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Abstract

In this work it is analyzed the effect of the air-coolant flow rate on the absorption chiller performances.
With this purpose, a discrete mathematical model has been developed and implemented in Engineering
Equation Solver Software, on the bases of mass, species and energy conservation balances. The model has
been validated with experimental data of the commercial chiller ROBUR model ACF60-00 LB. Results
show that a moderate decrease of the air-coolant velocity may have a positive effect on the chiller
performances due to leads to reduce the thermal load of the solution heat exchanger and, simultaneously,
the high-level pressure. On the other hand, the electric COP increases due to the marginal decrease in theair-
coolant mass flow rate per absorber surface. The drawback is the increase of the absorber size.
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1. Introduction

Heat supply systems based on absorption heat pump have great potentials on energy saving and emission
reduction being able to be powered by waste thermal energy and solar energy, reducing notable electricity
consumption. The most common working fluid in absorption refrigeration cycles able to achieve subzero
cooling temperatures is the ammonia/water pair. The European ASTEP project is being developed within
this framework, and one of its main objectives is to demonstrate the feasibility of the application of solar
thermal energy to partially cover the cooling demands at an industrial site, the MANDREKAS dairy
company, with a cooling demand at 5°C. Within that project, the present work aims to study the feasibility
and main constrains to use a commercial air-cooled ammonia/water absorption chiller driven by a patented
solar concentrator (sun dial) to satisfy the MANDREKAS’s cooling demand at different outdoor conditions.

A key feature of the air-cooled absorption chillers is its electrical consumption mainly the amount of air-
coolant flow, which should be minimized in order that to be competitive to the vapor compressors of similar
cooling capacity (lzquierdo et al., 2012). To evaluate the electrical consumption of the air-cooled chilled
when operating in different conditions, the main components of the chiller, namely, distillation column,
air-cooled absorber, evaporator and condenser, have been modelled by implementing a discrete model, and
subsequently integrated to the whole chiller.

This study analyses the electrical consumption required to cool down the air-cooled absorber and
condenser. In particular, the commercial chiller ROBUR model ACF60-00 LB, indirectly fired by
pressurized hot water, has been considered.

2. Methods

To study the performance of the single effect air-cooled ammonia/water absorption chiller, a mathematical
model has been implemented in Engineering Equation Solver Software, on the bases of mass, species and
energy conservation balances (Herold et al. 2016). The material thermal properties have been evaluated
from Ibrahim et al (1993). Figure 1 shows a schematic diagram of the chiller. The geometry of the different
devices of which the chiller consists, are detailed in Table 1. The distillation column includes a rectifying
section and a stripping section, located respectively, above and below of the column feed entry point. A
rectifier completes the purification system to achieve vapor refrigerant with a high grade of purity. The lack
of appreciable benefits that the rectifying section entails, beside the decrease of COP associated with the
use of coupled fluid-cooled rectifier (Fernandez-Seara et al., 2002, 2003). and the schematic diagram of the
ROBUR (Pereira et al., 2017) justifies considering the purifying system to consist of a distillation column
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fed from above (only with striping section) helped by a concentrated solution-cooled rectifier to obtain
refrigerant vapor of the required purity. On the other side, the refrigerant absorption process in the
concentrated solution-cooled absorber has been neglected, being then replaced by the solution heat
exchanger.
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Fig. 1: Schematic diagram of the air-cooled ammonia-water absorption machine

