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Abstract

A multi-factorial experimental test of H,O vapour absorption by a falling film of LiBr(aq) over an horizontal
smooth tube absorber is presented. The response parameters of the study are the average convective heat transfer and
mass transfer coefficients of the falling film. The response is expressed as a function of the factors used in the study. Also
a mathematical model for the prediction of the performance of the absorber is exposed which takes into account the
wetting effects. Finally the predictions from the model and the experimental multi-factorial runs are compared and the

conclusions discussed.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The development of absorption cooling machines
goes through a deeper understanding of the physical
and electrochemical processes involved. The processes
should be viewed as a whole since electrochemical
mechanisms are also important in practice, and affect all
parts and processes inside the machine, including heat
and mass transfer and liquid and solid phases (structural
parts); as for instance, producing corrosion and H, (a
non-condensable gas).

The heat and mass transfer processes occurring be-
tween the liquid and vapour phases are key points in
sizing and designing the equipment.

The absorption process has been studied for several
mixtures. The more common mixture pairs are; NH;—
H,O and LiBr-H,O. These studies are either theoretical
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or experimental, but only very few, like Wassenaar [2],
have tried to compare the models with the experimental
measurements. Killion and Garimella [1] did a compre-
hensive review on absorption with falling films and
among their conclusions, we point out; (a) the experi-
mental validation is very limited, (b) it is very difficult to
compare the predictions, (c) the surface wetting is rarely
incorporated. Therefore the applicability of the models
to practical design is difficult, since it does not provide
insight into the accuracy obtained by the hypothesis
used in the model. The study has tried to overcome the
aforementioned inconvenient aspects; (a)—(c).

The response parameters are usually a mass and a
heat transfer coefficient defined in some way according
to the driving forces selected. Unfortunately the behav-
iour of these response parameters are usually compared
with seemingly, arbitrarily chosen parameters as for in-
stance; non-dimensional parameters as the Reynolds’
number, used by Lars [12], Miller [15] or Greiter et al.
[16], and dimensional ones as the peripherical mass flow
rate I', kinematic viscosity, surface tension, degree of
subcooling, etc. (see [12,15]). However, it would be very
interesting for the designer and researcher to have the
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Nomenclature
Re Reynolds number 41"/ u
Ga Galileo number po’/utg = Ka™', Ka =

Kapitza number

w LiBr mass fraction [wt%)]

u dynamical viscosity

D Fick’s diffusivity coefficient for the LiBr
P pressure

X wetted fraction

Ahyps enthalpy of absorption (enthalpy of the
water vapour—partial enthalpy of water in
the solution)

Greek symbols
rt non-dimensional peripherical mass flow rate

r peripherical mass flow rate referred to one
side of the tube [kgs 'm™']

o density

Ao, A heat conductivity

Superscripts

* equilibrium

- average

Subscripts

cwW cooling water

i inlet

0 outlet

information presented and treated in another way in
order to be useful.

Devices for the experimental studies could be divided
into small-scale experimental ones where the absorber
geometry is not the one used in commercial machines,
and medium size test rings which try to get closer to
actual designs and working conditions. Examples of the
first are; vertical or tilted plates and pools (the latter
mainly for the study of the effects of additives).

In this work a medium size installation has been
built. In the first part, a description is presented of the
experimental test ring which tries to reproduce the most
common commercial design; the falling film over a
horizontal tube bundle.

In the second, it is presented shortly a mathematical
model, for absorption of water vapour by aqueous LiBr
solution for a whole absorber.

The experimental test has been organised in a multi-
factorial way, with a central test point. All those mag-
nitudes, which were thought to be relevant and easy to
change, were used as factors, and their effect studied
afterwards by statistical analysis.

Smooth round copper tubes and LiBr(aq) solution
without additive have been used to serve as a basis for
checking the mathematical model and as a reference for
future works.

2. Experimental set-up

The Fig. 1 shows a scheme of the installation. Basi-
cally its operation consists in generating water vapour,
by heating a pool of aqueous LiBr solution with a
variable salt concentration (54-61 wt% of salt, and a
small amount of lithium chromate as corrosion inhibi-
tor). The solution from the pool is pumped to the dis-
tribution tube at the top of the absorber and its

temperature is adjusted to a value between the pool
temperature and the outlet temperature of the cooling
water. The solution falls over the horizontal tubes while
absorbing the water vapour generated below. In order to
maintain the absorption process, cooling water flows
inside the tubes through the absorber almost counter-
currently (with the inlet at the bottom tube). The mea-
sured magnitudes were the following:

At the absorber section:

e The water vapour pressure (capacitive sensor, P [see
Fig. 1)).

e The temperature evolution of the cooling water. A
differential temperature measurement was used be-
tween each pair of tubes (see [17,21]).

