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Abstract

The paper describes the numerical modelling of a direct air-cooled single-effect absorption chiller and validates
the obtained results by means of experimental data obtained from an own-designed and commissioned small
capacity absorption chiller. This direct air-cooled single-effect absorption machine is conceived for low
temperature driven, such as solar cooling or waste heat. For performing numerical simulations, a modular object-
oriented simulation platform is used (NEST platform tool), which allows the linking between different
components (solar collectors, pump, valves, heat exchangers, absorption chiller, etc.). This modelling put in
relevance valuable information for further regulation and control protocols. In this numerical platform each
component is an object of an arbitrary complexity, which can be either an empirical-based lumped model (e. g.
heat exchangers, valves, pumps, etc.) or a detailed 3D CFD calculation if necessary. A lumped parametric
dynamic model based on mass, momentum and energy balances, applied to the internal components of the
absorption machine (absorber, generator, condenser, evaporator and solution heat exchanger) has been
implemented. Thermal and mass storage in each one of the components are taken into account in the transient
evaluation and pressure losses in the solution heat exchanger are evaluated by means of a resistance coefficient.
The model depends on heat and mass transfer coefficients, which has been implemented depending on basic
empirical correlations. The aim of this paper is to improve the available numerical modelling approaches by
analyzing the heat & mass transfer phenomena based on previous experiences in falling film absorption. As a
first step the model is validated against the results of a previous laboratory prototype. Finally, the performance of
a prototype demonstration 7 KW air-cooled LiBr-H,O absorption chiller is calculated.
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1. Introduction

In the last years there is a renewed interest of sorption systems due to the policy reductions of CO, emissions,
which leads to the more efficient distributed model of energy production. In this distributed model, sorption
systems could play an important role. Small capacity systems (less than 30 kW) could be an interesting option in
the present situation. There have been many industrial developments in the last decade mainly in Europe, USA
and China. In fact, numerous systems are installed so that many companies had been working in this field.
Absorption and adsorption are the main dominant technologies utilized for cooling purposes. Significant
companies that have an important role into the market are: i) Absorption: York, Carrier, Trane, Broad, Ago,
Thermax, Phoenix, Yazaki, Sanyo-McQuay, Entropie, Robur, Pink, ClimateWell, EAW-Shucco, Sonnenklima
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and Rotartica (not available); ii) Adsorption: Nishyodo, Mayekawa, Sortech, SJTU, Invensor, SolabCool. There
are other developments in an earlier stage [1-6].

Within the design stage it is interesting to use thermodynamic models [7] due to, especially in commercial units,
the fact that internal parameters are not available. This kind of modelling requires a wide range of parameters
such as experimental overall heat transfer coefficients, flow rates of solution, properties of the working fluids,
etc. However, in the last years dynamic simulation has been approached by several authors aiming to design and
improve different LiBr-H,O absorption cycles. Monitoring the real performance of a thermal device in transient
conditions allows to understand the behaviour of the chiller under part-load, full load and critical operation
procedures such as the activation or turning off the chiller.

A large number of numerical models for the simulation of the entire absorption machine have been published in
the literature. Scientific community has aimed to simulate the transient performance of an absorption chiller.
Anand et al. (1982) [8] presented a study related to the chiller start-up, where the modelisation of the transient
behaviour of the chiller was the goal of the paper, Jeong et al [9] presented a dynamic numerical simulation to
predict the transient operating characteristics and performance of an absorption heat pump recovering low grade
waste heat. A. Joudi et al. [10] presented a model based on detailed mass and energy balances and heat and mass
transfer relationships. Kohlenbach and Ziegler [11] presented an enthalpy based internal and external analysis to
carry dynamic simulations. Arora et al. [12] developed a computational model for the parametric investigation of
single-effect and series flow double-effect LiBr/H,O absorption refrigeration systems. Shin et al. [13] developed
a dynamic model to simulate dynamic operation of a commercial double-effect absorption chiller. Bittanti et al.
[14] also presented a dynamic model of an absorption chiller for air-conditioning. Matsushima (2010) [15] based
the numerical modelling approach on an object-oriented numerical platform. A new dynamic simulation program
for predicting the transient behavior of absorption chillers with arbitrary cycle configurations was developed.
This program combined an object-oriented formulation and parallel processing program architecture. Mirzaei
[16] presented a transient modelling of a double-effect absorption chiller based on lumped parameters.
Iranmanesh [17] developed a lumped-parameter dynamic simulation of a single-effect LiBr-H,O absorption
chiller. That study considered the effect of quality on the concentration of solution at the outlets of generator and
absorber and then the effect of thermal masses. Zinet et al. [18] presented a dynamic model for the simulation of
a new single-effect LiBr/H,O absorption chiller. Heat and mass transfer in the evaporator—absorber and in the
desorber are described according to a physical model for vapour absorption based on Nusselt’s film theory. The
other heat exchangers are treated using a simplified approach based on the NT U-effectiveness method. Evola et
al. [19] proposed and validated a model for the dynamic simulation of a solar-assisted single-stage LiBr/water
absorption chiller (2013). More recently Marc et al. [20] analysed the transient and steady state phases behaviour
of the LiBr/H;O of a single effect absorption chiller, modelled accurately using a dynamic model presented.