Condenser, absorber, and evaporator tubes are described by its inner diameter, Dj, and thickness, e. The
number of tubes is fixed for condenser, absorber, and evaporator, while the tubes length for these devices
are obtained in the design process. Conversely, the evaporator tubes length, L, is fixed, while the number
of baffles for the chilled water passage is obtained in the design process. The geometry of the finned surface
for condenser and absorber, determined by the fin thickness, tm, hydraulic diameter, Dy, minimum free flow
area per frontal area, o, and heat transfer area to total volume, o, are shown in the table. The reboiler is
assumed to be a cylinder equipped externally with annular fins, with the hot water in cross flow over the
cylinder, through the resulting fined annuli passage. Geometry of the reboiler annuli finned surface is
defined by the length, hy, thickness, tm, and pitch, s, of the fins. The distillation column geometry is defined
by its inner diameter D;, hole diameter, dn=0,00381 m, tray thickness, eway, tray spacing, Si, weir length, I,
hole pitch, sv=3 dh, weir height, hy. and two relationships, f; and f, (Coker, 2010), being A=n/4 Di?, Aq, and
Aa=A-2Aq, the column area, the downcomer area and the active area, respectively.

Table 1. Chiller geometry

Condenser/Absorber Distillation column Evaporator Reboiler
De [M] 0,1638 Di [m] 0,075 Di [m] 0.015 he[m] | 0,01
tm [M] 0,0004 A4 [m?] 0,12 A e [mm] 0.002 tn [m] | 0,0004
s [m] 0,00327 St [m] 0,15 s [m] 1,15(Di+e) s [m] 0,003
Dh [m] 0.0068 hw [M] 0,15 Nibe 35
c 0.499 €tray [M] 0,003 Di shen [M] (Newpe +1) S
o [m¥m?] 269 Aq/ A, fill,,/Dy) L[m] 11
Nube 2 An/Aq | f2(dn/sn)

Table 2 includes the effectiveness for reboiler, evaporator, condenser and air-cooled absorber, at the design
point, required to determine the tubes length of absorber, and condenser, the number of baffles of the
evaporator and the height of the reboiler. The effectiveness for these devices is evaluated when the chiller
operates at any off-design condition. Conversely, for simplicity, the effectiveness of both internal heat
exchangers (solution and refrigerant heat exchangers) is assumed to be constant in every operating
condition. In addition, both the ammonia refrigerant mass fraction and the refrigerant quality at the exit of
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evaporator are fixed values to limit the refrigerant temperature glide. ey refers to the weight of the liquid
entrainment per unit weight of vapor flowing in the distillation column

Table 2. Chiller parameters

Performance constrictions Design point
Xm,ref 0,99 Coupling fluids temp. change Miscellaneous
Qout evap 0192 Ach abs[C] 115 Qevap [kVV] 7'5
ew 0,05 ATei cond [C] 5 Tamb [C] 35
Internal heat Eshx 0,5 ATt evap [C] 5 Tet evap out [C] -5
exchanger
effectiveness anx | 085 ATet desn [C] 5

A lumped steady state model has been developed based on the application of global mass, species and
energy balance and heat transfer equations and heat exchange effectiveness. The effectiveness of the
evaporator, €,, is defined as (Kim et al. 2008).

€. =1k (eq. 1)

tei—Te

where T and t refer to the temperature of the working fluid and the secondary fluid, respectively. The
subscripts i and o refers respectively to the inlet and outlet of the condenser. Therefore, the temperature at
the evaporator outlet is calculated as

1
Te =te + Ach evap (1 - ;) (eq. 2)

being ATf cvqp the temperature increase suffered by the chilled water as it flows past the evaporator.
Similarly, the temperature at the condenser outlet, Tc, may be calculated as

T, =ty + Elef cond (eq. 3)

Ec

where the effectiveness of the condenser, €., is defined as

teo—tci
€c = ;:ffci (eq. 4)
being AT, .,q;, the temperature increase suffered by the air coolant as it flows past the condenser. In Egs.

(1) and (2), the refrigerant stream is the lowest heat capacity since it undergoes phase change. Note that
tei = Tamp + Ach abs (eq.5)

where AT ans refers to the increase of the air coolant temperature as it flows past the absorber. The ammonia
mass fraction of both the concentrated, xm cs, and the diluted solution, xm ps, is obtained from the reboiler
and absorber effectiveness, €4, €4, expressed respectively as,

_ Tgo=Tgi

€, = —= eq. 6

e (ed. 6)
—_ Tai—Tao

€a = Tai~tai (eq 7)

where the lowest heat capacity is the working stream due to its lower mass flow rate. The temperature of
the working fluid at the outlet and inlet of each device is obtained assumed saturated state.