At the cooling water circuit:

e The cooling water temperature, at the inlet (7,,,;) and
outlet (Tiw,) (Pt-100) and its volumetric flow rate (ro-
tameter M3). The electrical heater D2 and the plate
heat exchanger HX2 were used to adjust Tgy ;.

At the solution distribution circuit:

e Solution temperature at the inlet (7}) and outlet (7,)
(Pt-100), and the solution mass flow rate (electromag-
netic flow meter, M2). The plate heat exchanger HX3
and electrical heater D1 were used to adjust 7;.

At the concentration measurement circuit:

e Density and temperature of the solution, at the pool
and the outlet of the absorber (Coriolis mass flow-
meter, M1). These two magnitudes were used to esti-
mate the salt mass fraction.

Auxiliary devices and circuits:

e The recirculation circuit was used for recirculating
the solution in order to keep the pool concentration
uniform during the tests. At the beginning of each
test the valves of this circuit were used to measure
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Fig. 1. Scheme of the installation; main circuits and components.

the pool concentration with the flowmeter M1. This
circuit also had a floating densimeter D3 for checking
visually the pool density.

The absorber was made up of 14 horizontal smooth
copper tubes, 33 cm long. The external diameter was
15.9 mm and inside it was placed a concentric copper
tube of 9.5 mm outer diameter to increase the cooling
water side convective heat transfer coefficient. Through
condensation experiences it was estimated to be 4039
Wm-2°CL,

The axes of the copper tubes were separated 46.9 mm,
in order to achieve a higher mixing rate of the solution.
The distributor tube at the top, had holes of a diameter of
1.5 mm and were separated 20 mm from each other. A
static pressure head was maintained over each hole to
assure a homogeneous distribution. The distance from
the distributor to the first tube was 15 mm.

The copper tubes were electrically isolated with spe-
cial connections and the same was done for other metals
of the installation and the evolution of their electrical
potential was recorded. The results allowed us to dis-
cover corrosion phenomena and also the production of

H,. Unfortunately, more research must be done at this
respect.

3. Physical model for a tube

The bases of the physical model are those used al-
ready by other authors as Killion and Garimella [1],
Wassenaar [2], Gierov and Jernqvist [18], Agunaoun
et al. [19], Reisfeld and Bankoff [6], Choudhury et al.
[20]. We resume them in what follows.

The mechanisms of heat and mass transport are; dif-
fusion and convection in the radial direction. The hy-
drodynamics is supposed not to be influenced by these
processes and therefore it is solved independently by ne-
glecting density bulk effects and interfacial effects due to
changes in surface tension (i.e. Marangoni convection).

The assumptions of the model are:

(1) The exchange is produced in stationary regime.

(2) The liquid is Newtonian. Its properties are calcu-
lated at the inlet of each tube and are kept constant
for that tube.
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(3) The flow is laminar and is described according to the
Nusselt theory for completely developed flow.
The mechanical force reactions of the vapour over
the surface are also neglected.

(4) Exist thermodynamical equilibrium between the va-
pour and the solution at the interphase.

(5) All the heat is released at the surface and flows into
the liquid film by conduction.

(6) The mixture is binary. The vapour contains only
water.

(7) The diffusion of heat and mass is produced in radial
direction.

(8) No crossed non-equilibrium effects such as; Soret o
Dufour, are considered.

(9) Between tubes a complete mixing is assumed and
therefore the concentration and temperature profiles
at the top of each tube are uniform.

