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ABSTRACT

The absorption of water vapor in aqueous solutions of
lithium bromide is modeled for a falling-film, vertical-tube
absorber. The model iy based on the solution of three
ordinary differential equations to calculare axial solution
concentration and temperature distributions and coolant
temperature distribution. The heat and mass transfer
coefficients emploved in the equations are extracted from
the literarure, incorporating recent information on wavy-
laminar flows. Under certain conditions, the numerical
solution exhibits instabilities in the emtrance region of the
absorber tube, which are corrected by the introduction of a
dampening factor incorporating relevant thermophysical
properties. The usefulness of the model for generating
absorber performance charts is demonstrated.

INTRODUCTION

In absorption machines employed for heating and
cooling applications (Stoecker and Jones 1982), simulta-
neous heat and mass transfer operations take place in the
ahsorber and generator. Present understanding of the
transfer operations in falling-film absorbers is incomplete,
leading to design approaches that are largely empirical and
confined to smooth-tube absorbers only. It is customary to
employ an empirical heat transfer coefficient and assume
that it adequately reflects the combined heat and mass
transfer process. This approach is only valid in calculations
for similar absorbers and at similar operating conditions.
For new absorber types or for different operating condi-
tions, design tools do not exist.

Previous work has developed an understanding of the
transport processes in both laminar and turbulent absorber
falling films. The energy and diffusion equations were
solved by Grossman (1983) for laminar films for both
isothermal and adiabatic walls. Charts for calculation of the
film's Nusselt and Sherwood numbers, as a function of
normalized absorber length, were produced. Laminar falling
films over adiabatic walls were also studied in Goff el al.
{(1985), which contains information on the effectiveness of
heat and mass transfer to the falling film, A simple model
for absorption of vapors into falling films was described in
Andberg and Vliet (1983), based on the assumed similarity
of the concentration profiles. Comparison of model predic-
tions to experimental results showed good agresment.
Naonisothermal ahsorption in wavy-transition and turbulent

films was characterized experimentally in Yueksel and
Schluender (1988), and comparisons to theoretical predic-
tions were made, yielding agreement on the order of 30%
for mass transfer coefficients. More recently, experimental
work was also dome by Cosenza and Wliet (1990), who
provided a heat transfer correlation for the film absorption
process on horizontal tubes.

Empirical design approaches, most of them unpub-
lished, exist for horizontal tube bundles. Vertical tube
absorbers have been used for small residential and large
industrial absorption machine prototypes. When reduced
footprints are desired, or when multistaging calls for falling
films on bhoth sides of a vertical surface, vertical tube
absorbers may be required. A vertical tube absorber model
yields insights into the transport processes within falling
films, also occurring in horizontal tube absorbers.

A persistent problem in absorber design is that earlier
theoretical information applies to laminar, rather than wavy-
laminar, films. Wavy flow arises even at low Reynolds
numbers (Perez-Blanco 1988). Consequently, design
approaches based on laminar flow theory tend to underpre-
dict the mass transport to the film (Perez-Blanco 15988;
Grossman 1984), hence the absorber capacity. There is a
conflict over the reasons for the enhancement and its
magnitude. According to Grossman (1984), theories based
on the inclusion of the transverse velocity component in the
model yield better agreement with experiments than the
theories based on the Levich surface-temsion models.
Further evidence supporting the importance of the normal
velocity component is given in MeCready and Hanratty
(1984), where it is shown that both low- and high-frequency
velocity components can result in concentration fluctuations
that influence mass transport at a clean gas-liquid interface,

Consequently, a design approach is required that can
accurately reflect the energy and species transport opera-
tions. For instance, if the coolant flow is changed, the heat
transfer coefficient will vary, However, if the absorber
capacity is limited by the mass transfer rate instead of the
coolant heat transfer coefficient, changes in capacity may be
minimal and will not completely reflect the change in heat
transfer coefficients. The ultimate target of our work is to
develop a simple design tool that can be used to design new
absorbers with both smooth and advanced tube surfaces
(Patnaik et al. 1992},

In this work, we present a vertical-tube lithium bromide
absorber model incorporating recent empirical information
on wavy-laminar and wavy-transitional films (Yih and Chen
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1982). The practical possibilities offered by the model are
shown in the results section, which contains information
summarized in a praphical form to facilitate absorber
design.

