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Abstract

This work describes transient numerical modeling of a direct air-cooled,

single-effect absorption chiller. The model is lumped parametric based on tran-

sient mass, momentum, and energy balances, applied to the internal compo-

nents of the absorption machine. Thermal and mass storage in each one of the

components are taken into account in the transient evaluation, and pressure

losses in the SHX are evaluated using a pressure drop coefficient. This work

aims to improve the available numerical modeling propositions by using embed-

ded available heat and mass transfer empirical correlations, based on previous

experiences in falling film absorption. This approach minimizes the need for

experimental parameter identification and allows scalability studies. The ex-

perimental validation has been organized in three steps: i) absorber zero-order

model, steady-state conditions; ii) the whole chiller, also in steady-state con-

ditions; iii) transient conditions. For the steady-state conditions, most results

have an agreement within the margin of the uncertainty of the experiments,

with a medium discrepancy of 5% in COP and 11% in the cooling capacity. For

transient conditions, the comparison of the outlet temperatures of the secondary

streams, reveals discrepancies under 0.5 K, except in some fast transient periods,

∗Corresponding author
Email address: cttc@cttc.upc.edu (J.Castro)
URL: www.cttc.upc.edu (J.Castro)

Preprint submitted to International Journal of Refrigeration September 8, 2020



where higher differences are perceived. To perform the numerical simulations is

used as an in-house modular object-oriented simulation platform (NEST plat-

form). Finally, the performance of a prototype demonstration 7 kW air-cooled

LiBr-H2O absorption chiller is predicted through a designed test campaign. This

model put gives valuable information for the definition of further regulation and

control protocols.

Keywords: transient modelling, absorption, refrigeration, LiBr, air-cooled
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1. Nomenclature

Name Description Units
A Heat exchanger area [m2]
c LiBr weight concentration [-]
C Heat capacity rate [WK−1]
Cd Discharge coefficient [-]
cp Heat capacity [Jkg−1K−1]
d Outer diameter of the tube [m]
D Mass diffusivity [m2s−1]
∆t Time-step [s]
f Factor of Gnielinski correlation [-]
g Gravitational acceleration [m2s−1]

Gr Grashof Number, Gr = gαv(Tw−Tb)L3ρ2

µ2 [-]

h Specific enthalpy [Jkg−1]
H Height between components [m]
j Colburn factor, j = StPr2/3 [-]
L Characteristic length [m]
Le Lewis Number, Le = λ

ρcpD
[-]

ṁ Mass flow [kgs−1]
M Mass [kg]
n Parameter of equation 21 [-]
Nu Nusselt Number, Nu = αL

λ
[-]

Nuf Falling film Nusselt Number, Nu = αδ
λ

[-]
P Pressure [Pa]
pd Fin amplitude [m]
pl Vertical distance between tubes [m]
pt Horizontal distance between tubes [m]
Pr Prandtl Number, Pr = µcp/λ [-]
Q̇ Heat exchanged [W]
R Gas constant [Jkg−1K−1]
R Thermal resistance [WK−1]
Re Reynolds Number, Re = ṁ/(Sµ) [-]
Ref Falling film Reynolds Number, Ref = 4Γ

µ
[-]

Rv Specific gas constant [Jkg−1K−1]
s Distance between fins [m]
S Pipe section between components [m2]
Sc Schmidt Number, Sc = µ

ρD
[-]

Sh Sherwood Number, Shf = βL
λ

[-]
Shf Falling film Sherwood Number, Shf = βδ

λ
[-]

SHX Solution Heat Exchanger [-]
St Stanton Number, St = α

ρvD
[-]

u Specific internal energy [Jkg−1]
v Characteristic velocity [ms−1]
V Volume [m3]
xf Half lenght wave of the fin [m]
z Liquid height [m]
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Greek symbols Description Units
α Heat transfer coefficient [Wm−2K−1]
αv Thermal expansion coefficient [K−1]
β Mass transfer coefficient [ms−1]
δ Film thickness [m]
Γ Liquid flow rate per unit length [kgm−1s−1]
λ Thermal conductivity [Wm−1K−1]
µ Dynamic viscosity [Pa s]
ν Kinematic viscosity [m2s−1]
ρ Density [kgm−3]
ζ Pressure drop coefficient [-]

Subscripts & Superscripts Description
A Absorber
abs Absorbed
air Air side
amb Ambient
B Buffer
b Bulk
C Condenser
ch Channel
cond Condensed
d Related to diameter
des Desorbed
E Evaporator
evap Evaporated
i Interface
in Inlet
ip Isolated plate
f Film
G Generator
ht Horizontal tube
hx Heat exchanger
l liquid
loss Losses
mol Molar
out Outlet
pri Primary
s Solution
sec Secondary stream
tot Total
v Vapor
w Related to wall
0 Previous time-step value
1 Current time-step value

2. Introduction

In the last years, there is a renewed interest in sorption systems due to the

policies of CO2 emissions reduction. These technologies fit for a distributed

model of energy generation, having the potential to play an important role.

Small capacity sorption systems (less than 30 kW) are an attractive option to

consider in this situation.
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Within the design stage of the absorption cycle, it is interesting to use ther-

modynamic models Florides et al. (2002)Castro et al. (2007). This kind of

modeling requires a wide range of parameters such as experimental overall heat

transfer coefficients, flow rates of the solution, properties of the working fluids,

etc. However, in the last years, transient simulation has been approached by

several authors aiming at the design improvement of different LiBr-H2O absorp-

tion cycles. Monitoring the real performance of a thermal device in transient

conditions allows us to understand the behavior of the chiller under part-load,

full load, and critical operation procedures such as the activation or deactiva-

tion of the chiller. Anand et al. (1982) presented a study related to the chiller

start-up, where the modelization of the transient behavior of the chiller was

the main objective of the paper. Jeong et al Jeong et al. (1995) presented a

dynamic numerical simulation to predict the transient operating characteristics

and performance of an absorption heat pump used to recover low-grade waste

heat. Joudi and Lafta (2001) presented a model based on detailed mass and en-

ergy balances, together with heat and mass transfer relationships. Kohlenbach

and Ziegler (2008a) presented an enthalpy based internal and external analy-

sis to carry out dynamic simulations. Arora and Kaushick (2009) developed a

computational model for the parametric investigation of single-effect and series

flow double-effect LiBr/H2O absorption refrigeration systems. Shin et al. (2009)

developed a dynamic model to simulate the operation of a commercial double-

effect absorption chiller. Bittanti et al. (2010) also presented a dynamic model

of an absorption chiller for air-conditioning. Matsushima et al. (2010) based

the numerical modeling approach on an object-oriented numerical platform.

