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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 NH3 and H2O as working fluid.

This  study develops a new approach based on differential algebraic model for the absorption

of  NH3 from a gaseous stream by a solution of NH3 and H2O in a falling film absorber at

steady-state. Unlike the usual approach in literature, wherein sequential algorithms are

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

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.

been suggested for vapor absorption cooling systems. The
.  Introduction

here is a significant requirement for refrigeration at deep-
reezing temperatures in a variety of industrial segments such
s chemical, pharmaceutical, and food processing. In order
o achieve low temperatures in industrial systems, one of
he most commonly used refrigeration cycle is the absorption
efrigeration system (Flori and Vîlceanu, 2012). The absorber
s the most critical unit operation for the overall performance

Lázaro-Colán, 2012; Mittermaier and Ziegler, 2015). In the

∗ Corresponding author.
E-mail address: karenpontes@ufba.br (K.V. Pontes).

ttps://doi.org/10.1016/j.cherd.2020.04.006
263-8762/© 2020 Institution of Chemical Engineers. Published by Elsev
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
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
two most common working fluids in absorption refrigeration

ier B.V. All rights reserved.
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Nomenclature

A area (m2)
z length (m)
ı thickness of the film (m)
m mass flowrates (kg s−1)
ṅ mass flux kg.m−2 s−1

U overall heat transfer coefficient though the wall
(W m−2 K−1)

q sensible heat flux (W m−2)
H enthalpy (J kg−1)

h̃ partial mass enthalpy (J kg−1)
Q heat flux (W m−2)
L length of the heat and mass exchange area
P pressure (bar)
R ideal gas constant (cm3 atm−1 mol−1)
T temperature (K)
d diameter (m)
x  molar/mass fraction at the liquid phase
y molar/mass fraction at the vapor phase
˛ heat transfer coefficient (W m−2 K−1)
F mass transfer coefficient (kg m−2 s−1)
Z mass fraction of ammonia in the

absorbed/desorbed flux
  correction factor
CP specific heat (J kg−1 K−1)
M molecular weight (g mol−1)
Sc Schmidt number
Pr Prandtl number
D diffusivity (m s−2)
� viscosity (Pa s−1)
� thermal conductive (W m−1 K−1)
� density (kg m−3)
Re Reynolds number
H′ Henry’s constant (bar)
v partial molar volume
f  fugacity (bar)
� activity coefficient
a22 parameter of the equation of state
b parameter of the equation of state
ϕ 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
P0 reference pressure
∞ infinite dilution

Subscripts
hv hydraulic diameter of the vapor in the control

volume
0 reference state
L liquid phase
V vapor phase

c coolant
i component index
int interface
W absorber length (m)
w wall
cycles are LiBr/H2O and NH3/H2O 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/H2O 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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uxes at the interface. Therefore, the corresponding concen-
ration profiles during the heat and mass transfer processes
ave to be properly predefined. To skip the asymptotic discon-
inuity of the molar fluxes, Aminyavari et al. (2017) suggest to
ompute the molar fluxes by the basic equations presented
y Bird et al. (2006) and Treybal (1980) and used e.g. by Kim
t al. (2003). Despite of that, these authors still employed the
equential approach proposed by Goel and Goswami (2005a).

This paper aims to develop a model described by dif-
erential mass and energy balances coupled with algebraic
quations representing the mass and energy transfer as well
s the phase-equilibrium at the interface. The resulting set
f equations consists of complex and high non-linear dif-
erential algebraic equations (DAE). For the first time, an
quation-oriented approach is proposed to solve the falling-
lm absorber simultaneously. One contribution of this paper,
herefore, is to formulate a unique set of DAE, which is
iscretized by the finite differences, and solved simultane-
usly by standard residual minimization algorithms without
he need to program specific procedures such as tearing-
equences. This approach is more  systematic and requires

 good initialization of the equation system’s iteration vari-
bles along the absorber height but allows for a more  efficient
olution because it overcomes state-of-the-art numerical
roblems. The equation oriented-approach further provides
exibility to the model as it can be easily integrated into flow-
heet simulations and large-scale simultaneous optimization
roblems. The proposed model is validated with experimen-
al data from Triché et al. (2016) for a vertical falling film with
orrugated plates, wherein the vapor and the refrigerant flow
o-currently (from the top to the bottom), whereas the coolant
uid flows counter-currently (from the bottom to the top).

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

When modeling falling films absorbers, the prediction of
hermodynamic and Transport Phenomena Properties (TTP),
uch as specific heat, specific enthalpy, partial mass enthalpy,
inary diffusivity, viscosity, thermal conductivity, and density,
lso plays a key role in the accuracy of the model. Despite
hat, the authors do not clearly state which TTP are used in
he falling film model (Goel and Goswami, 2005a,b; Sieres and
ernandez-Seara, 2007; Triché et al., 2016, 2017; Aminyavari
t al., 2017) and do not attempt to previously validate the TTP
gainst experimental data. Although the system NH3/H2O is
ell known in literature, the calculation of its TTP is still rather

cattered. The current model accesses libraries in TEA (Ther-

odynamics for Engineering Applications) via CAPE-OPEN

nterface Standard (CoLan, 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/H2O 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/H2O 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 liq-
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):

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

• The flow is one-dimensional and in steady-state;
• The flow is well-established at the inlet;
• The heat losses to the environment are neglected (insulated

or adiabatic equipment);
• No chemical reaction is taking place;
• Gas/vapor and liquid are in equilibrium at the interface;
• 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;

• 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;

