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Analysis of an air cooled ammonia–water vertical tubular absorber
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Abstract

This paper presents a detailed analysis of an ammonia–water vertical tubular absorber cooled by air. The absorption process takes place co-
currently upward inside the tubes. The tubes are externally finned with continuous plate fins and the tube rows are arranged staggered in the
direction of the air flow. The air is forced over the tube bank and circulates between the plain fins in cross flow with the ammonia–water mixture.
The analysis has been carried out by means of a mathematical model developed on the basis of mass and energy balances and heat and mass
transfer equations. The model takes into account separately 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
well as heat transfer to the cooling air. The model has been implemented in a computer program. Results based on a representative design and
nominal operating conditions of an absorber for a small capacity ammonia–water absorption refrigeration system are shown. A parametric analysis
was realised to investigate the influence of the design parameters and operating conditions on the absorber performance. The noteworthy results
that have effect on practical design of the absorber are presented and commented.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Absorption systems are heat powered, therefore they can
contribute to the recovery of exhaust heat at low temperatures
that is now being rejected into the atmosphere from different
types of processes. They can also contribute to more efficient
energy utilisation when they are integrated with other technolo-
gies such as cogeneration systems [1,2]. Moreover, they are an
interesting option to obtain solar cooling for air conditioning
purposes when coupled with thermal solar plants thus promot-
ing the use of renewable energies [3]. Therefore, the interest on
developing more efficient absorption systems in order to spread
out their use is high.

The initial investment required in absorption systems consti-
tutes the main obstacle for the extension of their use. If water
is used as cooling medium for the absorber, then a cooling
tower will be required and the initial cost of the installation
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and its complexity will increase. This is significant for small
power machines where the investment in the cooling tower to-
gether with the complexity added to the installation constitute
an important drawback for broadening the use of these systems.
Therefore, the development of air-cooled absorbers and their
application in absorption machines constitutes an outstanding
challenge since it would avoid the use of the cooling tower and
would reduce the initial cost of the installation.

There are studies that consider the use of air cooled ab-
sorbers in water–LiBr absorption systems from a theoretical
and experimental view points [4–6]. However, the use of air
cooled absorbers in water–LiBr systems increases the risk of
crystallisation due to the absorption temperatures being higher
using air than using water as cooling medium. Moreover, the
absorption temperature is also above the ambient air temper-
ature and therefore it can reach high values in hot climates
or summer time. The risk of crystallisation increases in sim-
ple effect systems and therefore in the cheapest and more de-
manded machines. Thus, the air-cooled absorbers in water–
LiBr systems are mainly proposed for double effect machines.
However, the authors have not found any water–LiBr ma-
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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

F(R,P ) correction factor for the logarithmic mean
temperature difference

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

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

i element incremental number
j row 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

n number of discrete elements
nr number of tube rows
ṅ molar flux . . . . . . . . . . . . . . . . . . . . . . . kmol m−2 s−1

ri interfacial radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Sd diagonal tube spacing. . . . . . . . . . . . . . . . . . . . . . . . m
Sf fin spacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Sl longitudinal tube spacing . . . . . . . . . . . . . . . . . . . . m
St transversal tube spacing. . . . . . . . . . . . . . . . . . . . . . m
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
tf fin thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Uo overall heat transfer coefficient . . . . . . W m−2 K−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

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

η overall outer surface efficiency
ηf fin efficiency

Subscripts

b bulk
c coolant
ci coolant inlet to tube rows
co coolant outlet from tube rows
f fin
i interface
L liquid
Lb bulk liquid
Lsp liquid single-phase
v vapour
w wall
wi inner wall
wo outer wall
chine commercially available equipped with an air cooled ab-
sorber.

