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Falling liquid films are largely employed in heat and mass transfer processes in a variety
of industrial systems, including absorption processes using NH; and H,O as working fluid.
This study develops a new approach based on differential algebraic model for the absorption
2020 of NH3 from a gaseous stream by a solution of NH; and H,O in a falling film absorber at
Accepted 2 April 2020 steady-state. Unlike the usual approach in literature, wherein sequential algorithms are
Available online 20 April 2020 specifically tailored to solve the model, the full set of differential algebraic equations (DAE)
has been formulated and solved in an equation-oriented fashion. A rigorous modeling of

the vapor-liquid equilibrium at the interface is proposed and compared with the usually
employed empirical correlations. Thermal and transport properties (TTP) are computed by
CAPE-OPEN interfaces, providing robustness and flexibility to the model. The TTP and the
falling film model are validated with experimental data from literature. The results indicate
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that the liquid falling film imposes the dominant mass transfer resistance compared to the
gas phase, whereas the coolant-side imposes the dominant heat transfer resistance. The
simultaneous solution of the DAE system is very efficient, robust and flexible, as it can be
applied for absorbers with different geometries and working fluids.
© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

absorber, the refrigerant at the vapor phase is absorbed by an
absorbent solution and desorbed in an upstream equipment
in a highly endothermic process, producing the refrigerant

1. Introduction

There is a significant requirement for refrigeration at deep-

freezing temperatures in a variety of industrial segments such
as chemical, pharmaceutical, and food processing. In order
to achieve low temperatures in industrial systems, one of
the most commonly used refrigeration cycle is the absorption
refrigeration system (Flori and Vilceanu, 2012). The absorber
is the most critical unit operation for the overall performance
(Lazaro-Colan, 2012; Mittermaier and Ziegler, 2015). In the
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at deep-freezing temperatures. A lot of research has gone
into the development of the working fluid since its proper-
ties largely influence the performance and efficiency of the
absorption refrigeration system. A wide variety of refrigerant-
absorbent combinations, both organic and inorganic, have
been suggested for vapor absorption cooling systems. The
two most common working fluids in absorption refrigeration
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Nomenclature

A area (m?)

z length (m)

) thickness of the film (m)

m mass flowrates (kgs™?)

n mass flux kgm—2s7?

8) overall heat transfer coefficient though the wall

(Wm=2K-1)

q sensible heat flux (Wm~2)

H enthalpy (kg1)

h partial mass enthalpy (Jkg™?)

Q heat flux (Wm~2)

L length of the heat and mass exchange area

P pressure (bar)

R ideal gas constant (cm? atm~! mol~?)

T temperature (K)

d diameter (m)

X molar/mass fraction at the liquid phase

y molar/mass fraction at the vapor phase

o heat transfer coefficient (Wm~-2K~1)

F mass transfer coefficient (kgm=—2s71)

V4 mass fraction of ammonia in the
absorbed/desorbed flux

¥ correction factor

Cp specific heat Jkg~1 K1)

M molecular weight (gmol~1)

Sc Schmidt number

Pr Prandtl number

D diffusivity (ms—?)

u viscosity (Pas™!)

A thermal conductive (Wm~1K1)

P density (kgm~3)

Re Reynolds number

H Henry’s constant (bar)

v partial molar volume

f fugacity (bar)

y activity coefficient

ao parameter of the equation of state

b parameter of the equation of state

® fugacity coefficient

ap correlation composition parameter

mp correlation composition parameter

np correlation composition parameter

nd number of discretization points

k numbers of parameters at the empirical corre-
lation for bubble point

j numbers of parameters at the empirical corre-
lation for dew point

Superscripts

* asymmetric convention

S saturation state

Py reference pressure

00 infinite dilution

Subscripts

hv hydraulic diameter of the vapor in the control
volume

0 reference state

L liquid phase

\% vapor phase

c coolant

i component index
int interface

W absorber length (m)
w wall

cycles are LiBr/H,0 and NH3/H,0 due to their excellent ther-
mal properties that make them capable to be used in cooling
systems at commercial scale (Ariyadi and Coronas, 2016). The
design of the absorber also plays an important role on the per-
formance and efficiency of the system. The most common are
falling liquid films and packed columns. Among them, falling
film absorbers have received much attention by researchers
due to their applications in many modern devices.

Many numerical and analytic studies have been performed
about falling film absorbers with ammonia and water as work-
ing fluids. Killion and Garimella (2001) presented a review
of the mathematical models that couple heat and mass
transfer phenomena in falling film absorption. The authors
show a detailed review of the governing equations, solution
methods, boundary conditions, simulations and validation as
well. Kang et al. (2000) model a plate-type vertical absorber
falling film, wherein the aqueous ammonia solution flows
counter-currently to the vapor (ammonia) and the coolant
(ethylene glycol), validating the results against experimental
data. Goel and Goswami (2005b) investigated the combined
heat and mass transfer process in a horizontal tube-type
falling film absorber. Bohra (2007) conducted a detailed inves-
tigation of ammonia-water absorption heat and mass transfer
in a horizontal-tube falling-film absorber, reporting experi-
ments and modeling results. Triché et al. (2016) modeled an
ammonia-water falling film absorber, which is a corrugated
plate heat exchanger, considering coupled heat and mass
transfer. The model predictions are validated with experi-
mental data. Aminyavari et al. (2017) presented a model for
a concurrent in-tube vertical falling film absorption system
to predict the simultaneous heat and mass transfer phenom-
ena in the absorber. The authors validate their model against
experimental data obtained from an AHT (Absorption Heat
Transformers) absorber.

The usual numerical approach in literature to model the
falling film process is to consider finite control volume for
the balances, yielding a set of algebraic equations, which
are solved sequentially and iteratively by tailored sequential
algorithms (Goel and Goswami, 2005a,b; Sieres and Fernandez-
Seara, 2007; Triché et al., 2016, 2017; Aminyavari et al., 2017).
There is no attempt to obtain a differential model which
has to be discretized by, e.g., finite differences, as the cur-
rent equation-oriented approach. Many authors who have
modeled a NH3/H,O falling film absorber have used similar
sequential approaches (Goel and Goswami, 2005a,b; Sieres and
Fernandez-Seara, 2007; Triché et al., 2016, 2017; Aminyavari
et al., 2017). Goel and Goswami (2005a), for example, pro-
posed an algorithm, which for a given initial guess of the
coolant temperature, computes the equations describing the
liquid and vapor differential segments sequentially from the
top to the bottom. This procedure is repeated for different
guesses of the coolant temperature, given by the average of
the inlet and outlet coolant temperatures, until all unknown
variables converge to a given tolerance. According to Sieres
and Fernandez-Seara (2007), this numerical approach may fail
to converge due to the asymptotic discontinuity of the molar
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fluxes at the interface. Therefore, the corresponding concen-
tration profiles during the heat and mass transfer processes
have to be properly predefined. To skip the asymptotic discon-
tinuity of the molar fluxes, Aminyavari et al. (2017) suggest to
compute the molar fluxes by the basic equations presented
by Bird et al. (2006) and Treybal (1980) and used e.g. by Kim
et al. (2003). Despite of that, these authors still employed the
sequential approach proposed by Goel and Goswami (2005a).