Mirzaei et al. (2011) presented transient modeling of a double-effect absorption

chiller based on lumped parameters. Iranmanesh and Mehrabian (2013) also

developed a lumped-parameter transient simulation of a single-effect LiBr-H2O

absorption chiller. That study considered the effect on the concentration of so-

lution at both outlets of generator and absorber, and then the effect of thermal

masses. Zinet et al. (2012) presented a transient model for the simulation of a

new single-effect LiBr/H2O absorption chiller. Heat and mass transfer in the
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evaporator, absorber, and the generator is defined according to a physical model

for vapor absorption based on Nusselt’s film theory. The other heat exchangers

are treated using a simplified approach based on the NTU-effectiveness method.

Evola et al. (2013) proposed and validated a model for the dynamic simulation

of a solar-assisted single-stage LiBr/water absorption chiller. More recently,

Marc et al. (2015) analyzed the transient and steady-state phases behavior of

the LiBr/H2O of a single effect absorption chiller, modeled accurately using a

dynamic model presented.

The aim of this work is the development of a transient model using embedded

expressions for calculating the heat and mass transfer coefficients. The model

incorporates the calculation of heat and mass transfer coefficients obtained from

the available scientific literature. This approach minimizes the need for ad-hoc

parameter identification using experimental measurements of already existent

absorption chillers, becoming very helpful for the designers in the early stages of

development. This approach has been possible by developing a new zero-order

model for the absorption and generator, that predicts the simultaneous heat

and mass transfer processes with acceptable accuracy, using already existent

empirical information. Moreover, this approach allows scalability studies, being

very useful for thermo-economic studies aimed to define sizes according to the

different applications. In this work, the transient model is employed for the

development of a low capacity (7kW), single-effect air-cooled absorption chiller.

The transient model becomes a powerful tool both for thermal design and a

complete understanding of the system under several operating conditions, mak-

ing possible a detailed picture of an experimental test campaign for the chiller

before its real implementation. This transient model has been developed using

an object-oriented numerical platform called NEST Lopez et al. (2012); Farnos

et al. (2017); Torras et al. (2016), in which many cycle configurations can be

implemented with high flexibility. This program combined an object-oriented

formulation and parallel processing program architecture. The model has been

validated against the experimental results of previous research performed with a

laboratory prototype of an air-cooled absorption machine Castro (2005); Castro
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et al. (2007, 2008b) and available data of the scientific literature Evola et al.

(2013).

3. Computational modelling

A lumped parametric transient model based on mass, momentum, and en-

ergy balances, applied to the internal components of the absorption machine has

been developed. Figure 1 show a scheme of the single-effect cycle modeled. The

model depends on heat and mass transfer coefficients, obtained through basic

empirical correlations. This is a relevant feature because the model does not

depend on an ad-hoc experimental test campaign of the absorption machine to

be studied, and this allows scalability studies. Transient models achieve higher

prediction capabilities when compared to steady-state thermodynamic models

Yang et al. (2014) Castro et al. (2007). Therefore, this type of simulation is use-

ful to obtain valuable information on the transient performance of the chiller,

which depends on the external actuation (i. e. control strategy), allowing the

anticipation of failure operations: crystallization, cavitation, etc.

Figure 1: Parallel scheme of the installation

Some assumptions are considered for the formulation of the model: i) tem-
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peratures, pressures and concentrations are homogeneous inside each compo-

nent; ii) pressure inside the generator is the same as the one in the condenser,

and pressure inside the absorber is the same to the one in the evaporator; iii)

fluid transport delay between two components is neglected; iv) overall heat and

mass transfer coefficients are calculated using empirical correlations; v) throt-

tling valves are adiabatic; vi) vapor produced in the evaporator is saturated; and

vii) volumetric flow provided by the solution pump is assumed constant, except

during cavitation periods. The pressure losses throughout the pipelines and

SHX and between condenser and evaporator are evaluated through a pressure

drop coefficient.

In the present approach, the equation system is closed using the relation

ṁabs,des = βabs,desρsA∆C to calculate the absorbed and desorbed mass, where

β is the mass transfer coefficient obtained from empirical correlations. Temper-

atures, pressures, concentrations, mass fluxes, and heat exchanged in the most

significant points of the whole absorption machine are obtained through the

operation period.

3.1. Mathematical formulation

In this subsection, the equations for closing the system are described, com-

ponent by component.

3.1.1. generator

Mass balance of the solution:

ṁs,in,G − ṁs,out,G − ṁv,des =
dMs,G

dt
(1)

Mass balance of the vapor:

ṁv,des − ṁv,out,G =
dMv,G

dt
(2)

Ideal gas law relation for the vapor:

Mv,GRvTG = PGVv (3)
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Conservation of shell’s volume:

Vv,G = VG −
Ms,G

ρs,G
(4)

Mass balance of LiBr:

ṁs,in,Gcs,in,G − ṁs,out,Gcs,out,G = Ms,G
dcs,G
dt

+ cs,G
dMs,G

dt
(5)

Energy balance in the solution:

Q̇pri,G − Q̇loss,G = ṁv,deshv,des + ṁs,out,Ghs,out,G −

ṁs,in,Ghs,in,G +Ms,Gcp,s,G
dTs,G
dt

+ us,G
dMs,G

dt

(6)

Calculation of the strong solution outlet mass flow rate:

ṁs,out,G = CdS

√
2ρs [(Pg − Pa) + ρsg(H + z)]

ζ
(7)

Calculation of desorption rate:

ṁv,des = βdesρsA
1

2

(
(Cin,i − Cin,b) + (Cout,i − Cout,b)

)
(8)

The concentrated solution mass flow presented in equation (7) is obtained

by using the expression described by Evola et al. (2013) or Kohlenbach and

Ziegler (2008a), aiming to overcome the possibility of emptying the generator

or the condenser. This expression is highly dependent on the ζ, whose value

is a function of both piping and SHX pressure drop characteristics, in the case

of the generator. Moreover, ζ is recalculated at each time step, depending on

the total volume of liquid at the vessels. In this approach, empty vessels are

avoided.

On the other hand, the calculation of desorbed mass (equation 8) is done

explicitly by using mass transfer correlations of the literature Jani (2012). Fi-

nally, to complete the equation system for the component, it has to be indicated

that any energy balance is done in the vapor phase. Therefore it is assumed

thermal equilibrium between liquid and vapor phases.
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3.1.2. absorber and solution buffer

In this case the two components are treated in a separated way from the point

of view of solution, but joined from the point of view of vapour. This procedure

offers good stability results in the calculation. Therefore the equations are:

Mass balance of the solution (absorber):

ṁs,in,A − ṁs,out,A + ṁv,abs =
dMs,A

dt
(9)

Mass balance of the solution (buffer):

ṁs,in,B − ṁs,out,B =
dMs,B

dt
(10)

Mass balance of the vapor (absorber+buffer):

ṁv,in,A − ṁv,abs =
dMv,A+B

dt
(11)

Ideal gas law relation for the vapor (absorber+buffer):

Mv,ARvTA = PA(Vv,A+B) (12)

Conservation of shell’s volume (absorber+buffer):

Vv,A+B = VA + VB −
Ms,A

ρs,A
− Ms,B

ρs,B
(13)

