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Abstract: This paper assesses the application of the second-law of thermodynamics in a military
Environmental Control Unit (ECU) to evaluate the exergy destruction (or irreversibility) in each
component when operating at high ambient temperature. Experimental testings were conducted
on three ECUs, 1.5 (5.3 kW), 3 (10.6 kW), and 5 (17.6 kW) tons of refrigeration (RT), to assess the
potential contribution of each component to enhance the overall energy efficiency of the system,
and to determine the feasibility of the thermodynamic model presented herein. The analysis provided
for extreme high ambient conditions up to 51.7 °C (125 °F). The results yielded that the highest
irreversibility was associated with compressors (32.4% to 42.5%). This is followed by the heat
exchanges (19.6% to 32.9%) in the case of 1.5-RT and 3-RT units, whereas for the 5-RT unit, the highest
irreversibility was associated with the evaporator followed by the one of the compressors. In the
3-RT ECU, the condenser’s second-law efficiency enhanced due to an additional fan, yet the working
refrigerant increased the irreversibility in the expansion device. The second-law analysis recognized
the components with the highest exergy destruction and identified the direction to enhance the
exergetic efficiency of any ECU operating at high-temperature climate.

Keywords: ECU; irreversibility; exergy; energy efficiency; high ambient temperature; experimental

Key Contribution: Second-law analysis has been developed to improve energy efficiency for
environmental control units (ECUs). Extensive experimental testing has been conducted for three
ECUs; 1.5-RT, 3-RT and 5-RT. Analytical results have been provided for extreme high ambient
condition up to 51.7 °C (125 °F). The study yielded that the highest irreversibility associated with
compressor (32.4% to 42.5%), followed by heat exchanges (19.6% to 32.9%).

1. Introduction

Environmental Control Units (ECUs) have been commonly used by the military for space cooling
inside shelters in hot climate regions. An ECU is a packaged air conditioner using a typical vapor
compression cycle. The main components include a compressor, a condenser, an expansion valve,
an evaporator, and a controller. The energy performance of the ECU, typically quantified by the
Energy Efficiency Ratio (EER) or the Coefficient of Performance (COP) is evaluated based on the first
law of thermodynamics. According to the first law of thermodynamics, energy cannot be created or
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destroyed. The second law of thermodynamics associates quality with energy and can be used to
evaluate the degradation in the quality of energy during a process or a cycle. Therefore, compared to
energy analysis, the exergy analysis can be used to detect the location of irreversibilities. The exergetic
efficiency of an ECU is a result of the destruction of available energy (or exergy) generated by the
individual system’s parts. Therefore, a combined first- and second-law analysis directly identifies
the components with the potential to improve the efficiency of the ECU. Second-law analyses can be
categorized into irreversibility and exergy (or availability) analyses. The former discusses the entropy
generation with irreversibility, while the latter addresses the conversion and loss of exergy.

In recent studies, second-law analyses have increasingly been applied to a variety of heating, ventilating,
and air conditioning (HVAC) applications. Bejan [1] developed an analytical method to conduct second law
analyses for thermal systems; whereas Cengel and Boles [2], Moran et al. [3], Dincer and Rosen [4] drafted
the second-law analysis for HVAC applications. Fartaj et al. [5], Xu et al. [6] studied super-critical CO, cycle
using second-law analysis. Meunier et al. [7], Sencan et al. [8] utilized the second-law analysis to absorption
and adsorption refrigeration systems. Kilicarslan and Hosoz [9], Gill and Singh [10] applied second-law
analysis to a cascade refrigeration system using various refrigerant pairs, namely R-152a/R-23, R-290/R-23,
R-507/R-23, R-234a/R-23, R-717 /R-23, R-404a/R-23, and R-134a/LPG; whereas Arora and Kaushik [11],
Orug and Devecioglu [12], Yataganbaba et al. [13] examined alternative refrigerants such as R-502, R-404A,
R-507A, R-417A, R-424A, R-1234yf, and R-1234ze to replace refrigerants harmful to the environment
(i.e., R22 and R-134a) using exergy analysis. Similarly, Mota-Babiloni et al. [14], Babarinde et al. [15],
Gill etal. [16], Modi et al. [17], de Paula et al. [18] utilized the exergy analysis in vapor compression
refrigeration systems using alternatives R-143m, R-1234yf, R-161, R-450A, R-513A, R-1270, R-290, R-600a,
and R-744 to replace R-134a.