This paper aims to develop a model described by dif-
ferential mass and energy balances coupled with algebraic
equations representing the mass and energy transfer as well
as the phase-equilibrium at the interface. The resulting set
of equations consists of complex and high non-linear dif-
ferential algebraic equations (DAE). For the first time, an
equation-oriented approach is proposed to solve the falling-
film absorber simultaneously. One contribution of this paper,
therefore, is to formulate a unique set of DAE, which is
discretized by the finite differences, and solved simultane-
ously by standard residual minimization algorithms without
the need to program specific procedures such as tearing-
sequences. This approach is more systematic and requires
a good initialization of the equation system’s iteration vari-
ables along the absorber height but allows for a more efficient
solution because it overcomes state-of-the-art numerical
problems. The equation oriented-approach further provides
flexibility to the model as it can be easily integrated into flow-
sheet simulations and large-scale simultaneous optimization
problems. The proposed model is validated with experimen-
tal data from Triché et al. (2016) for a vertical falling film with
corrugated plates, wherein the vapor and the refrigerant flow
co-currently (from the top to the bottom), whereas the coolant
fluid flows counter-currently (from the bottom to the top).

The phase equilibrium is usually described by simplified
empirical correlations proposed by Pretek and Klomfar (1995)
for the ammonia-water system to predict the compositions at
the interface at a given temperature and pressure for a narrow
composition range (Conde, 2006; Triché et al., 2016, 2017). How-
ever, a more general representation, which can be extended to
other working fluids, might be obtained if a rigorous thermo-
dynamic model is employed. For the ammonia-water system,
for example, the equilibrium model proposed by Prausnltz
et al. (1978) accurately describes the vapor-liquid equilibrium
over the entire composition range. The flexible model formu-
lation proposed herein allows for the inclusion of either the
empirical correlations or the rigorous equilibrium model at
the interface. The underlying thermodynamic model might
be changed accordingly to describe different components and
the non-idealities of the vapor and liquid phases. This gives
flexibility to the numerical approach and therefore is another
contribution to the usual approach found in literature.

When modeling falling films absorbers, the prediction of
Thermodynamic and Transport Phenomena Properties (TTP),
such as specific heat, specific enthalpy, partial mass enthalpy,
binary diffusivity, viscosity, thermal conductivity, and density,
also plays a key role in the accuracy of the model. Despite
that, the authors do not clearly state which TTP are used in
the falling film model (Goel and Goswami, 2005a,b; Sieres and
Fernandez-Seara, 2007; Triché et al., 2016, 2017; Aminyavari
et al., 2017) and do not attempt to previously validate the TTP
against experimental data. Although the system NH3/H,0 is
well known in literature, the calculation of its TTP is still rather
scattered. The current model accesses libraries in TEA (Ther-
modynamics for Engineering Applications) via CAPE-OPEN
Interface Standard (ColLan, 2011) to compute the TTP, which

are validated against experimental data from literature to
ensure precision of the falling film model. Therefore, another
contribution of this paper is to discuss and validate the TTP.

The paper is organized as follows. First, in Section 2 the
model of the falling film absorber is presented based on the
main assumptions, material and energy balances and the
equilibrium at the interface. Section 3 illustrates the valida-
tion of the model against experimental data from literature
and also shows the simulation of temperature and concen-
trations profiles along the length of the absorber, allowing to
analyze how the inlet conditions influence the absorption per-
formance. The results section further discusses the dominant
resistances to mass and energy transfer. The paper ends with
the conclusion.

2, Mathematical modeling

The NH3/H,0 falling film absorber might be designed with
vertical pipes, vertical plates (Fig. 1a), horizontal pipes, etc.
Regardless of the geometry, the absorption principle is the
same: vapor of ammonia (refrigerant) is absorbed by the
NH3/H,0 solution (absorbent). Since the absorption is an
exothermic process, water or another refrigerant is used as
coolant to avoid an undesired temperature increase in the lig-
uid phase in order to keep the liquid solution far from the
boiling point and to sustain the absorption process as well.

Some assumptions may be considered when modeling
falling film absorbers, as also suggested by Aminyavari et al.
(2017) and Triché et al. (2016, 2017):

e The flows of heat, liquid and gas are assumed to be equally
distributed through the plates of the falling film absorber;

e The flow is one-dimensional and in steady-state;

o The flow is well-established at the inlet;

e The heatlosses to the environment are neglected (insulated
or adiabatic equipment);

e No chemical reaction is taking place;

e Gas/vapor and liquid are in equilibrium at the interface;

e The heat and mass transfer surfaces are equal and the heat
and mass transfer resistances are confined to a thin region
close to the interface;

e The only driving force for the mass transfer is the con-
centration difference between the liquid solution and the
gas/vapor, i.e., mass transfer due to pressure and tempera-
ture difference is neglected;

e The pressure drop is neglected.

A differential control volume (CV) is illustrated in Fig. 1b.
The positive sign convention for heat and mass fluxes is
adopted, meaning that the heat and mass fluxes flow from
the vapour phase to the liquid phase and heat, from the lig-
uid phase to the coolant. The vapour and liquid streams are
fed at the top, whereas the coolant flows counter-currently.
When the liquid and vapour phases come into contact, the
absorption/desorption occurs.

The mass and energy balances are written for an infinites-
imal volume with length dz. The infinitesimal area of the
interface where mass and heat transfer between liquid and
vapor occurs is given by:

dA;=L-dz 1)

where L is the length of the heat and mass exchange area and
dz is the height of the infinitesimal element. If the falling-film
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Fig. 1 - (a) Plates falling film absorber and (b) differential control volume (CV) (adapted from Triché et al., 2016).

Table 1 - Mass, component and energy balances at the CV.

Vapor phase

Mass balance

dm .
o =-L E M int

; d 5 . .
Component mass balance d(";‘;y‘) = o) —Mjjinel 1=1,...,NC
. NC .
dHy (*QV+HVZ-_1”1;1M )L
Energy balance = TP
Liquid phase

Mass balance

d(mpy;)
Z

Energy balance

NC

dm 3

&=L E i int
e

1
d(my ;
Component mass balance & = Ao di”l)

= —iynel i=1,....NC

. NC .
P s D A L )

dz mp
Coolant
Energy balance die _ ,% - ,%LC—TO
Boundary conditions
my(z = 0) = myo v(z = 0) = myo
my(z =0) = i(z=0) =yj
L(z ) = Mo yi(z ) = Yio He(z=1)=Hqy
xi(z = 0) = xio xj(z=0) = xjo
Hi(z = 0) = Hyo v(z =0) = Hyo

is constituted of pipes, for example, L =m(d — 25) where d is the
inner diameter of the pipe, § (m) is the thickness of the film.
If the falling-film is constituted of plates, L=W, where W is
width of the plates. The falling film absorber modeled here is
a corrugated plate heat exchanger presented by Triché et al.
(2016). It can be represented by Fig. 1b, where gas and liquid
flow between every two plates. More details about the geom-
etry and measurement devices can be found in Triché et al.
(2016). The falling film absorber is modeled by mass, compo-
nent, and energy balances of the liquid, vapor and coolant
phases, as well as heat and mass transfer equations at the
interface and thermodynamic equilibrium at the interface.
The next sections describe each part of the model proposed
here.

