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13 ABSTRACT

In this study, a 5 tons of refrigeration (60,000 BTU k') commercial absorption refrigeration unit was
characterized and instrumented, and a simplified thermal and exergetic analysis of the system was
performed, aiming the optimization of external operating parameters for maximum thermodynamic
performance. The first and second law of thermodynamics were used to evaluate the energy (first law) and
the exergy (second law) efficiencies of the system. The experimental results showed the existence of a
25 double maximum for the thermal and exergetic efficiencies for the optimized unit with respect to the water
27 mass flow rates of the cold and hot sides of the absorption refrigerator. Maximum variations of 30 % and
29 44 % in the first and second law efficiencies, respectively, were observed according to the mass flow rate
31 range used, which stresses the importance of the optima found for maximum thermodynamic performance,

33 and therefore minimum energy consumption in actual engineering applications.

37 NOMENCLATURE

39 B bias limit

41 c specific heat, kT kg ™' K™ (BTU b °R'1)

ol

average specific heat of the water/ethylene-glycol mixture,
46 kg K (BTUID" °R™)

48 ex specific flow exergy, kJ kg™ (BTU lb'l)

51 E exergy rate, kW(BTU h")

53 h specific enthalpy, kikg ' (BTU Ib™)

LHV lower heating value, kikg ' (BTUIb"')
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Greek symbols

Ah
As

AT

éch

Subscripts
0
ch

comb

€g

mass flow rate, kgs™ (lb s )

pressure, Pa (psi)

precision limit

heat transfer rate, kW(BTU h")

specific entropy, kJ kg ™' K™ (BTU b OR_I)
temperature, K(° R)

experimental uncertainty of measurements
specific volume, m’ kg'l(ft3 lb'l)

volumetric flow rate, m> h™' (ft3 min~' or CFM)

specific enthalpy variation, kJ kg™ (BTU lb'l)

specific entropy variation, kJ kg ' K™ (BTU Ib' °R! )
temperature variation, K(" R)

efficiency

gas density, kgm™ (lb ft '3)

chemical exergy, kJ kg™ (BTU lb'l)

reference state

chemical

combined hot and cold systems
cold fluid

ethylene-glycol

a given fluid
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H hot fluid

i inlet

I related to the first law of thermodynamics
II related to the second law of thermodynamics
LPG liquid petroleum gas

m maximum

m,m double maximum

o outlet

opt optimum

S hot or cold systems

w water

INTRODUCTION

In the last few decades, due to the increasing level of pollution worldwide and the cost of energy, the
search for maximum exploitation of the available energy has lead to the development and use of
cogeneration or trigeneration systems. Heating, ventilation, air-conditioning, and refrigeration systems
(HVAC-R) play a major role in modern society energy consumption. These systems are mostly based on
the vapor compression cycle, due to high efficiency, but the vapor compression cycle needs work input, and
high energy consumption is still observed, therefore research efforts have been made to develop intelligent
refrigeration systems in order to reduce energy consumption (Vargas and Parise 1995; Buzelin et al. 2005).
Hence, alternative HVAC-R systems have been the subject of much recent scientific research. Among these
systems, absorption refrigeration is receiving great attention since it may produce energy, heat and cold,
using, as energy source, waste heat from industrial processes or, for instance, exhaust gases in automobiles

(Temir and Bilge 2004).

The major companies working on this area focus on large capacity absorption systems, i.e. above 100
TR. However, since most refrigeration and air-cooling units are of small capacity and operate based on

vapor compression cycle systems, there is still a vast field in which absorption systems could be employed.
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An absorption system also allows the direct use of primary energy, particularly solar energy and
natural gas, for refrigeration purposes (Ezzine et al. 2004). Although this system is less costly and simpler
than vapor compression systems, its comparatively low coefficient of performance has limited its use to
few and specific applications. Nevertheless, the absorption refrigeration system may reach a refrigeration
capacity higher than that of a vapor compression system when energy sources such as waste (residual) heat
from industrial processes, gas or vapor turbines, sunlight or biomass are used instead of electricity

(Adewusi and Zubair 2004).