As for vapor compression refrigeration systems, Ahamed et al. [19] reviewed studies on exergy
analysis for vapor compression refrigeration systems and found that irreversibilities can be reduced by
condenser subcooling of up to 5 °C and reducing the temperature difference between the external fluid
temperatures and the evaporating and condensing temperatures. They showed that the significant
portion of irreversibilities was intrinsic to the compressor that could be reduced by maintaining
compressor discharge and suction temperatures within 65 °C and 14 °C, respectively. Bridges et al. [20]
performed a second-law analysis to evaluate the irreversibilities associated with the system’s parts
in an R-134a household refrigerator with a volume of 0.51 m3 (18 ft) and a split-system R-410A air
conditioner with a capacity of 3 tons of refrigeration (RT). They identified the potential in the individual
system’s part to enhance the overall exergetic efficiency. The results declared that the proportion
of irreversibilities inherent to the refrigerator’s components conformed the sequence; compressor,
condenser, and then evaporator; whereas, for the air conditioner unit, the evaporator ranked first,
then the condenser and the compressor. Likewise, Yumrutas et al. [21] numerically studied the effects
of evaporating and condensing temperatures using exergy analysis on the performance of a vapor
compression refrigeration cycle with a cooling load of 1 kW using refrigerant R-717. They showed
significant degradation in exergy, and an increase in the component’s irreversibility as the temperature
lift increased. The exergy loss was estimated to be around 50% in the compressor when operating at a
condensing temperature of 30 °C and a evaporating temperature of —4 °C. Kabul et al. [22] investigated
the irreversibility of using hydrocarbons (i.e., R-600a) in a case study of 1 kW refrigeration system
with an internal heat exchanger. The results showed that the compressor had the highest irreversibility
rate of 46.41%, while the internal heat exchanger had the lowest of 2.29% relative to the overall
irreversibility. Lee [23] applied exergy analysis to data sets obtained from a modified water-cooled
screw-chiller with a cooling capacity of 100-RT using refrigerant R-22. The analytical results showed
that the irreversibility percentages associated with the components followed the order; compressor 38%
to 47%, followed by condenser 22% to 27%, and then evaporator 17% to 23%. Byrne and Ghoubali [24]
numerically utilized exergy analysis for an air-source heat pump system with R-407C and R-290 for
simultaneously heating and cooling. The analysis was averaged for outlet cold source/outlet hot
source temperatures: 7/25 °C,7/35 °C, and 7/45 °C. The results showed that the exergy destruction
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occurred mainly in the compressor by approximately 55% due to the high heat losses. In addition,
maximizing the area of the heat exchangers would minimize the exergy destruction, but further
exergo-economic analysis was required to optimize for the cost. Furthermore, Voloshchuk et al. [25]
found that for an R-134a air-source heat pump system, the maximum exergy destruction is associated
with the evaporator by 63% due to its thermodynamics inefficiency (i.e., high pressure drops or high
temperature differences).

The literature review above shows that the application of a second-law analysis of a military
Environmental Control Unit (ECU) under extremely high ambient conditions (e.g., 51.7 °C (125 °F) or
higher) is still lacking. Therefore, this study aims to develop a methodology to assess the irreversibilities
within the components of an ECU using a second-law analysis, and to distinguish the potential
contribution in each system’s component relative to the overall exergetic efficiency when operating at
high ambient temperature conditions of outdoor temperature condition of 51.7 °C (125 °F) and indoor
temperature condition of 32.2 °C (90 °F) with a relative humidity of 50%. Three ECUs, 1.5 (5.3 kW),
3 (10.6 kW), and 5 (17.6 kW) tons of refrigeration (RT), are tested at a high ambient condition to
confirm the model developed herein. The ECUs are packaged air conditioners that have a scroll type
compressor, a micro-channel type condenser, a thermostatic expansion valve, and a fin-and-tube type
evaporator. The 1.5-RT and 5-RT ECUs have hot-gas by-pass circuits and use R-407C as the refrigerant,
while the 3-RT ECU uses R-410A. Comparisons were made to yield a clear decision on how to enhance
the system exergetic efficiency of the ECU. To be noted that this paper is an extension of Bahman
and Groll [26]. The main contribution of this work includes, but not limited to, literature review,
experimental analysis and verification, uncertainty analysis, and parametric analysis.