MODEL DESCRIPTION

A schematic diagram of the falling-film, vertical-tube
absorber 15 shown in Figure 1. Countercurrent coolant and
absorbent solution flow is considered, as indicated in the
figure. The coolant is water, and the absorbent solution is
an aqueous solution of lithium bromide. The solution flows
a5 a falling film on the outer surface of the absorber tube,
entering concentrated at the top and leaving diluted at the
bottom of the tube after absorbing water vapor. The heat of
absorption, coupled with the heat transfer between the
solution and the cooling water, results in axial temperature
variations in both fluids. Numerical solution of the govern-
ing equations for this coupled heat and mass transfer
problem then yields the temperatures and solution concen-
tration distributions, based on the following assumptions:

1. steady-state conditions, and
2. & one-dimensional problem: only wvariation of flow
properties in the axial direction is of interest.

The following magnitudes are assumed to be constant:

3. the specific heat of both coolant and ahsorbent solution:

4. other thermophysical properties of the coolant (since its
temperature stays nearly constant);

5. the heat transfer coefficient on the coolant side of the
tube, owing to fully developed velocity and temperature

profiles; and
6. the heat of absorption.
In addition,

7. the falling film is laminar or wavy-laminar;

8. vapor pressure equilibrium exists at the vapor-solution
interface;

9. the bulk solution temperature profile is linear with
respect to the transverse coordinate;

10. the vapor is still, with uniform pressure (which is the
absorber pressure) and temperature;

11. the vapor-side resistance to mass transfer is negligible,
i.¢., there are no noncondensibles in the vapor phase;

12. the vapor drag on the falling film is negligible;

13. the heat transferred from the solution to the vapor is
negligible; and

14. the vapor mass absorbed is very small compared o
solution flow, as established by empirical studies.

The Governing Equations

The theoretical model is constructed from two energy
balances and a mass balance on an infinitesimally thin slice
of the absorber tube (see appendix). These balances yield
three independent equations in the three dependent vari-
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Figure 1 Schematic of a falling film absorber.

ahles—coolant temperature, solution (hu Ik) temperature, and
solution mass flow rate—and the independent variable—ver-
tical distance from the top of the absorber tube. Thus we
have, afier nondimensionalization with respect to the
coolant outlet properties (7., m_, Cpchs

dT, 1 dm & N
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dz M, dz (1)
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where dm;fdz' is obtained as the second first-order
ordinary differential equation (ODE),
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a5 obtained from Nusselt's classic solution (Seban 1978),
which also yields the film velocity profile. The third ODE
relates to the coolant temperature:

ar’
dz’

(4)

= —U(T; - T.).

Interface and Inlet Conditions

To calculate the liquid interface temperature, an encrgy
halance on an infinitesimally thin control volume of length
d- enclosing the interface is performed (see appendix).
Based on a linear temperature profile in the film (assump-
tion 9), we obtain
Ty = T, + MH 5  dm;

: (3)
* 8nlk, r,+5 dz*

Using this interface temperature and the known ahsorber
pressure, p,, we obtain the interface solution concentration
from the property values of lithium bromide-water solutions
as

Xy = f(T.p,)- (6)

Equations 5 and 6 can be interpreted as conditions at
the vapor-liquid interface. The coolant and LiBr-solution
conditions at their respective entrances constitute the inlet
conditions for the mathematical model described above:

T, =

(8)

Solution Method

The three governing equations form a dimensionless
system of nonlinear, first-order ordinary differential
equations. A fourth-order Runge-Kutta scheme is used to
perform the numerical integration of the above coupled
differential equations (Davis and Polonsky 1970). The
integration proceeds from z° = 0 to z 1 under an
assumed valoe for the exit coolant temperature, If the
computed inlet temperature does not match the given value
within the chosen convergence criterion of 0(1077), the
initial guess is improved using a bisection technique, and
the “‘downward march’" is repeated until convergence is
attained (Carnahan et al. 1969),

The Dampening Factor

When the inlet conditions reflect superheating of the
aqueous solution, numerical instabilities arise in the comput-
ed interface temperature and concentration in the entrance
region, i.e., 0.3% of the tube length (Figure 2).