The 2D differential equations for heat and mass
transfer, are the following:

oT  oT T

n ” Ao
U—+Vv—=0—, =—
Ox Jy 02’

o =
P,

(1a)

ow ow *w

and according to the hypothesis, the boundary condi-
tions at the interphase are expressed as:

pD (oW or
Ahabs—(—> :40(*) (1¢)
WA/l W/l
T‘y:,S = f(Pvupoun VVy:(S) (1d)
and at the tube wall:
_Klolal(T|y:0 - T;:w) - _Klotal(Twull.OD - Tcw)
or
= —Jo— le
" | (Le)
L — (1)
oy =0

4. Discussion about the inter-tube flow

Hu and Jacobi [3,4] experimentally studied the hy-
drodynamics of the inter-tube flow. They used glycol
with a sensible heat transfer and identified 6 modes; (I)
droplets, (II) droplets-jets, (III) in-line jets, (IV) stag-
gered jets, (V) jet-sheet and (VI) sheet. The transitions
between modes are due to instabilities, which in turn are
controlled by parameters of the flow.

Armbruster and Mitrovic [5] proposed a relationship
for the parameters that control the inter-tube flow mode.

2r
Re = —

50_3 Re = aGa'/* (2)
R

From our observed working conditions, the inter-tube
hydrodynamics belongs to the modes: (I) droplets or (II)
droplets-jets/jets.

Using energetic considerations Hobbler [7], Hobbler
and Czjka [8] first and Mikielewicz and Moszynski [9]
afterwards, proposed a method for estimating the wet-
ting fraction of a surface. Using their theory and after
some algebra the following relationships for a plane
surface, can be found:

125\ /3 9¢ 1/5
e s, o (28
Re=T ( 9) Gd'’, T (125p,w3) r (@

3 1/5
r;n:<§) (1 —cos )" (4)

where I'" is a non-dimensional peripherical flow rate.
Values lower than those obtained from Eq. (4), indicate
that the tube is not completely wetted. Its critical value
depends on the contact angle 6, as Eq. (4) shows. It is
noteworthing that from the similarity between Egs. (2)
and (3), it might be inferred that the non-dimensional
constant a in (2) should be proportional to I'*, thus
giving to the constant a a physical meaning which was
not realised by Jacobi and Hu. This can be corroborated
looking at the empirical correlations for the mode
transitions, which these authors gave in [3], and we re-
produce here:

Re = 1.448Ga"*%  (sheet/jet-sheet)

Re = 1.414Ga***  (jet-sheet/jet)

Re = 0.096Ga"*""  (jet/jet-droplet)

Re = 0.074Ga’**  (jet-droplet/droplet)

()

The contact angle measured for LiBr over copper is
0o = 29.7° [10]. After substitution of Eq. (4) into Eq. (3)
the critical Re obtained according to the wetting theory
is:

Re = 1.223Ga"? (6)

To correct for round tubes instead of a plane, it suffices
to modify the non-dimensional mass flow rate by a
factor; I'\y,, = 1.1245I,,, . [10], thus giving for the the-
oretical correlation:

Re = 1.3752Ga"? (7

This expression is close to the sheet/jets-sheet correlation
Eq. (5). Therefore according to our discussion, after the
film rupture over the tube, the inter-tube flow changes;
sheet — jets — droplets, with the non-dimensional flow
rate I'". As by visual observation the absorber always
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Photo 1. On the left the inter-tube flow showing the jets/jets-droplets type of flow. An oscillating jet falls out of the absorber bundle.
On the right the typical spatial wetting transition for the whole absorber is shown.

worked in modes (I) and (II), this means that there will
always be a wetting problem (but for the case when a
surfactant is added). This was corroborated experimen-
tally (see Photo 1).

Finally from the theory it can be said that I'* can
also be used to estimate the steady wetted fraction after
film rupture, as:

+
r = r s I' < Tuigical (8)

==
I critical r critical

X

5. Wetting model for a whole tube bundle

The preceding discussion of Section 5, applies for a
round tube under steady conditions and the flow fully
developed spatially.

Nevertheless they are not valid for the whole ab-
sorber in practical conditions. The distributor over the
first tube forces its complete wetting X = 100%. In
Photo 1 it can be seen the evolution of the wetting along
the tube bundle. Wassenaar [2] observed also this evo-
lution. The assumption of a completely wetted absorber
leads to great prediction errors (see [17]), therefore
taking the wetting into account is very important.

During the essays, at the beginning of the day, when
all the installation was in thermal equilibrium, solution
was pumped to the distributor onto the tube bundle. It
was noticed that the pattern of the flow between the
tubes was quiet inline-jets and the jets were fixed in
space.