The performance of absorption systems is dependent on an adequate choice of the refrigerant/sorbent
working pair, and ammonia-water has been receiving great attention since these fluids do not contribute to

the greenhouse effect (Bruno et al. 1999; Lazzarin et al. 1996).

The technical literature is rich in publications on the absorption refrigeration field. Particularly, Abreu
(1999) and Villela and Silveira (2005) used as heat source for absorption systems, the combustion of liquid
petroleum gas (LPG) and biogas, respectively, studying the design and performing a thermoeconomic
analysis of the analized systems. Other studies focused on the exergy analysis of absorption refrigeration
systems, including Sedighi et al. (2007), Hasabnis and Bhagwat (2007), Khaliq and Kumar (2007),
Arivazhagan et al. (2006), and Sencan et al. (2005). Simulation and optimization studies have also been
published analyzing the absorption refrigeration system in isolation (Vargas et al. 1996; Vargas et al.
2000a; Vargas et al. 2001). However, the exergy analysis and optimization of an absorption refrigerator to
produce cooling and heating, based on a theoretical-experimental model, could not be found in the open

literature.

The aim of this work is two-fold: i) to formulate theoretically the absorption system heat transfer
interactions using a simplified mathematical model for the energy and exergy analysis of an existing LPG
(gas fired) driven absorption refrigeration unit, and ii) based on experimental measurements, to characterize
system pull-down times and to carry out an energetic and exergetic optimization for maximum

thermodynamic performance of the system, i.e., minimum energy consumption.

THEORY
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As illustrated in the introduction, many studies have been published in the literature that dealt with
simple and complex internal component-wise energetic and exergetic analyses of absorption refrigerator
systems. So, it is not within the scope of this study to investigate the absorption cycle itself, but to address
how to extract the most from existing absorption units (e.g., single-effect, double-effect, generator-absorber
heat exchange-GAX cycle) by investigating the possibility of optimally tuning some of their external
operating parameters. Such study can be quite challenging, since the thermodynamic fundamentals are far
from obvious when the objective is to identify a general optimization opportunity and to pinpoint the
candidate parameters to be optimized. For that, simple models that include the basic thermodynamic
phenomena of the system to be analyzed are recommended, so that the optimization opportunities are
visible and expected to be present in actual systems, no matter how complex they may be (Bejan 1988).
Therefore, the simplest possible mathematical formulation is proposed in this section to be applied together

with experimental measurements to achieve the objectives of this study.

Energy analysis of the absorption system deliverables

As the absorption system may simultaneously operate for water cooling and heating, both cold and hot
water reservoirs were considered part of the system, each requiring an energy balance. The cooling and
heating capacity rates are functions of the design and operating parameters, as well as the water mass flow
rates. For the purpose of modeling the existing absorption unit utilized in this work, that uses shell and tube
heat exchangers, with the refrigerant circulating in the inner tubes and the cooled fluid around them, the

heat transfer rate actually extracted by the refrigerant in the evaporator from the water/ethylene-glycol

mixture in the system cold side (QC ) is calculated as follows:

Qe = mCeAT (1)

where: m and ¢ are the cold mass flow rate and the average specific heat of the water/ethylene-glycol

mixture (75/25 in weight), respectively. The latter may be calculated by ¢ =0.25¢,, +0.75¢,,, for

¢, =4.186kIkg ' K™ (I BTUIb™ °R™) and c,, =2.391kikg ' K™ (0571 BTUIb" °R ™).
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The temperature variation of the water/ethylene-glycol mixture, AT, is defined as ATc =T, —Tc;,
where T, and Tg; are, respectively, the outlet and inlet temperature of the mixture at the evaporator.

As mentioned earlier in the text, the existing absorption unit utilized in this work uses shell and tube heat
exchangers, with the refrigerant/absorbent solution circulating in the inner tubes and water (condenser and
absorber) or water/ethylene-glycol mixture (evaporator) around them. Therefore, the heat transfer rate

actually captured by the water that circulates in series in the condenser and absorber in the system hot side,

QH , is calculated by:

Qy =mycyATy )

where: my is the hot water mass flow rate, ATy, is the temperature variation of the water in the system hot

side (absorber and condenser), i.e. ATy =Ty, —Ty;, and cy =c,,, since in this case the fluid is pure

w ?
water.