To remove the oscillatory behavior, a dampening factor
was introduced in the boundary condition at the vapor-liquid
interface (Equation 5) analogous to first-order step-response
theory in electrical measurements (Close and Frederick
1978). This factor is an increasing function of time (asymp-
totically approaching unity) having the form:

e

P = ® f
L Ty = Tr,* BT (9)
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e L Inserting this factor in Equation 5, the dampened interface
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Figure 2 Instability in the entrance region.
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b ome o MHS R dm;
Ty =T, +R- 3 ' S
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The introduction of the dampening factor thus resolves
the problem of instability near the upper entrance without
affecting the temperature and concentration variations
further downstream. This is illustrated in Figure 3, in
comparison with Figure 2.

HEAT AND MASS TRANSFER COEFFICIENTS

Values for the heat and mass transfer coefficients are
required to solve the given problem.

Overall Heat Transfer Coefficient

The overall heat transfer coefficient is obtained as the
inverse of the result of three resistances: convective
resistances on the coolant and falling-film sides and the
conductive resistance of the tube wall. Fouling factors can
be included. Thus, we have
U:{r_,_.+£1ni?,+i}-1‘ (11)

rl:: ‘Ec ""'v rin 'ﬁ:

The correlations for the coolant and film heat transfer

coefficients used by the model are as follows:

Fully developed coolant flow through tube or annulus:

(Rey, -1000)Pr_-f/2
1.0 +12.7 (P - 1) 72

Nu,_ =

2300 sRep, <5x10°%  0.5<Pr, <2000

using Petukhov's friction coefficient (Kays and Pes
(1985),

f = [1.58In(Re, ) - 3.28] 2.

Falling film.:
Thermal entrance region: Correlation due to Bays
McAdams (intermediate between isothermal wall
constant heat flux wall) (Knudsen 1973),
243,
5 Fy .P,J”;J,_Rel.fﬂ [
13 . {m
Zp,

h, = 1.29(

Fully developed, wavy-laminar regime: Wilke’s correlat
(valid for constant heat flux wall, with progressiy
decreasing difference from isothermal wall outside
entrance region) (Seban 1978),

h &

—— = 0.029(4 Re " p* (
k it %
&

The resistances to heat transfer were calculated

typical fully developed coolant and solution flows,

0.0060

Leminar:  Incropera and DeWitt (1990) (valid for iso- results of which appear in Table 1,
: lhelrmrai wall). _ . : The solution-side resistance is large compared to |
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Figure 3 Instability eliminated with dampening factor.

ia

ASHRAE Transactions: Research



TABLE 1

Representative Values of Thaermal Resistances in Counterflow Coolant-Film Systam
(D, = 19,05 mm, D; = 10.32 mm, D, = 6.35 mm, L = 1.524 m, tube material: S5 3041}

m, m rjirek) rfk, Inirfr) 1/h, Ly
[ki/s] [ke/s [m*K/W] [ K/W] [m*-K/W] [m?-K/W]
0.025 0.010 0.000763 0.000392 0.000989 0.002143
0.050 0.015 0.000331 0.000392 0.000926 0.001650
0.100 0.020 0.000169 0.000392 0.000880 0.001441
0.200 0.020 0.000091 0.000392 0.000884 0.001367

Falling-Film Mass Transfer Coefficient

In the entrance region, the effect of interfacial waves
an mass transport can be considered insignificant due o
short exposure times, so that here Higbie's penetration

theory (Hobler 1966) should be valid to yield:

x4 =
el B T § e L_]]plil_ (17
D, & Re, Sc,

This is combined with the asymptotic correlations of Yih
and Chen (1982), based on & mass transfer mechanism
associated with eddy dissipation at the surface:

where the reduced film thickness is given by

e 20
3, = (). (20)
The maximum deviation between estimated prediction and
actual values in such composite correlations usually occurs
at the intersection of the curves (Seban 1978).