However when the cooling water started to flow and
its temperature to decrease, thus leading to absorption
conditions, the jets began to move laterally along the
tube axis and oscillate in a plane perpendicular to the

axis of the tube. The inter-tube flow changed into stag-
gered jets or droplets-jets. This was more pronounced
from the fourth row to the bottom, away from the dis-
tributor. It was possibly due to an uneven rate of water
absorption on both sides of the tube thus producing
surface tension unbalance. Eventually a jet fell outside
the tube bundle as Photo 1 shows.

Our model does not take into account this phenom-
ena and assumes that the mass flow rate is kept always
flowing over the tubes. Also the kind of inter-tube flow
and the conditions at the impinging zone are not con-
sidered.

Experimentally it was observed that from tube 10 to
14 the wetted fraction X were always the same for the
four tubes. Its value was well predicted by Eq. (8).
Therefore it was assumed that at this tube, fully devel-
oped wetting conditions were reached. The spatial
transient evolution of the wetting from tube 1
(X = 100%) at the top, to tube 10 and below, was ad-
justed as follows:

X.A )

;:leff‘j:e’“(’*l)7 j=1,...,10

27'[ (9)
/LAZIeff'Zlefflo j=10

2nd J o

A is the area of a tube and « is an adjusting parameter.
We used Egs. (9) to define an effective length. The pe-
ripherical mass flow rate I must be recalculated for each
tube according with this length I (see [17]),

Fj—lleff‘j—] +Mabsorb = Fjleff,j (10)

In short, it can be said that the model takes into account
I'", regarding its wetting effect but not the inter-tube
type of the flow and its corresponding impinging con-
ditions.
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6. Iteration through the absorber

Because the input or controlled data to the problem
are the inlet conditions of the cooling water and of the
solution, the computation of a whole absorber needs
iteration. In our test section, the tube length was short
enough to allow the hypothesis of a uniform average
temperature for each tube, which in turn, is used to
calculate an average heat and mass transfer for that
tube. This can be expressed mathematically for tube j as:
(T2, +1T,.) 05=17 (11)

cw,i cw,0

The computation procedure for the whole absorber is:

(1) Initial calculation of the conditions {(w] s, 77);,/ =
2,...,14}, at the inlet of each j-tube assuming that
T, = Tcl\j,i'

(2) For the evolution of the solution, this is the set
{(W,igs» T);,7 = 1,..., 14} fixed, the new set of cool-
ing water temperatures at the outlet of each tube

from tube 14 to 1 {7V, ,,j = 14,...,1} is computed.

(3) In this (cooling water) iteration the heat exchanged
by each tube is calculated, {Q/,,j = 14,...,1},.

(4) For the next iteration a new average cooling water
temperature evolution set {77/ ,j=1,...,14} is
computed with Eq. (11).

(5) With the average cooling water temperature set
fixed, a new evolution of solution conditions is com-
puted, {(W] g, T7);j = 1,...,14}.

(6) In this solution side iteration, the heat exchanged by
each tube is calculated, {Q/,,j = 1,...,14},.

(7) The pairs of iterations (3)—(4) and (5)-(6) continue
until the following energy balance is fulfilled:

N tubes

(Qhws — Qhva)’ < tolerance (12)
>

J=1

7. Heat and mass transfer coefficients

In mass transfer problems, determination of the in-
terfacial concentration is very important. However, in
absorption plants is difficult to measure that concen-
tration and for that reason it is very common that re-
searchers define an average mass transfer coefficient
using more accessible data. These data is taken normally
at the inlet and outlet of the absorber for the lithium
bromide solution.

Therefore for the average mass transfer coefficient
(B), we used the following definition:

[ _ Mabsorbed
 ApAW

AW = (VVI 7 I/V|%(Pv Tcw,o)) - (I/K} - VVO*(P7 Tcwd))
In ((VVI - VVi*(Pv Tcw,o))/(VVo - W*(Pa Tcw1)))

o

(13)

This definition is preferable to other used for example by
Lars [11,12] or Miller [15] (see Eq. (14)).

ﬁ _ Mabsorbed

ApAW ’
AW = (VVlfle*(P7T1))7( VV;(P,TO))

W, —
o (- W (P, T2) /(W — Wy (P, To)))

(14)

The reason is that in case the mass transfer rate is
such that the heat transferred to the cooling water
is lower than the heat released by the absorption, it is
possible for the solution temperature at the outlet to
increase. This increase could lead, and in fact does for
the case with additives, to an equilibrium salt concen-
tration, at the vapour pressure, above the actual value at
the outlet and therefore the logarithm would have a
negative argument in Eq. (14). Although the mass
transfer is an internal process, it is coupled in fact to the
external conditions, for that reason we have employed
Eq. (13) instead, which refers to the equilibrium con-
centration at the vapour pressure but at the cooling
water temperature.