2.1.  Material and energy balances at the bulk phases
and at the coolant

The mass, component, and energy balances for each phase,
vapor, liquid, as well as the coolant in the CV (Fig. 1b) are
summarized in Table 1. In Table 1, L is the total length of

the heat and mass exchange area, NC is the number of com-
ponents, z is the length (m), m; and my are the liquid and
vapor mass flowrates (kgs™1), nj iyt is the mass flux of compo-
nent i (kgm~2s1), which is calculated by the mass transfer
equations at the interface, y; and x; are mass fractions of com-
ponent i at the gas and liquid phases, respectively; Ty, is the
bulk liquid temperature (K); T, is the coolant temperature (K);
L is the length of the heat exchange area for the coolant; m. is
coolant mass flowrate (kgs~'); He (Jkg~1) is coolant enthalpy;
Qc (Wm™?) is coolant heat flux; U is the overall heat transfer
coefficient for the wall (Wm~2K~1); g, and g; are the sensible
heat fluxes (W m~2) for the vapor and liquid phases calculated
at the interface. The enthalpy of liquid mixture, H; (Jkg~1), is
computed by the correlation proposed by Pretek and Klomfar
(1995), as already applied by others (Conde, 2006; Triché et al.,
2016, 2017), according to:

T Mo
H = hOZai <?0 - 1) XQH3 (2)

1



CHEMICAL ENGINEERING RESEARCH AND DESIGN 159 (2020) 179-194 183

Table 2 - Heat and mass transfer equations at the interface.

Mass flux at the vapor interface

Mass flux at the liquid interface

Heat transfer equation at the interface

NC

Z. (Z-YNHg int)
Njine = Kvpv In W
3

i-1
NC
R (Z—xNm5)
Niint = Kppop In m—3—
Z L L Ty im0

i-1

NC NC
&y (Ty — Tint) + E N int hvi = @1 (Tine — T1) + E N int i i
i-1 i-1

where T is the temperature, xyy, is the ammonia mass frac-
tion in liquid phase, hg = 100 (k] kg~1) is the reference enthalpy,
To=273.16 (K) is the reference temperature and the parame-
ters a;, m; and n; are given in Pretek and Klomfar (1995). The
gas phase is assumed to behave as an ideal mixture, so that
the enthalpy (Hy, Jkg~?!) might be computed as:

Hy = inhv,i (3)

i

where x; is composition of componenti € {NHs, H,0} in liquid
phase and hy; is the specific enthalpy of the pure components
i € {NHs, H,0}, given by:

T

hyi = /va,idT (4)

To

where T (K) is temperature, Ty is reference temperature and
Cpy; is the specific heat capacity of component i computed
using correlations from literature, which are summarized in
Appendix A.

2.2.  Mass and heat transfer equations at the interface

The simultaneous heat and mass transfers and the dominant
transfer resistance, i.e., which phase offers the highest resis-
tance to mass and energy transfers, are key aspects in the
mathematical modeling of falling film absorbers. The knowl-
edge of the dominant transfer resistance allows ascertaining
the limiting steps to the absorption process. Many studies on
absorption modeling consider heat and mass transfers sep-
arately, reasoning that there is negligible heat interaction so
that the process might be considered isothermal (Vyazovov,
1940; Cosenza and Vliet, 1990; Deng and Ma, 1999; Miller
and Keyhani, 2001). Chen et al. (2010), on the other hand,
state that the mass exchange increases/decreases the liquid
temperature at the interface accordingly, consequently influ-
encing the equilibrium states and the mass transfer. The heat
and mass transfer, therefore, should be considered simulta-
neous (Grossman, 1983; Kim, 1998; Habib and Wood, 2001; Ho
et al., 2004; Goel and Goswami, 2005a,b; Sieres et al., 2007;
Triché et al., 2016, 2017; Aminyavari et al., 2017). There is dis-
agreement in literature regarding the dominant mass transfer
resistance. Potnis et al. (1997), Gommed et al. (2001) and
Aminyavari et al. (2017) conclude that the vapor phase offers
the dominant transfer resistance. On the other hand, Kang
et al. (1998, 2000), Goel and Goswami (2005a,b), Fernandez-
seara et al. (2005), Sieres and Fernandez-Seara (2007), Lin and
Xia (2011) and Triché et al. (2017) conclude that the liquid
phase offers the dominant transfer resistance for the mass
transfer. Given the uncertainty of the relative magnitude of

the mass resistance in the liquid and gas phases, both con-
tributions (gas and liquid) are considered in this study. This
investigation is fundamental to understand which phase (lig-
uid or vapor) controls the mass and heat transfer phenomenon
on the absorption process.

Taking into account that there is no mass accumulation
and no reaction at the interface, continuity of the total mass
and heat flux at the interface might be assumed for any com-
ponents being transferred, then:

iy =My =Njjne 1=,...,NC (5)

4 = 4v = Gint (6)
where n (kgm=2s1) and § (Wm~2) are the mass and heat
fluxes respectively, i indicates the component, NC is the num-
ber of components, the subscripts L and V represent the vapor
and liquid phase respectively, and int indicates the interface.

The heat and mass transfer equations at the vapor-liquid
interface are then summarized in Table 2, where K (ms™1)
and Ky (ms~?) are the mass transfer coefficients of the liquid
and the vapor phase respectively; py and p; are the densi-
ties of vapor and liquid phases respectively (kgm~3); 1 int
(kgm~2s71) is the mass flux of components i; ¢ (Wm~2K™1)
is the heat transfer coefficient; x; and y; are the mass frac-
tions of component i at the liquid and vapor bulk respectively
and X;j,: and y;,; are the liquid and vapor mass fractions of
component i at the interface. The partial mass enthalpies for
the component i in liquid phase, EL_i (kg™ 1), are computed
according (Ziegler and Trepp, 1984):

~ o0HL
hy; =Hr + Xi— @)

where x; is mass fraction of componenti € {NHs, H,0} in lig-
uid phase and H; is the mass enthalpy of liquid mixture. The
partial mass enthalpies for the component i in vapor phase,

ﬁv,i, are considered equal to the specific enthalpies of the
pure components, hy;, because at low pressures the non-ideal
behavior of the vapor phase is negligible. Z is the mass frac-
tion of ammonia in the absorbed/desorbed flux, expressed as
(Treybal, 1980):

INH,
Z= xc, ®)
1 ni,int

The value of Z indicates the variation of exchanged
mass fluxes along the absorber. For an absorption involving
NHs/H,0 mixture in vapor and in liquid phase, for example,
if Z is greater than 1, water is desorbed from liquid into vapor
(nu,0 < 0) and, if Z is less than 1, water is absorbed from vapor
into liquid (nu,0 > 0). In summary, positive values of the mass
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flux indicates absorption from vapor into liquid and negative
values of mass flux indicate desorption from liquid into vapor.

