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ARTICLE INFO ABSTRACT

Keywords: Single-effect absorption chillers are the most popular because of their low cost, despite their low
Part-load ) COP. Among them, GAX-based AirCooled absorption chillers are very interesting because they
T};ermofly“amlcs have improved COP because of their ability to recover internal heat at low thermal lifts. This
A sorptl.on workshop analysed the ability of these types of chillers to recover internal heat at high thermal
Ammonia-water . . . .
Gax lifts by changing the pressure drop of an extra valve, a feature of the Robur absorption chiller

when operating in subzero applications. The complete differential mathematical model analyses
the components involved in heat supply and recovery and provides information on their opera-
tion. A thorough assessment of exergy destruction in the absorption refrigeration system was
carried out. The main results show that when the chiller is driven at a temperature of 210 °C and
an ambient temperature of 40 °C, a rise in the pressure drop of the additional valve, AP,q;, from
175 to 700 kPa causes the extension of the vapour purification process to be reduced by 13.7% in
the column of distillation and by 70.6% in the rectifier. Despite the adverse effect of AP,q; in-
crease on the cooling capacity, there is no risk that the distillation column operates in weeping
mode. However, this adjustment increases the internal thermal load of the generator by 26.9%.
Furthermore, the mass fraction of the refrigerant flow is very similar. In addition, the occurrence
of a two-phase solution flow at the input of a solution cooling absorber is the practical upper limit
of AP,q1. The refrigerant flow in the solution cooling absorber is reduced by 21.3%. Finally, the
contribution of the heat recovery loop to the total exergy destruction in the refrigeration system
rises slightly by 2.7% when AP,q; increases due to the contribution of the vapour purification
system, which increases at the expense of that of the re-boiler and the SolutionCooled absorber.
The results of this study show to what extent the modified GAX-based cycle can function effec-
tively at high thermal lifts.

Hot climate

1. Introduction

Today, it is essential to reduce dependence on fossil fuels to reduce the effects of global warming [1]. The refrigeration industry
accounts for approximately 20% of global electricity consumption and 7.8% of global greenhouse gas emissions [2]. In this context,
thermal refrigeration systems, in general, and absorption chillers in particular, could help mitigate the environmental impact of the
refrigeration industry. The absorption chiller is characterised by its main energy saving capacity, driven by solar energy and waste
heat, and uses an environmentally friendly working fluid. In addition, due to low energy consumption, the summer electricity
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requirements can be reduced [3]. Some configurations were studied to achieve high COP. The single-effect configuration requires a
minimal number of components, resulting in cost reduction. Furthermore, it can be operated at a low generator temperature. As a
result, the single effect configuration is the most commercially available configuration despite the lowest COP [4], leading to a high
thermal rejection factor (receivable heat to-cooling capacity ratio). This is why the internal heat recovery of the cooling absorption
system is improved [5].

Ammonia water is widely used under subzero conditions because it can operate at low evaporation temperatures. Furthermore, no
crystallisation or vacuum problems are present. However, the vapour pressure of water in the generation process is significant in
comparison to the ammonia vapour pressure. Consequently, a vapour purification process is required to remove the remaining water
from the generated vapour. The purification system complicates the design of the refrigeration system and increases the loss. Several
attempts have been made to eliminate the need for the purification process by replacing the ammonia-water pairs, thus enlarging the
temperature difference at which the refrigerant and the absorbent boil. The most popular binary ammonia salt solutions for rectifier
elimination include NH3-NaSCN and NH3-LiNO3. However, these pairs are not without shortcomings. Therefore, the NH3-NaSCN
pairs have a high ammonia solubility and do not cause steel corrosion but can crystallise at low evaporation temperatures. However,
the high viscosity of salt solutions limits the performance of the NH3-LiNO3 cooling system [6]. The key role of the purification system
in the performance of ammonia water refrigeration systems has been extensively studied [7,8]. In AirCooled ammonia-water absorber
refrigeration systems, the ammonia vapour purification process becomes more important as the ambient temperature increases. With
high-efficiency stripping sections, the design of the column of distillation can be simplified by eliminating the rectifying section [9]. In
addition to the ammonia vapour purification system, other subcomponents are added to the basic single-effect ammonia water ab-
sorption cycle to improve its performance. These include solution heat exchangers and refrigeration heat exchangers, which increase
COP by 44 % and 8 %, respectively, and enable internal energy recovery [10]. Reorganisation of the cycle streamlines optimises
internal heat recovery and improves the overall performance of the system. Thus, the GAX-based absorption cycle enables some
absorption heat to be recovered internally by the generator [11], especially when the thermal lift (the temperature difference between
condensation and evaporation) is low [12]. Veldzquez et al. [13] propose a methodological analysis of an AirCooled absorption system
for air conditioning purposes, which does not include the recovery of heat from the economiser and the recovery of heat from
rectification. Gomez et al. [14] reported the experimental evaluation of a GAX-based cycle for air conditioning purposes. Saghiruddin
et al. [15] carried out an economic analysis using a heat recovery absorber, reporting an increase of 20-30% in the performance of an
ammonia water chiller, in addition to a 25% reduction in energy cost. Du et al. [16] examined the internal heat recovery capacity of
ammonia in a complete condensation water absorption system. They found that the best improvement is achieved when there is a
temperature overlap between the absorption and generating processes. According to Dai et al. [17], the size of the SolutionCooled
absorber heat exchanger has the greatest impact on the cycle. Jawahar et al. [18] carried out an analysis on a real AirCooled
direct-fired ammonia-water modified GAX absorption chiller. They increased the total internal heat recovered by 30-40%, resulting in
an improvement in the efficiency of the machine.

The GAX-based cycle can achieve internal heat recovery due to the partial temperature overlap between the generator and the
absorber, which can be reduced when the cooling system operates outside the design conditions. Therefore, the key question is how it
performs under partial loads, especially under high thermal lifts. Aprile et al. [19] conducted experimental research on GAX heat
pumps to improve the performance of the system under partial load by controlling the generator flow. On the other hand, AirCooled
ammonia water absorption chillers for refrigerant purposes have the disadvantage of high thermal lifts in addition to the low thermal
conductance of heat rejection by air cooling, increasing the size of the chiller [20].