In this work, combustion of liquid petroleum gas (LPG) was used as the heat source and the fuel heat

transfer input rate, QLPG , was calculated as follows:

Qppg =1 pg LHV  pg (3)

where: mpg is the fuel mass flow rate and LHV, pj; , the fuel lower heating value, which was taken at 25

°C (77 °F), 1 atm (14.7 psi).
The performance of the system may be evaluated by considering the first law (energetic) efficiencies

for both systems (1 and 7y ), and the herein defined combined system first law (energetic) efficiency
(M1.comb ) that recognizes the cooled water/ethylene glycol mixture in the evaporator and the heated water

in the absorber and condenser as valuable products to be used in practical applications (e.g., refrigeration,

industrial processes), which are calculated as follows:
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Qc
Mic == “4)
" Quee
Qu
NLH = (5)
b QLPG
Qc +QH
Nicomb = (6)
T Qg

Exergy analysis of the absorption system deliverables
The exergy content of the heat transfer rates of the system cold and hot sides were calculated as

follows:

E. =1i1c(excyo —eXC,i) Ec =Ii1c[Ahc _TO(ASC)] )

Ey =1hH(exH,0 —eXH,i) By =an[AhH _TO(ASH)] ®)

where ex;, and ex;; are, respectively, the specific flow exergy of a particular fluid f at the outlet and at

the inlet. The specific flow exergy of a particular fluid is given by (Bejan 1988):
ex; = (hy —hg)=Ty(s; —s) C)

The reference temperature T, used in this study was 298.15 K and the variations of enthalpy and

entropy were calculated using the incompressible fluid model, i.e. dh; = (ch T vdP)f = c; dT; , assuming

0
a constant pressure process. Therefore Ah; :J.dhf =c;AT;, and ds; :(%dT] , thus
i f

0
T;
As; = | ds; =c; In—=.
£ J: £ =Ct T

The fuel exergy input rate (ELPG ) was calculated using the fuel mass flow rate (m;pg ) and its chemical
exergy (Eqnipg) as ELPG =My pg & pc - The second law (exergetic) efficiencies for both sides (ny ¢

and My ), and the combined system second law (exergetic) efficiency ( My comp ) are given by:
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E
Nic == = (10)
Eipg
Ey
M == (11)
Eipg
E.+E
Nitcomb = ——— (12)
Eipg

The combined system second law (exergetic) efficiency (N comp ) defined by Eq. (12) recognizes the

cooled water/ethylene glycol mixture in the evaporator and the heated water in the absorber and condenser

as valuable products to be used in practical applications (e.g., refrigeration, industrial processes).

EXPERIMENTS

In this work, a single-effect commercial water-ammonia absorption system was used, having nominal
cooling and heating capacity rates of 17.5 and 35 kW (60,000 and 120,000 BTU h™). The system is capable
of operating with a minimum chilled water/ethylene glycol mixture temperature of -5 °C (23 °F) and a
maximum heating water temperature of 60 °C (140 °F).

Fig. 1 shows a partial view of the experimental unit. Since the system delivers two products, cooling
and heating, two water reservoirs were used. The hot side reservoir was a large capacity tank (50 m’ —
1765.75 ft*) located underneath the experimental setup, so that a temperature reservoir was provided, i.e.,
the reservoir water temperature remained constant during the experiments, whereas the cold side container
was a 300-liter (79.252-gal) tank, filled with a water/ethylene-glycol mixture, 75/25 in weight, in which a
4000 W (13,652 BTU h"l) thermostat controlled electrical resistance was installed. The electrical
resistance was used only to establish the same chilled water/ethylene glycol mixture initial temperature for
all runs, and then switched off, for the purpose of pull-down time comparisons in different operating
conditions. So, the electrical resistance was not turned on together with the absorption system in this study.
A 0.5 HP pump was used to drive the flow in the cold and hot circuits.

The heat source of the system was the direct combustion of LPG, fed by a system of 4 LPG cylinders.

LPG may be considered a mixture of propane (C3;Hg) and butane (C;H,q), 50/50 in weight, and its
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properties may be found in Bejan (1988). Considering that the lower heating value (LHV) of propane and

butane are 2044.0 kI mol™ (1937.3 BTUmol ') and 2658.5 ki mol™" (2519.73 BTUmol '), at 25 °C

(77 °F), 1 atm (14.7 psi), respectively, and that their chemical exergy are 2149.0 kJ mol ™!