• 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 liq-
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:

dAi = 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 dmV
dz

= −L
NC∑
i−1

ṅi,int

Component mass balance
d(mVyi )
dz

= d(mV,i )

dz
= −ṅi,int L i = 1, . . .,  NC

Energy balance dHV
dz

=
(−q̇V+HV

∑NC

i=1
ṅi,int )L

mV

Liquid phase

Mass balance dmL
dz

= L

NC∑
i−1

ṅi,int

Component mass balance
d(mLyi )
dz

= d(mL,i )

dz
= −ṅi,int L i = 1, . . .,  NC

Energy balance dHL
dz

=
(q̇L+HL

∑NC

i=1
ṅi,int )L−LcU(TL−Tc )

mL

Coolant

Energy balance dHc
dz

= − LcQc
mc

= − LcU(TL−Tc )
mc

Boundary conditions
mL(z = 0) = mL0

mL(z = 0) = mL0

xi(z = 0) = xi0

mV (z = 0) = mV0

yi(z = 0) = yi0
xi(z = 0) = xi0
HV (

Hc(z = L) = HcL
HL(z = 0) = HL0

is constituted of pipes, for example, L = �(d − 2ı) where d is the
inner diameter of the pipe, ı (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
z = 0) = HV0

the heat and mass exchange area, NC is the number of com-
ponents, z is the length (m), mL and mV are the liquid and
vapor mass flowrates (kg s−1), ṅi,int is the mass flux of compo-
nent i (kg m−2 s−1), which is calculated by the mass transfer
equations at the interface, yi and xi are mass fractions of com-
ponent i at the gas and liquid phases, respectively; TL is the
bulk liquid temperature (K); Tc is the coolant temperature (K);
Lc is the length of the heat exchange area for the coolant; mc is
coolant mass flowrate (kg s−1); Hc (J kg−1) is coolant enthalpy;
Qc (W m−2) is coolant heat flux; U is the overall heat transfer
coefficient for the wall (W m−2 K−1); q̇V and q̇L are the sensible
heat fluxes (W m−2) for the vapor and liquid phases calculated
at the interface. The enthalpy of liquid mixture, HL (J kg−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:

∑ ( )mi

HL = h0

i

ai
T

T0
− 1 xniNH3

(2)
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Table 2 – Heat and mass transfer equations at the interface.

Mass flux at the vapor interface

NC∑
i−1

ṅi,int = KV�V ln
(Z−yNH3 ,int )

(Z−yNH3
)

Mass flux at the liquid interface

NC∑
i−1

ṅi,int = KL�L ln
(Z−xNH3

)

(Z−xNH3 ,int )

Heat transfer equation at the interface ˙̨V (TV − Tint ) +
NC∑

ṅi,int h̃V,i = ˙̨ L(Tint − TL) +
NC∑

ṅi,int h̃L,i
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here T is the temperature, xNH3 is the ammonia mass frac-
ion in liquid phase, h0 = 100 (kJ kg−1) is the reference enthalpy,

0 = 273.16 (K) is the reference temperature and the parame-
ers ai, mi and ni are given in Pretek and Klomfar (1995). The
as phase is assumed to behave as an ideal mixture, so that
he enthalpy (HV, J kg−1) might be computed as:

V =
∑
i

xihV,i (3)

here xi is composition of component i ∈ {NH3, H2O} in liquid
hase and hV,i is the specific enthalpy of the pure components

 ∈ {NH3, H2O}, given by:

V,i =
T∫
T0

CPV,idT (4)

here T (K) is temperature, T0 is reference temperature and

PV,i is the specific heat capacity of component i computed
sing correlations from literature, which are summarized in
ppendix A.

.2.  Mass  and  heat  transfer  equations  at  the  interface

he simultaneous heat and mass transfers and the dominant
ransfer resistance, i.e., which phase offers the highest resis-
ance to mass and energy transfers, are key aspects in the

athematical modeling of falling film absorbers. The knowl-
dge of the dominant transfer resistance allows ascertaining
he limiting steps to the absorption process. Many  studies on
bsorption modeling consider heat and mass transfers sep-
rately, reasoning that there is negligible heat interaction so
hat the process might be considered isothermal (Vyazovov,
940; Cosenza and Vliet, 1990; Deng and Ma, 1999; Miller
nd Keyhani, 2001). Chen et al. (2010), on the other hand,
tate that the mass exchange increases/decreases the liquid
emperature at the interface accordingly, consequently influ-
ncing the equilibrium states and the mass transfer. The heat
nd mass transfer, therefore, should be considered simulta-
eous (Grossman, 1983; Kim, 1998; Habib and Wood, 2001; Ho
t al., 2004; Goel and Goswami, 2005a,b; Sieres et al., 2007;
riché et al., 2016, 2017; Aminyavari et al., 2017). There is dis-
greement in literature regarding the dominant mass transfer
esistance. Potnis et al. (1997), Gommed et al. (2001) and
minyavari et al. (2017) conclude that the vapor phase offers

he dominant transfer resistance. On the other hand, Kang
t al. (1998, 2000), Goel and Goswami (2005a,b), Fernandez-
eara et al. (2005), Sieres and Fernandez-Seara (2007), Lin and
ia (2011) and Triché et al. (2017) conclude that the liquid

hase offers the dominant transfer resistance for the mass
ransfer. Given the uncertainty of the relative magnitude of
i−1 i−1

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 (liq-
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:

ṅi,L = ṅi,V = ṅi,int i =, . . .,  NC (5)

q̇L = q̇V = q̇int (6)

where ṅ (kg m−2 s−1) and q̇  (W m−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 KL (m s−1)
and KV (m s−1) are the mass transfer coefficients of the liquid
and the vapor phase respectively; �V and �L are the densi-
ties of vapor and liquid phases respectively (kg m−3); ṅi,int

(kg m−2 s−1) is the mass flux of components i; ˙̨  (W m−2 K−1)
is the heat transfer coefficient; xi and yi are the mass frac-
tions of component i at the liquid and vapor bulk respectively
and xi,int and yi,int are the liquid and vapor mass fractions of
component i at the interface. The partial mass enthalpies for

the component i in liquid phase, h̃L,i (J kg−1), are computed
according (Ziegler and Trepp, 1984):

h̃L,i = HL + xi
∂HL
∂x

(7)

where xi is mass fraction of component i ∈ {NH3, H2O}  in liq-
uid phase and HL is the mass enthalpy of liquid mixture. The
partial mass enthalpies for the component i in vapor phase,

h̃V,i, are considered equal to the specific enthalpies of the
pure components, hV,i, 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):

Z = ṅNH3∑NC

I
ṅi,int

(8)

The value of Z indicates the variation of exchanged
mass fluxes along the absorber. For an absorption involving
NH3/H2O mixture in vapor and in liquid phase, for example,
if Z is greater than 1, water is desorbed from liquid into vapor

(ṅH2O < 0) and, if Z is less than 1, water is absorbed from vapor

into liquid (ṅH2O > 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, ṅi,int (kg m−2 s−1),
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 liq-
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, ˙̨ L
(W m−2 K−1) can be calculated using the Chilton and Colburn
(1934) analogy:

˙̨ L =  hL˛L (9)

˛L = KL

(
CPLML

[
SCL
PrL

]2/3
)

(10)

where ML (kg mol−1) is molecular weight, KL (m s−1) is the mass
transfer coefficient for the liquid phase, CPL (J kg−1 K−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 CPL,i is computed according to Perry

and Green (1999). PrL is the Prandtl number
(
PrL = �LCP,L

�L

)
and

SCL is the Schmidt number
(
SCL = �L

DL�L

)
, where DL is the binary

diffusivity for the liquid phase, computed according to (Wilke
and Chang, 1955), �L is the viscosity (Pa s−1), �L (W m−1 K−1)
is the thermal conductivity and �L (kg m−3) is the density. The
correction factor,  hL, takes into account the finite mass trans-
fer effect and is calculated according to (Triché et al., 2016):

 hL =

(∑NC

i=1ṅi,int CPL,i/˛L

)

1 − e

(∑NC

i=1
ṅi,int CPL,i/˛L

) (11)

The heat transfer coefficient for the vapor phase, ˙̨V
(W m−2 K−1), can be calculated from the correlation given by
Kakaç et al. (1987):

˙̨V =  hV˛V (12)
˛V = 7.541
(
�V
dhv

)
(13)
where �V (W m−1 K−1) is the thermal conduction in the vapor
phase, dhv (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 ( hV is calculated by
(Triché et al., 2016):

 h� =

(∑NC

i=1ṅiCPV,i/˛V

)

1 − e

(∑NC

i=1
ṅiCPV,i/˛V

) (14)

The mass transfer coefficient for the vapor phase KV (m s−1)
can also be calculated by applying the Chilton and Colburn
(1934) analogy:

KV = ˛V

CPVMV [SCV/PrV ]2/3
(15)

where MV (kg mol−1) is molecular weight, ˛V (m s−1) is
heat transfer coefficient for the vapor phase (Eq. (13)), CPV

(J kg−1 K−1) is the ideal gas specific heat capacity of the
mixture. The specific heat for the pure components CPV,i is
taken from Van Ness et al. (2007). PrV is the Prandtl number
(PrV = (�VCPV/�V)), ScV is the Schmidt number (ScV = (�VCV�V)),
where DV is binary diffusivity for the vapor phase (Wilke and
Chang, 1955), �V is viscosity (Pa s−1), �V is thermal conductive
and �V (kg m−3) is density.

The mass transfer coefficient, KL (m s−1) between the liq-
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:

KL = 0.01099Re0.3955
film Sc0.5L

(
DL�L
ML

)[
g�2

L

�2
L

]1/3

(16)

where Refilm is the Reynolds number for the liquid film, ScL

Schmidt number for the liquid phase, ML is the molecu-
lar weight (kg mol−1), DL is binary diffusivity, �L is viscosity
(Pa s−1), �L is density (kg m−3).

The Thermodynamics and Transport Phenomena Prop-
erties (TTP), namely viscosity (Pa s−1), thermal conductivity
(W m−1 K−1), and density (kg m−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
and Thompson

EOS-Soave Redlich
Kwong

COSTALD/
Hankinson and
Thompson

EOS-Soave Redlich
Kwong

Viscosity Letsou- Stiel Method:
Temperature
Correlation

Yoon and Thodos
method

Logarithmic mixing
(mass based)

Brokaw

Thermal conductivity Pachaiyappan Method DIPPR procedure Ideal Ideal
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The overall heat transfer coefficient for the wall is given by:

 = 1
(1/˛L,w) + Rw + (1/˛c)

(17)

here Rw (W m−2 K−1) is the conductive resistance of the plate
ade of inox, ˛L,w (W m−2 K−1) is the heat transfer coefficient

etween the liquid film and the plate given by ˛L,w = 1.88 �L
ıfilm

Wilke, 1962), for Re < 2469 Pr−0.646 and fully developed condi-
ions, where �L (W m−1 K−1) is the thermal conductivity, ıfilm

m)  is the falling film thickness. ˛c (W m−2 K−1) is the heat
ransfer coefficient between the coolant and the plate, cal-
ulated by ˛c = 4.363 �c

Dh
(Goel and Goswami, 2005a), for fully

eveloped laminar flow conditions, where �c (W m−1 K−1) is
hermal conductive and Dh is hydraulic diameter.