The mass fluxes of ammonia and water, nj iy (kgm=2s71),
are calculated according to Treybal (1980), as also carried out
by Goel and Goswami (2005a,b), Lin and Xia (2011), Sieres
and Fernandez-Seara (2007). The equations are presented in
Table 2, given the composition at the interface and at the lig-
uid and vapor bulk concentrations. Regarding the heat fluxes
at the interface, they consist of two parts: the convective
heat transfers due to the temperature gradient between both
phases and the sensible heat transfer due to the mass transfer
across the interface (Bird et al., 2006).

The algorithm proposed by Sieres and Fernandez-Seara
(2007) uses Z and the compositions at the interface as tear-
variables, thus suitable initial guesses are required for these
variables. However, the authors point out that their algorithm
may fail if the combination of these guess values makes the
logarithmic terms not defined. Aminyavari et al. (2017) try to
overcome this numerical problem using another correlation
to compute the fluxes at the interface, without defining Z.
The simultaneous approach proposed herein does not require
any equation tearing, as detailed in Section 2.5, then it can
efficiently solve the falling film model using the equations in
Table 2, although they depend on Z.

2.3.  Mass and heat transfer coefficients

The heat transfer coefficient for the liquid phase, ap
(Wm~2K"1) can be calculated using the Chilton and Colburn
(1934) analogy:

aL = YpLor ©)

SCL1??
o =K (chML [P—L} (10)
L

where M; (kgmol~1)is molecular weight, K; (m s~1)is the mass
transfer coefficient for the liquid phase, Cp. (Jkg~1K~1) is the
specific heat capacity of the liquid mixture and is calculated
assuming the ideal mixture law, as recommended by Conde
(2006), Prata (2012) and Leite (2015). The specific heat capacity
of the pure components Cp; is computed according to Perry

and Green (1999). Pry, is the Prandtl number (PTL = %) and

SCp is the Schmidt number (SCL = ﬁ) ,where Dy is the binary
diffusivity for the liquid phase, computed according to (Wilke
and Chang, 1955), . is the viscosity (Pas™), A, (Wm~1K™1)
is the thermal conductivity and p; (kgm—3) is the density. The
correction factor, v, takes into account the finite mass trans-
fer effect and is calculated according to (Triché et al., 2016):

NC .
(Zizlni.int CPL,i/tXL)
NC .
- Miint Cppi/oL
1-—e\ =

The heat transfer coefficient for the vapor phase, av
(Wm~2K"1), can be calculated from the correlation given by
Kakag et al. (1987):

YnL = (17)

ay = Ypyav (12)

ay = 7.541 (A—v) (13)
dhv

where Ay (Wm~1K~1) is the thermal conduction in the vapor
phase, dy, (m) is hydraulic diameter of the vapor in the control
volume. This correlation is valid if Re<2200 and fully devel-
oped conditions. The correction factor (yyy is calculated by
(Triché et al., 2016):

NC .
(ZizlniCPV,i/aV)
NC Gy
Zi:l iCpy.i/av

Yy = (14)

l—e

The mass transfer coefficient for the vapor phase Ky (ms~1)
can also be calculated by applying the Chilton and Colburn
(1934) analogy:

ay

v = (15)
vaMv[SCv/Prv]2/3

where My (kgmol~!) is molecular weight, ay (ms1) is
heat transfer coefficient for the vapor phase (Eq. (13)), Cpv
(kg tK™1) is the ideal gas specific heat capacity of the
mixture. The specific heat for the pure components Cpy; is
taken from Van Ness et al. (2007). Pry is the Prandtl number
(Prv = (wvCpv/Av)), Scy is the Schmidt number (Scy = (uvCvpv)),
where Dy is binary diffusivity for the vapor phase (Wilke and
Chang, 1955), uv is viscosity (Pa s*l), Ay is thermal conductive
and py (kgm~3) is density.

The mass transfer coefficient, K, (ms~?!) between the lig-
uid phase and the interface is obtained from the correlation
developed by Yih (1986). This equation is only valid in a falling
film with a Reynolds number between 49 and 300 and in fully
developed conditions (Triché, 2016). It may be calculated by:

1/3
D 2
_ 0.3955¢.0.5 [ PLAL 9p;,
Ky = 0.01099Re(;>>Sc} ( 3 ) [H%} (16)

where Regiy, is the Reynolds number for the liquid film, Sc.
Schmidt number for the liquid phase, M; is the molecu-
lar weight (kgmol~1), Dy is binary diffusivity, u is viscosity
(Pas™1), or is density (kgm~3).

The Thermodynamics and Transport Phenomena Prop-
erties (TTP), namely viscosity (Pas™?!), thermal conductivity
(Wm~1K1), and density (kgm~3) for the pure components
in liquid and vapor phases as well as for the liquid mix-
ture, are calculated by the software TEA (Thermodynamics
for Engineering Applications, Van Baten, 2016) via CAPE-OPEN
interfaces. CAPE-OPEN is a set of software interfaces stan-
dardized for plug and play inter-operability between a given
process modeling environment and a third-party process
modeling component (CoLan, 2011). The property packages
TEA offers a number of different methods to compute the TTP.
The embedded methods listed in Table 3 are choose due to
their suitability to the system and to the operating conditions
studied. This choice might be easily changed according to the
system and its operating conditions. The use of CAPE-OPEN
interfaces might be used in any process model so that the user
can, on the one hand, concentrate on the development of the
model itself and, on the other hand, have access to a vari-
ety of methods to compute the TTP for different components
and operating conditions. This approach, then, provides great
flexibility to the model.

The specific heats of pure components and mixture as
well as the binary diffusivity coefficients for liquid and vapor
phases are computed using correlations from literature, which
are summarized in Appendix A.
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Table 3 - Correlations for TTP prediction in TEA.

Property Pure components Mixture
Liquid Vapor Liquid Vapor

Density COSTALD/ Hankinson EOS-Soave Redlich COSTALD/ EOS-Soave Redlich

and Thompson Kwong Hankinson and Kwong

Thompson

Viscosity Letsou- Stiel Method: Yoon and Thodos Logarithmic mixing Brokaw

Temperature method (mass based)

Correlation
Thermal conductivity Pachaiyappan Method DIPPR procedure Ideal Ideal

9B-1

The overall heat transfer coefficient for the wall is given by:

1
v= (1/erw) + Ry + (1/ac) (17)

where Ry, (Wm~2? K1) is the conductive resistance of the plate
made of inox, ar,, (Wm~2K™1) is the heat transfer coefficient
between the liquid film and the plate given by o, = 1.88%%
(Wilke, 1962), for Re <2469 Pr-06% and fully developed condi-
tions, where A, (Wm~1K~1) is the thermal conductivity, 8fitm
(m) is the falling film thickness. a. (Wm~2K~1) is the heat
transfer coefficient between the coolant and the plate, cal-
culated by ac = 4.?‘>63§—§I (Goel and Goswami, 2005a), for fully
developed laminar flow conditions, where A, (Wm~1K™1) is
thermal conductive and Dy, is hydraulic diameter.