(2036.82 BTUmol ') and 2802.5 kimol™ (26562 BTUmol '), respectively, the calculated lower
heating value of LPG (LHV,pg) is 46008.2 kJ kg™ (19783.53 BTU lb'l) and its chemical exergy

(Eenrpg ) is 484444 kI kg™' (2083092 BTUIb ).

Waterlethylene
glmol resermoar

Figure 1. Water-ammonia absorption experimental unit.

The experimental work involved data acquisition in real time. This task was performed through the
utilization of a computational data acquisition system which consisted of a digital multimeter board, an
analog output board, a 32-channel high voltage multiplexer, and accessories, which allows for the
sequential data acquisition from 32 channels at interval times of 0.1 s. All the data were processed by a
home made platform application to convert the sensors signals in readable temperatures. In this way, the
temperature measurements originated from the thermistors utilized in the experiments were read almost
simultaneously, i.e., in less than a second. With the equipment described in this section, it was possible to

measure all required temperatures almost simultaneously.
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For the temperature measurements, high precision thermistors were used after calibration. The
calculated bias limit of the sensor was 0.001°C (Dally et al. 1993; Howle et al. 1992). Two flowmeters,
were used to measure flow rates, with a bias limit of £ 2 % and 1 % repeatability. The LPG consumption
was monitored with a gas volume meter, with a bias limit of = 0.016 m’ (£ 0.565 ft3). The water mass flow
rate and LPG consumption measurements were manually recorded. Figure 2 shows the positioning of all
temperature and flow rate readers used for monitoring the system, along with the water and LPG valves,
named V., and V|ps , respectively.

Pull-down characterization

The performance of the refrigeration system was evaluated using pull-down tests, which consisted of
measuring the time required for the temperature of the water/ethylene-glycol mixture to fall from a
reference (initial) temperature to a desired setpoint band steady state. These tests were carried out using the
cooling circuit only, and the water tank initial temperature and the outlet cold temperature setpoint, i.e. at
the evaporator outlet, were selected as 301 °C and 10+1 °C, respectively. The thermostat controlled
electrical resistance that was installed in the 300-litre tank established the water tank initial temperature and
the turned off during the entire test, and the refrigerator control system controlled the desired evaporator

outlet temperature setpoint band.

Energetic and exergetic analyses
In all tests, the absorption refrigeration system was conducted to the established setpoint band steady
state detailed in the previous paragraph. The experiments were catried out using various cooling (me =

0.37, 0.50, 0.67 and 0.83 kgs™' or me = 0.81, 1.1, 1.47 and 1.8 lbs™") and heating (my = 0.40, 0.50,

0.67, 0.83, 0.90 kgs_l or my =0.88,1.1,147,1.8 and 2 Ib s7) fluids mass flow rates with the objective

of investigating the existence of an optimal pair (rhc,th) for maximum system first and second law

opt
efficiencies within those mass flow rates tested ranges. Three experiments were carried out for each set of

experimental parameters.
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30 Figure 2. Schematics of the absorption system and positioning of the temperature and flow rate

32 readers.

37 Calculation of uncertainties
39 In this work, the experimental measurement of temperatures, flow rates and LPG volume were used to
41 calculate heat transfer and exergy rates, first and second law efficiencies. For each experimental condition,

43 3 measurements were taken at steady state. The precision limit (Pl, ) for every temperature variation

(AT, ) was estimated as twice the standard deviation of these measurements, with a confidence level of 95

48 %. The related uncertainties were then calculated as follows:

1

52 ? 272
U Pl B
52 ar, _|(Plar, | (Bar, - Plarg (13)
> AT AT, AT, AT

S S
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where B ,p ., the bias limit of AT, was found to be much smaller than Pl,y , due to the fact that a high

precision thermistor was used (resistance 2250 €2 at 25 °C), with reported bias limits as low as
10.001 K (Dally et al. 1993; Howle et al. 1992).
The precision limit of all variables used to determine heat transfer and exergy rates were negligible in

comparison with the precision limit of the temperature variations (namely, ATy and AT ). Therefore, the

uncertainties associated with the heat transfer and exergy rates were estimated as follows:

U, Pl. \* (P, " (Ply ) Pl
S |l O D P ) ~— oL (14)
Q, m, C AT, AT,
1
2 2 2 P
UEs B Pl N Pl ) Plyr, N Plyit ? - Plyr, (15)
E, 1 c, AT, AlnT T AT,
PlAlnT . . C . . .. . . . PIA
where: AT is due to the calculation of entropy variation, being negligible in comparison with ATE ,
n S

and s represents either H or C, depending on what side of the system is being analyzed, i.e., the hot or cold
side, respectively.
Analysis of Egs. (13-15) shows that the calculation of uncertainties for all studied parameters is

basically dependent on the temperature precision limit Pl .y . The largest calculated uncertainty in all tests

was £ 0.059 (= 5.9 %) and therefore adopted for all error bars presented in the results of this work.

RESULTS AND DISCUSSION

In order to find the optimum operating conditions of the absorption refrigeration system, a series of
tests was carried out varying the flow rates of the cold and hot systems. On these tests, two constraints of

the equipments were known, the absorption system and the flow meter could only operate on the
0.30-0.90 kgs™  (0.66-2 1bs™) and 0.17-093 kes™  (0.37-2.05 Ibs™) ranges, respectively.

Furthermore, although the refrigerator may operate in cooling and heating modes, it prioritizes the cooling

mode.
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For the first and second law analyses, the following considerations were used:
(i) The data were taken at steady-state;

(i1) The effect of the potential and kinetic energy variations were neglected with respect to the variation of

©CoO~NOUTA,WNPE

the internal energy of the fluid;

(iii) For all tests performed, the initial condition was defined as T, =298.15K (537 OR) and
14 P, =101325Pa (14.7 psi);

16 (iv) The loss and/or gain of heat, pressure and exergy on the cold and hot water pipes were neglected

18 considering the magnitude of the variations on these quantities within the heat exchangers, and

20 (v) The LPG consumption (my pg ) was kept constant and equal to 0.000727 kg 57! (0.0016 Ibs™! ) Thus,
for a gas density (p;pg ) of 2.5kg m™ (0.155 Ibft™ ), the LPG volumetric flow rate used was

25 VLPG =1.0475m>h™! (0.61654 £ min_l).

28 Pull-down experiments

Pull-down tests are interesting to characterize the behavior of any refrigeration equipment, and in
many engineering applications the refrigerator pull-down time is crucial for proper operation (e.g., food

conservation). In Figure 3a, for a typical pull-down time determination experiment, the variation of T,

37 and Tc; with respect to time is shown, defining the pull-down time as the time taken for the system to
39 achieve the established setpoint band, i.e., T., = 10£1 °C. In this case, for m =0.83 kg s (1.8 Ib s’l)

42 and my =0.90 kg s7! (2 Ibs™ ), the estimated pull-down time was approximately 24 min.

44 The investigation proceeds showing that the pull-down time is sensitive to the variation of the pair

46 (Ihc , My ) With respect to Fig. 3a, Fig. 3b shows that the pull-down time reduces to approximately 16:40
min:s with the decrease in both mass flow rates (r'nC =0.37 kgs" or0.81 Ibs™,
51 my =0.5 kg sTorl.l1b s’l). Conversely, also with respect to Fig. 3a, and keeping the same cooling

water mass flow rate, (Ihc =0.83kg s orl.8 Ib s’l), Fig. 3c shows that the pull-down time increases to
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approximately 30 min with the decrease in the heating water mass flow rate
(y =083 kes™ or 1.8 Ibs™).