Diluted and concentrated solution flow rates are obtained from the Egs. (8)-(9) based on mass and species
balance in the absorber

Ths(xcs — xDS) = TT.'LT Xcs (eq 8)
thS + Thr = Ti'lcg (eq 9)
where the refrigerant flow rate, mr,is evaluated as

. Qe (eq. 10)
my = W9
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In addition, the heat transfer rate for absorber or condenser, (), is determined with the energy balance, Eg.
(11), at the component

Q+Yrmy-he =0 (eq. 11)
where the solution mass flow rate is denoted by i, The subscript k refers to each one of the flows involved

in the device. Finally, the mass flow rate of the coupling fluids for evaporator, (chilled water), absorber and
condenser (air coolant) are determined.

To determine the reboiler heat transfer rate, the set consist of the reboiler, the purification system and the
solution heat exchanger have been modelled. The commercial chiller includes an adiabatic tray type
distillation column. Negligible benefit is expected from the rectification section due to its low efficiency
(Fernandez-Seara et al., 2003). Accordingly, the rectifying section of the distillation column is avoided in
the model. Vapor generated in a lower tray experiences liquid-vapor contact with colder solution from the
upper tray. The coupled heat and mass transfer process leads to a temperature reduction and purification of
the vapor. The liquid flow leaving the tray is assumed to be at thermodynamic equilibrium. Conversely, the
ammonia molar fraction of the vapor leaving the i-tray, X, ;, is obtained calculating the Murphree vapor
plate efficiency, em. In that way,

Xpi = fv,i—l(l —ey) teyky e,i (eq. 12)

where x,, . ;, refer to the molar fraction of the vapor leaving the i-tray at thermodynamic equilibrium. The
Murphree vapor plate efficiency is obtained as

0.115
ew = 68 (Ng,Ns,)"" (Np, s, ) (eq. 13)

where N, Ns_, Np, are dimensionless groups depending on some thermodynamic properties of the liquid

(o, ., pu, diffusivity of the liquid light key component, evaluated with the Wilke-Chang expression
(Coker, 2010), vapor velocity and geometrical characteristics of the column (fractional free area, A, /A;,
and weir height, hy). The effect of the liquid entrainment in the Murphree vapor plate efficiency has also
been considered by using the Fair method (Coker, 2010). The reboiler Murphree efficiency is assumed to
be 1. The vapor purification process is eventually completed by partial condensation in the liquid-cooled
rectifier.

Conservation equations for mass, species and energy in every tray are added to the equation set (14)-(25),
being reboiler and rectifier considered as additional trays.

Tray without feed:
My + My =My g + My (eq. 14)
Xpir1Myier + Xy i1 My g = XMy i1 + Xy My (€. 15)

hpivimpiq + hyiaMy ;g = hp;ogmy ;g +hy My (eq. 16)

Reboiler:

My = Mpg+ 1My (eq. 17)

X[y = Xp-1Mps + Xy 17y 4 (eq. 18)

hiati,1 + Qrepoiter = hpstitps + Ry 11ity1 (eq. 19)

Feed tray:

Myp+ My + My ;g =My g+ My (eq. 20)

XppMyp + XyimaMy ;g = Xpi 1My g + Xy ie1Myi41 (eq. 21)
hyemyp +hyioafy ;g = hyiamy ;g + by ey igg (eq. 22)
Rectifier:

My ;1 = Mg +m¢ (eq. 23)

Xy i—1Mlyj—1 = XgMg + XperMyer (eq. 24)

Qrect + hy i1y -y = hgtp + heyer (eq. 25)
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where R, C and ref subscripts refer to reflux and vapor refrigerant coming into the condenser, respectively.
Subscript DS refers to the diluted solution coming out to the reboiler.