.4.  Equilibrium  at  the  interface

iquid and vapor compositions at the interface, xi,int and

i,int , are calculated from phase equilibrium at the interface.
ccording to Seader and Henley (1998), it is necessary to know
hether the components dissociate during the absorption
rocess. Since ammonia is a weak electrolyte, it ionizes appre-
iably in a large excess of water, according to:

H3 + H2O ↔ NH4
+ + OH− (18)

If the liquid phase is a diluted solution, the phase equi-
ibrium for weak electrolytes might be modeled as Edwards
t al. (1975, 1978). When the ammonia molar fraction in the
iquid phase is above 10−3, though, the ionization is negligi-
le (Prausnltz et al., 1978). Since the ammonia molar fraction
n the studied falling film greatly exceeds 10−3 at all points,
t is reasonable to assume that there is no dissociation in the
iquid phase. There are two approaches to calculate the com-
ositions at the interface for ammonia and water mixture that
ave been previously proposed in literature: a rigorous ther-
odynamic model by Prausnltz et al. (1978), which accurately

escribes the ammonia-water system over the entire compo-
ition range; or a simplified empirical correlation for pressures
elow 20 bar, according to Pretek and Klomfar (1995). A brief
omparison is presented in the following.

.4.1.  Rigorous  thermodynamic  model
ome assumptions might be made for the vapor–liquid equi-

ibrium (VLE) of ammonia and water: vapor phase is an ideal
as at the operating temperature and pressure conditions of
he studied falling film (P = 6 bar and 290 ≤ T ≤ 365 K), as also

ssumed by other authors (Triché et al., 2016); there is no dis-
ociation, so ammonia is not an electrolyte. The vapor–liquid
equilibrium for the system ammonia and water are then writ-
ten as:

y′
NH3

P = x′
NH3�

∗
NH3

H′ exp

(
v∞

NH3
P

RT

)
(19)

y′
H2OP = x′

H2O�H2Of
P0
H2O,L exp

(
vH2OP

RT

)
(20)

where y′ and x′ are molar fraction in vapor and liquid phase,
respectively, v∞

i 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), �H2O is the activity coefficient of water which is cal-
culated by Prausnltz et al. (1978), �∗

NH3
is the activity coefficient

of ammonia in a symmetric convection, which is calculated by
a hyperbolic tangent function (Prausnltz et al., 1978):

ln(�∗
NH3

) = b · tanh

(
a22x

′
NH3

b (1 − x′NH3 )

)
(21)

where x′
NH3 is the ammonia molar fraction in liquid phase, the

parameter a a22 is obtained from Prausnltz et al. (1978) and the
parameter b is determined by:

b = ln

(
f P0
NH3,L

H′

)
(22)

where f P0
NH3,L

is the fugacity of pure liquid ammonia at the
system temperature, corrected to zero pressure:

f P0
NH3,L

= ϕSNH3
PSNH3

exp

(
−
vNH3P

S
NH3

RT

)
(23)

where PSNH3
is the vapor pressure of pure ammonia (Macriss

et al., 1964), vNH3 is the molar volume of pure liquid ammonia
(Din, 1956) and ϕSNH3

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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eling
Fig. 2 – Overview of the mod

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:

T(P, xNH3 ) = T0

14∑
k=1

apk(1 − xNH3 )mpk
[

ln
P0

P

]npk
(24)

T(P, yNH3 ) = T0

17∑
j=1

apj(1 − yNH3 )
mpj

4

[
ln
P0

P

]npj
(25)

where T is temperature, P is pressure, the subscript 0 indi-
cates the reference state, T0 = 100 K and P0 = 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 (193.15 K ≤ T ≤ 453.15 K and 0.02 bar ≤ P ≤ 20 bar) 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 (Eqs. (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 = [mL, mV, x, y, HL, Hv, Hc, n, Tint , xint, yint] (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), resulting in a set
of (10 + 3 · NC) · nd algebraic non-linear equations, where nd
 and simulation framework.

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, i.e. 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

http://mosaic-modeling.de/
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roperties and of the falling film model against experimental
ata from literature. The validated model is then simulated
nd an analysis of the main mass and heat transfer resistances
nd the effect of inlet conditions on the process performance
s performed.

.1.  Evaluation  of  the  phase  equilibrium  models

he empirical and rigorous approaches to describe the equi-
ibrium at the interface are validated against the experimental
ata from Clifford and Hunter (1932), who  reported VLE data
or the system NH3/H2O at temperatures up to 423.15 K and at
ressures up to 20 bar. This range includes the operating con-
itions, P = 6 bar and 298 < T < 318 K, which are used to validate
ur modeling approach. Fig. 3 compares the rigorous equilib-
ium as suggested by Prausnltz et al. (1978) and the simplified
mpirical correlations by Pretek and Klomfar (1995) with the
xperimental data from Clifford and Hunter (1932) at 6 atm
nd 10 atm. Both approaches can precisely describe the VLE
f the mixture with deviations of the same order of magni-
ude for temperatures between 303.15 K and 323.15 K, which
orrespond the falling film operating conditions. The average
elative deviations for the liquid and vapor mass fraction at