For the heat transfer the following expressions were
used:

0 =AUFAInT,
(T; B Tcw.o) B (To B Tcw,i) (15)
In ((T; - Tcwp)/(To - Tcw,i))

AlnT =

The absorber is treated as a counter-current heat ex-
changer. The corrective factor F is very close to unity
(see [12]).The film heat transfer coefficient hgy, is ob-
tained from

1 re rhnbn), 1 (16)

U hcwri Acopper hfilm

8. Multi-factorial test

It would be very interesting to give as many values as
possible to all the factors but this would give us a huge
number of runs.

For this reason, two levels have been chosen for each
factor. Each level named as (L—low or H—high). The 5
factors and their ranges are shown in Table 1. This gives

Table 1
Factors used in the analysis and the values high and low given
to them

A w (Wto 0) 52-61%

B Towi 30-35 °C

C T_pool 40-46 °C

D r 0.01-0.045 kgm~"'s~!
E Viw 160240 1h~!
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Table 2
Multi-factorial test

Run W (wt% salt)
Solution (A)

Tewi (°O) T_pool (°C)
Cooling water (B) Solution (C)

I (kgm™'s™)
Solution (D)

Vew (Is7H Measured

Cooling water (E) B x 10°  hgp,
(ms™)  (Wm?2K™)

1 L 5243 H 36.25 L 40.44
2 H 5847 L 30.39 H 46.41
3 L 5242 L 30.83 H 46.46
4 H 5794 H 35.33 H 46.37
5 L 5271 L 30.98 L 40.03
6 H 5794 H 35.33 H 46.36
7 H 5794 H 36.31 L 41.31
8 H 5794 H 35.94 L 40.26
9 LH/2 55.61 LH/2 33.65 LH/2 43.44
10 L 5271 L 30.37 H 45.95
11 L 5243 L 30.30 H 46.39
12 H 5847 L 30.63 H 46.44
13 L 5271 L 30.58 H 46.01
14 H 5847 L 30.73 H 46.43
15 H 5847 L 30.85 L 40.30
16 L 5271 L 30.83 L 39.89
17 L 5271 H 36.26 L 40.40
18 L 5242 H 36.19 H 46.46
19 H 5822 L 30.48 L 41.23
20 L 5271 L 30.66 L 39.93
21 H 5794 H 36.26 L 41.24
22 H 60.52 H 30.89 L 40.40
23 L 5271 L 30.39 L 39.60
24 H 5822 L 30.59 L 41.58
25 H 5794 H 36.35 H 46.3

26 L 5242 H 36.53 H 46.46
27 H 60.79 L 30.49 H 46.48
28 L 5243 H 37.10 H 46.45
29 L 5242 H 36.29 H 46.48
30 L 5261 H 35.83 L 40.45
31 H 5794 H 36.21 L 41.53
32 L 5261 H 36.02 L 40.39
33 H 60.79 H 35.26 H 46.37

L 0.0123 L 0.044 1.718 447
L 0.0126 L 0.044 0.399 704
H 0.0426 H 0.067 0.709 1239
L 0.0119 L 0.044 0.827 1091
H 0.0433 H 0.067 0.552 1231
H 0.0462 H 0.067 1.904 1320
H 0.0323 L 0.044 0.463 1307
L 0.0145 H 0.067 0.456 300
LH/2 0.0287  LH/2 0.055 1.494 590
H 0.0371 L 0.044 1.502 1019
L 0.0103 H 0.067 2.700 741
H 0.0494 H 0.067 1.500 1051
L 0.0115 L 0.044 1.089 1089
L 0.0124 H 0.067 0.434 646
H 0.0464 H 0.067 0.727 1231
L 0.0266 H 0.067 0.451 483
H 0.0445 H 0.067 0.418 951
L 0.0123 L 0.044 1.268 614
L 0.0162 L 0.044 0.483 425
H 0.0457 L 0.044 0.598 1579
H 0.0479 H 0.067 0.777 1012
H 0.0149 H 0.067 0.303 517
L 0.0116 L 0.044 0.330 416
H 0.0462 L 0.044 1.281 1262
L 0.0145 H 0.067 1.114 620
H 0.0453 H 0.067 0.819 1181
H 0.0486 L 0.044 0.436 386
L 0.0104 H 0.067 4.150 438
H 0.0445 L 0.044 1.312 1047
L 0.0107 H 0.067 0.233 225
L 0.0150 L 0.044 0.518 442
H 0.0401 L 0.044 0.345 869
H 0.0481 L 0.044 1.731 1420