The aim of this research is to develop a low capacity (7kW) single-effect air-cooled absorption chiller. The
dynamic model has been conceived as a powerful tool both for thermal design and complete understanding of the
system under several operating conditions. This dynamic model was already implemented on an object-oriented
numerical platform called NEST [21-23], and now several modifications have been performed in the model
mainly in the mass transfer calculations in order to improve the accuracy and reliability. The dynamic model has
been validated against the experimental results of a previous research performed with a laboratory prototype of
an air-cooled absorption machine (Castro et al. 2007, 2008) [24-25]. Then, dynamic capability is showed in a
sequence of operation by switching between three operation modes of the prototype. Finally, the nominal
performance of the new pre-industrial prototype is calculated with the validated model.

Table 1. Nomenclature

Name Description Units Greek symbols Description Units

A Heat exchanger area m? a Heat transfer  Wm2K*
coefficient

c LiBr weight concentration - ) Film thickness m

Cq Discharge coefficient - r Liquid flow rate per Kgm?s?
unit length

Cp Heat capacity Jkg'K? A Thermal conductivity ~ Wm!K?
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1. Mahe matical modelling

The system to be simulated
is a single-effect H,O-LiBr
absorption cycle. Figure 1
shows a schematic
representation. For each
component, overall balances
of mass, species and energy
have been established under
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Outer diameter of the tube  m u Dynamic viscosity Pa:s
Mass diffusivity mést v Kinematic viscosity més?
Gravitational acceleration ~ ms? p Density kgm?®
Fouling factor mKW- ¢ Pressure -
! coefficient
Specific enthalpy Jkg* Subscripts &  Description
Superscripts
Height between m A Absorber
components
Colburn factor - abs Absorbed
Overall mass transfer ms? air Air side
coefficient
Characteristic length m amb Ambient
Mass flow kgs? b Bulk
Mass Kg C Condenser
Pressure Pa cond Condensed
Finamplitude m des Desorbed
Vertical distance between m E Evaporator
tubes
Horizontal distance m evap Evaporated
between tubes
Prandtl number - i Interface
Thermal resistance WK1 in Inlet
Reynolds number - f Film
Specific gas constant Jkg'Kt G Generator
Distance between fins m hx Heat exchanger
Pipe section between mn? | liquid
components
Schmidt number - loss Losses
Sherwood number - out Outlet
Stanton number - pri Primary
Time S S Solution
Temperature K sec Secondary
Overall heat transfer Wm?K~ v Vapour
coefficient !
Velocity ms?t t Tube
Volume m w Wall
LiBr molar concentration - * Dimensionless
Half-lengthwave ofthe fin  m
Liquid level incomponent m
Condenser Generator
mvout,g
M, > Mg
—>
Qpn,c <« Q G
| S
Hot water
High pressure g{ Mauc UBE Solution exchanger
Lowpressure | | N A
MVE mO“‘rE Mva
<« <
| Som =,
— Qurie . > Cpia
Chilled water Cooling air
Mg outa

Evaporator

Absorber
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transient conditions. In order to close the system, momentum balance has been assumed for the two expansion
valves.