Mass balance of LiBr (absorber):

ṁs,in,Acs,in,A − ṁs,out,Acs,out,A = Ms,A
dcs,A
dt

+ cs,A
dMs,A

dt
(14)

Mass balance of LiBr (buffer):

ṁs,in,BCs,in,B − ṁs,out,BCs,out,B = Ms,B
dCs,B
dt

+ Cs,B
dMs,B

dt
(15)

Energy balance of liquid solution (absorber):

Q̇pri,A − Q̇loss,A = ṁs,out,Ahs,out,A − ṁs,in,Ahs,in,A −

ṁv,abshv,abs +Ms,Acp,s,A
dTs,A
dt

+ us,A
dMs,A

dt

(16)
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Energy balance of liquid solution (buffer):

ṁs,out,Bhs,out,B − ṁs,in,Bhs,in,B −

+Ms,Bcp,s,B
dTs,B
dt

+ us,B
dMs,B

dt
= Q̇loss,B

(17)

Calculation of the weak solution outlet mass flow rate from the absorber to

the buffer:

ṁs,out,A = ṁs,in,B = CdS

√
2ρs [ρs.g.(H + z)]

ζ
(18)

Calculation of absorption rate:

ṁv,abs = βabsρsA
1

2

(
(Cin,i − Cin,b)− (Cout,i − Cout,b)

)
(19)

The mass transfer rates at the generator and absorber, equations (8), and

(19), respectively, are calculated using fundamental empirical correlations of

mass transfer coefficients. In the developed approach, a straightforward concen-

tration difference (semi-sum expression) is used. This concentration difference

is consistent with the definition of the mass transfer coefficients used. The loga-

rithmic difference is avoided to achieve higher robustness of the model under all

transient conditions. Moreover, for small concentration differences, the use of

a semi-sum expression is quite an exact procedure. To calculate in an accurate

way the heat and mass transfer rates at the interface, they have been defined

LiBr concentrations and temperatures at this position (Ci, Ti). In this way, the

heat transfer at the interface is related to the mass transfer using the following

relation 20 (for both generator and absorber), and considering negligible the

heat transfer to the vapor side:

αi(Tb − Ti) = ṁdes/abs∆hdes/abs (20)

where the temperature at the interface is related with the concentration

interface as thermodynamic equilibrium conditions is assumed Ti = f(Ci, P ).

This relation has been calculated from McNeely (1985).
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Once the mass transfer coefficient β is calculated, we obtain the heat transfer

coefficient at the interface αi using the following relation (Nu/Sh analogy) 21

Yüksel and Schlünder (1987):

αi
β

= ρscp,sLe
1−n (21)

where Le is the Lewis number.

3.1.3. condenser

Mass balance of condensed liquid:

ṁcond − ṁl,out,C =
dMl,C

dt
(22)

Mass balance of vapor:

ṁv,in,C − ṁcond =
dMv,C

dt
(23)

Ideal gas law:

Mv,CRvTC = PVv,C (24)

Conservation of volume:

Vv,C = VC −
Ml,C

ρl
(25)

Energy balance:

Q̇pri,C − Q̇loss,C = ṁcondhl,out,sat,C − ṁv,in,Chv,in,C

+Ml,Ccp,v,C
dTv,C
dt

+ uv,C
dMv,C

dt

(26)

Calculation of liquid outlet mass flow rate:

ṁl,out,C = CdS

√
2ρl [(PC − PE) + ρlg(H + z)]

ζ
(27)

In a similar way as in generator and absorber, equation (27) is the momentum

balance at the condenser-evaporator line; on the other hand, for the calculation

of the temperature and enthalpy of condensed liquid, it is considered saturated.
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3.1.4. evaporator

Mass balance of liquid:

ṁl,in,E − ṁevap =
dMl,E

dt
(28)

Mass balance of vapor:

ṁevap − ṁv,out,E =
dMv,E

dt
(29)

Ideal gas law relation for the vapor:

Mv,ERvTE = PVv,E (30)

Conservation of volume:

Vv,E = VE −
Ml,E

ρl
(31)

Energy balance for the liquid:

Q̇pri,E − Q̇loss,E = ṁv,out,Ehv,out,E − ṁl+v,in,Ehl+v,in,E +

Mcp,l,E
dTl,E
dt

+ ul,E
dMl,E

dt

(32)

As there is no energy balance for the vapor phase, its temperature can be con-

sidered as the same as the liquid to close the equations of the component. More-

over, we consider an isoenthalpic throttling valve, therefore ṁl,out,Chl,out,C =

ṁl+v,in,Ehl+v,in,E .

3.1.5. Wettability of falling film heat exchangers

For the calculation of the falling film heat exchangers (absorber, generator,

and evaporator - in this case only at validation stage -), a semi-empirical model

has been used for the prediction of the wetted area Mikielewicz and Moszynski

(1976). Moreover, for the horizontal tube falling film heat exchangers (generator

and evaporator), an additional corrector of the wetted area has been used Tang
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et al. (1991). This approach was already implemented in Castro et al. (2008b).

In that case, using more detailed models of the falling film heat exchangers and

a good agreement with the experimental results was demonstrated.

3.1.6. Heat exchangers equations

The system of equations of each component requires Q̇pri and Q̇sec for cal-

culating the heat exchangers. Equation 33 is the energy balance implemented

for calculating the absorber, generator, evaporator, and condenser, taking into

account the energy accumulated in the solid parts:

Q̇sec − Q̇pri = Mhxcp,hx
dThx
dt

(33)

Where the heat at the primary stream (Q̇pri) is calculated in the following

way:

Q̇pri = (αA)pri(Tin,pri/2 + Tout,pri/2− Thx) (34)

In a similar way as in the LiBr concentration differences, a simple semi-sum

expression has been used for the temperature differences in the primary streams,

where accumulation effects have to be taken into account.

On the other hand, for the calculation of the heat in the secondary stream,

the accumulated energy is not considered:

Q̇sec = [1− exp(−(αA)sec/(ṁseccp,sec))]ṁseccp,sec(Tin,sec − Thx) (35)

The heat exchanger calculation implies the resolution of a system of 4 equa-

tions for the following variables through an iterative procedure: i) heat delivered

by the secondary system (Q̇sec); ii) heat delivered by the solution (Q̇pri); iii)

outlet temperature of the secondary circuit (Tout,sec); iv) heat exchanger tem-

perature (Thx).

The iterative method is the following:

1. The value of Thx is taken as in the previous time-step.
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2. The value of Q̇sec is calculated by using the ε-NTU method Incropera

et al. (2007), equation (35):

3. Calculate the outlet temperature of the secondary circuit Tout,sec: Tout,sec =

Tint,sec − Q̇sec

C

4. Calculate the Thx from the energy balance of Heat exchanger (HXs), equa-

tion (33): T 1
hx =

Q̇sec∆t+Mhxcp,hxT
0
hx

(αA)pri∆tMhxcp,hx

5. Finally calculate the energy delivered in the interior of the component

(Q̇pri), equation (34).