315 T T T T T 315 T T T T

S SR s _ 1
'TC,.‘ L9} ?:rf _g‘g;h}gss-} ”Ifc S O—%? AE S_:
ot g = Hg =h gy =050k s
305 B 305 4
300 b 300 —
T. [K] T. [K]
295 E 205 ]
290 B 290 J
285 b 285 -
20 [ T 220 [ 1
275 1 1 1 1 1 1 1 275 1 1 1 L 1 1 1
0:00 320 640 1000 1320 1640 20:00 2320 2640 0:00 320 640 1000 13:20 1640 2000 2320 2640
Time fmin “s5] Time [min -5}
(@) (b)
315 T T T T R 0 83 N i,
— Te K] e
20 L iy =083kgs

75 1 1 1 1 1

0:00 510 10:20 15:30 20040 2550 31:00
Time [min 5]

(©
Figure 3. Temperature variation of the water/ethylene-glycol mixture at the inlet and outlet of the

evaporator during pull-down experiments carried out using: a) (rhc , My ): (0.83, 0.90) kgs™' or

(1.8,2) Ibs™'; b) (rhe, my)=(0.37,0.50) kgs™ or (0.81,1.1) Ibs™" and c)

(the,my )=(0.83,0.83) kgs™ or (1.8,1.8) Ibs™".
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The analysis of Fig. 3 indicates that there might be an optimal pair (n'lC,th) for minimum system

opt
pull-down time if the system thermal load is fixed, which is the present case, i.e., the amount of
water/ethylene-glycol mixture to be cooled down in the tank is fixed (300 litres or 79.25 gal). The
engineering designer is therefore free to select the project objective function. However, it is not within the
scope of the present study to find such optima, since optimal thermodynamic performance is essentially the
search for system optimal conditions to deliver maximum exergy output, for a fixed exergy input, which is
hereafter pursued. Note that the optima found under such different objective functions will not necessarily
coincide. If the thermal load is not fixed (e.g., in the case of delivering a continuous cooling water mass
flow rate as in a chiller, with a known high temperature input), the optimum will disappear. This happens

because as the mass flow rate decreases pull-down time will decrease as well, since thermal load decreases.

Energetic analysis

The results of the experiments under different operating conditions were used to measure AT, which
were then used to estimate efficiencies, as described in the theory section. Figure 4 shows the mean AT

results for the various experiments carried out at different m. and my conditions. Figure 5 shows the

mean steady state cooling heat transfer rate at the evaporator, Qc , 1.e., the heat transfer rate actually

extracted by the refrigerant in the evaporator from the water/ethylene-glycol mixture in the system cold

side. Figure 4 shows that AT decreases as m increases, as expected. All curves in Fig. 5 show the same
behavior, i.e. there is an optimum cold water mass flow rate for maximum mean steady state cooling heat
transfer rate at the evaporator (QC ). In Figure 5, for the line where my =0.50kg s or 1.11lbs™",
probably due to the experimental uncertainty in the measurements, for m¢ =0.37 kg s or 0.811bs™!
and m. =0.83 kg s or 1.8 1bs™!, QC was slightly higher than expected. However, the main message
from Fig. 5 is that a clear maximum exists at the optimal mass flow rate pair,
(n'lC,th)Opl =(0.67,0.67)kgs™" or (1.47,1.47) Ibs™". Furthermore, it is observed that the optimum is

robust for all tested heating water mass flow rates, and occurs at m¢ = 0.67 kg s™' or 1.47 Ibs™", which

maximizes the cooling heat transfer rate. This is an important finding for system scalability. The maximum
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calculated uncertainty on the determination of QC was +0.6204 kW or +2117.43BTUh"! (in absolute

values).

Figure 6 shows the mean cold system efficiency (1 ) values calculated by Eq. (4) for various heating
and cooling mass flow rates. The maximum calculated uncertainty on the determination of n;c was
10.0185 (in absolute values). The findings were similar to those for Qc , 1.e. within the range of
experiments carried out in this study, there is an optimum flow rate at m. = 0.67 kg s™' or 1.471bs™" for

maximum first law efficiency, which is expected, due to the fact that QLPG is fixed.