Fig. 1. Schematic representation of the single effect, air-cooled LiBr-H,O
absorption cycle

1.1. Equations

The equations for the generator are the following:

: . . dMm
Msine — Msoute = Myges = dtSG "
dM, .
m, .. —m —__vw& .
v,des v,out,G dt ( )
MV,G RVTG = pGVv (3)
V, =V —M; /ps,G "
i i c dM
M in6Csine ~ Msout 6Csoutc = M Y] dstG +tCe dtSG )
Qpri,G - Qloss,G = m\,,deshv,des +M i hs,out,G —Mginc hs,in,G —+ MS,GCp,s,G dtG +Ugg dt,G (6)
M out :Cds\/ZPS(pG — pAprsg(H +1) (7)
mv,des = kdes Aps ;[1 In(xin,h /Xin,i )+ i In(xout,b /X(Jut,i )] (8)
in,i out,i

Where eq. (1) is mass balance in the liquid solution phase, eq. (2) the mass balance in vapour phase, eq. (3) the
state equation of the vapour (ideal gas is assumed), eq. (4) is the volume balance in the generator, eq. (5) is the
LiBr balance in the liquid solution phase, eq. (6) is the energy balance in the liquid solution phase, eq. (7) is the
momentum balance at the generator-absorber line and eq. (8) is the calculation of the mass transfer rate. The
equations for the absorber are:

. . . dM, , 9)
Mg, o —M M, e = '
s,in,A s,out, A + v,abs dt
] ] dM, .
r.nv,in,A - mv,abs = d;:l (10)
Mv,ARvTA = PV, 11)
Vv :VA - Ms,A /ps,A (12)
dc dMm
Mg in aCsina = M out aACsouta = M S e 13
s,in,A¥s,in,A s,out,A¥s,out,A s,A dt s,A dt ( )
. : _ _ . dT, dM,
Qpri,A - QIoss,A = ms,out,Ahs,out,A - ms,in,Ahs,in,A - mv,abshv,abs + Ms,ACp,s,A th + us,A dt’A (14)
r.hv abs — kabs Aps ;(1 In(xin b /Xin i)+i In(xoul b /Xcul i )] (15)
’ Xin v I Xout I v

Where eq. (9) is mass balance in the liquid solution phase, eq. (10) the mass balance in vapour phase, eq. (11)
the state equation of the vapour (ideal gas is assumed), eq. (12) is the volume balance in the absorber, eq. (13) is
the LiBr balance in the liquid solution phase, eq. (14) is the energy balance in the liquid solution phase and eq.
(15) is the calculation of the mass transfer rate. The equations for the condenser are the following
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dM, ¢

n"]cond - n.’]I,out,c = dt (16)
) ) d™m,
mv,in,(: - mcond = dtc (17)
. . , , dT, M,
Qpri,C - QIoss,C = Meong hI,out - mv,in,chv,in,c + I\/Iv,(:Cp,v,(: — 4 uv,C —c (18)
dt dt
ml,out,c zcds\/zps(pG _ pA)é:'_psg(H +Z) (19)

Where eq. (16) is mass balance in the liquid solution phase, eq. (17) the mass balance in vapour phase, eq. (18) is
the energy balance in the vapour phase and eq. (19) is the momentum balance at the condenser-evaporator line.
For the evaporator the equations are:

. . am

mI,in,E - mevap = dtIE (20)
. . dMm,

mevap - mv,out,E = TE (21)
. . _ . dT dM

Qpri,E _Qloss,E = mv,out,Ehv,out,E - mI+v,in,EhI+v,in,E + MCp,I,E dltE + l"II,E dtIE (22)

Where eq. (20) is mass balance in the liquid solution phase, eq. (21) the mass balance in vapour phase and eq.
(22) is the energy balance in the liquid.

For the calculation of the heat exchangers the following energy balance is performed at the solid part:

T
M thp,hx d_tl?x = Qsec - Qpl’i (23)

Where the heat at the primary and secondary streams are calculated in the following way, respectively:

Qpri = (UA) pri (Tin,pri /12 +Tout,pri 12 _Thx) (24)

Qsec = [1_ exp(_U'A%ec /(mseccp,sec))}hseccp,sec (Tin,sec _Thx) (25)

The concentrated solution rate (see eq, 7) is obtained by adapting the expression described by Evola et al. [19] or
Kohlenbach and Ziegler [11] in order to overcome the possibility of emptying the desorber or the condenser.
This expression is highly dependent on the { which value is a function of piping and solution heat exchanger in
the case of desorber .Therefore, it is important to obtain manufacturing characteristics. Moreover, ( is
recalculated at each time step depending on the total amount of liquid at the vessels, which is permanently
controlled in order to avoid emptied vessels and to analyse the thermal inertia of accumulated terms. On the
other hand, volumetric flow is imposed constant according to solution pump characteristics.