Ammonia–water systems do not present any limiting factor
such as crystallisation for the use of high absorption and con-
densation temperatures. However, it should be borne in mind
that it leads to a system performance reduction [7]. Air cooled
absorbers and condensers are used in ammonia–water com-
mercially available machines of small cooling capacities [8,9].
These machines are designed to produce chilled water for air
conditioning systems. New models are also used as heat pumps
to produce hot water. The main advantage of these systems
lies in avoiding the use of the cooling tower; however these
commercial machines present the inconvenience of being gas-
fired, so they are unable to operate with any other kind of heat
source which requires the use of a secondary thermal fluid such
as hot water or vapour. The air cooled absorbers employed in
ammonia–water commercial machines are conventional finned
tube heat exchangers. The tubes are arranged horizontally and
the air is forced by a fan. The weak solution from the generator
is expanded and mixed with the vapour from the evaporator in
a preabsorber or premixer recipient. Then, the liquid–vapour
mixture is forced to circulate through the absorber tubes by
the pump of the system located at the absorber outlet. The two
phase flow is cooled by air and the ammonia vapour is absorbed
into the liquid solution.
In this paper an ammonia–water vertical tubular absorber
cooled by air is analysed. This type of absorbers is recom-
mended for ammonia–water absorption systems because of the
high heat and mass transfer coefficients encountered. However,
at present, neither air cooled nor water cooled vertical tubu-
lar absorbers have been incorporated into the commercial ma-
chines and remain into the research state. Ref. [10] reports a
detailed analysis of the heat and mass transfer processes during
the absorption of ammonia into water in a co-current vertical
tubular absorber of the shell and tubes type using water as cool-
ing medium. In the analysis of the absorption process inside the
tubes the churn, slug and bubbly flow patterns are considered
separately as well as the simultaneous heat and mass transfer
processes in the liquid and vapour phases and the heat trans-
fer to the cooling medium. The analysis has been carried out
by developing a differential mathematical model based on mass
and energy balances and heat and mass transfer equations using
local heat and mass transfer coefficients. This reference also in-
cludes a literature review of the theoretical and experimental
research works related to this type of absorbers; therefore it is
not repeated here.

The analysis presented in this paper is based on the gen-
eral mathematical model initially developed for a water cooled
absorber reported in Ref. [10]. However, further modifications
have been introduced to take into account the new absorber con-
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Fig. 1. Schematic diagram of the air cooled vertical tubular absorber.

figuration and geometry and the use of air as cooling medium.
In this paper the model is summarised and the changes intro-
duced are detailed. The results shown herein are focused on the
particularities introduced by the air cooling of the absorber and
those results that do not bring a new contribution to the results
shown in Ref. [10] are avoided for the sake of brevity.

2. System description

A schematic diagram of the air cooled vertical tubular ab-
sorber considered in the analysis is shown in Fig. 1. The ab-
sorber consists of a vertical bundle of tubes. The tube rows are
arranged staggered in the direction of the air flow and the tubes
are finned externally with continuous plate fins. The geometri-
cal parameters that characterise the tubes and the fins as well
as the tubes arrangement in the bundle are depicted in Figs. 1
Fig. 2. Incremental element.

and 2. The ammonia vapour and the weak ammonia–water liq-
uid solution are distributed at the bottom of the absorber and
circulate co-currently upwards within the tubes. The vapour en-
ters at the bottom of the absorber and is ducted in the tubes
through small diameter nozzles. The liquid phase (weak solu-
tion) is also introduced at the bottom of the absorber, going into
the tubes through the free area between tubes and nozzles. The
absorption process progresses as the vapour and liquid contact
inside the tubes. The liquid solution obtained (strong solution)
is removed at the top of the absorber. The air is forced over
the tube bundle and circulates between the plate fins in cross
flow with the ammonia–water mixture which passes through
the tubes. The air contacts the tube rows of the bundle consec-
utively, as can be seen from Fig. 1.

3. Mathematical model

The distributed modelling method has been applied to build
the mathematical model. The absorber tubes are segmented into
a number of incremental elements equal to the number of fins
per tube. Each discrete element is composed of the correspond-
ing portions of tube and fin. The discrete element considered in
the analysis is represented in Fig. 2. The mathematical model
has been developed on the basis of mass and energy balances
and heat and mass transfer equations applied to each discrete
tube-fin element. The model takes into account separately the
churn, slug and bubbly flow patterns and considers the simul-
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Fig. 3. Incremental control volume.

taneous heat and mass transfer processes in both liquid and
vapour phases and the heat transfer to the cooling air through
the finned tube. In order to analyse the absorption process,
mass, concentration and energy balances are considered, as well
as mass and heat transfer equations have been applied to each
discrete element. The heat transfer to the cooling air is com-
puted taking into account the bare tube and the fin surface areas
and the fin efficiency. The control volume considered in the
analysis where the model equations are applied is shown in
Fig. 3.

The following assumptions have been made to develop the
model.

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

(2) The two-film and the Lewis and Whitman theory [11]
of non-interfacial resistance are applied, i.e., the interface
concentrations of vapour and liquid are the equilibrium
concentrations at the interface temperature.

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

(4) In each discrete element, the coolant, liquid and vapour
properties are assumed to be constant.