 atm are 1.53% and 0.70%, respectively, if the empirical corre-
ations are used, and 3.15% for the liquid phase and 0.46%,
espectively, if the rigorous model is employed. The devia-
ions at 10 atm are very similar. The empirical correlations
resent a slightly better fit than the rigorous VLE formula-
ion at higher temperatures, especially for the liquid phase.
his overfit might be expected since the parameters of the
mpirical correlations are adjusted with the same experimen-
al data from Clifford and Hunter (1932). On the one hand,
hese empirical correlations usually employed in literature to

odel the falling film absorber are only valid for the mixture
H3/H2O in a pressure range from 0.02 to 20 bar. On the other
and, the rigorous model formulation is based on the thermo-
ynamic formalism which gives flexibility to the falling film
odel since the VLE equations might be suited to other com-

onent mixtures in a straightforward manner. Therefore, the
emaining simulations are carried out using the rigorous VLE
ormulation from Prausnltz et al. (1978).

.2.  Validation  of  the  thermodynamics  and  transport
henomena  properties

lthough the mixture NH3/H2O is well-known to many  indus-
rial applications, the correlations to calculate their TTPs are
or clearly stated neither validated by those who model the

alling film absorber (Goel and Goswami, 2005a,b; Sieres and
ernandez-Seara, 2007; Triché et al., 2016, 2017; Aminyavari
t al., 2017). Aware that the deviations of the TTPs correla-
ions might propagate to the falling film output variables, we
rstly validate the TTPs against experimental data from lit-
rature in order to ensure precision of the falling film model.
iscosity, density, and thermal conductivity for the pure com-
onents and for the mixture are calculated in the temperature
ange from 273.15 to 373.5 K and pressure 1 to 33 bar. Table 4
ummarizes the average relative deviations between experi-
ental and simulated data. As the ammonia mass fraction

t the vapor phase is above 0.99, the deviations of the mix-
ure properties at the vapor phase are similar to the pure
omponent deviations, therefore they are not show in Table 4

or the sake of simplicity. The small deviations indicate that
he 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 390 K for the
pure component (Perry and Green, 1999; NIST, 1998) and from
280 to 360 K 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 345 K and 514 K. The average deviations are 3.49%
for the liquid phase when 0.02 ≤ xNH3 ≤ 0.99 and 3.99% at the
vapor phase when 0.93 ≤ yNH3 ≤ 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
is no 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 TL (K), coolant temper-
ature TC (K), ammonia mass fraction xNH3 and heat absorbed
by the coolant QC (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 model is 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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Fig. 3 – Validation of the VLE equilibrium model: (a) liquid and (b) vapor phases at 6 atm and (c) liquid and (d) vapor phases
at 10 atm.

Table 4 – Average relative deviation of transport and thermodynamic properties.

Property NH3 H2O NH3/H2O

Liquid Vapor Liquid Vapor Liquid

Density (kg m−3)
294.5 K < T < 343.0 K
4.29 bar < P < 33.14 bar

0.70%[1] 1.87%[2] 0.08%[3] 0.68%[2] 0.74%[11] @ xNH3 = 0.176

Viscosity (Pa s)
290.0 K < T < 340.0 K
1 bar < P < 10 bar

2.55%[4] 1.41%[5] 3.06%[6] 1.37%[7] 5.51%[7] @ xNH3 = 0.150

Thermal conductivity
(W m−1 K−1)
273.15 K < T < 373.5 K
1 bar < P < 10 bar

5.74%[8] 3.38%[9] 1.74%[10] 0.68%[7] 2.43%[9] @ 0 ≤ xNH3 ≤ 0.27

Specific heat capacity
(kJ kg−1 K−1)
290.0 K < T < 390.0 K
1 bar < P < 15.35 bar

1.32%[2] 0.11%[12] 2.41%[12] 0.08%[2] 1.70%[13] @ 0.15 ≤ xNH3 ≤ 0.84

[1]Cragoe and Harper (1921), [2]Perry and Green (1999), [3]Aznar et al. (1984), [4]Laesecke et al. (1999), [5]Trautz and Heberling (1931), [6]Agaev et al.
(1968), [7]Timrot and Par vysokih (1950), [8]Varlashkin and Thompson (1963), [9]Golubev et al. (1964), [10]Lees et al. (1898), [11]Liu et al. (2012), [12]NIST
(1998), [13]Fujita 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): mV = 5.25 · 10−3 kg/s, mL = 1.67 · 10−2 kg/s,
TV = 296.9 K, TL = 312.0 K, xNH3 = 0.46, yNH3 = 0.995, P = 6.03 bar,
Tc = 300.20 K and mc = 0.626 kg s−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 liq-
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,



Chemical Engineering Research and Design 1 5 9 ( 2 0 2 0 ) 179–194 189

Table 5 – Validation of the falling film model against experimental data from Triché et al. (2016).

Test nd TL (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 1.21 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 
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Fig. 4 – Temperature profile along the absorber length.

nlike observed by Triché et al. (2016) and Goel and Goswami
2005a), the interface temperature is not always slightly higher
han the liquid temperature, what occurs due to the heat gen-
rated by the absorption at the interface. This is explained
y the different approach used to compute the equilibrium at
he interface because, if the empirical correlations are used to
alculate the compositions at the interface, the same results
rom Triché et al. (2016) are observed. Here, a rigorous thermo-
ynamic model is employed instead of empirical correlations.
s discussed in Section 3.1, there is a slight difference between

he empirical and rigorous correlations describing the VLE at
he interface. Regarding the vapor temperature, it increases at
he first section of the absorber until it reaches the interface
emperature near z = 0.39 m due to the heat generated by the
bsorption process. After that point, since the temperature at
he vapor phase is slightly higher than the interface tempera-
ure, according to the energy balance at the interface (Table 2),
he heat flux is reversed and then the vapor phase slowly cools
own.