6. Return to step 1 and repeat the procedure with the new Thx until conver-

gence.

For the solution of the SHX, a standard ε-NTU procedure has been employed,

taking into account a counter-flow arrangement; therefore, heat accumulation

effects are not considered.

3.2. Numerical resolution

For performing the simulations, a modular object-oriented simulation plat-

form is used (NEST) Lopez et al. (2012), which enables the linking between

the different components of a particular system (e. g. solar collectors, pumps,

valves, heat exchangers, etc.), allowing high flexibility in the configurations.

A previous version of present implementation was presented at Farnos et al.

(2017), partially validated; moreover, an example of NEST use in a complex

system was performed at Torras et al. (2016). In this numerical platform, each

component is an object, which can be either an empirical-based model or a more

detailed CFD model if necessary. In the NEST platform, parallel computing is

allowed.

For the numerical resolution, each component is treated as a different object

coupled with its neighbor objects/elements through a global algorithm based on

an implicit iteration, done component by component. At each iteration, inputs

(e.g., pressure, temperature, etc.) are taken from the neighbors, the governing

equations of the element are solved, and the outputs (e.g., pressure, temper-

ature, etc.) are set as boundary conditions for the resolution of the neighbor
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elements. Iterations continue until convergence is reached at the present time-

step; then, the next time step calculation starts after updating the variables

in a Gauss-Seidel iteration procedure. Using this procedure is achieved a ca-

pability of resolution between 35-45 times faster than the real-time conditions,

with a processor Intel i5-6600K. This estimation has been done using an overall

optimized time-step for the whole simulations. This estimation has been done

using an overall optimized time-step for the whole simulations. Moreover, the

performance of the calculation is expected to be improved by an algorithm of

time-step optimization, and with high order time integration schemes.

4. Model analysis

In this section, the model is analyzed in terms of internal consistency, fol-

lowing a similar procedure to Kohlenbach and Ziegler (2008b). A numerical test

has been designed for this purpose: a stepwise condition of 10 ◦C is imposed at

3500 s, after reaching full steady-state conditions. The data of the absorption

chiller (mass flow values, heat & mass transfer coefficients, thermal capacities,

liquid volumes and pressure drop coefficients) are summarized in tables 1 and

2.

Figure 2 shows several plots of the most important variables to understand

the transient process inside the machine. The first plot (top row, on the left),

exhibits the stepwise signal changed (inlet hot water temperature, TG,in,sec)

together with the two outlet temperatures of the generator, in both primary

and secondary streams (TG,out,pri and TG,out,sec). For these two last cases,

almost the same time response is observed (about 75 s). It indicates that the

delay caused by the liquid solution and solid elements for this heat exchanger

is not important.

The second plot (top row, middle) reveals the change in concentration for

three lines/points of the cycle: solution buffer/generator (cB,out), generator/absorber

(cG,out), and absorber/solution buffer (cA,out). It can be observed that all val-

ues become higher, as expected. In this case, the observed delay time for the
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changes in LiBr concentration is much more higher, estimated in 1500 s.

The third plot (top row on the right) shows the solution mass flows in

the same three points of the cycle as in the case of concentrations: Solution

Buffer/Generator line (ṁB,out), Generator/Absorber line (ṁG,out), and Ab-

sorber/Solution Buffer line (ṁA,out). In this case, we observe that all the mass

flows of the solution increase because the density is also increased (a solution

pump volumetric is used) due to the increment LiBr concentration. Moreover,

it is also seen that during the transient process, the outlet mass flow at the

buffer (ṁB,out) is higher than in the inlet (ṁA,out). It means that the stored

mass at the buffer decreases. A similar time response (estimated in 1500 s) is

observed when compared with concentrations’ change. However, at the begin-

ning of the transient process, the mass flows are affected by a fast oscillatory

process,following the time response observed at the generator (estimated in 75

s).

The following plot (middle row on the left) shows outlet temperatures for

the condenser and absorber for both primary and secondary streams (TC,out,pri,

TC,out,sec, TA,out,pri, and TA,out,sec). It can be observed a clear stepwise profile

for the absorber temperatures, with a the same time delay to the one observed

in the concentration and mass flow plots (estimated in 1500 s). In the case of

the condenser, it can be observed the superposition of two-time delays, a smaller

one, similar to the one observed in the generator (75 s), and a second and larger

time delay with a value almost the same to the one observed at the absorber

(1500 s). As a result, the temperature profiles exhibit a maximum value after

the stepwise change.

Consistent pressure profiles can be observed in the next plot (middle row at

the middle): the low-pressure level (evaporator and absorber) shows a analogous

stepwise trend to the absorber values, including the time delay (estimated 1500

s). On the other hand, the high-pressure level exhibits also an analogous course

as the condenser temperature, i. e. a maximum value is also observed.

The following plot (middle row on the right) confirms the observed evolution

of the solution flow: it displays the progression of the stored liquid refrigerant
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mass at the evaporator (H2O), and liquid solution (H2O − LiBr) at buffer,

absorber, and generator. The H2O at condenser is not represented due to its low

value. Due to the overall mass conservation, there is a net mass transfer between

the solution buffer and the evaporator pool: in the same way as the mass at the

buffer decreases, the one at the evaporator increases, as a consistent consequence

of the rise in the solution LiBr concentration levels. The time response observed,

about 1500 s, is compatible with the ones detected previously for other variables

related with mass transfer, i. e. LiBr concentrations and mass flow.

The figure on the bottom row on the left shows the temperature levels at the

evaporator. Both chilled water outlet temperature (TE,out,sec) and the internal

temperature (TE,pri) decreases, producing an increase of the cooling capacity.

The time response observed, estimated in 1500 s, is similar to the one for the

LiBr concentrations change.

The absorbed/desorbed mass flow plots (figure on the bottom row, at the

middle) confirm the previously observed temperature and pressure profiles, there

are two main observations: i) the absorbed mass flow evolution has a stepwise

outline with a time response compatible to the one observed for the changes in

concentration, with the same time response (1500 s); ii) the desorbed mass flow

profile has the combination of the two observed time responses: short term (75

s) and long term (1500 s); therefore it reaches a maximum value.