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

cooling air.
(7) The heat transfer by conduction in the direction of the tubes

and nearby fins is neglected.
(8) There is no contact heat-resistance between the fin and the

tube.
(9) The air-facing velocity to the absorber is in a homogeneous

distribution.

3.1. Mass transfer equations

Mass transfer between the vapour and the liquid phases re-
sults from the combined contribution of molecular diffusion and
a bulk transport of material through the interface [10–15]. The
molar flux of ammonia from the bulk vapour to the interface and
from the interface to the bulk liquid is obtained from Eqs. (1)
and (2), respectively, where mass transfer is defined to be pos-
itive from the vapour to the interface and from the interface to
the liquid.

ṅNH3

∣∣
v
= Fv · z · Ln

(
z − x̄vi

z − x̄vb

)
(1)

ṅNH3

∣∣
L

= FLi · z · Ln

(
z − x̄Lb

z − x̄Li

)
(2)

In Eqs. (1) and (2), z is the ratio of the molar flux of ammonia
to the total molar flux ṅ (ammonia and water molar fluxes).

The mass continuity requirement at the interface yields
Eq. (3).

ṅNH3

∣∣
L

= ṅNH3

∣∣
v
= ṅ · z (3)

The ammonia and total mass fluxes are obtained from the
corresponding molar fluxes taking into account the compo-
nents’ molecular weight, according to Eqs. (4) and (5).

ṁNH3 = ṅNH3 · �MNH3 (4)

ṁ = ṅNH3 · �MNH3 + ṅ · (1 − z) · �MH2O (5)

3.2. Heat transfer equations

Mass and heat transfer processes take place simultaneously
in the vapour and liquid phases. The sensible heats transferred
from the bulk vapour to the interface and from the interface to
the bulk liquid are given by Eqs. (6) and (7), respectively.

ϕv = αv · cv

1 − e−cv
· (Tvb − Ti) (6)

ϕL = αLi · cL

1 − e−cL
· (Ti − TLb) (7)

with c being

c = ṁNH3 · c̃p,NH3 + ṁH2O · c̃p,H2O

α
(8)

The energy balance at the liquid–vapour interface provides
Eq. (9), according to the control volume shown in Fig. 3.

ϕL = ϕv + ṁNH3 · �h̃NH3 + ṁH2O · �h̃H2O (9)

where �h̃ is the components’ difference of vapour and liquid
partial enthalpies at the interface conditions.

The heat flux transferred from the bulk liquid to the cooling
air is given by Eq. (10).

ϕc = Uo · �TLM · F(R,P ) (10)

where, Uo is the overall heat transfer coefficient referred to
the outer finned tube surface, �TLM is the logarithmic mean
temperature difference defined in Eq. (11) and F(R,P ) is the
correction factor for the logarithmic mean temperature differ-
ence which in this case is equal to 1 as corresponds to a cross
flow with the hot fluid at constant temperature.

�TLM = (TLb − Tci) − (TLb − Tco)

Ln
[

TLb−Tci
] (11)
TLb−Tco
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The overall heat transfer coefficient is obtained from
Eq. (12).

1

Uo

= �Ac

αLw · �AL

+ �Ac

2 · π · kw · Sf

· Ln

(
dwo

dwi

)
+ 1

αc · η (12)

being αLw the heat transfer coefficient between the liquid phase
and the inner tube wall, αc the heat transfer coefficient between
the outer surface and the cooling air, �AL the element inner
tube area which is obtained from Eq. (13), �Ac the element
total outer surface area given by Eq. (14) and η is the overall
outer surface efficiency given by Eq. (15)

�AL = π · dwi · Sf (13)

�Ac = π · dwo · (Sf − tf ) + 2 ·
(

St · Sl − π · d2
wo

4

)
(14)

η = 1 − �Af

�Ac

· (1 − ηf ) (15)

In Eq. (15), ηf is the fin efficiency and �Af is the element
fin area. The fin efficiency (ηf ) is obtained from the empirical
solution given by Schmidt [16] for hexagonal fins (see Fig. 2)
taking into account the modifications proposed by Hong and
Webb [17] and Perrotin and Clodic [18] in order to improve its
accuracy. The element fin area is given by Eq. (16).

�Af = 2 ·
(

St · Sl − π · d2
wo

4

)
(16)

3.3. Mass and energy balances

The mass, concentration and energy balances over the con-
trol volume shown in Fig. 3 yield Eqs. (17), (18) and (19),
respectively.