RESULTS AND DISCUSSION
The profiles of temperature versus distance from the

tap of the tube for the absorbent and coolant, obtained for
& typical case, are shown in Figure 4. The interface

x5, temperature is greater than the bulk solution temperature,
D, (18) whereas the coolant temperature increases as it receives heat
= 1099 x 102 - (4 Re }D'M’Sc':j. Re <75 from the solution. Concentration 'l-_farmtmn vl.rnlh ‘dlsl:ance.
1 £ from the top, for the same case, is shown in Figure 5.
LN While the interface LiBr concentration drops rapidly with
D (19) absarption length, the bulk concentration decreases slowly.
AR . - e
Thus, the rate of diffusion of water vapor limits transport
= 2, 0214 , g 0F '
2995 x 10 (4 Re ) Sc,’®, 75<Re, <400 into the falling film.
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Figure 4  Typical solution, interface, and coolant temperature profiles.
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The primary function of the absorber is to combine as
much refrigerant as possible with the absorbent solution
while also rejecting heat. The absorber heat load and mass
absorbed are then important variables. The charts presented
in Figures 6 and 7 thus give insight into the operational
mode of the vertical-tube absorber, In these figures, the
solution Reynolds numbers range from 155 to 311 and the
coolant Rﬂjmnlds numbers range from 3,973 to 31,785.

The mass absorbed (Figure 6) and the heat load (Figure
7) depend on tube length and on the coolant and solution
flow rates. Both the mass absorbed and the heat load
increase with the flow rates. However, at low coolant
flows, the solution flow rate does not greatly influence the
mass absorption rate. This is demonstrated in Figure 6,
where, for a coolant rate of 0.025 kg/s, the mass absorbed
is independent of solution flow rate. Since the latent heat
load is practically the same for all the solution flow rates,
only sensible heat load variation is reflected in Figure 7 (for
m. = 0.025 kg/s), wherein a doubling solution flow rate
increases the sensible heat load by about 20% . The increase
in sensible heat load is due to the increase in solution
temperature since the overall heat transfer coefficient
remains nearly constant. This constancy can be verified
from Table 1, noting that the solution-side thermal resis-
tance does not change significantly with solution flow rate.
Thus, the solution temperature is higher for higher solution
flow rates and, since the interface temperature will also be
higher, the absorption rate should be reduced. The potential
decrease in the mass absorbed due to a high interface
temperature is compensated by an increase in the mass
transfer coefficient with solution flow rate in such a way
that the mass absorbed is nearly the same for all cases with
the low coolant rate of 0.025 kg/s.

7

At higher coolant rates, the combined resistance to hes
transfer in the coolant and wall is not quite as significant a
for m, = 0.025 kg/s (Table 1), The resulting effects of th
solution and coolant flow rates on absorption are reflecte
clearly in Figures 6 and 7.

The solution exit concentration and exit temperature ar
shown in Figures 8 and 9. The exit brine concentratio
decreases with increasing coolant rates for all solution flov
rates and tube lengths, as does the exit temperature. Th
exit concentration and temperature characterize the Jack o
equilibrium between the solution and vapor in the ahsorber.
This lack of equilibrium is often expressed by means of ¢
temperature difference, the *‘subcooling, '’ which is definec
as the difference between the temperature that the solutior
would have at the actual concentration and absorber
pressure and the actual solution temperature.

For the cases considered here, the subcooling is zero at
the absorber inlet. It would also be zero at the outlet of
tube of infinite length. This implies that the subcooling
presents a maximum between the inlet and the outlet, which
is evident in Figure 10. Subcooling is the parameter
employed by many refrigeration engineers to gauge the
effectiveness of an absorber, a minimal subcooling (with a
given absorption area) being the design goal. It is interest-
ing to note that the mass absorbed in Figure 6 and the
subcooling displayed in Figure 10 correlate in that, for a
given coolant flow, the subcooling increases and the mass
absorbed decreases as the solution flow rate decreases.
Thus, the evaporator capacity and the subcooling are related
inversely to each other.

When heat/mass transfer additives are present, subeool-
ing is small (on the order of a few degrees centigrade). This
is the case in most horizontal-tube absorbers. For vertical-
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Figure 10 Performance chart for smooth vertical-tube absorbers: exit degree of subcooling vs. absorber length.

tube absorbers with no additives, the subcooling is indeed
large (Figure 10). Additives in the falling film would result
in an increased mass transfer coefficient, thereby reducing
the subcooling.