The last plot (bottom row, on the right) shows the heat exchanged in each

of the main components, confirming the described trends: i) the heat exchange

in the absorber presents a stepwise outline that indicates a long time response

(1500 s); ii) the heat exchange in the generator has an abrupt increase, due to

the perfect stepwise profile of the secondary stream, and it decreases according

to the concentrations’ evolution until a steady-state value; iii) the progression of

the heat exchanged at the condenser shows a combination of the two recognized

time responses (of 75 and 1500 s), with a maximum rate, as the mass desorbed

in the generator; iv) the evaporator (cooling production) evolution follows a

stepwise profile with the time response of a value almost the same to the one in

the absorber (estimated 1500 s).
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Figure 2: Evolution of different variables of the cycle due to the stepwise change in the inlet

hot water temperature

4.1. Sensitivity analysis

In this subsection is performed a sensitivity analysis of the thermal inertia

influence for the machine transient evolution. The total thermal inertia has been

modified by decreasing the volume of the liquids stored (H2OandLiBrsolution)

and the mass of the solid pieces. Figure 3 shows the results of this study. In the

graphic on the left, different plots of the cooling capacity at the evaporator is

showed. When all the thermal inertia is decreased, the time response is reduced,

which is consistent. Nevertheless, if only the mass of the solid pieces of the

heat exchangers is modified, there are no significant modifications in the time
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response. This observation is compatible with the short time response observed

in the generator, plotted in figure 2. Therefore, it is established as the main

conclusion that the transient response of the chiller is much more dependent on

the liquid quantity than on the mass of solid elements. This last conclusion is

reinforced in the plot of the right, where are represented the cooling capacity,

the energy accumulated in the liquid stored at the evaporator, and finally, the

energy accumulated at their solid pieces. It can be noted that the stored thermal

energy at the liquid volume is about two magnitude orders higher.

Figure 3: Sensitivity analysis: i) left, cooling capacity when the values of the thermal inertia

are changed; ii) right, cooling capacity and energy accumulated in the liquid and solid parts

of the evaporator

5. Model validation

5.1. Zero-order model absorber validation

The first step for the validation of the numerical model is to check its most

innovative part, the zero-order model for the air-cooled absorber. Experimental

data for air-cooled absorbers have been selected from Castro (2005) to perform

this validation. In our case, the experimental data series reported for the 5/8

inches tube absorber. For more details of the experiments, in this Ph.D. dis-

sertation, a complete description of the experimental set-up is provided. In the
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experimental tests used, the inner surface of the absorber tubes was smooth, as

in our case of study.

When the experimental data provided in Castro (2005) are revised, it can

be observed that there is no temperature crossing between the two streams.

Therefore, the zero-order model proposed based on a unique meaningful tem-

perature for the solid elements seems adequate. In this validation step, the main

objective is to fix the value of parameter n in the analogy equation 21, which

has a typical value between 0.4 - 0.5 according to Yüksel and Schlünder (1987),

to its optimal value. The identification of this parameter is the only necessary

in the present approach.

The following figure (4) shows the comparison between numerical results and

experimental data for the zero-dimensional model of the absorber. The value of

the parameter n has been optimized, taking into account both heat and mass

transfer processes, resulting in a value of n = 0.42. When this parameter is

optimized, it can be observed that most of the results for the mass absorbed

have a discrepancy under 35%, that is the medium experimental uncertainty

value. The agreement is even better for the overall heat exchanged, with a

discrepancy lower than 25%, also medium experimental uncertainty.

5.2. Steady-state validation

Experimental data have been obtained from Castro et al. (2007) for the com-

plete validation of all heat exchangers. The case considered is a small capacity

(2-3 kW), direct air-cooled machine, with the absorber and condenser connected

in series. In this experimental set-up, falling film evaporators were used. Com-

plete details about the geometry and size of the machine are described in Castro

(2005). Each case has been simulated with the transient model until reaching

steady-state conditions, setting the input conditions of the secondary streams.

Permanent conditions of the chiller were assumed when ṁabs and ṁdes have

very close values.

In the next Figures, 5 and 6, the comparison of COP (defined as COP =

Q̇E/Q̇G) and cooling capacity (Q̇E) are shown. In general, it can be stated an
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Figure 4: Comparison of numerical modeling results vs. experimental data of Castro (2005)

for the direct air-cooled absorber (steady-state results): left, mass absorbed ṁabs [m/s]; right,

total heat exchanged, Q̇tot[W]

acceptable agreement, especially in the COP values, with most of the predicted

values inside the experimental range of uncertainty and a medium discrepancy

of 5%. For more details about the estimation of the uncertainties, see Garcia-

Rivera et al. (2016). However, in some cases, the comparison of cooling capacity

shows a significant discrepancy, with a 11% of medum value. It has to be pointed

out that in the revision of the experimental conditions, the cases with more

discrepancy have the highest level of uncertainty.

5.3. Transient validation

To achieve a complete validation was necessary to check the capabilities of

the model under transient conditions. Results from Evola et al. (2013) have

been chosen, as they report the parameters used in their modelization with

sufficient detail. As the formulation proposed by Evola et al. (2013) does not

take into account mass transfer coefficients for the absorber and generator, it

was necessary to adjust them in the present simulation for a closer fitting.

However, it has been observed that, as a result of the parameter identification

performed in Evola et al. (2013), the overall mass transfer coefficients of the
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Figure 5: Comparison of numerical model results vs. experimental data of Castro et al. (2007),

steady-state COP: i) left up: ambient temperature 35◦C, input chilled water temperature

19◦C; ii) left down: ambient temperature 30◦C, input chilled water temperature 19◦C; i)

right up: ambient temperature 35◦C, input chilled water temperature 14◦C; iv) right down:

ambient temperature 30◦C, input chilled water temperature 14◦C;

heat exchangers have much less influence when compared with the overall heat

transfer coefficients.

Figure 7 shows the comparison with the experimental output temperatures

for the hot and chilled water secondary streams, during the performing of a

chiller in a whole day (14th August). By observing these data, it has bee

detected sudden changes and fast transitions at the beginning and the end of

this run: periods 3900-4300 s, see figure 7 b), and 26700-27100 s. see figure

7 c). It has to be pointed out that these fast transient periods difficulted the

graphic data extraction from Evola et al. (2013), especially in the period 3900-
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Figure 6: Comparison of numerical model results vs. experimental data of Castro et al. (2007)

steady state cooling capacity: i) left up: ambient temperature 35◦C, input chilled water

temperature 19◦C; ii) left down: ambient temperature 30◦C, input chilled water temperature

19◦C; i) right up: ambient temperature 35◦C, input chilled water temperature 14◦C; iv) right

down: ambient temperature 30◦C, input chilled water temperature 14◦C;

4300 s for the outlet hot water temperature. Moreover, it has been necessary to

introduce two additional time responses: i) the time response for the valves of

the secondary streams, established in 260 s; ii) the time response for the internal

pump of the evaporator, fixed in 1575 s (introduced as a variable internal heat

transfer coefficient in the evaporator - UAE,int). If the time responses were not

introduced, are observed abrupt changes for the outlet hot/chilled water stream

temperatures. Finally, by adjusting these time responses it has been detected

a local maximum of the hot water outlet temperature in the period 3900-4300
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s (see figure 7 b)) due to the activation of the solution pump. In the last fast

transient phase (26700-27100 s) the agreement in even better.