The purpose of the study is to analyse the commercial indirect AirCooled single-effect NHs/H>0 absorption chiller, specifically the
Robur refrigerant absorption machine (ACF60-00 LB), which operates with hot water for subzero conditions in the dairy sector. This
chiller operates on a modified GAX-based cycle, incorporating an additional valve, which enables the active control of the pressure
levels of the chiller in part-load operation and, therefore, reduces the chiller size. The present work aims to evaluate the ability of the
modified GAX-based cycle implemented in the Robur chiller to recover internal heat during part load operation, under this strategy,
particularly at high thermal lifts.

For this purpose, a comprehensive differential mathematical model is developed. The model uses the Colburn and Drew equations
and includes heat and mass transfer coefficients evaluated locally. The accuracy of the model was validated using both manufacturer-
provided experimental data and data from the literature. Furthermore, the study introduces a novel approach to exergy analysis re-
ported by Blanco-Marigorta and Marcos [21] by implementing the concept of dead state, leading to a more thorough evaluation of
exergy destruction in the system.

The main objective of this research study is to analyse the ability of the refrigeration system to recover internal heat to improve its
overall performance at high thermal lift. In particular, the findings show to what extent the modified GAX-based cycle can operate
effectively at high thermal lifts. As a result, an increase in the internal thermal load of the generator assembly is observed, specifically
within the solution heat exchanger and the column of distillation. Additionally, there is a potential risk of two-phase flow at the inlet of
the SolutionCooled absorber. However, the contribution of the internal heat recovery system to the total exergy destruction in the
refrigeration system is not particularly significant.

2. Methodology
2.1. System description

Fig. 1 shows a scheme of the chiller, whose structure is outlined in Table 1. The chiller comprises an evaporator, condenser,
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SolutionCooled absorber, AirCooled absorber, and generator. The purification system includes a column of distillation and a Sol-
utionCooled rectifier located at the top, which is responsible for achieving a high-purity vapour. The condenser, AirCooled absorber,
and re-boiler are equipped with annular fins. The evaporator is constructed as a shell-and-tube heat exchanger with baffles. The
SolutionCooled absorber and SolutionCooled rectifier consist of helical tubes, each differing in the numbers of turns, denoted as, Ny ms.

The design of each tray of the column of distillation is determined defined by various parameters such as inner diameter D;, hole
diameter, dp, = 0,00381 m, tray thickness, eyqy, tray spacing, Si, weir length, I, hole pitch, s, = 3 dp, weir height, hy, as well as two
relationships, Ap/Aq = fo(dn /sn) and Ag/A: = fi(ly /D;) [22], where Ag, A = /4 Diz, and A, = A - 2A, respectively representing the
downcomer area, the area of the column, and the active area. The efficiency of the refrigeration heat exchanger has been set to 0.9. To
limit temperature glide, the refrigerant quality has been set to 0.96 at the evaporator outlet. The generator heat recovery system
comprises the solution heat exchanger and the distillation column heat exchanger. The chiller comprises three valves: the solution
valve, refrigerant valve, and valve 1 - the latter enables the regulation of the high pressure level.

2.2. Mathematical model

The Engineering Equation Solver software has been used to implement a differential mathematical code for a modular-form. Each
module characterizes the performance of a fundamental system within Robur® absorption refrigeration by employing physical
equations derived from the principles of mass, species, and energy balance.

Zm in — Zm ou =0 (€Y

SGren), = (xen),, =0 @

i i

D (o), = (henm),, +0;=0 3

i i
x, m and h denotes the mass fraction, mass flowrate and enthalpy of the flow. Heat transferred across the i-finite volume, Q, is
evaluated by the Newton’s law of cooling:

(Ti=T) = (T = To)

0;=hA Q)

in which, h, represents the heat transfer coefficient evaluated locally, and A; signifies the heat transfer surface of the finite volume, i.
The thermodynamic property database for working fluids is sourced from Ibrahim et al. [23]. Throughout all operational scenarios, the
pump solution’s flow rate remains constant [24]. The cooling speed facing the air remains unaltered. The model considers the fluc-
tuation of thermal conductivity concerning temperature and loading conditions [25]. The analysis is based on the following
assumptions:

e Processes are stationary.
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Fig. 1. Scheme of the refrigerant absorption machine (ROBUR ACF60-00 LB).
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Table 1
Chiller geometry.
Condenser & AirCooled absorber Evaporator Rectifier & SolutionCooled absorber Re-boiler Column of distillation
D; [m] 0,02 D; [m] 0.015 Dy, [m] 0,075 h¢ [m] 0,63 D; [m] 0,075
s [m] 0,003 s [m] 1,15(D; + e) Dy, [m] 0,0065 s [m] 0,003 S¢ [m] 0,15
tm [m] 0,0002 e [m] 0.002 Dy [m] 0,045 tm [m] 0,0004 Aq [m?] 0,12 A,
e [m] 0.002 Nupe 35 e [m] 0,002 €ray [m] 0,003
Nube 2 L [m] 1,1 Niurns cabs 15 by [m] 0,15;
D shen [m] (Nupe + 1) s Niurns rect 40 An/Aq fa(dn /sn)
Ag/Ar fi(lw /Dy)

e The frictional pressure drop in the components is neglected, except for the valves.
e The solution flow that comes out the re-boiler is in a saturated state.

The refrigerant exiting the evaporator and the condenser is in a saturated state.
The refrigerant heat exchanger’s effectiveness is constant.

Heat losses to the surroundings are disregarded.

The flow is unidimensional.

Mass and hear transfer take place radially within the tube.

The characteristics of each module are detailed below.