�Ṁv = −�ṀL (17)

�(Ṁv · xv) = −�(ṀL · xL) (18)

�(Ṁv · hv) = −�(ṀL · hL) − ϕc · �Ac (19)

An analysis of the bulk vapour phase leads to Eqs. (20), (21)
and (22).

�Ṁv = −ṁ · �Ai (20)

�(Ṁv · xv) = −ṁNH3 · �Ai (21)

�(Ṁv · hv) = −(ṁNH3 · h̃v,NH3 + ṁH2O · h̃v,H2O + ϕv) · �Ai

(22)

The heat and mass transfer area between the liquid and
vapour phases �Ai is given in Eq. (23), where aesp is the spe-
cific interfacial area.
�Ai = aesp · π · d2
wi

4
· Sf (23)

Eqs. (1)–(23) constitute the mathematical model of the ab-
sorber.

3.4. Flow patterns and flow parameters

In vertical tubular absorbers with co-currently upward flow
inside the tubes, churn, slug and bubbly flow patterns are
present, according to the experimental observations of Infante
Ferreira [19]. Churn flow takes place at the entrance, slug flow
at the intermediate stage and bubbly flow at the end part of the
absorption process. The characteristics of each flow pattern are
reviewed in Ref. [10]. Therefore, herein only the criteria and
correlations implemented in the model to calculate the charac-
teristic flow parameters are summarised.

The churn flow pattern is studied under the annular flow
model, according to Ueda [20]. The interfacial radius ri and the
mean velocity in the liquid film, VLf , are calculated iteratively
from the Hikita and Ishimi [21] relations. The slug flow pattern
is characterised by the vapour phase rising as Taylor bubbles,
according to [22] separated by slugs of liquid. It is assumed
that the Taylor bubbles consist of a half sphere nose followed
by a cylindrical body and they are surrounded by a thin liq-
uid film. The interfacial radius ri of the Taylor bubble and the
mean velocity in the liquid film, VLf are calculated by means
of an iterative procedure detailed in Ref. [10]. The bubbly flow
pattern is characterised by isolated spherical bubbles rising co-
currently with the liquid [23] and arises at the end part of the
absorption process. The initial bubble size and frequency are
calculated iteratively as indicated in Ref. [10] taking into ac-
count the slug flow pattern and the Taylor bubble behaviour at
the initial conditions, since the churn flow pattern is considered
only an entrance effect. The two-phase flow void fraction is ob-
tained from Nicklin et al. [24] in churn and slug flows and from
Zuber and Findlay [25] in bubbly flow. The specific interfacial
area in churn and in slug flow is calculated as the surface area of
the bubble per unit liquid–vapour volume [13]. In bubbly flow
the correlation proposed by Hikita et al. [26] is used.

3.5. Mass and heat transfer coefficients

Mass and heat transfer coefficients between the vapour-
interface and liquid-interface are obtained according to the
Refs. [27–35] cited in Table 1. The heat transfer coefficient
between the liquid and the inner tube wall in churn flow is con-
sidered to be equal to the heat transfer coefficient between the
Table 1
Mass and heat transfer coefficients between vapour–liquid phases

Flow pattern Mass transfer Heat transfer

Vapour to interface Churn flow Chilton Colburn analogy [27] Gnielinski [28]
Slug flow Chilton Colburn analogy [27] Gnielinski [28]
Bubble flow Clift et al. [29] Chilton Colburn analogy [27]

Liquid to interface Churn flow Chilton Colburn analogy [27] Film wise condensation [30–32]
Slug flow Lamourelle and Sandall [33] Film wise condensation [30–32]
Bubble flow Hughmark [34] Deckwer [35]
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liquid phase and the liquid–vapour interface. In slug and bubbly
flows it is calculated taking into account the heat transfer coef-
ficient between the liquid-interface and the single-phase heat
transfer coefficient obtained from Gnielinski [28] for turbulent
flow and from Kays and Crawford [36] for laminar flow, using
the formula proposed by Keizer [37] (Eq. (24)). The heat trans-
fer coefficient between the outer finned surface of tubes and the
cooling air is obtained from the Colburn factor evaluated from
McQuiston and Parker [38].