The table shows the numbers assigned to each run. The level of the factor for each run is also shown together with its actual average
value obtained during the tests. On the right the table shows the measured average values of the film heat transfer coefficient A, and

the mass transfer coefficient f.

for the total number of combinations a value 23 =32
plus an extra central point. The central point has all the
factors at a level in the middle of each range. Table 2
shows the number assigned to a run and its combination
of factors.

The experimental heat transfer coefficient of the film
hgm and the mass transfer coefficient f, have been cor-
related to a polynomial (named response surface) whose
coefficients are shown in Appendix A. The resulting
correlation explains the 72% for the dependency of both
parameters on the factors.

Based on these polynomials, the direct influence of
each factor on the transfer coefficients obtained from the
experiences, together with their pair-wise interaction,
can be analysed by the Pareto’s Charts [21,23]. The

Standardized Pareto’s Charts have been also used to
detect the influence of each experimental factor on the
relative error between the measured and calculated val-
ues Egs. (17a) and (17b). The x-axis is non-dimensional.
It represents the standardized effect or in other words,
the magnitude of the effect (change in the response) di-
vided by its standard deviation for a certain factor.
Statistically those factors whose bars are to the right of
the vertical line must be considered the most important.
The charts for the effect on the relative error in Ag,, and
B, between the experience and the mathematical model,
due to the chosen factors (see Table 1), are shown in Fig.
2. The discussion about the calculation of these errors
and the results shown in Fig. 2, is found in the next
section.
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Fig. 2. Pareto’s Charts for the analysis of the most influent
factor and their binary interactions on the relative error be-
tween calculated and measured values (Egs. (17a) and (17c)
respectively): (A) A relative error and (B) f8 relative error. The
x-axis is a non-dimensional scale for measuring the influence of
each factor, it represents the value divided by its standard de-
viation.

9. Comparison experimental results vs. model results

The mathematical model provides data which is not
accessible in the experiences as for instance, the inter-
facial concentration or the exact wetted fraction. Besides
our purpose is to check if the hypothesis of the model
are right. Therefore in order to be able to compare each
other, we decided to lump the model as follows; the
model was fed with the actual experimental inlet mean
values corresponding to a certain run (see Table 2).
After the calculations finished, its results at the inlet and
outlet of the absorber were used to get the calculated
average heat (A5, ) and mass transfer (f8) coefficient, and
the total heat transferred (Q), in the same way as if the
results had been produced experimentally. The relative
errors between measured and calculated magnitudes are
defined as:

. Rcatcutated — Ameasured
hrelative error = ——+--°CTEOIEC (17a)

hmeasured

_ Qcalcu]atcd - chasurcd

Qrelative error = (17b)
Qmeasured

ﬁrelative error = :Bcalculaled — ﬁmeasured (170)
ﬁmeasured

In general the model predicts rather accurately the heat
transfer coefficient and total heat QO exchanged (the
mean absolute relative error [Afim, e aro: |+ 15 22.4%). This
value is slightly above the experimental error, 17%.
Therefore it seems that the model can be used to predict
the thermal load of the absorber (see Figs. 6 and 7).

It is worthwhile mentioning that the Reynolds’
number variates a lot for a fixed I'*. That is due to the
great variability of the viscosity with the salt concen-
tration of the solution. Fig. 3 shows the dispersion plot
for the runs used in our tests. Therefore, for the same
I'", which as was shown before, implies similar inter-
tube hydrodynamic conditions and wetted fraction, very
different Reynolds’ numbers are possible and vice-versa.