Since no inerts were assumed to be present (assumption
11), the subcooling in this work is due to lack of equilibri-
um within the falling film. However, the net effect of the
presence of inerts could readily be accounted for by
modifying the model with the introduction of a resistance (o
mass transfer on the vapor side. In addition, reductions in
the refrigerant vapor pressure due to the inerts would
decrease the driving force for mass transfer.

In horizontal- and vertical-tube absorbers, noncondensi-
bles increase the degree of subcooling. Depending on the
ahsorber flow characteristics and the concentration of the
inerts, the controlling mass transfer resistance could occur
in the liquid or the vapor phase. In practice, the nonconden-
sibles generated by corrosion or by minute leaks can build
up to the point of seriously hampering machine perfor-
mance,

CONCLUSION

A computational model of the vertical single-tube
absorber using aqueous lithium bromide has been devel-
oped. The model can handle a wide range of operaling
conditions including superheated, equilibrium, or subcooled
inlet conditions. Recent empirical correlations for the heal
and mass transfer coefficients have been incorporated,
which account for the wavy flow present in such falling-
film absorbers.

ASHRAAE Transactions: Research

The output of the model has been reduced to design
charts based on a given set of operating parameters. The
figures are performance maps of a smooth, vertical-tube
absorber. The heat and mass transfer coefficients employed
are extracted from empirical data in the literature. As long
as the absorber flow regimes are consistent with those of
the correlations, the maps should be accurate. The presence
of mass transfer additives in the absorber will result in
higher values for the mass transfer coefficient. Maps could
also be generated for ahsorption with these additives if
empirical data or accurate estimates on the enhanced mass
transfer coefficient become available. However, the com-
plete model must be validated against actual absorber
experimental data, an ongoing activity (Patnaik et al. 1992).

The charts allow determination of absorber size and
operating exit conditions for a given evaporator load. Thus,
if the evaporator load is known and the coolant and solution
flow rates are selected, the performance map will yield tube
length (Figure 6) and heat load (Figure 7). The exit solution
concentration, temperature, and degree of subcooling can
also be read from the charts (Figures 8 through 10) for the
obtained absorber length.

The charts can be easily extended to other tube surfaces
for which empirical data are available, Advanced tube
surfaces are of interest in order to avoid the use of organic
additives, unstable at the high temperatures occurring in
multiple-effect cycles.

NOMENCLATURE
A = area (m?)
¢ = concentration {kgf’m:’]l



SHS

ol T
h’:l
=]

Em*mﬁ‘ugga o

aN- g

o =

z
Greek Symbols

0
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Subscripts

Il

1

Il

]

Il

I

specific heat (J'kg-K)

diameter (m)

diffusion coefficient (m>/s)

friction coefficient

gravitational acceleration (m/s?)
convective heat transfer coefficient
(W/m*K)

enthalpy (J/kg)

thermal conduoctivity (W/im-K}
absorber tube length (m)

mass (flow) rate (kg/s)

heat capacity (J/K)

hélk, MNusselt number

pressure (Pa)

wlce, Prandt] number

heat rate (W)

tube radius (m)

dampening factor

vi/p, Reynolds number (i = [J, cool-
ant; [ = &, falling film)

w1 g Schmidt number

k8/D g, Sherwood number

time (&)
temperature (K)
overall heat
(W/m*K)
velocity (m/s)
concentration (weight % LiBr)
transverse coordinate (from outer
tube wall) (m)

axial coordinate (from top) (m)

transfer coefficient

thermal diffusivity (m*/s)

mass flow rate per wetted perimeter
(ke/[sm])

film thickness (m}

mass transfer coefficient (m/s)
dynamic viscosity (N-s/m®)
kinematic viscosity (m?/s)

density (kgfmj}

characteristic time (s)

coolant
hydraulic

inlet

interface

inner tube wall
insért

LiBr
maximm
minimum
outer tube wall
soluticn (bulk)
sensible (heat)

v =
W =

vapor
wall

Superscript

-

dimensionless quantity
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APPENDIX
FORMULATION-—-THE HEAT AND MASS BALANCE

The theoretical model is constructed from two energy
balances and a mass balance on an infinitesimally thin slice
of the absorber tube, as illustrated in Figure Al. These
balances yield three independent equations in the three
dependent variables of the problem—coolant temperature,
solution (bulk) temperature, and solution mass flow
rite—and the independent variable—vertical distance from
the top of the absorber tube.