Fig. 5a and b depicts the concentration profiles along the
bsorber. As expected, ammonia is continuously absorbed
nto the liquid phase as its mass fraction increases along the
bsorber length due to the higher ammonia content in the
apor phase. In the vapor phase, the ammonia mass fraction
rstly decreases not only due to the ammonia absorption into
he liquid phase but also due to the water desorption from the
iquid phase into the vapor phase (Z > 1). When Z < 1, though,
ater is absorbed into the liquid phase so that the ammonia

ass fraction in vapor phase stops changing. The same behav-

or has been observed by Fernandez-seara et al. (2005), Herbine
0.86 1.24 1.84 1.18

and Perez-blanco (1995), and Triché et al. (2016, 2017). Fig. 5
further indicates that y ≥ yint , xint ≥ x and yint > xint ensur-
ing that ammonia is continuously absorbed, as also observed
by Sieres et al. (2007). The interface mass fractions (xint and
yint) increase along the absorber as the interface temperature
decreases, as shown in Figs. 4, 5a and b. This behavior might be
understood with the help of the liquid-vapor phase diagram
illustrated in Fig. 5c. At a given temperature at the interface,
the equilibrium composition is indicated. For a lower inter-
face temperature, the phase diagram indicates that the mass
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 transfer is the
difference between the concentration at the gas phase and at
the interface, yNH3 − yint ,NH3

, and between the concentration
at the interface and at the liquid phase, xint ,NH3

− xNH3 , 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,
FV = KV · �V , and liquid phase, FL = KL · �L in Fig. 6b, we arrive to
the same conclusion: the liquid side controls the mass transfer
since FL > FV 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/˛V ) is large whereas at the liquid phase (1/˛L) is
negligible. Fig. 6c 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, xNH3 .
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, TL,in and Tc,in, inlet mass fraction of ammonia at

the liquid phase xNH3,in and coolant inlet mass flowrate mc,in.
Fig. 7a shows the ammonia mass fraction at liquid phase along
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Fig. 5 – Liquid (a) and vapor (b) phase concentration profiles along the absorber length, (c) liquid-vapor phase diagram for
NH3/H2O at 6 bar.

Fig. 6 – (a) Ammonia mass fraction gradients and (b) correlations with mass transfer coefficients (FV and FL) and (c) heat
transfer coefficients for the vapor and liquid phases and.
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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)
i
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nlet temperature on absorption of ammonia.

he absorber length for different xNH3,in as well as the ammonia
ass fraction gradient between the liquid interface and the

iquid phase. The lower the inlet mass fraction of ammonia,
he higher is the gradient, since the concentration at the vapor
hase has not changed. This favors the ammonia absorption

nto the liquid phase, yielding an increase in the ammonia
ass fraction at the liquid phase.
The influence of coolant and liquid inlet temperatures on

he absorption of ammonia are illustrated in Fig. 7b and c,
espectively. The concentration gradients are greater at the
op because of the more  pronounced difference in ammonia
oncentration between the liquid and vapor phases. At the
op occurs the lowest concentrations of ammonia in the liquid
hase, while the vapor stream feeds the top with yNH3 = 0.995.
s the absorption occurs along the falling film, the liquid
hase gets richer in ammonia so that the concentration gra-
ient decreases. The coolant inlet temperature ranges from
98.5 to 300.5 K, according to Goel and Goswami (2005a), as it
overs typical thermal conditions of the cooling units for this
rocess. The lower the inlet coolant temperature, the lower
ill be the liquid temperature along the absorber’s length

ince the heat generated by the absorption is transferred to
he coolant. As a result, the higher will be the ammonia con-
ent at the interface, according the phase diagram in Fig. 5c,
esulting in a higher concentration gradient between the inter-
ace and the bulk phases, as illustrated by Fig. 7a and b. The
ame behavior is observed for decreasing liquid inlet temper-
tures. Analyzing the coolant inlet mass flow rate, it has the
ame effect as the decrease in the inlet coolant temperature
ince a higher flow rate increases the heat flux from the liquid
o the coolant. For the sake of simplicity, the profiles are not

hown here. The sensitive analyses indicate that lower inlet
oolant 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-H2O 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 NH3, H2O
and NH3/H2O mixture, such as: specific heat and binary diffu-
sivity coefficient.

• Specific heat of ammonia and water in vapor phase, CpV,i
(J mol−1 K−1) are calculated by (Van Ness et al., 2007):

CpV,i
R

= A + BT + CT2 + DT−2 (A.1)

where A, B, C, D are parameters (Van Ness et al., 2007), T (K)
is temperature and R (J mol−1 K−1) is the gas constant.

• Specific heat of ammonia and water in liquid phase
(J mol−1 K−1), are respectively computed by (Perry, 1999):

CpL,NH3 = C1
2

t
+ C2 − 2C1C3t − C1C4t

2 − C2
3t

3

3

− C3C4t4

2
− C2

4t
5

5
(A.2)
CpL,H2O = C1 + C2T + C3T
2 + C4T

3 + C5T
4 (A.3)
where T (K) is temperature, C1, C2, C3, C4 and C5 are param-
eters (Perry, 1999), t = 1 − Tr. Tr, Tr = T/Tc and Tc is critical
temperature (K).