2. Second-Law Analysis

2.1. Thermodynamic Modeling

The typical vapor compression refrigeration cycle comprises several parts, such as a compressor,
a condenser, an evaporator, an expansion device, and connecting tubes. It varies from the ideal cycle in
various ways, mostly due to the irreversibility associated with different parts. In the actual refrigeration
cycle, two well-known sources of irreversibility are heat transfer across a finite temperature difference
and fluid friction, which causes a pressure drop.

Figure 1 shows each component of a vapor compression system designated by control volumes
that experience steady-flow processes. Cengel and Boles [2] gave mathematical expressions for the
first- and the second-laws of thermodynamics for a steady-flow steady-state process can be expressed

as follows:
no. . V2 VZ
ZQi—W—i—Zm(h—l—z—i—gz)—Zm(h—l—z—irgz):O 1)
i=0 in out
1 Q; . : :
ZT'i‘ZmS—st-i-ng:O )
i=0 ! in out

The exergy destruction (or irreversibility) during each process can be estimated with the
Gouy-Stodola equation as follows:

I = TySgen ®)

The exergy (or availability) for a steady-flow process of each component is calculated from the
reduced form of the general exergy balance as:

Z<1—?>Qi—W+2m¢—Zm¢—i:o (4)

i=0 out
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The energy, entropy, and exergy balances can be simplified further with additional assumptions
for every device. The condenser, evaporator, expansion device, and connecting tubes are assumed
to conduct no work. The refrigerant undergoes an actual compression process in the compressor.
The throttling process of the expander is assumed to be isenthalpic. The changes in kinetic and
potential energy of the refrigerant within every component are negligible. Analyses on evaporator and
condenser fans are excluded because the irreversibilities are relatively negligible compared to the other
main components [4].
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Figure 1. Schematic diagram of the vapor compression system.

2.2. Second-Law and Availability Analysis for ECU Components

2.2.1. Evaporator

In the evaporator process analysis, the control volume selected consists of the evaporator’s
physical structure and the refrigerant and indoor airflow through the evaporator. In this process,
energy is transferred by heat from the indoor air to the refrigerant. The evaporator heat transfer rate
Qewp, from the indoor air to the refrigerant, and the evaporator entropy generation rate Sgen,eyup,
can be estimated as follows:

Qevap = 1y (hl - h7) (5)

. Qeva p
TL

where T} is the sink temperature, which is the bulk temperature of the indoor environment.

(6)

sgen,evap = 1ity (81 — 57)

Component second-law efficiency ¢, can be defined as the ratio of exergy recovered (or availability
recovered) to the exergy supplied (or availability supplied). Therefore, evaporator second-law efficiency
can be defined as the ratio of the change in indoor air exergy to the change in refrigerant exergy:

Tileva pa Alpevu pa
|mrA1Pevup,r

@)

Eevap =
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where Aeyap,a and Aepap,r can be determined as follows:
Alpevup,a = hu,a - hu,i - TO (Sa,o - Sa,i) (8)
Alpevap,r =hi—h;=Tp (51 - 57) )

2.2.2. Compressor

The compressor exhibited an irreversible and non-adiabatic process. In the compression process,
the energy transfers across the control volume include an external input work from the surroundings
to the compressor and a heat loss from the compressor to the surroundings. The rate of heat loss is:

Qcomp = 1ity (h3 - h2) + Wcomp (10)
and compressor entropy generation during the compression process can be estimated by:

o Qloss

o an

Sgen,comp = 1iy (83 — 52)
where Ty is the bulk temperature of the surroundings, Wcomp is the input work rate to the compressor,
and ri1, is the refrigerant mass flow rate, all of which are experimentally measured.