From Figs. 4 and 5 the film heat transfer coefficient
grows with Re while the mass transfer coefficient § grows
from Re =0 up to around Re =30 and beyond de-
creases. Nevertheless, Fig. 4 shows a clearer correlation
between gy, and I'". Therefore the wetting of the tubes
and the inter-tube flow controlled by this I'", seem to be
determinant factors for the heat transfer from the film to
the tube, during absorption. We can deepen into this
finding by comparing the results with the calculated
values. The Pareto’s chart for the error in the prediction
of hgm (see Fig. 2), indicates that the most influent pa-
rameter on the deviation is the peripherical volume flow
rate of solution I’ (factor D), followed by the T_pool and
the interaction AC (T_pool and ). All of them could be
lumped in I'", since by fixing both, T_pool and W, the
transport properties such as u and p, o, of the mixture
are fixed. That means that some effect, due to I'", is
missed by the model. The explanation could be that our
model lacks for the effect of the inter-tube type of flow.
However as the predicted values are close to the mea-
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Fig. 3. Dispersion plot of the Reynolds’ number with respect
the non-dimensional peripherical flow rate I'*.
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Fig. 4. Measured heat transfer coefficient of the film /g, (Wm™2K™') as a function of Re and I'*. The numbers in parentheses identify
the runs of the multi-factorial test. The vertical bars indicate the order of accuracy of the measurements.

sured ones, it can be concluded that the inter-tube hy-
drodynamics has a much smaller effect than the more
important one of the wetted fraction whose dependence
on I'", the model does consider (see [17]). This agrees
with Wassenaar [2]. Nevertheless, it is noteworthy that
the single effect of T_pool and even the concentration
alone and their interaction (4C) are a source of error for
the estimated value of Agy,. This interaction is expressed
by the following dependence found in the error; at high
T_pool (46 °C) the influence of the concentration is
small while at low T_pool (40 °C) its influence is high. In
this last case, i.e. at lower temperatures, the error grows
as the salt concentration decreases (52 wt% in our case).
The same tendency is observed as well, for the mass
transfer and it will be discussed below. In Fig. 6 it can be
seen that the predictions, for the runs which fulfil the
mentioned conditions, show the greater deviation.

Unfortunately, things are not so clear for the mass
transfer coefficient . The relative error of the prediction
is high. The lower the actual value of f the higher its
calculated value by the model (results are acceptable for
B>1x107 ms™).

The mean absolute relative error | aiveerror| 1S
119.34% while the experimental accuracy is 22%.
Therefore the model is not good at predicting the mass
transfer. The Fick’s diffusivity coefficient employed in
this work was measured by Gierow and Jerqvist [18] and
agrees with other authors. When looking for another
source of error one could think of the wetting or hy-
drodynamic aspects of the film. However after looking
at the results, there are points with both high and low
I'", whose mass transfer is not well predicted. Moreover,
this aspect does not seem to be crucial for the heat
transfer predictions since they are quite good.
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Fig. 5. Measured mass transfer coefficient f x 10° (ms™') of the film as a function of Re and I'". The numbers in parentheses identify
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The presence of non-condensable gases, which in-
crease the mass transfer resistance, could be an expla-
nation. At this respect it can be said that in the
experiences, the installation was checked to vacuum
down to a leakage below (103 mbarls~!). Moreover,
previously to any day-run the installation was purged.
The installation was able to keep the vacuum acceptably
for a week. Besides those runs which show deviation, do
not belong to the same day and some of them coincide in
the same day, with runs that present a small error with
respect to the prediction. For the runs, which produced
a low coefficient of mass transfer, the film looked quiet
while when conditions were changed producing a higher
p the film swung perpendicular to the tube axis.

One more reason for the error could be that the
model assumes a complete mixing between tubes.
However if no mixing at all is assumed by keeping the
concentration and temperature profiles from the bottom

of one tube to the top of the next, not much better re-
sults are achieved.

In our opinion the marked overestimation in the
prediction is intrigating, since it affects mainly the mass
and not the heat transfer.

The analysis of the experimental results based on the
calculated values with the Paretoas chart Fig. 2, indi-
cates that the most influent factors in the error are;
T_pool (C) followed by (4C) and W (A). The AC in-
teraction is pointing to a dependence on the physical
properties as before. Besides the dependence of the
error on this interaction is just the same as for the
him, commented above. From Fig. 5, if I't is used in-
stead of Re as x-axis, a clearer separation of the runs
appears but now their f§ values are spread wider than for
hiim. Therefore it seems that the wetted fraction and
perhaps the inter-tube flow, are not so determinant as
for the heat transfer. This is also in agreement with
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Wassenaar [2]. The single factor of the pool temperature,
regardless of the value of any other factor, appears here
once more as the leading factor. The fact that the error in
the prediction is reduced when the salt concentration is
high was not expected. Moreover, as Fig. 8 shows, the
error is not always high for a certain concentration but
depends on other factors, mainly on T_pool according to
the analysis. At first sight it seems logical that the higher
the W, the lower the pressure of the vapour and therefore
it would have to be expected a greater sensibility of the
mass transfer to the residual non-condensables gases.
This would lead to an overprediction at higher concen-
trations, however the error shows just the opposite trend.
Moreover the strong single effect of the T_pool inde-
pendent of any other factor is rather strange. It must be
pointed out that a higher T_pool also implies a higher T
of the LiBr solution at the absorber inlet (distributor).