αLw = εv · αLi + (1 − εv) · αLsp (24)

4. Solution method

The absorber is composed of a vertical tube bundle arranged
in rows staggered in the air flow direction (see Fig. 1). The
weak solution and the vapour enter at the bottom of the ab-
sorber and are distributed among the tubes. Therefore, the liquid
and vapour conditions are known at the inlet of each tube. The
absorption process progresses as the vapour and liquid contact
inside the tubes, therefore the conditions of the internal flow
change from the bottom to the top in each tube. The cooling
air is forced over the tube bundle and circulates between the
plane fins without mixing in the tubes direction. The air passes
in cross flow with the ammonia–water mixture which circulates
from the bottom to the top inside the tubes. Moreover, the air
circulating between the fins contacts consecutively the different
tube rows and heats up when passing over each row. Therefore,
the air temperature will vary along the tubes length and in the
air flow direction and it will be different at the inlet of each el-
ement in each tube row. Then, the evolution of the absorption
process inside the tubes will be different among the tubes in the
different rows. However, the absorption process in the tubes in
the same row will be equal since the inlet air conditions are the
same for all tubes.

In the analysis each tube has been divided in a finite num-
ber of elements n, with an incremental length equal to the fin
spacing, Sf . If the inlet conditions of the air and the liquid and
vapour are known for one element, then the outlet conditions
will be calculated by means of the mathematical model and the
calculation procedure described in the previous section. There-
fore, the calculation process must be started from the lowest
element of the representative tube of the first row (i = 1, j = 1).
For this element the inlet conditions of the air, liquid and vapour
are known and the outlet conditions can be calculated. Here-
after, the elements of the tube can be solved from the bottom
to the top (i = 1, . . . , n, j = 1). Once the representative tube
of the first row is solved, then the air conditions at the inlet
of any incremental element in each tube of the second row are
known and the tube elements can be solved from the bottom to
the top (i = 1, . . . , n, j = 2). Therefore, the representative tube
for each consecutive row can also be solved one after another
(i = 1, . . . , n, j = 3, . . . , nr ).

In each incremental element the heat and mass transfer
processes should be considered simultaneously in order to ob-
tain the outlet conditions, therefore the heat and mass transfer
equations and mass, concentration and energy balances should
be solved together. As shown in Eqs. (1) and (2), mass transfer
depends on the value of the ratio z and the interface tempera-
ture. On the other hand, the heat transferred between the vapour
and liquid phases given by Eqs. (6) and (7) depends on the
interface temperature Ti and the ammonia and total mass trans-
ferred. Moreover, the heat flux transferred between the bulk liq-
uid and the air, shown in Eqs. (10), depends on the outlet cool-
ing air temperature Tco. Taking all these things into account, an
iterative procedure must be implemented to solve Eqs. (1)–(23).
The following algorithm uses three iterative loops to obtain the
values of the ratio z, the interface temperature, Ti and the outlet
cooling air temperature Tco. Once these parameters are calcu-
lated, the vapour and liquid conditions of the next incremental
element can be obtained. The calculation procedure is sum-
marised below.

(1) Guess the interface temperature, Ti .
(2) Calculate x̄Li and x̄vi with the assumed interface temper-

ature and the absorber pressure, considering equilibrium
and saturation conditions.

(3) Guess z.
(4) Calculate ṅNH3 |v and ṅNH3 |L from Eqs. (1) and (2).
(5) If ṅNH3 |v = ṅNH3 |L, go to step 6, otherwise guess a new

value of z and go to step 4.
(6) Calculate the ammonia and total mass flux with Eqs. (4)

and (5).
(7) Calculate the sensible heat transferred from vapour and

liquid phases, using Eqs. (6), (7) and (8).
(8) Check the energy balance at the interface using Eq. (9). If

verified, go to step 9, otherwise guess a new value of Ti

and go to step 2.
(9) Guess Tco.

(10) Calculate the heat flux transferred from liquid to the air,
using Eqs. (10), (11) and (12).

(11) Check Tco using Eq. (25). If the values are equal go to step
12, otherwise guess a new Tco and go to step 9.

Tco = Tci + ϕc · �Ac

Ṁc · cp,air
(25)

(12) The new vapour and liquid conditions can now be ob-
tained from Eqs. (17)–(22).

The algorithm is applied as indicated previously at each in-
cremental element from the bottom to the top of the tube and
from the first row to the last one. The solution method ex-
plained above has been implemented in a computer program
using FORTRAN 95. A more detailed discussion about the so-
lution of this type of processes can be seen in Ref. [39]. State
equations required for ammonia–water equilibrium and thermo-
dynamic properties are taken from Ziegler and Trepp [40].