2.2.1. Distillation column system

The column of distillation is segmented into trays, including the SolutionCooled rectifier and the re-boiler, which are considered as
additional trays. This assessment focusses on evaluating the heat flux involved in the vapour generation in the re-boiler and in the
partial condensation within the rectifier. The Murphree efficiency for a vapour plate, ey, calculated using the expression from Wilke-
Chang [22], is employed to determine the ammonia molar fraction of the vapour coming out the i-tray. Consequently, the ammonia
molar fraction of the vapour that comes from each i-tray, denoted as X, ;, can be expressed as follows,

Xoi=%io1 ® (1 —ey) + emXy ey 5)

where X, .; represents the molar mass fraction of the vapour exiting the i-tray under thermodynamic equilibrium conditions. The
influence of fluid entrainment is assessed using the Fair approach [22]. To simplify, any exchange between the vapour flow and the
liquid from the re-boiler is omitted. Equations (1)-(5) govern the concurrent mass and heat transfer processes occurring in each tray
within the column of distillation.

2.2.2. Condenser and evaporator systems

The condenser and evaporator are divided into finite volumes, encompassing both the refrigeration and coolant sides. To accurately
determinate the heat transfer coefficient (h; r,r) on the refrigeration side, specifically for an ammonia-water mixture, which is a
zeotropic refrigerant mix, the Silver-Bell-Ghaly method is utilized.

Table 2
Heat and mass transfer coefficients.
Device Regime Heat transfer coefficient Mass transfer
coefficient
Re-boiler Solution side - Gorenflo [37] & Taboas et al. [38]
Evaporator Klimenko [37] &Taboas et al. [38]
Absorbers & rectifier Liquid to tube surface (condensation laminar Nusselt eq. smooth film [39] waviness: -
theory in horizontal tube) Kutateladze & Gogonin [39]
turbulent Yiiksel & Miiller [40] shear stress: Numrich ~ —
[39]
Evaporator & re-boiler Coupling fluid side - VDI Warmeatlas [39] -
Rectifier & SolutionCooled Mills [37]
absorber
AirCooled absorber & Qasem et al. [40]
Condenser
Absorbers & rectifier Vapour to interface - Gnielinski [39] Chilton & Colburn
analogy [39]
Rectifier & SolutionCooled  Liquid to interface - Film condensation theory (horizontal tube)  Chilton & Colburn
absorber [40] analogy [39]
AirCooled Absorber Liquid to interface intermittent  Film condensation theory (horizontal tube)  Scott & Hayduk [41]
stratified [40] Scott & Hayduk [41]
bubble Ciborowski &

Rychlicki [42]
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hr,ref = hz.pure/(l + K)4 (6)

where h; p,r. denotes the heat transfer coefficient, calculated based on the model for the pure fluid using mixture properties (refer to
Table 2). K refers to a correction factor, assessed by Taboas et al. [26]. The set of non-linear Equations (1)-(4) and (6) constitutes the
mathematical model of the evaporator and the condenser.

2.2.3. Re-boiler system

The re-boiler module considers only a single control volume that encompasses the hot water and the solution side to calculate the
transferred heat flux. Like the evaporator and condenser modules, the Silver-Bell-Ghaly method allows the evaluation of the heat
transfer coefficient (see Table 2). Nonlinear Equations (1)-(4) and (6) form the mathematical model of the re-boiler.

2.2.4. Rectifier, SolutionCooled absorber and AirCooled absorber systems

Each device is discretised in finite volumes, including four distinct zones: the coolant side, the vapour-liquid interface, the liquid
solution side and the vapour side. The mass continuity at the interface was carried out to evaluate the total molar flow from the vapour
flow to the interface, .

ViNHw:ViNHu =rnez (7)

where riyy,, refers to the molar flux of ammonia from the vapour flow to the interface, riyg,, denotes the molar flux of ammonia from
the interface to the liquid flow. The ammonia molar fluxes are given by Bird expression [27].

iy, = By 9 2 In (Z ”f““) ®
Xy
ﬁNH3L =hyi®zeln <ZZ :;Cf) ©)

where h,, is the vapour mass transfer coefficient, z is the ammonia to total molar flux ratio, X, is the ammonia molar mass fraction of
the vapour. The ammonia mass transfer is defined as the transfer from the vapour flow to the liquid flow. Subscript i indicates
thermodynamic equilibrium. Accordingly, the ammonia flux, riyg,, and the total mass flux, m, are evaluated as

N, = g, OPMyp, (10)
1 = iy, @PMyy, + rie(1 — z) @ PMy,0 an

here PM refers to the molecular weight. The coupling between heat transfer and mass transfer at the interface is expressed by the
energy continuity at the interface.

qL = q, + Mg, AzN1-13 + mHg()AZHZ() 12)

being g the heat flux. A refers to the partial enthalpies difference of the liquid and vapour components at the interface. Non-linear
Equations (1)-(4) and (7)-(12) dictate the interdependent mass and heat transfer processes occurring in each finite volume that in-
cludes the AirCooled and SolutionCooled absorbers and the rectifier.

2.2.5. Evaluation of irreversibilities
Exergy destruction was assessed by conducting an exergy balance that segregates the total exergy (e;) into its chemical and physical
constituents. The physical component is evaluated as

e =h; — hig — To(si — si0)
The base point (0) for determining physical exergy is related to the pressure inside the refrigeration absorption system when it is
inactive, Py [21], and the ambient reference temperature of TO = 25 °C. The chemical component is calculated as [28].

CH _ cH cH mix
e =x; @ ey + (1 —xi) @ ey + W

where wT* represents the specific work linked with the mixture consisting of pure refrigerant (ammonia) and pure absorber (water).

mix

Wy = [hjo —X; ® hypzo — (1 - Xi) o hHZO.U} —Tp [SjO — Xi ® SNH3 0 — (1 - Xi) L4 SHZO,O}
The specific exergy values for an absorption refrigeration system are assumed as follows: eS2,, = 45 kJ kmol * and e, = 336 684
kJ kmol .