All this has led us to consider that perhaps a cross
effect known as Soret effect (the mass diffusion due to
thermal gradients) could be affecting the mass transfer
(see Haase [14]). According to Colombani et al. [13] for
the LiCl-H,O, this effect is very strong (of the order
Sy = —1073 K7!) and for the LiBr-H,O a similar effect
is to be expected [22]. In LiCl(aq), Sr depends strongly
on temperature and salt concentration. The form of this
dependency agrees quite well with the results obtained
for the error in the predicted f for mass transfer. The
effect is stronger for the medium concentration range
and decreases rapidly when salt concentration rises and
weakens when the temperature rises.

Not only the value but the sign of the Soret Sy co-
efficient depends on the type of the electrolyte and also
on the temperature and concentration. Unfortunately
the reason for the sign is unknown since its microscop-
ical mechanisms are still not clear. When Sy < 0 as for
LiCl, the heavier component, the salt, goes towards the
hotter places and it is likely to expect a similar behaviour
also for LiBr. According to this, a hypothesis for ex-
plaining our results could be that the LiBr might move
due to the temperature gradient, thus modifying in
some way the liquid-vapour interphase and reducing
its diffusive driving force into the bulk of the film,
thus reducing the mass transfer. Unfortunately no
complete data about the Soret effect for LiBr(aq) is
available to our knowledge, and more research should
be done.

10. Conclusions

The outcome of this work is to present the results of
heat and mass transfer during absorption in a metho-
dological way. A mathematical model whose main as-
sumptions are widespread in the literature [1] has been
used together with a wetting model. However the models
of the literature are seldom compared with a range of
experimental data generated systematically.

In this paper the multi-factorial study presented on
ham and 5, gives a response surface as a function of the
factors altered during the experiences, which has allowed
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us to indicate a polynomial correlation f, the study of
the most influent factors and their binary interactions.

The model can be used to predict accurately the heat
load and the average convective heat transfer coefficient
of the film over the horizontal tube absorber. The Agm,
correlates well with I'" which has been identified as the
determinant parameter for the type of inter-tube flow
and wetted fraction. It has been concluded also that the
last one has more influence than the inter-tube type of
flow, on the heat transfer in accordance with Wassenaar
[2].

However the model is not good at predicting the
mass transfer. The study shows that the single effect of
the pool temperature and the concentration are the main
factors affecting our predictions. It should be pointed
out that both affect also the error in the prediction of the
heat transfer and in the same manner, although the
deviation is not so sharp.

We suspect that the hypothesis regarding mass
transfer should be reviewed. Our opinion is that maybe
the Soret effect at the surface, where the temperature
gradients are high due to the sharp change of the
physical properties, is playing some role. The study of its
coupling with the heat and mass transfer processes
should be studied and would be part of a future work.
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Appendix A
Nfilm Wm2°C™!
Constant 5062.0
AW -112.944
B: Towi —101.405
C: Py -11.6975
D:r -2779.87
E : cooling water flow 5.278
AB 2.94277
AC —-0.664776
AD —100.111
AE 0.162705
BC 1.73227
BD 373.65
BE —-0.530034
CD -86.9912
CE 0.0181368
DE 68.362

B x 10° ms™!

Constant —-15.1205
AW, 0.18365

B : Ty 0.534372

C: Py 0.0766905
D:T 71.2506

E : cooling water flow —-0.00236306
AB —-0.0057325
AC —0.00192604
AD 0.581071

AE —0.0000440625
BC —0.00206042
BD —-3.74929

BE —0.000096875
CD 1.07887

CE 0.000648437
DE —0.00455357

Y=constant+ay-A+ag-B+---+ar-F
+CZAB'A'B+"‘+GDE'D‘E
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