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

CPL = xNH3CPL,NH3 + xH2OCPL,H2O (A.4)

CPV = yNH3CPV,NH3 + yH2OCPV,H2O (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):

DL = 117.282 · 10−18T

√
	mMm

�mV
0.6
diff

(A.6)

where T (K) is temperature, �m (Pa s) is the dynamic vis-
cosity, Mm (g mol−1) is the mixture molecular weight, Vdiff

(cm3 mol−1) is the molar volume from Conde (2006) and is
the mixture association factor from Wilk and Chang, 1955.

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

DV = 0.0018583

√
T3

(
1

MNH3

+ 1
MH2O

)
(

1
P
NH3,H2O˝D

10−4

)
(A.7)

where T (K) is temperature, MNH3 and MH2O are the molec-
ular weights for ammonia and water, respectively, P (atm)
is pressure, �D is a collision integral and 
NH3,H2O (Å) is the
molecular diameter, both of them from Hirschfelder et al.
(1954).
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akaç, S., Aung, W.,  Shah, R.K., 1987. Handbook of Single-phase
Convective Heat Transfer. Wiley, NewYork.

ang, Y.T., Akisawa, A., Kashiwagi, T., 2000. Analytical
investigation of two different absorption modes: falling film
and bubble types. Int. J. Refrig. 23, 430–443.

ang, Y.T., Kashiwagi, T., Christensen, R.N., 1998.
Ammonia-water bubble absorber with a plate heat exchanger.
ASHRAE Trans. Pt. 1B, 1565–1575.

im, B., 1998. Heat and mass transfer in a falling film absorber of
ammonia-water absorption systems. Heat Transf. Eng. 19 (3),
53–63.
im, H.Y., Saha, B.B., Koyama, S., 2003. Development of a slug
flow absorber working with ammonia–water mixture: part
II–data reduction model for local heat and mass transfer
characterization. Int. J. Refrig. 26, 698–706.

Laesecke, A., Lueddecke, T.O.D., Hafer, R.F., Morris, D.J., 1999.
Viscosity measurements to ammonia, R32, and R134a. Vapor
buoyancy and radial acceleration in capillary viscometers. Int.
J.  Thermophys. 20, 401–434.

Lázaro-Colán, V.A., 2012. Experimental Study of an Absorption
Column of Water Vapor and Ammonia in Water, PhD Thesis.
Federal University (USP), Sao Paulo, Sao Paulo, Brazil.

Lees, C.H., Philos, Trans, R., 1898. On the thermal conductivities
of single and mixed solids and liquids and their variation with
temperature. Soc. Lond. Ser. A 191, 339–440.

Leite, B., 2015. Modeling of the Absorber and the Generator of
Ammonia/Water Heat Absorption Refrigeration Cycle Base on
the  Falling Film Technology on Inclined Plates. Master Thesis.
Sao Paulo, Federal University (USP), Sao Paulo, Brazil.

Lin, P., Xia, W.R.Z., 2011. Numerical investigation of a two-stage
air-cooled absorption refrigeration system for solar cooling:
cycle analysis and absorption cooling performances. Renew.
Energy 36, 1401–1412.

Liu, J., Wang, S., Hartono, A., Svendsen, H.F., 2012. Solubility of
N2O in and density and viscosity of aqueous solutions of
piperazine, ammonia, and their mixtures from 283.15 to
323.15 K. Chen. C.J. Chem. Eng. Data 57 (9), 2387–2393.

Macriss, R.A., Eakin, B.E., Ellington, R.T., Huebler, J., 1964. Physical
and  thermodynamic properties of ammonia-water mixtures.
IGT Res. Bull. 34.

Merchan, V.A., Esche, E., Fillinger, S., Tolksdorf, G., Wozny, G.,
2015. Computer-aided process and plant development–a
review of common software tools and methods and
comparison against an integrated collaborative approach.
Chem. Ingeniuer Tech. 88, 50–69.

Miller, W.A., Keyhani, M., 2001. The correlation of simultaneous
heat and mass transfer experimental data for aqueous
lithium bromide vertical falling film absorption. J. Sol. Energy
Eng. 123, 30–42.

Mittermaier, M., Ziegler, F., 2015. Theoretical evaluation of
absorption and desorption processes under typical conditions
for chillers and heat transformers. Int. J. Refrig. 59,
91–101.

MOSAIC documentation (October, 2011). Retrieved from
http://www.mosaic-modeling.de.

Perez-Blanco, H.A., 1988. A model of an ammonia-water falling
film  absorber. ASHRAE Trans. 94 (1), 467–483.

Perry, R.H., Green, D.W. (Eds.), 1999. Perry’s Chemical Engineers’
Handbook. McGraw-Hill, New York.

Potnis, S.V., Anand, G., Gomezplata, A., Erickson, D.C., Papar, R.A.,
1997. GAX component simulation and validation. ASHRAE
Trans. 1, 454–459.

Prata, J.E., 2012. Modeling of a Falling Film Absorber for a
Refrigeration Cycle by Absorption of Ammonia and Water.
Master Thesis. Sao Paulo, Federal University (USP), Sao Paulo,
Brazil.

Prausnltz, J.M., Edwards, T.J., Newman, J., 1978. Thermodynamics
of vapor–liquid equilibria for the ammonia-water system. Ind.
Eng. Chem. Fundam. 17, 264–269.

Pretek, J., Klomfar, J., 1995. Simple functions for fast calculations
of  selected thermodynamic properties of the ammonia-water
system. Int. J. Refrig. 18 (228), 234.