2.2.6. Evaluation of heat and mass transfer coefficients
The model designed for the chiller system considers flow patterns in the AirCooled absorber [29]. In the intermittent regime, void
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fraction [30-33], velocity of the bubble present in the slug [34], and bubble length [35] have been evaluated. To calculate the void
fraction in the stratified regime, the correlation of Armand-Massina [36] is applied. In addition, a variety of correlations and ap-
proaches are used to evaluate the heat transfer and mass transfer coefficients for all components. Table 2 provides a comprehensive
summary of these coefficients.

2.3. Solution method

An iterative method has been employed to fuse all the apparatus that makes up the absorption chiller. A simplified model flow chart
isillustrated in Fig. 2. In the initial phase, certain parameters, denoted as 0 in Fig. 2, are assumed, and subsequently iteratively refined
through species, mass, and energy balance, involving heat and mass transfer coefficients. Key variables such as the low-pressure level

invariable parameters: off desing working conditions: parameters defermined by iteration:
_ Tamb - CABS: Dmref 0, eff cabs 0
- x fillet - Tcf evap out - RECT: x reflux 0, T reflux 0, RR 0
- mdR ~ Tcf hot - ABS: T pump out 0, PL 0
- EVAP: mcf evap 0, mref 0
- chiller geometry _ DPval 1

Governig equations:

Mass, species and energy balance
Heat and mass rate eguafions
Heat & mass fransfer coefficients

v

v

SHX, EVAP, COND,

Trays in DC asembly (REB+ DC + RECT),
RHX, ABS

Governig equations in lumped model

Reboiler module

Governing equations

in lumped model

Thermodynamic equilibrium relations | I
heat flow o hot water flow heat flow from hot water flow

v
< O = < ‘

new PLO

YES

Evaporator module

Governing equations

in discretized model
transfer area‘! of evaporator T
v RECT module
CABS module
ABS module
COND module

PL, mcf evap,
mref

new
mcf evap0, mref0

governing equations
in discretized models

CABS: Dmref, eff cabs

RECT: x reflux, T reflux, RR
ABS: T pump out, A min
COND: A min

Dmref, eff cabs,
x reflux, T reflux,

NO RR, T pump ouf

‘

Dmref 0, eff cabs 0
x reflux 0, T reflux 0, RR 0
T pump ouf 0

(Dmref, eff cabs,
x reflux, T reflux

new values: RR, T pump out) 0
?

+ YES

Amin cond, Amin abs
COP, cooling capacity

Fig. 2. Simplified model flow chart.
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Fig. 3. Calculation flow chart.
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(P1), the flow rate of chilled water, i ¢,qp, and the heat flow of the hot water, m.s .5, have been evaluated by aligning the heat flow of
the hot water ms ., with that to the solution at the re-boiler. Before this, a check is made to verify that the evaporator can complete the
evaporation process.

Fig. 3 illustrates the calculation flow chart. The chilled water mass flow rate, M ¢,qp, is considered as a variable magnitude. This is
consistent with the data from manufacturer, which indicate a particular interval of change. The calculation procedure is summarised
below. For all operation conditions of the system (fixed by Tamp, T p, and My rep), APyqpy 1 is set. The physical validity of the solution is
ensured by imposing the corresponding geometric constraints.

1. Make an initial estimation of the low pressure level, Py, the mass fraction of refrigerant, xr.f, the solution temperature at the pump
outlet, Tpymp our» the refrigerant mass flow rate m, the SolutionCooled absorber effectiveness, ecqps, the reflux ratio, RR, the
temperature of the condensate and the mass fraction at the rectifier output, Tr and x.

2. Execute the main module of the implemented model. This will calculate the re-boiler heat flow, Q,.;, the mass flow rate of absorbed
refrigerant in the SolutionCooled absorber, A Myf cqs, the high-pressure level (Py), and the re-boiler heat flux.

3. Execute the module of the re-boiler system. Verify Q,.;. Proceed to Step 4 if verified. Otherwise, make a new estimation of Myes and
return to Step 2.

4. Execute the module of the evaporator system. Verify the refrigerant mass flow rate at the evaporator exit, M ¢,q. Proceed to Step 5
if verified, go. On the contrary, make another estimation of i ,qp, Or of Py, and proceed to Step 2.

5. Execute the module of the rectifier system. Verify RR, T, XR, and Nyms rect- Proceed to Step 6 if verified. Otherwise, make a new
estimation of RR, Tg, Xgr, and proceed to Step 2.

6. Execute the module of the SolutionCooled absorber system. Review &cqps and Neygns, cabs- Proceed to Step 7 if verified. On the
contrary, make another estimation of &.qps. Then proceed to Step 2.

7. Execute the module of the AirCooled absorber system. Verify Tyump our. Proceed to Step 8 if verified. On the contrary, make another
estimation of Tpymp oue and proceed to Step 2.

2.4. Model validation

The methodology was validated by assessing the coefficient of performance (COP) and cooling capacity of the AirCooled, indirect-
fired ammonia-water ROBUR refrigeration absorption machine (ACF60-00 LB), provided by the manufacturer. The chiller was tested
for outdoor temperatures changing from 15 to 40 °C and feed water temperatures within the range of 160-210 °C while producing
chilled water at —5 °C. Details on the pressure drop in valve 1 are provided in Ref. [43], with additional information on high and low
pressure levels, for an AirCooled indirect ROBUR absorption chiller operating to provide air conditioning. Lazzarin et al. [24] present
more experimental data for high and low pressure levels for a direct AirCooled ROBUR chiller operating for refrigeration. Subse-
quently, after examining the data from Refs. [43,44], a disparity in P;, and Py is evident in Figs. 4b and 5b. The discrepancy in Py, arises
from the operation for air conditioning purposes, and the Py results from the downsizing of the chiller. The Robur chiller includes an
additional valve (referred to as valve 1 in Fig. 2). The mathematical model provides the pressure loss at valve 1 when Tt poe = 210 °C,
that is, APyaiy1z = f(TambsTef not = 210 °C). As a result, this model allows us to calibrate APyqp,; at Tef por = 210 °C using the manu-
facturer’s data on cooling capacity and COP when the ambient temperature varies between 15 and 40 °C. Furthermore, Figs. 4a and 5a
illustrate that the model aligns well with the manufacturer’s data, when AP,; is set at APyqp,;; when Tef por = 210 °C, while it is set
according to Ref. [43] when T¢f por = 160 °C. Table 3 summarises the highest level of uncertainty in the model for COP, cooling ca-
pacity, and high and low pressure levels. These observations were made under specific working conditions, where Ty, ranged from 15
to 40 °C, while T po, was set at the minimum and maximum values provided by the manufacturer, which were 160 and 210 °C,
respectively.