Figure 7: Comparison of numerical model results data vs. Evola et al. (2013) experimental

data, for the hot and chilled water streams, under transient conditions (14th August). Figure

a) (left): complete results; figure b) (middle): period 3600-5400 s; figure c) (right): period

26500-28800 s

6. Application to the development of the new absorption chiller

Once validated, the transient model is used to predict the performance of a

prototype demonstration of a direct air-cooled absorption chiller that is being

set-up at the UPC-CTTC facilities. Details about this development are reported

in the patent application Oliva et al. (2015). In addition to being directly

air-cooled, one of the main features of this development is the use of flooded

evaporators instead of falling film ones, to avoid an extra pump of refrigerant.

The correlations used in this heat exchanger (see appendix) have been validated

previously Castro et al. (2008a).

The nominal cooling capacity expected for the chiller was 7 kW, according

to the initial design of the heat exchangers, which were sized using detailed

models Castro et al. (2008b). Table 1 summarizes the main thermal parameters

of the demo-prototype. In this table, the overall heat transfer coefficients are

reported under nominal conditions, once the steady-state values are achieved.

This table 1 also shows the values of mass flow and inlet/outlet temperatures
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of the secondary streams for generator (hot water), absorber (cooling air), con-

denser (cooling air) and evaporator (chilled water). Moreover, it is also reported

the mass flow of solution for the SHX, i. e. the flow provided by the solution

pump. The simulation under these steady-state conditions gives a capacity of

the machine of Q̇E = 5.8 kW and a COP of 0.74. It has to be denoted that

it has not been considered any special heat and mass transfer enhancement (e.

g. surfactants), therefore there is a significant potential of improvement of the

capacity.

To obtain complete data of steady-state performance, a laboratory test cam-

paign with this objective has to be designed. The strategy followed is the use

of the transient model as a ’virtual’ laboratory unit for an accurate prediction

of the performing of the machine.

Table 1: Nominal conditions and heat and mass transfer parameters of the prototype demon-

stration

Component mass flow Tin Tout (αA)int (αA)ext β

[kg/s] [◦C] [◦C] [W/K] [W/K] [m/s]

generator 0.480 88.0 84.2 2766 32680 4.0e-3

absorber 1.860 35.0 39.0 2612 5286 6.7e-5

condenser 1.260 35.0 38.7 42918 3234 -

evaporator 0.334 14.0 9.9 3166 14068 -

SHX 0.095 - - 1580 (overall value) - -

6.1. Design of the laboratory test campaign

The transient model is being used in the early stages of development of a

direct air-cooled absorption chiller not only to predict its capacity but also as a

numerical tool for the development of the experimental test campaign to obtain

their steady-state characteristic. The configuration of the virtual laboratory

set-up has been designed according to the real plant, that is being developed

(see figure 8): there are two additional water vessels (with 29 l of water) with

internal heating resistances of maximum heating capacity of 15 kW each, as in

the real laboratory unit. One of the vessels is used to simulate the external heat
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supply (e. g. solar collectors), and the other assumes the cooling load (e. g.

building).

Figure 8: Scheme of the virtual laboratory set-up

Before starting the ’virtual’ laboratory tests, an interesting parameter to be

optimized is the charge of LiBr absorbent, as it is a quite expensive material, and

requires special treatment for its recovery. With an adequate regulation of the

expansion device between generator and absorber, it is possible to optimize the

amount of LiBr. For the cases studied, this expansion device is simulated as a

throttling valve Kohlenbach and Ziegler (2008a)Evola et al. (2013) (see equation

7). The whole amount of LiBr solution introduced at the beginning of each run

is about 6.2 kg, distributed between the absorber, generator, and the solution

buffer, which has the most part (6 kg). This initial distribution corresponds

to a real situation, as the LiBr is charged via the solution buffer. Several runs

of the test campaign have been performed varying the initial concentration of

the solution to optimize the amount needed of LiBr. The tests for obtaining

steady-state data are operated by changing the temperature of the external

vessels employing a PID controller. Figure 9 shows the instantaneous capacity
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during the first part of the test campaign. In the beginning of this test procedure

(before 10 min), there is an abrupt change, because the fan for the condenser

and absorber is connected when the inlet hot water temperature achieves a

minimum value.

According to the results, when the initial concentration of LiBr is too low,

it is not assured a continuous and stable operation of the machine, because

all the possible operation range for LiBr concentrations cannot be achieved.

This instability is produced when the LiBr concentration increases during the

machine operation, which causes a reduction of the amount of volume of solution

in the circuits, mainly in the solution buffer, because only LiBr is maintained

in the solution circuit. As a consequence, the absence of liquid in the solution

buffer, situated at the inlet of the solution pump, produces cavitation. In these

cases (e. g. the case of 40% LiBr of initial concentration), the performing of

the chiller is affected before reaching the first steady-state point (stabilization

should be reached at 80 min from the beginning), and the expected performance

is not achieved. There is an affectation in the performance of the generator when

the cavitation phenomena start (after 30 min from the beginning, see at Figure

9), which produces an abrupt decrease of the solution mass flow. The non-

adequate operation of the solution pump is also plotted in figure 9, which shows

that the solution mass flow is discontinuous: this was observed explicitly at 40

min onwards, but previously, in the period between 30-40 min, it also produced,

it can be noticed by the plotline of the input heat at the generator. In this last

case, the flow interruptions are no reflected because not all the data points are

collected for the plots. In the model, the cavitation is simulated by fixing a zero

value of mass flow abruptly when a minimum threshold volume in the solution

buffer is reached (0.5 l). However, it also can be observed that the evolution

is not strongly affected. This is because of the high volume of refrigerant in

the evaporator (flooded design) stabilizes the cooling production, but stable

steady-state conditions for obtaining the cooling capacity are not achieved.

Moreover, in the same figure 9, are also shown the plots for a case of complete

stable performance when the initial concentration is 50% of LiBr. Finally, it
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has been established this value as optimal to assure a stable operation for all

conditions of the test campaign. This concentration implies a charge of about

3.1 kg of pure LiBr.

Figure 9: Example of insufficient charge of LiBr: when solution is charged at 40% LiBr,

machine performs unstably. On the other hand, there is stable performance when solution is

charged at 50% LiBr

Another relevant parameter to be optimized for the test campaign is the

duration of each steady-state condition of the test. It has to be long enough to

assure steady-state values, but with minimum duration. The mass of liquid LiBr

solution, H2O refrigerant, and solid elements will determine the thermal inertia

of the whole chiller, affecting the term of the complete test. In table 2 values

related to the thermal inertia of the prototype developed are given: in the first

column, the thermal inertia of the heat exchangers, in the second column, the

thermal inertia of the shells. Finally, in the third column, the initial amounts

of liquid (LiBr solution or H2O) are also provided.