Rosa, L.S., Pontes, K.V., Penteado, A.T., Tolksdorf, G., Esche, E.,
Repke, J.-U., 2018. Using MOSAICmodeling and CAPE-OPEN
interfaces for property calculations in MATLAB. Blucher 1,
4392–4395.

Seader, D., Henley, E.J., 1998. Separation Process Principles
Published. Wiley, New York.

Sieres, J., Fernandez-seara, J., 2007. Modeling of simultaneous
heat and mass transfer processes in ammonia–water
absorption systems from general correlations. Heat Mass
Transfer 44, 113–123.

Sieres, J., Fernández-seara, J., Uhía, F., 2007. Analysis of an air
cooled ammonia–water vertical tubular absorber. Int. J.

Therm. Sci. 46, 93–103.

http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0045
http://www.colan.org/
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0055
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0060
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0065
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0070
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0075
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0080
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0085
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0090
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0095
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0095
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0095
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0095
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0095
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0095
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0095
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0100
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0105
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0110
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0115
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0120
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0125
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0130
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0135
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0140
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0145
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0150
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0175
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0185
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0190
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0195
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0200
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0205
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0210
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0215
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0220
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0225
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0230
http://www.mosaic-modeling.de
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0240
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0245
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0250
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0255
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0260
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0265
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0270
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0275
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0280
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0285


194  Chemical Engineering Research and Design 1 5 9 ( 2 0 2 0 ) 179–194

Ziegler, B., Trepp, C., 1984. Equation of state of ammonia–water
Timrot, D.L., Par vysokih, 1950. Steam of high parameters in
energetics: Properties of water steam. Parametr. Energ. 72,
767–778.

Tolksdorf, G., Esche, E., Wozny, G., Repke, J.-U., 2019. Customized
code generation based on user specifications for simulation
and optimisation. Comput. Chem. Eng. 121, 670–684.

Trautz, M., Heberling, R., 1931. Viscosity of ammonia & its mixture
with hydrogen, nitrogen, ethylene, ANN. Physik 10, 155–177.

Treybal, R.E., 1980. Mass Transfer Operations. McGraw-Hill, New
York.

Triché, D., Bonnota, S., Perier-muzeta, M., Boudéhenna, F.,
Demaslesa, H., Caney, N., 2016. Modeling and experimental
study of an ammonia-water falling film Absorber SHC 2015.
Int. Conf. Sol. Heat. Cool. Build. Ind. Energy Proc. 91, 857–867.

Triché, D., Bonnota, S., Perier-muzeta, M., Boudéhenna, F.,
Demaslesa, H., Caney, N., Perier-muzet, M., 2017.
Experimental and numerical study of a falling film absorber in
an ammonia-water absorption chiller. Int. J. Heat Mass Transf.
111,  374–385.

Triché, D., 2016. Numerical and Experimental Study of Coupled
Mass and Heat Transfers in the Absorber of an

Ammonia-Water Absorption Machine. PhD Thesis. Université
Grenoble Alpes, France.
Van Baten, J., 2016. COCO Cape Open to Cape Open Simulation
Environment, www.cocosimulator.org.

Van Ness, H.C., smith, J.M., Abbott, M.M., 2007. Introduction to
Chemical Engineering Thermodynamics, 7th Edition. McGraw
Hill Professional, New York.

Varlashkin, P.G., Thompson, J.C.J., 1963. Thermal conductivity of
liquid ammonia. Chem. Eng. Data 8, 526.

Flori, M., Vîlceanu, L., 2012. Performance characteristics of vapor
compression refrigeration systems. Ann. Faculty Eng.
Hunedoara-Int. J. Eng. 2, 145–148.

Vyazovov, V.V., 1940. A theory of absorption of slightly soluble
gases by liquid films. I. Tech. Phys. 10, 1519–1532.

Wilke, C.R., Chang, P., 1955. Correlation of diffusion coefficients
in  dilute solutions. AIChE J. 1 (2), 264–270.

Wilke, W.,  1962. Wärmeübergang an Rieselfilme.
VDI-Fors-Chungsheft 490, B28.

Yih, S.M., 1986. Modeling heat and mass transport in falling film
liquid films. In: P: Cheremisinoff, N. (Ed.), Handbook of Heat
and Mass Transfer: Mass Transfer and Reactor Design. Gulf
Publishing Company 5, pp. 111–120.
mixtures. Int. J. Refrig. 7, 101–106.

http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0290
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0295
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0300
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0305
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0310
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0315
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0320
http://www.cocosimulator.org
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0330
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0335
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0340
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0345
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0350
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0355
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0360
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365
http://refhub.elsevier.com/S0263-8762(20)30163-5/sbref0365

	An equation-oriented novel approach for modeling the falling film absorber using rigorous thermodynamic and transport desc...
	1 Introduction
	2 Mathematical modeling
	2.1 Material and energy balances at the bulk phases and at the coolant
	2.2 Mass and heat transfer equations at the interface
	2.3 Mass and heat transfer coefficients
	2.4 Equilibrium at the interface
	2.4.1 Rigorous thermodynamic model
	2.4.2 Empirical correlations

	2.5 Solution procedure

	3 Results and discussions
	3.1 Evaluation of the phase equilibrium models
	3.2 Validation of the thermodynamics and transport phenomena properties
	3.3 Model validation: falling film absorber
	3.4 Analysis of the mass and heat transfer phenomena
	3.5 Analysis of the inlet conditions in the absorption performance

	4 Conclusion
	Conflicts of interest
	Acknowledgments
	Appendix A
	References