The mass transfer rates at the generator and absorber, egs. (8) and (15), respectively, are calculated by means of
basic empirical information on mass transfer coefficients [26][27]. In these expressions, the mass transfer is
related with respect to the basic concentration difference assuming unidirectional mass transport. In order to
calculate in an accurate way the heat and mass transfer rates at the interface, LiBr concentrations and
temperatures at the interface have been defined (ci, Ti), and the heat at the interface is related to the mass transfer
at the interface by means of the following relation (for both generator and absorber), assuming thermodynamic
equilibrium conditions:

Q; (rb _Ti) = rr‘.]des/absAhdes/abs ,Ti = f(ci' p) (26)
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Where the heat transfer coefficient at the interface (o) is calculated by means of a Nu/Sh analogy [28] and the
equilibrium relation has been calculated from McNeely [29].

1.2. Numerical resolution

As commented, the proposed mathematical model is based on the transient resolution of the different
components of the absorption machine. The integration of the different components is carried out by means of a
modular object-oriented tool named NEST [23]. Each component is treated as a different object coupled with its
neighbour objects/elements through a global algorithm based on an implicit iteration of each component. At each
iteration, inputs (e.g., pressure, temperature, etc.) are taken from the neighbours, governing equations of the
element are solved and the outputs (e.g., pressure, temperature, etc.) are set as boundary conditions for the
resolution of the neighbour elements. Iterations continue until convergence is reached at the present time step
and then the next time step calculation starts after updating the variables in Gauss-Seidel iteration procedure.

2. Results
2.1. Validation based on previous steady state results

Table 2. Parameters of the validation case

Component UAin (WIK) UAe (W/K) k (m/s) m (kg/s)
Generator 425 4900 2.0e-4 0.10
Absorber 2050 1500 1.5e-4 0.92
Condenser 12600 1400 - 0.92
Evaporator 940 1830 - 0.07
SHX 290 (overall value) - 0.046

Experimental data have been reviewed and obtained from [24-25]. In order to validate the dynamic model for
this device, the authors have considered this 2 kW air-cooled machine where it is possible to understand and
design strategies of regulation and control. This chiller was tested at the laboratory of the Heat and Mass
Transfer Technological Center at the Technical University of Catalonia (UPC). Each case has been simulated in
a transient mode until the steady state is reached. The U and k values have been calculated from the empirical
relations explained at the appendix (see Table 2).

In the next figures (from 2 to 5) the comparison of COP (defined as COP = Qz/Q;) and cooling capacity is
shown. It can be observed the close accuracy in the COP estimation. For the case of the capacity (Qg), there is a
slight underestimation of the values, up to 15%. A possible explanation is the calculation of the U and k values
under nominal working conditions, values that are maintained as constant during all the calculations.
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Fig. 2. COP vs. hot water inlet temperature (Tsec.inc) Of validation case for output chilled water at 9°C. Left,
ambient air at 30°C, right ambient air at 35°C.
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Fig. 3. COP vs. hot water inlet temperature (Tsec,inc) Of validation case for output chilled water at 12°C. Left,
ambient air at 30°C, right ambient air at 35°C.
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2.2. Example on transient process

In order to show the capabilities of the transient simulation, a sequence of operation has been simulated for the
laboratory prototype. The sequence starts at the conditions indicated at Table 3. Then, the input hot water
temperature Tsecing, Changes from 85°C to 95°C (2™ stage of the transient simulation), and finally, when de
ambient temperature decreases from 35°C to 30°C, the inlet hot water temperature Tsecinc, also decreases from
95°C to 75°C. Each stage of the simulation lasts 3600 s, and the time step used is At= le-2 s. Figures 6 and 7
shows the evolution of the main parameters of the cycle: pressures, temperatures, LiBr concentrations and liquid

mass inside the shells.
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Fig. 6. Left, evolution of the pressure levels (Pa); right, evolution of the main temperatures of the absorption

machine (K)
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evolution of the LiBr concentration levels; right, evolution of the liquid mass inside the shells of the absorption
machine (kg)

With this dynamic model it will be possible in the future to simulate the thermally driven chiller under different

control strategies, start/stop procedures, etc., with the objective to maximize the seasonal performance (e. g. solar
cooling installations) of the machine and avoiding crystallization.