3. Results

Next, the effect of AP,4p,7; on the ability to recover internal heat for the refrigeration system is analysed. Exergy destruction is also
evaluated. With this objective, two configurations are defined and analysed. The first, the reference configuration, is established with

10 1,00 2400 -
° o TPH160 OPL[24] -
9 ° [ -*PL 160 @PH[24] A
8 0,80 < 2000 | xPH210 APL210 -
Z, ® B BPH[43] +PL[43]
= ° ® 1600 OPL[44] =PH [44]
g 6 3 e 0,60 5
o 2
g5 ¢ . 8 g g0
g4 s 0,40 .
2 3 @ capacity, manufacturer's data E 800
S @ capacity, calculated o
2 © COP, manufacturer's data 0,20 & 400 E; o o
1 # COP, calculated & —O0——2—0 2
0 0,00 I 0
10 20 30 40 50 0 10 20 30 40 50
Ambient temperature, °C Ambient temperature, °C

Fig. 4. a) Cooling capacity & COP, b) high and low pressure levels. AP,q,; = 175 kPa, Tchoe = 160 °C.
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Table 3
Validation of the model.
Source Max. uncertainty, %
COP Manufacture’s data 6.5
Cooling capacity Manufacture’s data 8.6
High pressure level [24] 4.7
Low pressure level [24] 0.5

APyq fixed at 175 kPa, as reported in Ref. [43], and T¢zpo at 160 °C. The second, the personalised configuration, is defined with Tf po;
= 210 °C and AP,q; set at APyqygz. The behaviour of the main components involved in internal heat recovery is analysed when
operating in each configuration, and the Ty ranges from 15 to 40 °C.

3.1. Re-boiler

Table 4 illustrates a 29.6% decrease in the thermal conductance of the re-boiler, UA,.p, with a 75% increase in AP,q; 7 at Tgmp = 40 °C
and Tc;poe = 210 °C. This is attributed to the rise in the high pressure level, Py. Furthermore, the effectiveness of the re-boiler, reb,
improves by 7.1% due to the zeotropic character of the working solution. The combined influence of Py and & leads to an 8.4%
decrease in heat flux, gr. Furthermore, Table 4 indicates that increasing the temperature of the feed water, Ty pos, has a contrary
impact on UAy.p and on &, followed by the re-boiler heat flux, g,.p. Consequently, g, decreases by 8.4% with a 50 °C increase in T¢p
hot- However, Fig. 6a shows that g, decreases with increasing Tgmp, mainly due to the reduction in UA. It should be noted that Tgmp
has a negligible effect on &p.

Based on the analysis of the effect of each parameter on the re-boiler, including APyq1, Tcphor and Tamp, it can be concluded that the
increase in gy in the personalised configuration (Fig. 6b) is due to the increase in UAep with Tcfpo. Note that this increase is partly
offset by the increase in AP, 1, especially at high Tgnp, where the increase in AP,q; is more pronounced. Therefore, it is advised to
improve the design of the finned re-boiler surface to decrease the thermal resistance on the hot water side. This will help alleviate the
adverse effects of an increase in AP,q; on the supplied heat flow.

3.2. Vapour purification

Vapour purification takes place mainly in the column of distillation. However, a rectifier located at the top of the column is
necessary to obtain the required ammonia purity of the refrigerant flow. The performance of the column of distillation has been
evaluated using the OP4. parameter, defined as

mv out,de mv weeping
OPj=—"—"""""+,
m, Sflooding — m, weeping

where m,, o qc is the vapour flow at the column of distillation outlet and 11, gooding, My weeping i the vapour flow at flooding and weeping,
respectively. Another parameter of interest is the reflux ratio, RRy,, defined as

Table 4
Re-boiler. Comparative results, expressed in %.
AP, 1, kPa Tefhot, °C Tamps °C AUArey Ereb Agreb
APyq1 11, vs. 175 210 30 —4.6 12.8 -9.8
40 —29.6 7.1 -8.4
175 210 vs. 160 30 14.7 —24.1 47.5
40 24.8 -13.7 53.4
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mv indc n;lv‘nur.dr:
RRd( =
My our,de

which allows us to evaluate the vapour fraction that returns to the re-boiler. Similarly, in the rectifier, the reflux ratio, RRy, indicates
the fraction of condensate from the vapour flow. It is evaluated as
RRV(»LT _ mv in.rcf‘l - mrcf )
Myef

Table 5 shows how an increase in AP, ; leads to a reduction in OPg. of 18.7% at Tamp = 40 °C, indicating that the operation of the
column of distillation approaches the weeping mode. This mode is unsuitable because it impedes the interaction of liquid-vapour flows
and hampers the purification of the vapour. The decrease in OPy. is caused by a decrease in gy, resulting in a decrease in the flow of
vapour. In contrast, OPg. increases by 101.3% as Tcp;po; increases by 50 °C, according to the behaviour of gre. On the other hand,
Table 5 illustrates the contribution of the column of distillation to the vapour purification process. This contribution is evaluated by
determining the increase in the ammonia mass fraction of the vapour flow, represented as Axg.. Note that an increase in AP, ; results
in a decrease in Axgc.