2.4.  Equilibrium at the interface

Liquid and vapor compositions at the interface, x;i,; and
YViint, are calculated from phase equilibrium at the interface.
According to Seader and Henley (1998), it is necessary to know
whether the components dissociate during the absorption
process. Since ammonia is a weak electrolyte, it ionizes appre-
ciably in a large excess of water, according to:

NH3 + Hy0 < NH4+ +OH™ (18)

If the liquid phase is a diluted solution, the phase equi-
librium for weak electrolytes might be modeled as Edwards
et al. (1975, 1978). When the ammonia molar fraction in the
liquid phase is above 10-3, though, the ionization is negligi-
ble (Prausnltz et al., 1978). Since the ammonia molar fraction
in the studied falling film greatly exceeds 10~ at all points,
it is reasonable to assume that there is no dissociation in the
liquid phase. There are two approaches to calculate the com-
positions at the interface for ammonia and water mixture that
have been previously proposed in literature: a rigorous ther-
modynamic model by Prausnltz et al. (1978), which accurately
describes the ammonia-water system over the entire compo-
sition range; or a simplified empirical correlation for pressures
below 20bar, according to Pretek and Klomfar (1995). A brief
comparison is presented in the following.

2.4.1. Rigorous thermodynamic model

Some assumptions might be made for the vapor-liquid equi-
librium (VLE) of ammonia and water: vapor phase is an ideal
gas at the operating temperature and pressure conditions of
the studied falling film (P = 6 bar and 290 < T < 365 K), as also
assumed by other authors (Triché et al., 2016); there is no dis-
sociation, so ammonia is not an electrolyte. The vapor-liquid

equilibrium for the system ammonia and water are then writ-
ten as:

TSy, P
Vi P = XNt i H exp | —a2 (19)
NHj3 3 /NH3 RT

, , Un,oP
y HzoP =X Hzomzofggo,l_ €xp ( RZT ) (20)

where y’ and x’ are molar fraction in vapor and liquid phase,
respectively, U{° is the partial molar volume at the infinite
dilution of component i in the solvent (water), available at
Krichevsky and Kasarnovsky (1935), R is the universal gas con-
stant, T is temperature, P is pressure, H' is Henry’s constant for
molecular ammonia in water, whose values are determined
from experimental data in the dilute region (Edwards et al,,
1975, 1978), yn,0 is the activity coefficient of water which is cal-
culated by Prausnltz et al. (1978), Vi, is the activity coefficient
of ammonia in a symmetric convection, which is calculated by
a hyperbolic tangent function (Prausnltz et al., 1978):

a22X'NH
In(y;.)=b-tanh [ —M——=— 21
) (b(lx/NH3)> @

where XNy, is the ammonia molar fraction in liquid phase, the
parameter a dy; is obtained from Prausnltz et al. (1978) and the
parameter b is determined by:

s L
_ 3,
b_ln( T )

where f{}%}L is the fugacity of pure liquid ammonia at the

system temperature, corrected to zero pressure:

s
UNH, P!

PO _ S pS  ayn [ T3 NHs

NH3.L = ¢NH;* NH; XP RT

(22)

(23)

where PIS\IH3 is the vapor pressure of pure ammonia (Macriss
et al., 1964), unn, is the molar volume of pure liquid ammonia
(Din, 1956) and ‘PIS\IH3 is the fugacity coefficient at satura-
tion, determined by the Soave-Redlich-Kwong equation of
state. This approach uses rigorous thermodynamic models
to describe the VLE, which might be changed accordingly to
describe different components and the non-idealities of the
vapor and liquid phases.

2.4.2. Empirical correlations

Alternatively, it can be assumed that the temperature at the
interface is the saturation temperature, so that empirical cor-
relations for bubble and dew point temperatures can be used
to compute the compositions at the interface, as carried out
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by Conde (2006) and Triché et al. (2016, 2017). The empirical
correlations developed by Pretek and Klomfar (1995) for the
bubble and dew point temperatures are respectively given by:

14

Py Pk
T(P. xne1s) = To »_ ape(1 — ety )™ {m ?0} (24)
k=1
17
™ T Py
T(P.ym) = To Y _apy(1 ~ ) * [In 2| 25
j=1

where T is temperature, P is pressure, the subscript 0 indi-
cates the reference state, To =100K and Pp =2 MPa, x and y are
the mass fraction in liquid and vapor phase, respectively, the
parameters ap, mp and np are given by Pretek and Klomfar
(1995) for k and j parameters. These correlations are the result-
ing functions, which best reproduce the selected experimental
data (193.15K < T <453.15K and 0.02bar < P < 20bar) used
by the authors (Pretek and Klomfar, 1995). Therefore, for a
given pressure and temperature at the interface, it is possi-
ble to solve the system of algebraic equations (24 and 25) to
calculated the interface compositions, x and y.

2.5.  Solution procedure

The falling film absorber model is represented by a system of
differential algebraic equations (DAE), composed by 5 + 2 - NC
differential equations (Table 1), 3 algebraic equations, which
describe the mass fluxes and the temperature at the interface
(Table 2) and NC + 2 equations to compute the compositions
at the interface (Egs. (19) and (20) or (24) and (25) plus the
summation of the mass fractions at each phase). The vector X
represents the algebraic and state variables of the DAE system:

X = [mr, my,X,y, Hr, Hy, He, 0, Tine» Xint: Yintl (26)

Since the coolant flows counter-currently to the gas and
liquid process streams, boundary conditions are specified for
both z=0 and z=L and the system cannot be solved as an ini-
tial value problem. The DAE system is, therefore, discretized
by the finite differences method (forward for the liquid and
vapor side and backward for the coolant side), resultingin a set
of (10 + 3 - NC) - nd algebraic non-linear equations, where nd

is the number of discretization points considering a uniform
grid. One of the challenges of the equation-oriented approach
used herein is that the values of all state variables along the
absorber length must be properly initialized. This has been
done by specification of variables along the absorber, such as
enthalpies, mass flow rate etc. The initial guess for the itera-
tion variables was given by simulated data from literature.

The discretized DAE system, ie. algebraic non-
linear system, is implemented in MOSAICmodeling
(http://mosaic-modeling.de/), which is a free, web-based
modeling environment capable of automatically generating
code for process simulation and optimization in different
programming languages (Merchan et al., 2015; Tolksdorf et al.,
2019). The model is then solved in Matlab using the native
function fsolve, which is based on the residual minimization
method. The TTP are computed via CAPE-OPEN interfaces
using the libraries in TEA. The functions, which calculate heat
and mass transfer coefficients, are defined as “Empty Body
Functions” in MOSAICmodeling. These act as place-holder
function calls and definitions in the system of equations.
Once MOSAICmodeling generates the code for the solution
in Matlab, interfaces with a CAPE-OPEN-compliant property
package such as TEA are manually programmed, allowing for
the external calculation of TTP, as shown in Rosa et al. (2018).
To enable the CAPE-OPEN function calls in Matlab, the plug-in
Matlab Thermo Import from AmsterCHEM is used (Van Baten,
2016). Fig. 2 depicts the entire modeling and simulation
framework. The more interested reader should read MOSAIC
(2011) and AMSTERCHEM (2018) for more details.