Compressor second-law efficiency is defined as the ratio of the change in flow exergy across the
compressor to the actual work consumption:

mrAlpcomp
€ =— (12)
onp Wcomp
where Atcomp is simplified from Equation (4) as:
Alpcomp = h3 - h2 —To (53 - 52) (13)

2.2.3. Condenser

The control volume used to analyze the condenser encloses the condenser’s physical structure
and includes the refrigerant and ambient airflow through the condenser. Energy is transferred from
the refrigerant to the ambient air as heat. The heat transfer rate, Q 4, from the refrigerant to the
ambient air can be determined as follows:

Qcond = 1ily (hS - h4) (14)

and the rate of entropy generation S gen,cond during the condensing process can be estimated by:

Qcond

Sgen,cond = 1ily (55 - 54) - To (15)

where Ty is the source temperature, which is the bulk temperature of outdoor ambient air.
Condenser second-law efficiency can be explained as the ratio of the change in ambient air exergy
to the change in refrigerant exergy:

mcond,aAl/Jcond,a

16
|mVAchond,r| ( )

€cond =

where A.y,q , and Atpy,,4, are simplified from Equation (4) as:

Alpcond,a = hamb,o - hamb,i - TO (Sumb,o - Samb,i) (17)
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Alpcond,r = h5 - h4 —To (55 - 54) (18)

2.2.4. Expansion Valve

The throttling valve is assumed to be exhibited an isenthalpic expansion process. Hence, the

energy and entropy balances yield:
he = h7 (19)

Sgen,exv = 1ty (57 - 56) (20)

Expansion valve second-law efficiency is explained as the ratio of the outlet exergy to the
inlet exergy:

lpexv,o
exv lpexv,i ( )
where 1y, ; and ey 0 are expressed as follows:
Wexo,i = he — o — To (6 — 50) (22)
Pexvo = hy —ho —Tp (57 - 50) (23)

2.2.5. Connecting Pipelines

The pipelines considered in this work involve the suction, the discharge, and the liquid lines,
but exclude the line between the expander and the evaporator because this line is relatively short.
The heat loss or heat gain between the connecting tubes and the surrounding can be estimated
as follows:

quc = mr (hz - hl) (24)
Quis = ity (hy — h3) (25)
Qiig = 1ity (he — hs) (26)

The associated rate of entropy generation between the pipelines and their surrounding can be
determined by:

Sgen,suc = 1ty (52 - 51) - Q%sc (27)
. . O

Sgen,dis = My (S4 —83) — % (28)
Qliq

S'gen,liq = 11y (56 - 55) - (29)

To
The second-law efficiency for the connecting pipes can be defined as the ratio of the outlet exergy
to the inlet exergy:
(Psuc,o
e lpsuc,i
Ydis,o
Ehis = —— (31)
T i
ciy = 2102 ()
lplzq,z

where the exergy ¢, for each connecting pipe is expressed as follows:
¢suc,i = hl - hO - TO (Sl - SO) (33)

Wsuc,o = hy —ho —Tp (52 - SO) (34)
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Waisi = hs —ho — To (s3 — s0) (35)
Waiso = ha —ho — To (54 — 50) (36)
Wiigi = hs — ho — To (85 — so0) (37)
)

(38)

2.3. First- and Second-Law Efficiency of ECUs

The sum of the exergy destruction (or irreversibility) of a vapor compression refrigeration cycle
can be calculated by:

Z jz‘ = TO (Sgen,comp + Sgen,cond + Sgen,exv + sgen,evap + Sgen,suc + Sgen,dis + Sgen,liq) (39)
Therefore, the exergy destruction ratio for every part of the vapor compression cycle is estimated
as follows: )
I
Ej = =% (40)
Ll

The coefficient of performance (COP,.) of the vapor compression cycle, explained based on the
first law of thermodynamics can be determined by:

Qevap

COP, = =
Wcomp

(41)
The efficiency of the second-law, ¢, is explained as the ratio of the actual COP to the maximum

possible COP under the same operating conditions which can be expressed as follows:

COP,
COPreo

g = (42)

where COP,,; is defined asy

TL
COPrev - ﬁ (43)

where Ty and T, are the absolute source and sink temperatures, respectively.
3. Experimental Methodology