The SolutionCooled rectifier follows a similar trend; however, with a more pronounced impact, since there is a decrease of 70.6% in
AXrect due to increases in Py. On the contrary, an inverse trend is observed in Axgc when Ty, ho, increases due to an increase in the water
content in the vapour flow. Furthermore, it can be observed that Tz, has a negligible effect on Axy.;. However, neither APyq 1 nor Ty,
hoo Significantly affect the refrigerant mass fraction, x.s. However, a 75% increase in APyq 1 at Tgmp = 40 °C in the personalised
configuration leads to a notable increase of 68.6% in RRye.

The flow undergoes purification in the column of distillation at Ts por = 210 °C, due to the absorption of ammonia from the
downward liquid solution. This results in an increase in the mass of the vapour flow and negative RR,. values, even for a low AP, ;.
However, when T poe = 160 °C, purification occurs by partial condensation of the water content of the vapour flow, leading to a
reduction in mass [19]. Consequently, RRg takes positive values. Table 5 illustrates that there is a 628.3% reduction in ARR4. when T,
hot, increases from 160 to 210 °C at Tymp = 40 °C. However, the impact of AP,y ; on ARR is insignificant.

Regarding Tgp, it is shown in Fig. 7a that in the reference configuration, both Ax,; and Ax. decrease as Tqy;p increases. This trend
is comparable to that observed when increasing AP,q 1, although it is not as pronounced. It is worth noting that a Topp, variation within
the range of 15-40 °C results in an approximate 47% increase in Py (as shown in Fig. 4b) compared to the 75% increase in the per-
sonalised configuration. The illustration shows that Ty, significantly affects the performance of the column of distillation, causing it to
operate in weeping mode at a temperature of 35 °C or higher in the reference configuration. Furthermore, the findings display an
increase in RRy (Fig. 7b) consistent with the pattern observed with elevated AP,y 7.

Analysis of the behaviour of the personalised configuration (Fig. 8a and b) shows that Ax is clearly lower compared to the
reference configuration, decreasing as Tqmp increases. This behaviour is attributable to the growth of AP, ;. However, Axy,; reaches
higher values due to T,tpo: growth. The rectification process in the column of distillation is due to the absorption of ammonia, as
revealed by the negative values of RR4, which reveals that T,z o and not APy 1 is the parameter that governs the purification process
in the column of distillation.

However, the column of distillation operates far from the weeping mode, despite the adverse effect of AP, 1, even at a temperature
of 40 °C. The figure for x.f shows an increase as Ty increases, which is due to the increase in the coolant and liquid heat transfer
coefficients, h; 5, h; 1 (see Fig. 9a), as noted in Ref. [45]. In the personalised configuration (Fig. 9b), it behaves similarly due to the
minimal influence of AP,y 1 and Tcghor ON Xref and hy .

Table 5
Purification system. Comparative results, expressed in %.
AP, 1, kPa Tephot, °C Tamp °C AOPg. AAXge AAXreet ARRg. ARRyece AXref Ah, o
APyq1 11, vs. 175 210 30 -13.8 —16.6 —60.4 0 67.2 0 0
40 -18.7 -13.7 —70.6 0 68.6 0 0
175 210 vs. 160 30 65.1 63.0 5.8 —287.3 -9.7 0 0
40 101.3 68.9 13.4 —628.3 —20.0 0 0
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Finally, Fig. 10a shows the evolution of the temperature and vapour mass fraction on each column of distillation plate. The figure
shows that the purification process of the vapour flow obtained in the re-boiler reached a plateau on the seventh plate, as reported by
Ref. [46]. The plateau on a lower plate is reached when T,gpo: is 160 °C, which is aligned with the lower extension of the purification
process in the column of distillation when T¢f por reduces. A similar pattern is observed when AP, ; increases.

The graph in Fig. 10b shows the change in the mass fraction of the vapour flow in the rectifier, along with the corresponding
temperature of the cooling solution in the column of distillation. Plate 2 refers to the plate located directly above the re-boiler. It is
worth noting that the cooling solution experienced a significant initial temperature increase in the personalised setup at Tgmp of 30 and
40 °C, which is attributed to the substantial thermal gap generated between the cooling solution and the condensate caused by the
elevated Py level reached.

The study suggests that when AP, ; increases, the vapour purification process shifts from the column of distillation to the rectifier.
As a result, the number of trays in the column of distillation decreases, and the reflux ratio in the rectifier rises. Moreover, the column
of distillation may operate in weeping mode if Ty po is not sufficiently elevated.

3.3. SolutionCooled absorber
Table 6 shows that the dilute solution entering the SolutionCooled absorber often transforms into a two-phase flow (AQj; caps = 100)

when it passes through the solution valve under increasing AP,y ; conditions. This transformation can impede the operation of the
SolutionCooled absorber. On the contrary, when Tz rises, the opposite trend occurs. At Tymp = 40 °C and according to Ref. [16], the

5 o T’ 1 30 35 40
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1 ht | ht cf
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Fig. 9. Vapour purification system: coolant and liquid heat transfer coefficients, h, ., h; ;, in a) reference and b) personalised configuration.
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amount of absorbed refrigerant flow, An.s cqps, increases by 38.5% when Ttpo rises from 160 to 210 °C in the SolutionCooled
absorber. This is because the thermal gradient between the dilute solution flow and the solution-coolant flow is favoured, thereby
facilitating the rejection of the absorption heat. As a result, the efficiency of the SolutionCooled absorber, &4, increases.

Furthermore, Fig. 11 illustrates that when Tz xo reaches 210 °C, achieving the temperature difference at the pinch point value may
postpone the start of the absorption process, particularly at Ty, = 40 °C, which acts as a threshold in the SolutionCooled absorber.
Then again, a high value of AP,4;; could improve the absorption of the vapour, as long as it is possible to reduce the temperature of the
dilute solution at the inlet of the SolutionCooled absorber, provided that it is reduced below the saturation temperature.