The proposed model, therefore provides an equation-
oriented formulation of the falling film absorber, which can
be integrated with other simulation or optimization envi-
ronments and take advantage of state-of-the-art solution
techniques for large-scale NLPs. Furthermore, unlike the other
approaches usually carried out in literature, changes on some
underlying equation or on the working fluid can be made in a
straightforward manner.

3. Results and discussions

This section firstly compares the modeling approach regarding
the equilibrium at the interface according to the discussion
in Section 2.4. Secondly, it presents the validation of the TTP
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properties and of the falling film model against experimental
data from literature. The validated model is then simulated
and an analysis of the main mass and heat transfer resistances
and the effect of inlet conditions on the process performance
is performed.

3.1.  Evaluation of the phase equilibrium models

The empirical and rigorous approaches to describe the equi-
librium at the interface are validated against the experimental
data from Clifford and Hunter (1932), who reported VLE data
for the system NH3/H,0 at temperatures up to 423.15K and at
pressures up to 20 bar. This range includes the operating con-
ditions, P=6bar and 298 < T<318K, which are used to validate
our modeling approach. Fig. 3 compares the rigorous equilib-
rium as suggested by Prausnltz et al. (1978) and the simplified
empirical correlations by Pretek and Klomfar (1995) with the
experimental data from Clifford and Hunter (1932) at 6atm
and 10 atm. Both approaches can precisely describe the VLE
of the mixture with deviations of the same order of magni-
tude for temperatures between 303.15K and 323.15K, which
correspond the falling film operating conditions. The average
relative deviations for the liquid and vapor mass fraction at
6atm are 1.53% and 0.70%, respectively, if the empirical corre-
lations are used, and 3.15% for the liquid phase and 0.46%,
respectively, if the rigorous model is employed. The devia-
tions at 10atm are very similar. The empirical correlations
present a slightly better fit than the rigorous VLE formula-
tion at higher temperatures, especially for the liquid phase.
This overfit might be expected since the parameters of the
empirical correlations are adjusted with the same experimen-
tal data from Clifford and Hunter (1932). On the one hand,
these empirical correlations usually employed in literature to
model the falling film absorber are only valid for the mixture
NH3/H,O0 in a pressure range from 0.02 to 20bar. On the other
hand, the rigorous model formulation is based on the thermo-
dynamic formalism which gives flexibility to the falling film
model since the VLE equations might be suited to other com-
ponent mixtures in a straightforward manner. Therefore, the
remaining simulations are carried out using the rigorous VLE
formulation from Prausnltz et al. (1978).

3.2.  Validation of the thermodynamics and transport
phenomena properties

Although the mixture NH3/H,0 is well-known to many indus-
trial applications, the correlations to calculate their TTPs are
nor clearly stated neither validated by those who model the
falling film absorber (Goel and Goswami, 2005a,b; Sieres and
Fernandez-Seara, 2007; Triché et al., 2016, 2017; Aminyavari
et al., 2017). Aware that the deviations of the TTPs correla-
tions might propagate to the falling film output variables, we
firstly validate the TTPs against experimental data from lit-
erature in order to ensure precision of the falling film model.
Viscosity, density, and thermal conductivity for the pure com-
ponents and for the mixture are calculated in the temperature
range from 273.15 to 373.5K and pressure 1 to 33bar. Table 4
summarizes the average relative deviations between experi-
mental and simulated data. As the ammonia mass fraction
at the vapor phase is above 0.99, the deviations of the mix-
ture properties at the vapor phase are similar to the pure
component deviations, therefore they are not show in Table 4
for the sake of simplicity. The small deviations indicate that
the model has a very good agreement with the experimental

data from literature. The correlations for specific heat capac-
ities are validated against experimental data from literature,
which cover the temperature range from 290 to 390K for the
pure component (Perry and Green, 1999; NIST, 1998) and from
280 to 360K for the liquid mixture (Fujita et al., 2008). Table 4
summarizes the average relative deviations, indicating that
the model can satisfactorily predict the specific heat. As men-
tioned above, the deviations for the mixture at the vapor phase
are not shown since it is almost pure ammonia.

The enthalpy of the mixture is validated against exper-
imental data from Macriss et al. (1964), which are taken
between 345K and 514K. The average deviations are 3.49%
for the liquid phase when 0.02 < xnu, < 0.99 and 3.99% at the
vapor phase when 0.93 < ynu, < 0.99, indicating the quality of
fit of the correlation used. As the partial mass enthalpies at
the liquid phase for each component are obtained from the
mixture’s enthalpy (Eq. (7)), which is already validated, there
isno need to further compare the partial mass enthalpies with
experimental data. The specific enthalpies for the pure com-
ponent at the vapor phase are derived from the specific heat,
which is satisfactorily validated as Table 4 shows.

3.3.  Model validation: falling film absorber

The model proposed here is validated against experimental
data from Triché et al. (2016) at four operating conditions,
which present only slight changes. The outlet variables used
for validation are: liquid temperature Ty, (K), coolant temper-
ature T¢ (K), ammonia mass fraction xnu, and heat absorbed
by the coolant Q¢ (kW). In order to ensure convergence, the
minimum number of discretization points is nd =5, which was
compared with nd=10 to check the model precision. Table 5
compares the model prediction with the experimental data
for cases in which the model is discretized with nd=5 and
nd=10. The modelis able to predict the experimental data with
very small deviations, capturing even the slight changes in the
operating conditions. When nd=10, the model is described
by (10 + 3 - NC) - nd = 160 non-linear algebraic equations and
the execution time is 81s in a computer with Intel (R), Core
(TM) i3-3217U, RAM memory 4.00GB, operational system 64
bits. When the number of discretization points is reduced
to nd=5, there are (10 + 3 - NC) - nd = 80 non-linear algebraic
equations and the execution time decreases to 11s. A finer
discretization does not necessarily means higher precision,
as might be observed in Table 5, because it results in a larger-
size non-linear algebraic system, which is more difficult to
converge and requires a better initialization of more iteration
variables. A grid with 5 discretization points is then consid-
ered for the simulations since it ensures convergence with a
great accuracy. Both approaches to compute the equilibrium
at the interface, rigorous and empirical, are further compared,
corroborating the good fit of the rigorous equilibrium, which
gives flexibility and robustness to the model. Unlike Sieres
and Fernandez-Seara (2007), who report numerical problems
due to the asymptotic discontinuity in the flux’s calculation
(Table 5), the non-linear algebraic system is solved here suc-
cessfully, further suggesting the robustness of the proposed
approach.

3.4.  Analysis of the mass and heat transfer
phenomena

This section investigates the behavior of the falling film
absorber after it has been successfully validated. Firstly,
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Table 4 - Average relative deviation of transport and thermodynamic properties.

Property NH3

Liquid Vapor

HZ (0] NH3/ Hz (0]

Liquid Vapor Liquid

Density (kgm~3) 0.70%1 1.87%
2945K<T<343.0K
4.29bar<P<33.14bar
Viscosity (Pas)
290.0K<T<340.0K
1bar<P<10bar
Thermal conductivity
(Wm~tK1)
273.15K<T<373.5K
1bar<P<10bar
Specific heat capacity
(kg ' K)
290.0K<T<390.0K
1bar<P<15.35bar

2.55%!4 1.41%0!