5. Results and discussion

The initial data required by the computer program are the ab-
sorber configuration and geometry, the material thermal prop-
erties and the operating conditions. The results provided by the
program are the distributions along the tubes length of each row
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Table 2
Geometry and material thermal properties of the absorber

Absorber length [m] 1.1
Inner tube diameter [m] 0.022
Outer tube diameter [m] 0.025
Fin spacing [m] 0.006
Fin thickness [m] 0.00045
Number of rows 4
Number of tubes 60
Transversal tube spacing [m] 0.05
Longitudinal tube spacing [m] 0.0433
Nozzle diameter [m] 0.009
Tube wall thermal conductivity [W m−1 K−1] 13
Fin thermal conductivity [W m−1 K−1] 204

Table 3
Absorber operating conditions

Vapour mass flow rate [kg h−1] 15.0
Vapour concentration [(kg NH3) kg−1] 0.995
Vapour temperature [K] 288.15
Inner tube pressure [bar] 2.25
Weak solution mass flow rate [kg h−1] 135.0
Weak solution concentration [(kg NH3) kg−1] 0.235
Weak solution temperature [K] 323.15
Cooling air-facing velocity [m s−1] 2.5
Cooling air inlet temperature [K] 303.15

Table 4
Results

Row 1 2 3 4
Strong solution mass flow rate [kg h−1] 37.5 37.5 37.5 37.5
Strong solution concentration [(kg NH3) kg−1] 0.310 0.310 0.310 0.310
Strong solution temperature [K] 307.38 307.88 308.37 308.89
Absorption length [m] 0.936 0.978 1.026 1.068

of several parameters such as: temperature, concentration and
mass flow of the vapour and liquid phases, interface temper-
ature and interface liquid and vapour concentrations, the tube
wall and air temperatures; the ammonia, water and total mo-
lar fluxes transferred between phases, the ratio z of ammonia
to total molar flux, the void fraction, the heat and mass transfer
coefficients, the specific interfacial area, the fins efficiency and
the heat transfer fluxes.

A representative absorber design and nominal operating con-
ditions for a small capacity ammonia–water absorption refrig-
eration system were chosen to demonstrate the results obtained
from the program and model described above [41]. Further-
more, a parametric study was carried out in order to analyse
the influence of each design parameter and operating condition
on the absorber performance. The noteworthy results that have
an effect on the practical design of the absorber are presented
and commented.

The specific configuration, geometry and material thermal
properties of the absorber considered in the analysis are spec-
ified in Table 2. The nominal operating conditions are shown
in Table 3. Direct numerical results from the program run are
shown in Table 4. The detailed analysis of the temperature and
concentration distributions of the liquid and vapour phases es-
Fig. 4. Vapour mass flow rate profile along the length of the absorber tubes for
each row.

tablished inside the tubes is reported and validated in Ref. [10]
taking into account the data at disposal in the literature [42–46],
therefore it is not repeated here. The results shown hereafter
are concentrated on the particularities introduced by the air
cooling of the absorber and those results that do not bring a
new contribution to the results shown in Ref. [10] are omit-
ted.

Fig. 4 shows the vapour mass flow rate along the length of
the absorber tubes for each row. The horizontal dashed lines on
the figure point out the transition between flow patterns (churn
to slug and slug to bubbly flows) and the absorption achieve-
ment for the tubes of each row. It can be seen that the evolution
of the absorption process is similar for the tubes in the four
rows and the three different flow patterns are distinguished. The
greatest part of the absorption process occurs in the slug flow
regime as reported in [47] from the analysis of experimental
data. Results of the vapour mass flow profile in the tubes also
coincide with those in Ref. [10] and with the profiles obtained
from experimental data reported in [19] for the mixtures NH3–
LiNO3 and NH3–NaSCN. However, it is clearly seen that the
absorption process evolves more slowly from the first to the
last row according to the air flow direction and consequently
the length of the tubes required to complete the absorption
process increases from the first to the last row (see results in Ta-
ble 4). The different evolutions of the absorption process among
the tubes of different rows are due to the air temperature in-
crease when it moves through the tube rows in the bundle. The
tube length from the bottom to the point where the absorption
process is completed is named as the absorption length. There-
fore, taking into account the results in Fig. 4 it is concluded that
the absorption length is different for the tubes located in differ-
ent rows and increases from the first to the last row according
to the air flow direction. Then, the absorber design should be
based on the absorption length of the last tube row.

