length. Fur-
mance. Each parameter was varied while keeping all otherthermore, the results in Fig. 9 also reveal the existence of an
constant and equal to the data given in Tables 1 and 2. Theoptimal tubes diameter, which leads to complete the absorp-
effect of each parameter was evaluated by considering itstion process with the shortest tubes length. The existence of
influence on the tubes length required for the complete ab-an optimal inner diameter is a consequence of a balance be-
sorption achievement. tween longer slug flow pattern regions (where the liquid heat

Length (
=

0,97 0,98 0,99 1,00 1,01 1,02
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Fig. 9. The effect of inner tube dianggtand number of tubes on the required

. : : Al
tubes length for the absorption process completion. Weak solution concentration (kg NHykg™)

o ) ) Fig. 10. The effect of the weak solution ammonia concentration and the
and mass transfer coefficients are higher than in bubbly flow) coolant temperature on the requirethés length for the absorption process

and the decrease of bubble frequency (which leads to biggercompletion.
bubbles) and the reduction of the transfer area with the re-
duction of the inner tube diameter. With the data considered
in the analysis, the minimum absorption length corresponds
to tubes with 35 mm inner diameter. It has been also found
that with inner tube diameters bigger than 70 mm only bub- _ 4,
bly flow takes place in the tubes.

Fig. 9 also shows the influence of the number of tubes
in the absorber on the tubes length required for the absorp-=
tion completion. The required tubes length decreases whens 1+
the number of tubes increases, as it is concluded from the re-~
sults shown in the figure. However, it is noticeable that the
reduction attainable in the required tubes length diminishes
as the number of tubes increases. It should be pointed that in
Fig. 9 a perfect continuous trend is not obtained when vary- .
ing the number of tubes because this variation is discreteand 5, y i
the tube bank configuration is also affected. Multiplying factor, MF

Fig. 10 shows the evolution of the required tubes length
for the absorption completion when varying the weak solu- Fig. 11. The effect of heat transfer pﬁeibnts on the requéd tubes length
tion concentration and the inleboling water temperature. ~ '°f the absorption process completion.

The results show that the tubes length increases consider-

ably with the weak solution concentration. Low weak so- regions as well as between the liquid and tube wal\{), on
lution concentrations reduce the required tubes length bythe required tubes length for the absorption completion. The
promoting the mass transfer process. Experimental resultsheat transfer coefficient between the liquid and the liquid—
obtained by Kim et al. [32] agree with the results reported vapour interfacedy ;) has the most significant effect on the
in the figure. For the data considered in this application (Ta- tubes length. The heat transtarefficient between the liquid
bles 1 and 2) the strong solution saturation temperature re-and the tube walldiw) is the next more important factor,
sults 41.7C. This temperature constitutes the limit for the followed by the heat transfaoefficient in the coolanty.).
coolant inlet temperature. €hresults in the figure reflectthat  The heat transfer coefficient in the vapour phase has no sig-
the required tubes length increases with the coolant temper-nificant effect on the absorber length beyond a multiplying
ature. This trend is strengthened as the coolant temperaturdactor (MF) of 0.5. The influence of the mass transfer coeffi-
approaches to the strong solution saturation temperaturegcients in the liquid £1;) and the vapourK,) regions on the
however, when reducing the cooling water temperature this required tubes length is shown in Fig. 12. The mass transfer
variable is not a limiting one and its effect on the required coefficient in the liquid phase has a more important effect
tubes length is weaker. on the tubes length than the mass transfer coefficient in the

Fig. 11 shows the influencef the heat transfer coeffi-  vapour phase. Kang et al. [7,13] also obtained similar results
cients in the liquid ), vapour ), and in the coolantx,) for the counter-current bubble absorber.

1,6 3

12 4

ength (m)
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