2.3. Prediction of the performance of the pre-industrial prototype

Table 3. Parameters of the prototype demonstration

Component UAin (WIK) UAu (W/K) k (m/s) m (kg/s)
Generator 1890 12900 9.3e-4 0.48
Absorber 4400 3540 4.7e-4 1.86
Condenser 12600 1885 - 1.06
Evaporator 4090 14300 - 0.33
SHX 1580 (overall value) - 0.095

Once the model has been validated, it is used to predict the performance of a prototype demonstration that is
being set-up at the UPC-CTTC facilities. The nominal capacity expected is 7 kW, according to the initial design
of the heat exchangers. Table 3 summarizes the main thermal parameters of the demo-prototype.

According to these design parameters it is expected a capacity of about 5.7 kW with a COP of 0.75 at nominal
working conditions: Tsec,ing = 85°C, Tamp = 35°C, Tseciine = 14°C, therefore it has been achieved the 81% of the
nominal capacity expected.

3. Conclusions

In this work a dynamic model for an air-cooled H,O-LiBr absorption machine is presented. The model is based
inthe use of heat & mass transfer empirical correlations of the scientific literature, to avoid ad-hoc adjusts of the
main parameters of the absorption refrigeration cycle. The calculation of the heat & mass transfer parameters of
the model has been validated with previous steady state experimental results of a laboratory prototype of 2-3 kW
of cooling capacity with a reasonable agreement in the COP values, being capacity slight under predicted. With

8
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this dynamic transient capability of the model, it is expected in the future to simulate the absorption chiller under
different control strategies and full start/stop processes.

Finally, the model has been used to predict the future performance of a prototype demonstration that is being
developed at the UPC-CTTC facilities. Although the heat exchangers have been designed to provide a nominal
capacity of 7 kW, the model predicts about the 81% of the cooling capacity expected (5.7 kW).
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APPENDIX
This appendix summarizes the correlations used in the calculation of the thermal size of the heat exchangers

(UA) and the mass transfer coefficients (k) presented in table 2 and table 3. Using Hobler’s criterion [30] UA
and k have been calculated with more accuracy taking into account the wetting area.

ﬁ%@ " EEJ

According to the dimensionless analysis Schmidt number, Prandtl number, Reynolds number, Nusselt number,

Stanton number are defined as follows: Sc = ;‘—ll); Pr = #/1&; Res = (%) y Regirjtup = pvL/u; Nu = % St =

a

pvd

(@)
ot
k =0.7VD Zgoo—m @7)

A,

Primary circuit absorber [32]: « = 0.029 - (4Ref)°-53Pr°-3446 ;

Primary circuit condenser, estimated values have been considered according to [31].

Primary circuit desorber [27]: d*=d/L; = (v?/g)*/? ; Nu = 0.7893 - Re}16%%7 . pr037275 . §=0.041769 .
d*—0.4-0335 : Sh — 0.0020Re}'0023PT_0'740495C1'3455d*_1'0006 (28)

In this work, the mass transfer rate is adapted by using a different logarithmic difference of the LiBr-Water
concentration is spite of a simple temperature difference as is [27].

Primary circuit evaporator; For the falling film evaporator the calculation of the heat transfer coefficient is
based on [32]:

a=0821- (%)_1/3 (%)_0'22 ©9)

For further details regarding the 7kW flooded evaporator heat transfer calculation see [33].

Secondary stream Absorber and Condenser (air side) [34]:

-0.272 —0.205 —0.558 —-0.133
P = . Re=0:357 . (Pt (2 (E . (Pe . i = St Pr2/3
j=0.394- Rey;; (m) (D) (Pd) (S) ; Where j = St - Pr (30)
Secondary stream desorber and evaporator [35]:
0.14
Nu = 0.027 - Reyy,,* - Pro33. (ﬁ) (31)
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