3.1. Experimental Setup and Procedures

Three Environmental Control Units (ECUs), shortened as 1.5-RT, 3-RT, and 5-RT ECUs as shown
in Figure 2, were tested under the same extreme conditions in adjacent pairs of psychrometric
chambers to validate the effectiveness of the second-law analysis. Figure 3 presents the ECU system
schematic. The 1.5-RT ECU uses R-407C as a working refrigerant and has a rated capacity of 5.3 kW
(18,000 Btu/h). The evaporator is a fin-and-tube type heat exchanger made of copper material tubes and
corrosion resistance with E-coating. The evaporator fins are made of aluminum material with E-coating.
The condenser is a multi-louvered micro-channel type made of aluminum material, treated with clad
material for corrosion protection. The throttling valve is a thermostatic expansion device with external
pressure equalizer. The compressor is a hermetic scroll type compressor. Note that there is also a
hot-gas by-pass loop that allows the system to continue to operate even during the cases when the
thermostat set-point temperature was reached. Both the hot-gas and the de-superheating valves are
separated with isolation ball valves; therefore, only four components are in operation. The 5-RT
ECU is of the same type as the 1.5-RT ECU except that it is rated for a cooling capacity of 17.6 kW
(60,000 Btu/h). The 3-RT ECU is of the same type as the 1.5-RT ECU except that the 3-RT ECU has no
by-pass circuit, and it is rated for a cooling capacity of 10.6 kW (36,000 Btu/h). It has two condenser
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fans and uses refrigerant R-410A. The 1.5-RT, 3-RT, and 5-RT ECUs were charged with 1.48 kg (3.27 Ib),
2.36 kg (5.21 Ib), and 2.98 kg (6.56 1b), respectively. The 1.5-RT, 3-RT, and 5-RT ECUs had scroll type
compressors from Emerson/Copland (models: ZR24K3E-TF5, ZP44K5E-TF5, and ZR68KCE-TF5) with
a displacement of 7.14 m3/h, 8.82 m3/h, and 19.53 m3/h, respectively.

Two side-by-side psychrometric rooms were utilized to experimentally test the ECUs with
performance tests. The psychrometric chambers provide a uniform airflow rate where air temperature
and air humidity remained within +0.55 °C and £0.5% of set-points, respectively. The following
variables were measured: pressure and temperatures at the inlet and outlet of all components,
air humidity at the inlet and outlet of the cooling coil, refrigerant flow rate, and power consumption.
All experimental instrumentation measurements followed the requirements of ANSI/AHRI Standard
210/240 [27]. Figure 3 shows the location of each measurement instrument, whereas Table 1 summarizes
the accuracy of the corresponding instruments. It is also assumed that the pressure is constant in the
tube-side of the suction and discharge lines because of the design compactness of the unit sizes.

e o s yz 0%

.
B
&"g,.:g Condenser
%

Pressure sensors| — e et 1O 5

Sl

AR

Jo Ll

Mass flowmeter| LS

(@)

Mass Flowmeter|

1 - < Z
e »’\

Figure 2. Physical layout of (a) 1.5-RT, (b) 3-RT, and (c) 5-RT ECUs with the installed measurement
instruments for experimental testing at the psychrometric chambers.
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Table 1. Experimental setup measurement instrument and their accuracy.

Physical Parameter Instrument Range Accuracy

In-line temperature ~ Thermocouple stainless steel T-type —250-350 °C +1.1°C

Surface temperature Thermocouple wire T-type —250-350 °C +1.1°C

Refrigerant pressure Pressure transducer 0-1750 kPa, 0-3500 kPa, 0-7000 kPa +0.08% FS

Air humidity Hygrometer chilled mirror —20-85°C, 0-95% +0.2°C

Air pressure Static pressure transducer 0-5in H,O +1.0% FS

Air flow rate ASHRAE nozzle box 2188-5107 m®/h +6.66 m®/h

Refrigerant flow rate Coriolis flow meter 0-2720 kg/h +0.2% £0.87 kg/h

Power consumption Power transducer 0-45 kW +0.25% FS
Current transformer 1000: 1CR +0.3% FS

”

e
P N
0
To
Tams (73)
E Y
I Tai
N
[
2 ;oKL (s)
H A:  Evaporator I: Evaporator fan T,-T Refrigerant-side temperatures
B:  Suction line J: Coriolis mass flow meter P;-P;: Refrigerant-side pressures
Tambo C:  Compressor K:  Sightglass To: Surrounding temperature
D:  Discharge line L:  Filter drier T.i T,  Evaporatorinlet and outlet air temperatures
E:  Condenser M:  Evaporator Shutoff Solenoid valve T, .0 Condenser inlet and outlet air temperatures
F:  Liquid line N:  Isolation ball valve Tapis Tapo:  Evaporator inlet and outlet dew-point
G:  Thermal Expansionvalve O De-superheating TXV temperatures
H:  Condenser fan :  Hotgasvalve