Figure 10 gives the evolution of the COP and capacity of the chiller during

the test campaign. The parameters of the PID controllers have been calculated

according to the well known Ziegler-Nichols’ procedure Ziegler et al. (1942),

achieving ±0.2◦C accuracy in the control for the secondary streams. Two runs
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Table 2: Heat capacities, initial mass of the prototype demonstration and pressure drop

coefficents

Component Heat exchanger Shell Liquid mass Pressure drop

(H2O/Solution) coefficient

[kJ/K] [kJ/K] [kg] [-]

generator 8.2 40.7 1.0 (solution) 1400

absorber 21.1 4.6 1.5 (solution) 1

condenser 9.4 4.6 1.0 (H2O) 50

evaporator 7.2 23.5 80.0 (H2O) -

Buffer - - 6.0 (solution) -

have been performed for two different values of ambient temperature (30 and

35◦C). The chilled water vessel PID control loop is regulated through the output

value of the secondary stream that leaves the chiller. Two values of tempera-

tures are fixed for the different tests: 9 and 14◦C. On the other hand, the PID

control for the hot water vessel is performed through the input value of the

secondary stream entering the chiller. Five values are fixed: 75, 80, 85, 90 and

95 ◦C. In total, ten steady-state points are obtained for each value of ambi-

ent temperature. Finally, it has been determined 60 minutes for each point to

reach steady-state values, except the case when the chilled water temperature

is changed, which needs more time to reach steady-state conditions due to a

large volume of refrigerant in the flooded evaporator. Therefore, the duration

of this specific point was fixed in 120 min. Moreover, the duration of both initial

warm-up and final shutdown phases were fixed in 60 min. In the aggregate, 780

minutes (13 hours) are needed for each of the two runs, i. e. almost two entire

days of operation.

6.2. Steady-state performance

The results of the test campaign are presented in figure 11, in terms of cooling

capacity and thermal COP. The evolution of the cooling capacity shows a trend

almost linear vs. input hot water temperature. This behavior is consistent with

the one observed in previous works Castro et al. (2007), and it is typical for

absorption chillers with an almost constant volume flow solution pump. On
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Figure 10: Evolution of the COP and Capacity (W) during the two virtual test campaign, at

30◦C and 35◦C of ambient air

the other hand, two COP plots (at 35◦C of ambient temperature) show curve

trends that are increasing with the input hot water temperature. On the other

hand, the curve at 30◦C of ambient temperature and 14◦C of output chilled

water temperature, shows a decreasing trend. This behavior is because the

points tested are quite far from the minimum temperature to drive the machine.

Finally, the curve obtained ad 30◦C of ambient and 9◦C of output chilled water

temperature shows an optimum value.

7. Conclusions

In this work, a transient model for an air-cooled H2O-LiBr absorption ma-

chine is presented. The model is based on the use of heat and mass transfer

empirical correlations of the scientific literature, which uses a new zero-order

model for both the absorber and generator to minimize ad-hoc adjustments of

the main parameters of the absorption refrigeration cycle. The model has been

31



Figure 11: Predicted steady state performance of the chiller under different external conditions

(input hot water, ambient and outlet chilled water temperatures): left, capacity; right, COP

examined to assess its internal consistency, analyzing the evolution of all vari-

ables when a stepwise change in the input hot water temperature is imposed.

It also has been performed a sensitivity analysis about the thermal inertia, con-

cluding that the main origin is the change of concentration of the LiBr solution.

The calculation of the heat and mass transfer parameters of the model has

been validated using available experimental results of air-cooled absorbers and

results of a laboratory prototype of 2-3 kW of cooling capacity under steady-

state conditions. In the process of validation in steady-state conditions, most

of the discrepancies under the uncertainty margin of the experimentations. A

better agreement has been achieved in the COP values, with a medium dis-

crepancy of about 5% while the cooling capacity predictions were less accurate,

with 11% of medium discrepancy. The validation of the transient capabilities

of the new model developed has been performed using additional experimental

results of other researchers, with an agreement under 0.5 K in the measure-

ments of the secondary streams temperatures in the most part of the period

simulated. However, in the fast transient processes, higher discrepancies have

been observed: under these conditions, the no complete knowledge of all the

experimental conditions has affected the validation.

The model has been used in the development of a prototype demonstration
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at the UPC-CTTC facilities. The model has been used as a virtual prototype,

and valuable information was obtained for the design of the future laboratory

test campaign for the real prototype: i) LiBr charge, was estimated an optimal

value of about 3.1 kg of LiBr as optimum value; ii) term of the tests: an optimal

duration of 60 minutes has been established for most of the steady-state points

of the machine, except the case when the chilled water temperature is changed,

that needs 120 minutes.

Finally, steady-state curves of thermal COP and capacity have been obtained

from the virtual test campaign results. Therefore, it can be concluded that the

numerical model implemented is capable of simulating and providing relevant

information regarding the steady-state performance of the machine, as well as

transient values of internal parameters such as mass flows, concentrations, pres-

sures, temperatures, the mass substance inside vessels, etc. This information is

valuable for detecting possible discontinuities in the performing of the chiller,

and for developing different internal control strategies in the future.
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Appendix A. Empirical information used

The heat and mass transfer correlations have been implemented in nested

subroutines to have better accuracy in the calculation in all the working con-

ditions. In this appendix, more details of the different empirical correlations

employed are given.

Appendix A.1. Absorber

For film absorption processes, heat and mass transfer coefficients suggested

by Seban (1978) under laminar wavy flow have been used:
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α = 0.029(4Ref )0.53Pr0.344λ

δ
(A.1)

β = 0.7
√
D
( √g 4Γ

µ

2000
√
g

) 1
2

(A.2)

As commented above, the wetted area is corrected according to the semiem-

pirical expressions of Mikielewicz and Moszynski (1976). For the secondary cir-

cuit, the heat transfer correlations of tube-fin heat exchangers for the secondary

stream Kim et al. (1997) and Kim et al. (1999) were used:

j = 0.394Re−0.357
air

(pt
pl

)−0.272( s
d

)−0.205(xf
pd

)−0.558(pd
s

)−0.133

(A.3)

Appendix A.2. Generator

For desorption processes the heat and mass transfer coefficients suggested

by Jani (2012) obtained for detailed numerical simulation were used:

Nu = 0.7893Ref
0.16587Pr0.37275Sc−0.041769d∗−0.40335 (A.4)

Sh = 0.0020Ref
1.0023Pr−0.74049Sc1.3455d∗−1.0006 (A.5)

Where the non-dimensional diameter is:

d∗ =
d

L
(A.6)

and the characteristic length:

L =
(ν2

g

) 1
3

(A.7)

As in the case of the absorber, the wetted area is calculated according to

Mikielewicz and Moszynski (1976), in this case with the correction for horizontal

tubes suggested by Tang et al. (1991). For the secondary stream, the expression

of heat transfer correlations of flow inside ducts from Gnielinski (1983) is used

(turbulent flow):
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f
8RedPr

1 + 12.7 f8
1/2

(Pr2/3 − 1)

(
Pr

Prw

)1/4

(A.8)

Where:

f = (0.79lnRed − 1.64)0.2 (A.9)

Appendix A.3. Evaporator

For falling film evaporators, the calculation of the heat transfer coefficient

was based on the empirical correlation of Chun and Seban (1999) :

α = 0.821
( ν2

λ3g

)−1
3
(4Γ

µ

)−0.22

(A.10)