9 T T T T T T T T T T T T T T
i o 1, =090kgs
i X o 11, =083kgs™
S iy = 0.67 kg.s™
i s 1, =0.50kgs™
- L s, =0.40kg.s™
I s |
AT.[K] 6 F . ]
5 B M ]
- s ]
Al §
3 [ T T T N B AN I T Y TN R S M T N [N N Y N AN BN I N |
0.3 0.4 0.5 0.6 0.7 0.8 0.9

M [kg . S_l]
Figure 4. Variation of the mean AT of the water/ethylene-glycol mixture for the various experiments

under different m and my conditions.
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14 Co
—e— i1, = 0.90 kg.s‘l
135 | —s—rit, =083 kg.s” J
nry, = 0.67 kg.s™
1B i, =050kgs” 7]
sity = 0.40 kg.s™
125 | .
O[] 12 | .
M5 —
" .
105 —
0 L v v b b b b b
0.3 0.4 0.5 0.6 0.7 0.8 0.9

g [kg . s’l]

Figure 5. Variation of the mean QC of the water/ethylene-glycol mixture for the various experiments under

different m and my conditions.

The opportunity found in the experiments is the heart of the thermodynamic optimization problem
conducted in this study: the existence of a maximum heating and cooling rate production with respect to
m, , where f is either the water in the system hot side or the water/ethylene glycol mixture in the system
cold side, namely, the thermal fluid. How fast should the thermal fluid be circulated through the heat
exchangers? To see the importance of this question, consider the two extremes: (i) when m; — 0, the heat
transfer rate collected by the thermal fluid approaches zero, and the flow exergy rate picked up by the
thermal fluid stream approaches zero as well, and (ii) when m; achieves large and finite values, heat loss to
the ambient and the work the fluid has to do to overcome friction increase with consequent higher entropy
generation, and the outlet temperature of the thermal fluid stream is almost the same as the inlet
temperature in the heat exchanger (condenser, absorber or evaporator), since the heat exchanger length is
finite, therefore as flow speed increases, the temperature variation along the thermal fluid path goes to zero
and heat transfer as well, and the flow exergy received by the m; stream is also small. As a result, in both
extremes, the system heating and cooling rate production are negligible. This asymptotic behavior at zero

and very high values of m; implies the existence of an intermediate (and optimal) flow rate m; that
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maximizes the system heating and cooling rate production, which is observed experimentally in this study.
Another way of understanding the problem is by noting that in a heat exchanger what is sought is the
optimal match between the temperature distributions of the two streams, and therefore maximum heat
transfer between the two streams. This optimization problem has been addressed in previous studies
(Hovsapian et al. 2008; Vargas et al. 2001; Vargas et al. 2000a; Vargas et al. 2000b; Vargas and Bejan

2000; Vargas et al., 1998) for other thermal systems.

Exergetic analysis

Figure 7 shows the variation of the mean exergy rate content (EC) of the cooling heat transfer rate,
calculated by Eq. (7), for the various experiments under different m. and my conditions at steady state.
The results show that there is an optimum mass flow rate (m. = 0.67 kg s™' or 1.47 Ibs™") that maximizes
the exergy rate. Considering that the calculated maximum uncertainty in EC is low (£0.0307 kW or

+104.78 BTUh"! , in absolute values), the maximum exergy rates confirm the maxima obtained with the

first law of thermodynamics.

045 [
I —e— i, =090 kg.s™'
0.425 ; —— i1, =083 kg5 {
iit, =0.67 kg.s™
04 - 17'711:0.50}'@,.3’1 7
; i, =040 kgs™ ;
0.375 J
Me 035 [ -
L s
0325 .
0s | ]
0275 | .
o025 Lo v v b b b
03 0.4 0.5 0.6 0.7 0.8 0.9

7ty [kg s ]
Figure 6. Variation of the mean m; - of the system for the various experiments under different

me and my conditions.
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22 Figure 7. Variation of the mean cold stream exergy rate (EC ) value for the various experiments under

different m and my conditions.

Figure 8 shows the variation of the mean efficiency values based on the second law of thermodynamics

31 (N ), calculated by Eq. (11), for the various experiments under different mc and my conditions at
33 steady state. The findings show the same trend reported for EC , i.e. there is an optimum m. value that

maximizes Myc, i.e. mc =0.67 kgs™ or 1.471bs™'. The maximum calculated uncertainty in the

38 determination of 1y ¢ is £0.00087 (in absolute values).
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Figure 8. Variation of the mean ny ¢ of the system for the various experiments under different mc and

my conditions.