Figure 3. The measured points of ECUs.
3.2. Experimental Methods

The experimental tests were performed in side-by-side psychrometric rooms to simulate indoor
and outdoor environments, with the ECUs in the outdoor room. Table 2 lists all the testing conditions
conducted in this work. Test Conditions 4 is the typical rating condition conformed by ANSI/AHRI
Standard 210/240 [27]; whereas Test Conditions 1 to 3 provide the ambient temperature conditions
for hot climates. Test Condition 4 was selected to charge all ECUs. All ECUs were charged with the
amount mentioned in Section 3.1 to maintain a constant subcooling degree of 8 °C at Test Condition 4.

Once the ECU kept operating for more than one hour, steady-state condition was reached,
and then, data measurements were sampled every two seconds and averaged for a total time of
20 min. The averages data results were utilized in the second-law analysis to evaluate irreversibility.
To enhance the reliability of the experimental results, each ECU test was carefully conducted at the
same temperatures in the indoor and outdoor psychrometric chambers. In each experimental test,
the energy balance between the refrigerant-side and air-side, as shown in Figure 4, was within 6%
as recommended by ANSI/AHRI Standard 210/240 [27]. Note from Figure 4 that two test points
(i.e., Test Condition 5 and 6) resulted in higher cooling capacity than the performance rated cooling
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capacity because the 5-RT ECU was operating at an off-design point. The analysis in the following
section is based on the results of the extreme case of Test Condition 1.

Table 2. Experimental testing conditions in psychrometric rooms.

Outdoor Condition Indoor Condition

Test No. Dry-Bulb Wet-Bulb Dry-Bulb Wet-Bulb Description
Q) CFH O CFH O CFH (O (CF
51.7 125 294 8 322 90 239 75 Steady, wet coil
46.1 115 222 72 294 85 172 63  Steady, dry coil
406 105 228 73 294 85 172 63  Steady, dry coil
35 95 239 75 267 80 194 67  Steady, wet coil
294 85 172 63 239 75 139 57  Steady, dry coil
239 75 172 63 25 77 139 57  Steady, dry coil

NGl W IN -

25 , r r r
B 5-RTECU
A 3-RTECU
® 1.5-RTECU
20 ]
E 15} .
-
S 10} ]
5k i
O ! ! ! !
0 5 10 15 20 25

Qevap, r (KW)

Figure 4. Parity plots comparing the cooling capacity between the air-side and the refrigerant-side for
1.5-RT, 3-RT, and 5-RT ECUs.

4. Results and Discussion

The mathematical model in this work was developed using Engineering Equation Solver EES [28].
The state parameters given as input to the simulation model are chosen to be those measured during
the performance tests. In addition, EES software [28] is used to compute the thermodynamics state
properties as well as the uncertainty analysis. The uncertainty analysis is based on the method
presented by Taylor and Kuyatt [29], which combined both the accuracy of the instruments and the
propagation of instrument accuracies through the calculated properties. The resulting uncertainties
are tabulated with the results in this section.

4.1. ECUs Coefficient of Performance

The cycle coefficient to performance (COP,) changes with the tested conditions, as shown in
Figure 5 for the three ECUs. Figure 5 indicates that all the ECUs exhibited a significant increase in the
COP, approximately from 2 to 4 for Test Condition 1 to Test Condition 6, respectively. This is because
the units power consumption reduced as the temperature lift decreased; therefore, the COP. improved.

For all testing conditions in Figure 5, the COP, was maintained relatively equal among all
the ECUs. However, the COP, for the 3-RT ECU was relatively higher than the other two ECUs by
approximately 15%. The 3-RT ECU used two condenser’s fans, which helped improve the heat rejection
rate and, therefore, enhanced the COP..
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6
SN 5-RT ECU
EEE 3-RT ECU
S5t BB 1.5-RT ECU
4 L
0
ad 3
@)
O
2 L
1 L

1 2 3 4 5 6
Test condition

Figure 5. Comparison of cycle coefficient of performance for 1.5-RT, 3-RT, and 5-RT ECUs.