Concerning Tgmp, Fig. 12a demonstrates that in the reference configuration, as Ty increases, the solution at the inlet of the
SolutionCooled absorber changes to a two-phase flow, which adversely affects the operation of the refrigeration system. Additionally,
Aty cqps decreases because of the challenges of heat rejection during absorption as the Ty increases. Based on the above, Fig. 12b
shows that Amys a5 achieves a higher value in the personalised configuration in comparison to the reference configuration due to T,s
hots Which is higher in the latter, although it is somewhat mitigated by the rise in Tgmp and in AP, 4.

The findings indicate that there is a maximum increase in AP,q ; due to the promotion of a two-phase change in the flow of the
dilute solution. A similar effect is seen with an increase in Tgpp. Furthermore, unlike ambient temperature, AP, ; can be controlled. In
this way, AP,q 1 could be selected to increase the absorption of refrigerant vapour in the SolutionCooled absorber, thus optimising
COP. To achieve this, the temperature drop in the dilute solution resulting from the heat recovered in the generator assembly plus that
caused by the AP,q; should be chosen so that the temperature of the dilute solution entering the SolutionCooled absorber is at least
below the saturation temperature.

3.4. Internal heat recovery and exergy destruction

Table 7 illustrates that as Tt por increases, the contribution of the generator heat recovery system to the internal heat recovery of the
refrigeration system also increases. Internal heat recovered by the SolutionCooled absorber follows a similar pattern, as indicated in
Ref. [47]. Furthermore, the results suggest that the contribution of the generator to internal heat recovery is predominant when AP,qj;
increases, shifting the balance in favour of the generator over the SolutionCooled absorber. This phenomenon is consistent with the
observation that the temperature overlap decreases in the SolutionCooled absorber (see Fig. 11) as the thermal lift increases.

Regarding the temperature of the environment, it can be observed in Fig. 13a that there is an increase in the heat recovered from
both the generator and the absorber when Ty, increases. This trend is also observed when the variable AP, ; increases. Fig. 13b shows
the internal thermal load in the personalised configuration. In this configuration, the temperature overlap in the SolutionCooled
absorber undergoes only minor changes, since the effect of the increase in the temperature of the cold fluid is counteracted by the
increase in the AP, ; variable. Therefore, the thermal load of the SolutionCooled absorber is similar in both configurations. There are
no significant discrepancies in the thermal load of the refrigeration heat exchanger. Comparison of the personalised configuration with
the reference configuration reveals the most significant alterations in the internal thermal load of the generator heat recovery and the
rectifier. It should be noted that the thermal load of both components decreases as a result of the reduced Ty por, as shown in the figure.

Table 8 shows that the contribution of the heat recovery loop, consisting of a column of distillation, rectifier, SolutionCooled
absorber, solution pump, solution valve, and re-boiler, to the total exergy destruction of the refrigeration system increases slightly by
2.7 % as APyq ; raises from 175 kPa to APyg 11, at Tegpor = 210 °C and Tymp = 40 °C. This happens because the contribution of the
purification system increases at the expense of that of the re-boiler and the SolutionCooled absorber, which increase its thermal load.
On the other hand, the table shows that the contribution of the heat recovery loop is reduced in favour of the other components of the
refrigeration system when Tz rises. Nevertheless, the re-boiler increases its contribution. Note that the exergy efficiency of the
system experiences a slight reduction. Jiménez-Garcia et al. [48] also reported this trend.

Regarding Tgnmp, Fig. 14a shows that the contribution of the heat recovery loop to the total exergy destruction in the system is
approximately 70 % in the reference configuration, increasing at Tgn,p = 40 °C. The figure also shows that the SolutionCooled absorber
is the largest contributor, closely followed by the re-boiler. However, the contribution of internal heat recovery in the generator to total
exergy destruction increases as Tgyp, increases, at the expense of the other components of the heat recovery loop. This behaviour is
consistent with that observed as AP, ; increases.

However, Fig. 14b illustrates that the contribution of the heat recovery loop is reduced in the personalised configuration,
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Table 6
Comparative results in the SolutionCooled absorber (%).
APyq 1, kPa Tefhot, °C Tambs °C AQin cabs A ATyt caps Aécaps
APyq 11 vs. 175 210 30 100 -11.5 0
40 62.5 -21.3 0
175 210 vs. 160 30 —100 10.8 0.7
40 -59.0 38.5 4.2
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Fig. 11. SolutionCooled absorber: evolution of the temperature of the dilute and coolant solution, Tgp, Tyr, respectively. Rectangle: feed hot water
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Table 7
Comparative results in the internal heat recovery: contribution of the column of distillation plus the solution heat exchanger and the SolutionCooled

absorber (%).

APyq 1, kPa Tephor, °C Tamb, °C AQue + shx AQcabs

APyq 11 vs. 175 210 30 5.3 —-4.7
40 6.1 -15.3

175 210 vs. 160 30 10.9 12.5
40 12.0 16.4

attributable to the increase in Tcfpo, partially overcome by the increase in the generator contribution at high Tgmp. Furthermore, the
amount of exergy destroyed in the personalised configuration increases compared to the reference configuration, as reported in
Ref. [49] due to the higher cooling capacity of the former. Finally, the exergy efficiency of the system barely decreases, which is mainly
attributed to the other components of the refrigeration system, not to the components analysed in this work.

4. Conclusions
In this study, an extensive analysis was carried out on the functional performance of the commercial Robur refrigeration absorption
machine (ACF60-00 LB). The chiller uses a single effect NH3/H20 system, which is indirectly AirCooled and hot water powered mainly

for refrigeration purposes. In particular, the refrigeration unit employs a modified GAX cycle, which provides different features.
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Table 8
Contribution to exergy destruction: rectifier, re-boiler, column of distillation, SolutionCooled absorber, and heat recovery system of the refrigeration
machine. Exergy efficiency. The comparative results are expressed as (%).