The experimental results identified the presence of a first optimum (i.e. maximum) for QC,m at
Mg o, =0.67 kg s™' or 1.471bs™" obtained by varying me, which is robust for all tested my . The
optimization proceeds by varying simultaneously my and m within the ranges presented in the theory
section. The results are shown in Figure 9 with error bars, in which another optimum for QC was found,

i.e. there is an optimum pair (Ii’lC,IhH) at (0.67; 0.67)kg s or (1 AT, 1.47)lb s”! which characterizes a

opt
double maximum ( QC,m,m) for the system steady state cooling heat transfer rate.

Figure 9 also shows that the optimum cooling flow rate is robust with respect to the variation of my,

which is an important result from the practical point of view, indicating that the optimum cold side mass

flow rate, m., may be found regardless of the my used. It is reasonable to expect that this phenomenon

may also be found in similar refrigeration systems of any size.

Review Copy Only. Not for distribution.

Page 20 of 36



Page 21 of 36 American Society of Heating, Refrigerating and Air-Conditioning Engineers

15 0.9

©CoO~NOUTA,WNPE

0.8
12 14

14 r w !
: it | LT

0.7

L opt |2§g s ]
0.6

I mC,opt

0.5

22 1 04

25 10 ‘ ‘ ‘ ‘ ‘ ‘ 0.3
26 0.3 0.4 0.5 0.6 0.7 0.8 0.9

28 my Eg.s_l]

—
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opt ?

35 0.40<th, <0.90kgs ™" or 0.88 <ty <2Ibs~".

In an analogous way, considering now the second law of thermodynamics, the above results identified

42 the presence of a first optimum (i.e. maximum) for EC,m at mc o, =0.67 kg s™' or 1.471bs™" obtained by

44 varying mq. If m. and my are varied together (Figure 10), another optimum for EC may be found, i.e.

47 there is an optimum pair (rhC,IhH) at (0.67; 0.67)kg s or (1.47; 1.47)lb s”! which also characterizes a

opt

double maximum ( Ec,m,m) for the system steady state cooling exergy rate.
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Figure 10. Determination of the optimum flow rate pair, (n'lC , IhH) for maximum EC,m for

opt ?

0.40<thy <0.90kgs™ or 0.88<m, <2Ibs™".

CONCLUSIONS

In this work, a thermal and exergetic experimental analysis of a 5-TR (60,000 BTU h™') commercial
water/ammonia absorption system was carried out, based on the first and second laws of thermodynamics,
aiming to investigate the existence of optimum external operating parameters (mass flow rates) for

maximum system performance.

Considering the range of mass flow rates evaluated in this study (0.37 <m <0.83kg s or
0.81<m <1.8 Ibs™"), a first optimum was found for m =0.67kg s™' or 1.471bs™" so that maximum

system cooling heat transfer rate (QC,m) and cooling exergy rate (EC,m) were obtained. A second optimum
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was found for my, thus an optimum pair was determined, i.e. (Ii’lC,IhH) :(0.67;0.67)kg s or

opt

(1.47;1.47)1b s™', for the double maximization of QC and EC. The determined (IhC’th)opl pair

maximized simultaneously cooling heat transfer rate, exergy rate and first and second law efficiencies, with
a maximum associated uncertainty of £ 5.9%), i.e., these are global optima. The variation in QC and EC

reached 30 and 44 %, respectively, in the range of mass flow rates studied, meaning that the optima found
may be clearly noticed, and therefore of practical importance in engineering applications and expected to
be found in any absorption refrigeration system (e.g., single-effect, double-effect, GAX cycle), no matter
how complex the actual design may be.

The refrigerator response was characterized by pull-down experiments. Pull-down times varied from
13 to 30 minutes in the tests conducted in this study, showing that absorption systems require a higher
response time than vapor compression systems, as it is well known. Nevertheless, the pull-down times
found here are still considered viable in comparison to vapor compression systems, being 22 min for the
(0.67; 0.67) kg s7' or (1 .47;1.47)1b s7! pair of mass flow rates. Furthermore, the pull-down time could also
be investigated in the search for optimum system operating conditions, to address applications in which this
characteristic is of greater relevance than energy consumption.

As a suggestion for future studies, the methodology herein shown, and employed to the experimental
study and optimization of external parameters of an absorption refrigeration system, may also be applied to

other physical systems.
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