The same procedure of calculation of wetted area as in the generator is

employed Mikielewicz and Moszynski (1976) and Tang et al. (1991). On the

other hand, for flooded evaporators the set of empirical correlations used in

Castro et al. (2008a) are also employed. For calculating the heat transfered by

the tubes, it is considered a situation of natural convection outside a horizontal

cylinder:

Nuht = 0.47 · (Gr · Pr)(1/4) (A.11)

if the flow is laminar, and:

Nuht = 0.1 · (Gr · Pr)(1/3) (A.12)

for turbulent flow. For the fins, correlations of natural convection in a ver-

tical plate/parallel plates are used. There are two limiting situations according

the distance between them: if the distance is so large, it can be considered the

expression of local heat transfer coefficient for isolated plate:

Nuip = 0.6 · (Gr · Pr)(1/4) ·
[
1 + (1 +

1√
Pr

)
](−1/4)

(A.13)

for laminar flow, and
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Nuip = 0.0296 · (Gr · Pr)(2/5) ·
[ (Pr)(1/6)

1 + 0.494 · (Pr)(2/3)

](2/5)

(A.14)

for turbulent flow. If the distance between fins is considered small, the

situation can be considered as a channel. The empirical expression to be used

in this case is:

Nuch = 0.04 · (Gr · Pr) · ( d
L

)3 (A.15)

where d is the distance between fins and L is the length of the fin in vertical

direction. The final Nusselt number for the fins is adjusted by means of this

expression:

Nu = (Nu−nip +Nu−nch )−1/n (A.16)

with n = 2.0 as the value suggested by Bar-Cohen and Rohsenow (1984) and

Bar-Cohen and Schweitzer (1986) in such situations. The characteristic length

for this Nusselt number is the height of the fins.

In the secondary stream, the same heat transfer correlations of flow inside

ducts used for the generator from Gnielinski (1983) have been used .

Appendix A.4. Condenser

For the condensation processes, the heat transfer coefficients suggested by

Hanneman and Mikic (1976) of dropwise condensation are used. On the other

hand, for the secondary stream, it is employed the same heat transfer correla-

tions as in the absorber of tube-fin heat exchangers Kim et al. (1997) Kim et al.

(1999).
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Evola, G., Le Pierrès, N., Boudéhenn, F., Papillon, P., 2013. Proposal and

validation of a model for the dynamic simulation of a solar-assisted single-

stage LiBr-water absorption chiller. International Journal of Refrigeration

36, 1015–1028.

Farnos, J., Papakokkinos, G., Castro, J., Morales, S., Oliva, A., 2017. Dynamic

modelling of an air-cooled LiBr-H2O absorption chiller based on heat and

mass transfer correlations, in: Proceedings of the 12th International Heat

Pump Conference, pp. 1–12.

Florides, G., Kalogirou, S., Tassou, S., Wrobel, L., 2002. Modelling, simulation

and warming impact assessment of a domestic-size absorption solar cooling

system. Applied Thermal Engineering 22, 1313–1325.

Garcia-Rivera, E., Castro, J., Farnos, J., Oliva, A., 2016. Numerical and Exper-

imental Investigation of a LiBr Falling Film Vertical Absorber Considering

Wave Regimes and in Presence of Mist Flow. International Journal of Ther-

mal Sciences 109, 342–361.

Gnielinski, V., 1983. ”Forced convection in ducts”, chapter in Heat Exchanger

Design Handbook, Hemisphere Publishing Corporation (Chapter 2.5.1).

Hanneman, R.J., Mikic, B.B., 1976. Experimental Investigation into the Effect

of Surface Thermal Conductivity of the Rate of Heat Transfer in Dropwise

Condensation. International Journal of Heat and Mass Transfer 19, 1309–

1317.

Incropera, F.P., DeWitt, D.P., Bergman, T.L., Lavine, A.S., 2007. Fundamen-

tals of Heat and Mass Transfer, 6th ed. John Wiley and Sons Inc.

Iranmanesh, A., Mehrabian, M., 2013. Dynamic simulation of a single-effect

LiBr − h2o absorption refrigeration cycle considering the effects of thermal

masses. Energy and Buildings 60, 47–59.

38



Jani, S., 2012. Simulation of heat and mass transfer process in falling film single

tube absorption generator. International Journal of Science and Engineering

Investigations 1, 79–84.

Jeong, S., Kang, B., Karngt, S., 1995. Dynamic simulation of an absorption heat

pump for recovering low grade wasted heat. Applied Thermal Engineering 18,

1–12.

Joudi, K., Lafta, A., 2001. Simulation of a simple absorption refrigerating

system. Energy Conversion and Management 42, 1575–1605.

Kim, N.H., Youn, B., Webb, R.L., 1999. Air-side heat transfer and friction

correlations for plain fin-and-tube heat exchangers with staggered tube ar-

rangements. Journal of Heat Transfer - Transactions of ASME 121, 662–667.

Kim, N.H., Yun, J.H., Webb, R.L., 1997. Heat Transfer and Friction Cor-

relations for Wavy Plate Fin-and-Tube Heat Exchangers. Journal of Heat

Transfer - Transactions of ASME 119, 560–567.

Kohlenbach, P., Ziegler, F., 2008a. A dynamic simulation model for transient

absorption chiller performance. Part I: The model. International Journal of

Refrigeration 31, 217–225.

Kohlenbach, P., Ziegler, F., 2008b. A dynamic simulation model for transient

absorption chiller performance. Part II: Numerical results and experimental

verification. International Journal of Refrigeration 31, 2226–233.

Lopez, J., Lehmkuhl, O., Damle, R., Rigola, J., 2012. A parallel and object-

oriented general purpose code for simulation of multiphysics and multiscale

systems, in: Proceedings of the In: 24th Int. Conference on Parallel CFD,

Atlanta, pp. –.

Marc, O., Sinama, F., Praene, J., Lucas, F., 2015. Dynamic modelling and

experimental validation elements of a 30kw LiBr-H2O single effect absorption

chiller for solar application. Applied Thermal Engineering 90, 980–993.

39



Matsushima, H., Fujii, T., Komatsu, T., Nishiguchi, A., 2010. Dynamic simula-

tion program with object-oriented formulation for absorption chillers (model-

ing, verification, and application to triple-effect absorption chiller). Interna-

tional Journal of Refrigeration 33, 259–268.

McNeely, L., 1985. Film Condensation over a Horizontal Cylinder for Combined

Gravity and Forced Flow. Journal of Heat Transfer - Transactions of ASME

107, 687–694.

Mikielewicz, J., Moszynski, J.R., 1976. Minimum Thickness of a Liquid Film

Flowing Vertically Down a Solid Surface. International Journal of Heat and

Mass Transfer 19, 771–776.

Mirzaei, A., Nouri, A., Shojaee-Fard, M., 2011. Transient modelling of a double-

effect absorption refrigeration systems., in: 3rd International Conference on

Applied Energy, pp. 109–120.
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