5.74%8] 3.38%!

1.32%2 0.11%12

0.08%! 0.68%l% 0.74%'Y @ xnp, = 0.176

3.06%!°! 1.37%! 5.51% @ xnu, = 0.150

1.74%[101 0.68%l"] 2.43%°1 @ 0 < xnu, <0.27

2.41%012 0.08%l% 1.70%%1 @ 0.15 < xnu, < 0.84

[1lCragoe and Harper (1921), Perry and Green (1999), BlAznar et al. (1984), [4Laesecke et al. (1999), B Trautz and Heberling (1931), [flAgaev et al.
(1968), "I Timrot and Par vysokih (1950), BlVarlashkin and Thompson (1963), PlGolubev et al. (1964), [19Lees et al. (1898), [1!ILiu et al. (2012), 12NIST

(1998), [BIFyjita et al. (2008).

the falling film absorber behavior is evaluated for the
nominal case with the following inlet conditions, taken
from the experimental condition reported by Triché
et al. (2016): my=525-10"3kg/s, my =1.67-10"2kg/s,
Ty =296.9K, Ty =312.0K, xnn, = 0.46, ynu, = 0.995, P=6.03 bar,
T.=300.20K and m,=0.626kgs~1. Then, the dominant mass
and heat transfer resistances are investigated in order to
understand which phase (liquid or vapor) controls the mass
and heat transfer phenomenon on the absorption process.
Fig. 4 illustrates temperature profiles for the liquid and
vapor phases as well as the coolant and the interface along the

absorber length for the nominal case. The ammonia absorp-
tion by ammonia-water solution is an exothermic process,
then heat is rejected from the liquid phase to the coolant,
which maintains the absorption temperatures, keeps the lig-
uid solution far from boiling and helps to shift the equilibrium
favorably in the direction of the absorption. As a result, the
temperature of the liquid phase decreases from top to bot-
tom while the coolant temperature increases from bottom to
top, since it flows counter-currently. The temperature at the
interface and at the liquid bulk are nearly the same indicat-
ing that the liquid-side transfer resistance is negligible. Here,
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Table 5 - Validation of the falling film model against experimental data from Triché et al. (2016).

Test nd Ty (K) TC (K) XNH3
Exp Deviation (%) Exp Deviation (%) Exp Deviation (%)
Empirical Rigorous Empirical Rigorous Empirical Rigorous
1 5 303.7 0.04 0.08 305.8 0.52 0.51 0.591 0.72 2.30
10 0.28 0.37 0.31 0.01 0.68 0.63
2 5 303.5 0.31 0.57 305.5 0.21 0.04 0.588 1.48 3.47
10 121 1.08 1.25 1.12 0.20 0.34
3 5 304.0 0.23 0.06 305.8 0.18 0.03 0.588 2.58 3.16
10 1.06 0.89 1.17 1.27 0.87 1.12
4 5 303.2 0.96 0.23 305.1 0.58 0.18 0.591 0.72 3.22
10 0.87 0.85 0.86 1.24 1.84 1.18
315 and Perez-blanco (1995), and Triché et al. (2016, 2017). Fig. 5
— T Liquid Phase T
further indicates that y > yint, Xint > x and yine > Xipt ensur-
TVapor Phase ing that ammonia is continuously absorbed, as also observed
310 00 e e T Interface by Sieres et al. (2007). The interface mass fractions (x;,; and
) - = =T Coolant Yint) increase along the absorber as the interface temperature
E decreases, as shown in Figs. 4, 5a and b. This behavior might be
% 305 understood with the help of the liquid-vapor phase diagram
g illustrated in Fig. 5c. At a given temperature at the interface,
= the equilibrium composition is indicated. For a lower inter-
L . . .
= face temperature, the phase diagram indicates that the mass

300

205
0.00 0.13 0.26 0.39 0.53

Top Absorber Length (m) Bottom

Fig. 4 - Temperature profile along the absorber length.

unlike observed by Triché et al. (2016) and Goel and Goswami
(2005a), the interface temperature is not always slightly higher
than the liquid temperature, what occurs due to the heat gen-
erated by the absorption at the interface. This is explained
by the different approach used to compute the equilibrium at
the interface because, if the empirical correlations are used to
calculate the compositions at the interface, the same results
from Triché et al. (2016) are observed. Here, a rigorous thermo-
dynamic model is employed instead of empirical correlations.
Asdiscussed in Section 3.1, there is a slight difference between
the empirical and rigorous correlations describing the VLE at
the interface. Regarding the vapor temperature, it increases at
the first section of the absorber until it reaches the interface
temperature near z=0.39m due to the heat generated by the
absorption process. After that point, since the temperature at
the vapor phase is slightly higher than the interface tempera-
ture, according to the energy balance at the interface (Table 2),
the heat flux is reversed and then the vapor phase slowly cools
down.

Fig. 5a and b depicts the concentration profiles along the
absorber. As expected, ammonia is continuously absorbed
into the liquid phase as its mass fraction increases along the
absorber length due to the higher ammonia content in the
vapor phase. In the vapor phase, the ammonia mass fraction
firstly decreases not only due to the ammonia absorption into
the liquid phase but also due to the water desorption from the
liquid phase into the vapor phase (Z>1). When Z<1, though,
water is absorbed into the liquid phase so that the ammonia
mass fraction in vapor phase stops changing. The same behav-
iorhas been observed by Fernandez-seara et al. (2005), Herbine

fraction of both liquid and vapor phases will increase.

The dominant resistance in heat and mass transfer is not a
consensus in literature; therefore, this phenomenon is investi-
gated here. The simplified driving force for mass transferis the
difference between the concentration at the gas phase and at
the interface, yng; — Yint,NH,, and between the concentration
at the interface and at the liquid phase, X, nH, — XNH;, Which
are illustrated in Fig. 6 for the nominal case. Since the gradi-
ent at the liquid phase is much higher than at the vapor phase,
the overall mass transfer resistance is mostly due to the liquid
phase. Analyzing the mass transfer parameters for the vapor,
Fyv =Ky - pv,andliquid phase, F, = K|, - o1 in Fig. 6b, we arrive to
the same conclusion: the liquid side controls the mass transfer
since F;, > Fy along the falling film. These findings corroborate
the conclusion from Kim et al. (2003), Perez-Blanco (1988) and
Goel and Goswami (2005a,b). Triché et al. (2017) and Goel and
Goswami (2005a) affirm that the heat transfer resistance at the
vapor phase (1/ay) is large whereas at the liquid phase (1/«r) is
negligible. Fig. 6¢c shows the heat transfer coefficients in liquid
and vapor phases, indicating that the resistance at the vapor
phase is two orders of magnitude greater than the resistance
at the liquid solution.