2.1. Solution method

The previous formulation may be used in two different ways, namely in the design process of the chiller
and as a tool to analyses its off-design performance. In the design process, the value of ATctans, ATcf cond ,
ATcrdes and ATer evap are fixed, what lets to determine the length of the condenser and absorber tubes, Lcond,
Labs, the reboiler heigh, hrenoit, and the number of baffles of the evaporator, Npariies. In that way, the whole
geometry of the chiller may be determined. Chiller performance at off-design conditions may be analysed
then, but Now ATcfans, ATcfcond, ATcfdesh @Nd ATer evap are unknown magnitudes. The solution method for both
design chiller and analysis of off-design performances requires an iterative process to match assumed and
calculated values for effectiveness of the external heat exchangers and for the temperature change suffered
by the corresponding coupling fluid.

Therefore, additional modelling for the external heat exchangers has been developed and implemented. All
these models provide the temperature change suffered by the coupling fluid associated with each external
heat exchanger. Then, mathematical models for the absorber, condenser, evaporator and reboiler, based on
mass, and energy balance, and heat and mass transfer equations, have been developed and implemented.
These models are of discrete type for the absorber, condenser and evaporator, and of lumped type for the
reboiler. Specifically, the energy balance at the tube solid wall stablishes that

Ql,out = Qc (eq. 26)
In Eq. (26), Q,0v is the heat flow from the bulk refrigerant to the wall,
Ql,out = Ugye * (Tp, — To) * dA. (eq. 27)

where the overall heat transfer coefficient, U,,;, is given by Eq. (28)

1
~ Dwo, Dwo+ Dwo
2kw " Dy hiwDwi

Uout (eq 28)

being Dwi and Dwo the inner and outer tube diameter, respectively. dA.. is the inner heat transfer area from
the tube wall to the coolant. h;,, refers to the heat transfer coefficient between the liquid phase and the inner
tube wall. In addition, Q. is the heat flow transferred from the wall to the air coolant, which is calculated
from Eq. (29)

Qc = ht,c ATy, - dA, (eq 29)
being h, . is the heat transfer coefficient between the wall and the air coolant and ATy, the logarithmic
mean temperature difference, which is defined as

ATy, = Tw=Tei)=(Tw—Tco) (eq. 30)

Inw=Tei
Tw=Tco

where the subscripts ci and co refer to coolant inlet and coolant outlet of the differential control volume,
respectively. Eq. (26) lets, known the bulk temperature of the liquid phase, T, to obtain T,,, and
eventually, AT for each external heat exchanger.

2.1.1 Air-cooled absorber

Bulk temperature of the liquid phase, Ty, is obtained by means of mass, species and energy balance at the
vapor and liquid interface. Namely, mass balance at interface, which states than the mass transfer between
the vapor and the liquid phases must be equal, can be expressed as Eq. (31), where a film model is used.
Eq. (32) is obtained stating a balance energy at the liquid vapor interface (Fernandez-Seara et al., 2002,
2003; Sieres et al., 2007)

fi(T;,z) =0 (eq. 31)
fo(T;,2z) =0 (eq. 32)

In these equations, z refers to the ratio of ammonia to total molar flux through the interface and T; is the
temperature interface. An iterative process leaves to calculate total and partial mass fluxes transferred
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through the interface, m, myys and 1my,o. New vapor condition is calculated from mass and energy
balance in the bulk vapor phase based on the differential control volume, which stablish that

dm, = —m (eq. 33)
d(xypmy,) = —1iyys (eq. 34)
d(hypmy) = _(mNH3 “hy iz + Muzo Ry pzo + Qv) (eq. 35)

Similarly, flow rate, temperature and composition of the liquid phase at the exit of the control volume may
be obtained with mass balance in the bulk liquid, which states that

dm; =m (eq. 36)
d(epmiy) = Myys (eq. 37)
d(hypm,) = _(mNH3 “hynuz + Muzo - ypao + qV) (eq. 38)

2.1.2 Condenser and evaporator

Bulk temperature of the liquid phase, Ty, is obtained by means of mass and energy balance at the solution
biphasic side.