We first consider a control volume of length dz around
the falling-film section only. In Figure Al, this is indicated
by ABCD. Here, the sum of the heat transferred hy
conduction through the tube wall to the coolant (dQ,,) and
the heat convected in and out of ABCD by the solution and
vapor must be equal to zero, i.e.,

-dQ,, +m,C, T,
- {m, +de)C'P‘{T,+dTI}
+dm H = 0.

(Al)

The mass balance on control volume ABCD (coolant
mass flow rate stays constant and is hence an operating
parameter in the model) yields

dm_=dm_. (A2)
Expressing the incremental mass absorbed in terms of an

overall mass transfer coefficient, k,, gives

dm, = x,dA (e, c;). (A3)

In control volume EFGH, the sum of the heat conduct-
ed through the wall from the solution (4Q,,) and the heat
convected in and out of EFGH by the coolant must be zero,
This yields the third independent equation:

d""?;r = m:CP.Tc +mtc.ﬂ.-{rr ¥ dre:' =0. {A4:I

Equations Al and A4 are linked by the infinitesimal
absorber heat load, d@ ., which can be expressed in the
conventional form as the product of an overall heat transfer
coefficient that depends on the thermal resistances due o
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Figure Al  Schematic of the conirol volumes.

the convective cooling water, the conductive wall and the
convective falling film, and the temperature difference.
Based on the outer surface area, dA_, this relation is

dQ,, = UdA,(T,~T,) (AS)
and thus the overall heat transfer coefficient simply charac-
terizes the transport of energy between the falling film and
the coolant.

Combining Equations Al and A4 and integrating from
the top of the tube to the value of z for the control volume
in order to factor in the absorber (solution) inlet conditions,
we obtain

H (m, - ml'} + ?”:CPE{T: = T:.] (A6)
= CP.(mJI; —m.rT,'] =10,
Substitution of this equation into Equation A5, through the
variable T, vields the first of the three first-order ordinary
differential equations for the three dependent variables. The
remaining two ODEs result from the combination of
Equations A2 and A3 and Equations A4 and A5, respec-
tively. Nondimensionalizing with respect to the coolant
outlet properties and the total (outer) surface area of the
tube, the equations take the following final forms:



dar’ dm,; | .

il A 1_[_”’_:@—5"'?‘,;

az® M, dz (AT)
+UM1-T7(1 -M)

-H:[m; - "’:,-J —M,r'?;r'l],

where z.fm;fa’z' is obtained from manipulating Equation A3
to yield the second ODE:

dm, 2xr L Shb, .
dz° m, 8

Plxmx),  (A9)

where the film thickness,

3-p -1’}3{ (A9)

and the velocity distribution are obtained from Nusselt's
classic solution to the hydrodynamic problem (Patnajk et al.
1992). For the coolant temperature, we have the third
ODE:
a7’ .
— = U =14

ol

(A10)

Assuming a linear temperature profile across the film
thickness, the interfacial gradient of the temperature in the
transverse direction can he easily approximated by deriving
an expression for the ‘‘location’ of the bulk solution
(mixing-cup) temperature. With heat conduction into the
film thus approximated in the energy balance at the inter-
face (Figure AZ), we find a relation between the interface
lemperature, the bulk solution temperature, and the local
axial gradient of the mass absorbed (Equation 3},

The Dampening Factor

In analogy with first-order step-response theory in
electrical measurements, the dampening factor s an

80

LIQuiD VAPOR
b )
-k T - ;
b : ( | dm.H

!
:

\-.——-.—-..-.—-n-

Figure A2 Energy balance ar the inverface,

mcreasing function of time (asymptotically dpproac
unity) that has the form:

R=1-¢g- (4

where the characteristic (response) time can be shown t

5
=(—)(p.dd-C A
* TG (esac,) (

by establishing an analogy between electrical capacita
and resistance and thermal capacity and resistivity, resg
tively, or,
62
o D (A
]

Replacing the time variahle with z/ Vmar We finally obt:
the dampening factor:

ra,

R=1-¢ "t

(Al
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