Fig. 5 depicts the liquid phase temperature profiles along the
tubes length in each row and the air temperature profiles along
the tubes length at the outlet of each row. The liquid phase
and the air temperature profiles result from the heat and mass
transfer processes that take place inside the tubes and the heat
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Fig. 5. Liquid phase temperature profile along the tubes length in each row and
air temperature profiles along the tubes length at the outlet of each row.

transfer process from the liquid phase to the cooling air through
the tubes wall and the fins. It can be seen that both temperature
distributions are analogous. Both temperatures decrease from
the bottom up to the end of the churn flow region. The slight
temperature increase observed at the beginning of the slug flow
region is due to the high mass and heat transfer rates at this
absorption stage inside the tubes. Further, along the length of
the tubes both temperatures drop continuously up to the top of
the tubes. The air flow through the tube rows causes the inlet
air temperature at each row to increase from the first to the last
row of the tube bank according to the air flow direction. There-
fore, the heat transfer from the two phase flow inside the tubes
to the air is reduced and consequently it affects the absorption
process taking place inside the tubes. Moreover, the continuous
plate fins considered in the analysis prevent the air from mixing
in the tubes direction. Therefore, the heating up of the air is dif-
ferent along the length of the absorber. It is clearly reflected in
the air temperature profiles shown in Fig. 5 that the air temper-
ature differences at the bottom of the absorber are much higher
than the temperature differences at the top.

Parametric analysis was carried out in order to evaluate the
influence of the geometrical design parameters and the oper-
ating conditions on the absorber design and performance. Each
parameter was varied while keeping all other constant and equal
to the data given in Tables 2 and 3. The effect of each parameter
was evaluated by considering its influence on the tubes length
required for the complete absorption achievement (absorption
length).

The effect of the outer tubes diameter on the required ab-
sorption length for each one of the four tube rows is illustrated
in Fig. 6. The four graphs in the figure correspond to the four
tube rows of the absorber. It can be seen that the effect of the
tubes diameter on the absorption length is similar for the four
rows. The differences in the absorption length among rows re-
main nearly constant for each tube diameter. The influence of
the tubes diameter agree with the conclusions given by Ferreira
et al. [47] from the analysis of experimental data and with the
results shown in Ref. [10] which state the existence of an op-
timum tube diameter that minimises the absorption length, the
Fig. 6. Influence of the outer tube diameter and the fin spacing on the absorption
length for each one of the tube rows.

sharp impact of small tubes diameter (less than 25 mm) on the
absorption length, as well as the small influence of the tube di-
ameters greater than the optimum one. In this case, the optimum
diameter changes slightly for each row. The diameter and length
of the tubes are the key parameters from the standpoint of the
absorber design. Therefore, the results presented in Fig. 6 can
be very helpful and should be taken into account in order to de-
cide the diameter and length of the tubes to build an absorber.

Fig. 6 also shows the influence of fin spacing on the ab-
sorption length for each one of the tube rows. Results reflect
that the absorption length increases significantly when the fin
spacing increases and this effect is similar for the four tube
rows. It states clearly that this parameter plays an important
role on the absorber sizing. Results in Fig. 6 allow concluding
that the fin spacing should be reduced to a minimum. How-
ever, from a practical point of view, the fin spacing is limited
by the available manufacturing technology. The main difficul-
ties for reducing the fin spacing in this type of absorbers would
be related with the use of steel or stainless steel tubes of a large
diameter (see Fig. 6) and with attaining a good contact between
the fins and tubes due to the complexity of mechanically ex-
panding the tubes and therefore it would require a galvanised
process. Fin spacing could be reduced to 4 or 6 mm.

Fig. 7 shows the influence of the cooling air temperature
and the air-facing velocity on the absorption length for different
tube rows. Results in Fig. 7 reveal the significant influence of
these parameters on the absorber performance. The absorption
length increases when the air temperature increases. This effect
becomes more important for air temperatures higher than 30 ◦C.
The air temperature increase influences slightly the differences
in the absorption length among the different tube rows. The air
velocity also has an important effect on the absorption length.
The absorption length increases when the air velocity decreases
and, in this case, this effect is stressed for low air velocities.
These results agree with the experimental data reported in [42]
when considered different coolant flow rates. Moreover, results
in Fig. 7 show that the air velocity decrease also increases the
differences in absorption length among the tube rows. Results
in Fig. 7 should be taken into account to select the fan for the
absorber.
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Fig. 7. Influence of the cooling air temperature and the air-facing velocity on
the absorption length for each one of the tube rows.

Fig. 8. The effect of the pitch between tubes for an equilateral staggered
arrangement in the tube bundle.