APyq 1, kPa Tethot, °C Tamps °C Alrect Al Algeshx Alcaps Al 561 100p Affex
APyq 11, vs. 175 210 30 18.1 -9.9 14.9 -12.9 2.2 -8.0
40 12.2 -11.7 26.9 —-19.4 2.7 -7.4
175 210 vs. 160 30 —-25.9 13.4 -18.1 -39.3 —-13.4 —6.9
40 —27.6 28.4 —38.3 —-34.9 —20.2 -7.9
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Fig. 14. Contribution to exergy destruction: refrigerator, column of distillation, rectifier, SolutionCooled absorber and heat recovery loop (%), total
exergy destruction in the system (kW) and exergy efficiency (%) in a) reference and b) personalised configuration.

Furthermore, the refrigeration unit integrates an additional valve is integrated into the system, which provides an interesting op-
portunity to adjust the high pressure level and study the effect on the internal heat recovery capacity. The main objective of this
research study is to analyse the capacity of the refrigeration system to recover internal heat to improve its overall performance.

A differential mathematical model, including species, mass, and energy balance, is used to achieve the goal. The model uses heat
and mass transfer coefficients evaluated locally and operates on a modular structure. The results have been verified against data
provided by the manufacturer and published in the literature.

The numerical results indicate that Tctpo, primarily governs the re-boiler heat flow, which increases proportionally to Tcfpor.
However, the increase in AP, ; partially overshadows the re-boiler heat flow, especially at high Tgn,. With respect to the purification
system, the results reveal a decrease in the extension of the vapour purification process in the column of distillation, particularly in the
rectifier. Furthermore, the negative impact caused by the increase that AP,q ; on the risk of the column of distillation operates in
weeping mode is considerably reduced at elevated T,fpo:. The findings indicate that AP,y has a negligible impact on the mass fraction
of the refrigerant flow.

The findings of the SolutionCooled absorber suggest that the diluted solution at the inlet tends to become a two-phase flow when
AP, 1 increases, which is an unfavourable result. Additionally, the amount of refrigerant absorbed in the SolutionCooled absorber is
reduced. However, enlargement in AP, ; could improve refrigerant absorption, mainly at elevated ambient temperatures. On the
contrary, the contribution of the SolutionCooled absorber to internal heat recovery is prioritised to the generator when there is an
increase in APyq 1 at high Tifpor. Furthermore, the simulation demonstrates that internal heat recovery in the generator has an
increased contribution to total exergy destruction, at the cost of other components in the heat recovery loop. These changes are evident
in the corresponding exergy destruction behaviour.

Specifically, the findings indicate that when the value of AP, ; increases by 75% at T¢fpor = 210 °C and Tgmp = 40 °C:

e The re-boiler heat flow decreases by 8.4% and consequently reduces the cooling capacity of the system.
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Despite the reduced cooling capacity, there is no risk that the column of distillation will operate in weeping mode.

The extension of the vapour purification process decreases by 13.7% in the column of distillation and by 70.6% in the rectifier.
The refrigerant flow absorbed by the SolutionCooled absorber decreases by 21.3%.

The internal thermal load of the generator assembly increases by 26.9%, while the capacity of the SolutionCooled absorber is
reduced by 19.4%.

e The appearance of a two-phase solution flow at the inlet of the SolutionCooled absorber adversely affects the operation of the
SolutionCooled absorber.

The contribution of the heat recovery loop to the total exergy destruction of the refrigeration system increases slightly by 2.7% due
to the contribution of the vapour purification system increasing at the expense of that of the re-boiler and the SolutionCooled
absorber.

This study demonstrates to what extent the modified GAX-based cycle can operate efficiently at high thermal lifts, resulting in a
high COP refrigeration system. When the absorption chiller operates under such conditions, the findings show that elevated AP,q;
leads to an increase in the internal thermal load of the generator. Furthermore, the purification process is sifted from the column of
distillation to the rectifier, reducing its number of plates. Additionally, there is a potential risk of two-phase flow at the inlet of the
SolutionCooled absorber when the feed water temperature is not sufficiently high, which would deteriorate the COP of the chiller.
However, the contribution of the internal heat recovery system to the total exergy destruction of the refrigeration system is not
particularly significant. Finally, the opportunity to optimise COP by controlling AP,q; is presented.

Statement on data availability
Data will be made available upon request.
Additional information
No additional information is available for this paper.
CRediT authorship contribution statement
Maria Esther Palacios-Lorenzo: Writing — review & editing, Writing — original draft, Visualization, Validation, Supervision,

Software, Methodology, Investigation, Formal analysis, Data curation, Conceptualization. José Daniel Marcos: Writing — review &
editing, Resources, Project administration, Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgement

The research is funded by the Horizon 2020 Research and Innovation Programme of the European Union within the framework of
the ASTEP project under grant agreement No. 88441 and the 2018 Regional Research and Technology Development Programme
within the framework of the ACES2030CM project (Ref P2018/EMT-4319).

Abbreviations

Symbols

A transfer area, m?

Aq tray active area, m?

Aq downcomer area, m?

Ap tray hole area, m?

Ap/A; fractional free area

A, cross-sectional area, m?
dy tray hole diameter, m

e wall thickness, m

eray spacing tray, m

em Murphree efficiency

f circulation ratio, ngg /My
he re-boiler length, m

h specific enthalpy, kJekg™?
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Qe

NeeooTE S

g

§

R R

fin length, m

mass transfer coefficient

heat transfer coefficient, Wem 2eK 2
partial enthalpy, Jekg !

mass flux. Kges™!

pressure, Pa

cabs  quality of the dilute solution flow at the SolutionCooled absorber inlet

heat flow, W

heat flux, Wem ™2

pitch of the fin, m

temperature, °C

thickness of the fin, m

thermal conductance, W-K™!

ammonia mass fraction, kg NHgekmol !

ammonia molar fraction, kmol NH3okmol’1

ratio of ammonia to the total molar flux across the vapour-liquid interface

Subscripts and superscripts

abs AirCooled absorber
air coolant air
cabs SolutionCooled absorber
cond AirCooled condenser
cf coupling fluid
dp dilute solution in ammonia
dr concentrate solution in ammonia
e in thermodynamic equilibrium
evap evaporator
reb re-boiler
rect SolutionCooled rectifier
ref refrigerant
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