3.5.  Analysis of the inlet conditions in the absorption
performance

The falling film absorber has the goal to absorb the refrigerant
(ammonia) from the vapor phase, concentrating the solution.
This section, then, investigates the effect of some inlet vari-
ables on the ammonia mass fraction at the liquid phase, xnm, .
This investigation might be useful to better understand the
variables that greater influence the ammonia content at the
outlet stream. Based on the conclusion that the dominant
mass transfer resistance occurs at the liquid side, the follow-
ing inlet variables are investigated: liquid and coolant inlet
temperature, Ty ;, and T, inlet mass fraction of ammonia at
the liquid phase xyy, in and coolant inlet mass flowrate m,.
Fig. 7a shows the ammonia mass fraction atliquid phase along
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Fig. 7 - (a) Analysis of the liquid inlet mass fraction of ammonia along the absorber, Influence of coolant (b) and liquid (c)

inlet temperature on absorption of ammonia.

the absorber length for different xyy, i, as well as the ammonia
mass fraction gradient between the liquid interface and the
liquid phase. The lower the inlet mass fraction of ammonia,
the higher is the gradient, since the concentration at the vapor
phase has not changed. This favors the ammonia absorption
into the liquid phase, yielding an increase in the ammonia
mass fraction at the liquid phase.

The influence of coolant and liquid inlet temperatures on
the absorption of ammonia are illustrated in Fig. 7b and c,
respectively. The concentration gradients are greater at the
top because of the more pronounced difference in ammonia
concentration between the liquid and vapor phases. At the
top occurs the lowest concentrations of ammonia in the liquid
phase, while the vapor stream feeds the top with ynn, = 0.995.
As the absorption occurs along the falling film, the liquid
phase gets richer in ammonia so that the concentration gra-
dient decreases. The coolant inlet temperature ranges from
298.5 to 300.5K, according to Goel and Goswami (2005a), as it
covers typical thermal conditions of the cooling units for this
process. The lower the inlet coolant temperature, the lower
will be the liquid temperature along the absorber’s length
since the heat generated by the absorption is transferred to
the coolant. As a result, the higher will be the ammonia con-
tent at the interface, according the phase diagram in Fig. 5c,
resultingin a higher concentration gradient between the inter-
face and the bulk phases, as illustrated by Fig. 7a and b. The
same behavior is observed for decreasing liquid inlet temper-
atures. Analyzing the coolant inlet mass flow rate, it has the
same effect as the decrease in the inlet coolant temperature
since a higher flow rate increases the heat flux from the liquid
to the coolant. For the sake of simplicity, the profiles are not
shown here. The sensitive analyses indicate that lower inlet
coolant temperature or lower liquid inlet temperature allows a

higher ammonia absorption, as desired. These results, there-
fore, might be useful to control or to maximize the ammonia
content at the outlet stream.

4, Conclusion

This paper presents a model of a plate falling film absorber,
which is solved using an equation-oriented approach. The
model consists of mass and energy balances, equilibrium heat
and mass transfer equations as well as thermodynamic and
transport property calculations. The finite differences method
is applied and the resulting set of algebraic non-linear equa-
tions is solved simultaneously by a residual minimization
method. The model has been successfully validated with data
from literature, showing a maximum relative deviation of
3.47% For the considered operational conditions, results indi-
cate that the overall resistance for mass transfer along the
falling film absorber is controlled by the liquid phase whereas
the coolant side heat transfer resistance dominates the overall
heat transfer resistance.

Additionally, this paper proposes computing the phase
equilibrium for the binary NH3-H,0 system using the ther-
modynamic formalism. This approach is compared with the
usual practice in literature, which uses empirical correlations.
The results show that both approaches are able to describe the
compositions at the interface under a broad range of operating
conditions. The empirical correlations, though, are restricted
for the operating conditions where the parameters were vali-
dated and for the ammonia and water mixture. The rigorous
vapor-liquid equilibrium at the interface, on the other hand,
gives flexibility to the model since the thermodynamic model
might be changed in a straightforward manner to better rep-
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resent the mixture and the operating conditions accordingly.
The computation of the TTP using CAPE-open interfaces is
another relevant feature of the proposed approach since it
gives further flexibility to the model since the correlations
that describe the TTP might be easily changed to better fit
the system investigated. Additionally, we not only detail the
modeling of the TTP but also validate their correlations prior
to incorporating them into the falling film model.

The results corroborate that the proposed modeling
approach can efficiently solve the falling film model on the
basis of a unique set of differential algebraic equations. The
equation-oriented approach does not need a tailored sequen-
tial algorithm neither fails with the numerical problems
reported in literature. Therefore, the simultaneous approach
proposed here is more robust and more flexible since it can be
extended to other mixtures and integrated to a process flow-
sheet or optimization problems. This study motivates future
applications of this numerical approach in absorbers with dif-
ferent geometries, as vertical and horizontal pipes, packed
columns, and with other working fluids as well. Furthermore,
the implementation of this model in an equation-oriented
fashion enables its further utilization for simultaneous large-
scale flowsheet optimizations, allowing the optimal design
and operation of absorption refrigeration machines.
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Appendix A

The following correlations are used to calculate some Thermo-
dynamics and Transport Phenomena Properties of NHs, H,O
and NH3/H,0 mixture, such as: specific heat and binary diffu-
sivity coefficient.

¢ Specific heat of ammonia and water in vapor phase, Cpy ;
(Jmol-1K-1) are calculated by (Van Ness et al., 2007):
C .
% =A+BT+CT? 4+ DT 2 (A1)
where A, B, C, D are parameters (Van Ness et al., 2007), T (K)
is temperature and R (J mol~?K~1) is the gas constant.

e Specific heat of ammonia and water in liquid phase
(Jmol~1 K1), are respectively computed by (Perry, 1999):

C 2 C2t3
CpLNH; = % +Cp — 2C1C3t — C1Cat? — 3T

_ C3C4t4 B Cﬁts
2 5

(A.2)

CprH,0 =C1 +CoT + C3T2 + C4T3 + C5T4 (A.3)

where T (K) is temperature, Cq, C2, C3, C4 and Cs are param-
eters (Perry, 1999), t =1—T,. Ty, Ty = T/T. and T. is critical
temperature (K).

o Specific heat of the liquid and vapor mixtures are calculated
according to (Conde, 2006; Prata, 2012; Triché, 2016):

CpL = XNH; CpLNH; + XH,0CPL H,0 (A.4)
Cpv = yNH, Cpv.NH; + YH,0CpPv.H,0 (A.5)

where x and y are mass fractions at the liquid and vapor
phase, respectively.

¢ The binary diffusivity coefficient for the liquid mixture can
be calculated by (Conde, 2006):

vV W¥mMm

DL =117.282.10718T e
#mVays

(A.6)

where T (K) is temperature, upy (Pas) is the dynamic vis-
cosity, Mpm (gmol~?) is the mixture molecular weight, Vi
(cm® mol~1) is the molar volume from Conde (2006) and is
the mixture association factor from Wilk and Chang, 1955.

e The binary diffusivity coefficient for the vapor phase can
be computed by the Chapman-Enskog equation (Bird et al.,
2006):

1 1
Dy = 0.0018583, /T3 +
v (MNH3 My,0 )

1 g0 (A7)
PoNH;.H,082D

where T (K) is temperature, Mnx, and My,o are the molec-
ular weights for ammonia and water, respectively, P (atm)
is pressure, Qp is a collision integral and on,, 1,0 (A) is the
molecular diameter, both of them from Hirschfelder et al.
(1954).
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