Fig. 8 shows the effect of the pitch between tubes for an
equilateral staggered arrangement in the tube bundle. Results
reveal the existence of an optimum value for the pitch that min-
imises the absorption length. It is due to the effects of pitch on
the finned surface, the air mass flow and the air velocity within
the tube bank. On the one hand, the increase of the pitch en-
larges the finned surface and increases the air mass flow, taking
into account that the air-facing velocity to the absorber is con-
sidered constant; meanwhile, on the other hand, it reduces the
air velocity inside the tube bank and consequently the air side
convection coefficient. Generally, the optimum tubes pitch is
different for each row. However, results in Fig. 8 show that the
optimum values are close (between 65 and 70 mm) for the four
rows. It is also noteworthy that high pitch values cause a sig-
nificant increase of the absorption length, whereas pitch values
lower than the optimum one increase the absorption length and
the absorption length differences between the tubes in different
rows.

Fig. 9 shows the influence of the tube bundle arrangement on
the absorption length. The distribution of 60 tubes in bundles
with different number of rows is considered and the absorption
length corresponding to the last row of each bundle is repre-
sented. Results in Fig. 9 state clearly the influence of the tubes
arrangement on the absorption length and therefore on the ab-
Fig. 9. Influence of the tube bundle arrangement on the absorption length.

Fig. 10. The effect of heat transfer coefficients on the absorption length.

sorber sizing. It is mainly due to the air heating as it moves
over the tube rows of the bank. Therefore, it is concluded that
the tubes should be arranged with the less number of rows pos-
sible to avoid the detrimental effect of air heating at the first
tube rows.

Fig. 10 shows the influence of the heat transfer coefficients in
the liquid (αLi) and vapour (αv) phases, between the liquid and
the tube wall (αLw) and in the air (αc), on the highest absorption
length which corresponds with the length of the tubes at the last
row. Results in Fig. 10 clearly indicate that the heat transfer
coefficient in the air side (αc) has the most significant effect on
the absorption process. The heat transfer coefficient between
the liquid and the tube wall (αLw) is the next more important
factor, followed by the heat transfer coefficient in the liquid–
vapour interface (αLi). These results also reflect that the heat
transfer coefficient in the vapour phase has a negligible effect
on the absorption process in this type of equipment.

6. Conclusions

In this paper, a detailed analysis of an ammonia–water ver-
tical tubular absorber cooled by air has been presented. The
analysis has been realised by means of a mathematical model
based on mass and energy balances and the heat and mass trans-
fer equations and taking into account separately churn, slug
and bubbly flow patterns in the absorption process. The con-
clusions presented hereafter are a follow up to the conclusions
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of Ref. [10], therefore only new contributions related to the air
cooling of the absorber are reported.

The results show that the absorption process evolves more
slowly from the first to the last tube row according to the air
flow direction and consequently the length of the tubes required
to complete the absorption of the ammonia into water is differ-
ent for each row and increases from the first row to the last one.
Therefore, the sizing of the absorber should be based on the
absorption length required at the last tube row. Moreover, the re-
sults make clear that the arrangement of the tubes in the bundle
has significant effect on absorption length and allow conclud-
ing that the tubes should be arranged with the less number of
rows possible to avoid the detrimental effect of air heating at
the first tube rows. If an equilateral staggered arrangement is
used, then the existence of an optimum value for the pitch that
minimises the absorption length can be established. It is also
noteworthy that high pitch values cause a significant increase
of the absorption length.

The results in this paper corroborate the existence of an op-
timum tube diameter that minimises the absorption length, the
sharp impact that small tubes diameters have on the absorption
length, as well as the minor influence of tube diameters greater
than the optimum one. In the air-cooled absorber the optimum
diameter changes slightly for each row. The fin spacing plays an
important role on the absorber sizing and it should be reduced
as much as possible, taking into account the limit imposed by
the available manufacturing technology.

The air temperature profiles along the tubes length reflect
that the heating up of the air increases from the bottom to the top
of the absorber being more important at the bottom for the churn
flow and at the beginning of the slug flow where high mass and
heat transfer rates take place. The influence of the cooling air
temperature and the air-facing velocity on the absorber perfor-
mance is significant. The absorption length augments when the
air temperature increases and it is stressed for air temperatures
higher than 30 ◦C. The absorption length increases when the air
velocity decreases and this effect becomes important for low
air velocities. Moreover, the differences in the absorption length
among the tube rows rise when the air velocity decreases. These
results should be taken into account to select the fans for the ab-
sorber.
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