2.2. Heat and mass transfer coefficients

In the reboiler, the heat transport coefficient between the finned tube wall and the coolant is obtained from
(Kay, 1984) and the heat transfer coefficient in the solution side is calculated from Téaboas et al., (2007), to
consider the mass transfer resistance though the liquid-vapor interface at solution side. The correlation
proposed by Klimenko (Mills, 1999) is used between the biphasic refrigerant and the tube surface. In the
evaporator, the heat transport coefficient between the tube wall and the coolant is obtained following the
procedure described in VDI Heat Atlas (Warmeatlas, 2010) for the shell-side heat transfer in baffled shell-
and-tube heat exchangers. In the condenser and in the absorber, the heat transfer coefficient between the
liquid and the tube surface is calculated from the film wise condensation theory in a horizontal tube. In
laminar regime, the heat transfer coefficient is obtained from the Nusselt equation for a smooth film
(Wéarmeatlas, 2010), ignoring the vapor shear stress effect. The increase in heat transfer due to the waviness
of the film flow is considered with the Kutateladze and Gogonin equation (Wérmeatlas, 2010). In turbulent
regime, the Ylksel and Muller equation (Warmeatlas, 2010) has been used to calculate the heat transfer
coefficient. Corrections proposed by Numrich equations (Wéarmeatlas, 2010) have been applied to consider
the effect of the shear stress at the condensate film surface, both in laminar and turbulent regime. The heat
transport coefficient between the solid surface and the coolant for absorber and condenser has been
evaluated by the EES software (7.75-5/8T type) (Kay, 1984). In the absorber, the heat transfer coefficient
between the liquid and the liquid vapor interface is assumed to be equal to the heat transfer coefficient
between the liquid and the tube wall. The heat transfer coefficient in the refrigerant vapor phase is obtained
from Gnielinski (Warmeatlas, 2010). The mass transfer coefficient is calculated by means of the Chilton
and Colburn analogy (Warmeatlas, 2010) from the heat transfer coefficient.

2.3 Mathematical model validation

The implemented mathematical model has been validated considering the COP and cooling capacity data
provided by the manufacture. Note certain discrepancy between experimental data and predicted for chilled
water temperature at -5 °C figure 2 (left) when the outdoor temperature is at 40 °C. This is attributable to
the implemented model is no longer being adequate when the distillation column operates at weep mode,
as it may happens when the chiller cooling capacity is very low.

3. Results

The air-coolant absorption chiller, powered by hot water flow, rejects thermal energy from the absorber-
condenser assembly to the ambient and so, it can capture energy from the flow water to be chilled in the
evaporator. Therefore, the state of the coupling fluids, namely inlet temperature and mass flow rate of the
feed water, coolant air and chilled water, determines the performance of the air-cooled absorption chiller.
In this work, the inlet temperature of chilled water instead of the outlet temperature is adopted as chiller
parameter due to its practical interest. Particularly, the velocity of the air-coolant flow exerts a major
influence not only in the size of the absorber-condenser assembly but in the electrical consumption of the
chiller.
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Fig.2: Predicted and manufacture COP data versus outdoor temperature. Hot water mass flow rate: 3500 I/h. Chilled water
mass flow rate: 2600 I/h. Hot water temperature: 160, 185 and 240 °C. Chilled water temperature: -5 °C (left), 0 °C (right).

Several cases have been analysed, which characteristics are described in table 1. Firstly, case A is studied.
Then, the role of the velocity air-coolant flow is analysed by comparing case B

For each case studied, cooling capacity and COP has been provided by the manufacture, the value of all
other significant parameters has been predicted with the implemented model.

Table 3.- Description of the studied cases

Feed water | Chilled water | Air-coolant | Chilled water | Outdoor Feed water
flowrate flowrate (I/h) | velocity outlet temp. | temp. temp. range
(I/h) (ml/s) (°C) range (°C) | (°C)
Case A 3500 2600 2 -5 10-40 160-210
Case B 3500 2600 1 -5 10-40 160-210

3.1. Analysis of the absorber size

The refrigerant absorption in the absorber involves heat and mass transfer processes which rate are partly
governed by the absorber thermal resistance, closely related to the air-coolant velocity The refrigerant
absorption rate for a variety of working condition has been evaluated. Figure 3 presents the average
refrigerant mass flowrate per absorber surface, Mref aabs’ when the size of the absorber is the minimum to
assure the complete absorption of the refrigerant flow as it passes through the absorber. Similar values were
found in water-cooled ammonia-water absorbers (Ferndndez-Seara et al., 2005). The figure shows that
Mref Aabs behaves asymptotically as the air-coolant velocity increases. Therefore, results reveal the
existence of a practical maximum for the air-coolant velocity beyond which no further reduction in the
absorber size is expected. In this study, the maximum air-coolant flow velocity is set at 2 m/s for the finned
surface used to model the absorber.
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Fig 3: Average refrigerant mass flowrate per solid absorber wall surface versus air coolant velocity.

3.2 Case A

Figure 4 left shows the evolution of the high-pressure level in case A. Note that this magnitude mainly
increases as the outdoor temperature does, as expected. Interestingly, it is also increases as the feed water
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temperature does. This is attributed to the rise in the cooling capacity, and so, in the thermal load of the
absorber. The absorber load influences the condenser performance because they are configured in parallel.

Figure 4 right shows the reflux ratio behaves as the high-pressure level does. This is due to when the high-
pressure level increases, the ammonia separation in the reboiler deteriorates as the solution vapor pressure
rises.

Figure 5 left presents the effective surface for the condenser, that is, the surface of the where mass transfer
processes take place, normalized to its total surface. The condenser effective surface is expected to decrease
as the air-coolant mass flow rate increases, due to the heat and mass transfer rate enhancement. In addition,
the condenser effective surface increases as the thermal load of the absorber-condenser assembly does, that
is, as the cooling capacity increases (or/and the COP decreases). Note the condenser effective surface
reaches its higher values when the cooling capacity does.

As regard the electric COP, figure 5 right reveals that it is roughly governed by the outdoor temperature.
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Fig. 5: Condenser effective surface (left). Electric COP (right). Case A

3.3Case B

Case B characterizes by the fact that the air-coolant velocity is one-half of that one in case A. The distinctive
features between case A and B are the followings. Firstly, the high-pressure level has decreased as
compared to case A, particularly when the thermal load of the absorber-condenser assembly is maximum.
(Figure 6 left). This is a consequence of the decrease in the mass and heat transfer rate. In addition, the
thermal load of the solution heat exchanger decreases (Figure 6 right), because of the high-pressure level
decrease.
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It is highlighted that the effective surface of the absorber-condenser assembly increases as the air-coolant
velocity decreases due to the decay in the mass and heat transfer process (Figure 3). However, the air-
coolant mass flowrate increase due to the larger surface of the absorber-condenser assembly is surpassed
by the decreases in the air-coolant velocity. Then, figure 7 left shows how the marginal air-coolant mass
flow rate per absorber surface decreases in all working conditions. Finally, figure 7 left shows the increases
experienced by the electric COP, particularly when the outdoor temperature is low.

4. Conclusion

In this work it is analyzed the effect of the air-coolant flow rate on the absorption chiller performances.
With this purpose, a discrete mathematical model has been developed and implemented in Engineering
Equation Solver Software, on the bases of mass, species and energy conservation balances. Results show
that a moderate decrease of the air-coolant velocity may have a positive effect on the chiller performances
due to leads to reduce the thermal load of the solution heat exchanger and, simultaneously, the high-level
pressure. On the other hand, the electric COP increases due to the marginal decrease in theair-coolant mass
flow rate per absorber surface. The drawback is the increase of the absorber size.
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