4.2. ECUs Exergy Destruction (or Irreversibility)

The exergy destruction (or irreversibility) changes with the operating conditions for the tested
ECUs as shown in Figure 6. For all the ECUs, Figure 6 shows that the irreversibility reduced by
approximately 40% from Test Condition 1 to Test Condition 6. The reduction in outdoor temperature
from Test Condition 1 to Test Condition 6 (i.e., from 51.7 °C (125 °F) to 23.9 °C (75 °F)) decreased the
system entropy generation and therefore, reduced the total system irreversibility.

For every testing condition in Figure 6, the maximum irreversibility was associated with the 5-RT
ECU followed by the 3-RT ECU, and then the 1.5-RT ECU. The increase rate of the irreversibility was
found to be approximately 40% between the three ECUs. This is mainly due to the excess heat rejection
with the larger ECUs that resulted in higher entropy generation, and therefore excessive irreversibility.

9000

XN 5-RT ECU
8000 % XX 3-RTECU |

% B3 1.5-RT ECU
7000 | :

6000 | % .
~ 5000+ g
S g N
-~ 4000} .
3000 |+ g
2000 .

1000 1

0

1 2 3 4 5 6
Test condition

Figure 6. Comparison of exergy destruction (or irreversibility) for 1.5-RT, 3-RT, and 5-RT ECUs.

4.3. ECUs Second-Law Efficiency

The second-law efficiency (ec) presents the units’ performance relative to the maximum
performance possible under the same testing condition, as shown in Figure 7. Figure 7 shows that ¢,
was reduced by approximately 10% from Test Condition 1 to Test Condition 6 for all ECUs. For all
tested ECUs, the maximum e of approximately 12% was attained at Test Condition 1, while the
minimum & of approximately 2% was found at Test Condition 6. This is because all the ECUs were
designed and optimized to operate in situations similar to that of Test Condition 1.
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Figure 7. Comparison of second-law efficiency for 1.5-RT, 3-RT, and 5-RT ECUs.

4.4. ECUs Performance at the Extreme Case

This section investigates the performance of the ECUs for the extreme case of Test Condition 1.
Table 3 shows the measured pressure and temperature data at each state point in the three ECUs at
the extreme case of Test Condition 1, and therefore, the thermodynamic properties such as enthalpy
(h), entropy (s) and specific volume (v) could be estimated at each state. Figure 8 presents the vapor
compression refrigeration cycle pressure-enthalpy (P-h) and temperature-entropy (T-s) diagrams for
the three ECUs. The irreversibility or second-law analysis was estimated using the experimental
data listed in Table 3, and the respective models presented in Section 2. The results of the second-law
analysis are summarized in Table 4. Figure 9 shows the exergy destruction of all components for the
three ECUs, while Figure 10 illustrates the exergy destruction ratio for the various parts of the three
ECUs. The next sections discuss the results for the tested three ECUs that are based on Table 4 and

Figures 8-10 at Test Condition 1.

Table 3. Thermodynamics properties measured and calculated for 1.5-RT, 3-RT, and 5-RT ECUs at all
state points for Test Condition 1.

Pressure

Temperature

Enthalpy

Entropy

Specific volume

Unit  State P (kPa) T C) h (kJ/kg) s (kg K) v (mdlg) Description

1 655.8+1.4 1659+1.1  4204+1.093 1785+3.784 37.150 £0.2517 Evaporator outlet

2 655.8+1.4 1792+1.1  421.7+1.088 1790+3.749  37.430 4 0.250 Compressor inlet

3 3108 £5.6 111+£1.1 486.3+1.375 1857 +3.59 9.306 £ 0.065 Compressor outlet

1.5-RT 4 3108 £5.6 110+ 1.1 485.1+1.38 1854 +3.611 9.252 4 0.066 Condenser inlet

5 3095 £5.6 6057 £1.1  295.6+2.162 1307 & 6.478 1.048 £0.010 Condenser outlet

6 3080 £5.6 6047 £1.1  2955+2.161 1307 & 6.476 1.047 £0.010 Expansion valve inlet

7 975+24 1976 £1.1 295642161 1331+7.529  10.040 + 0.568 Evaporator inlet

1 1069 +1.4 18.58 £1.1 434541227 1829+4.212  25.91040.197 Evaporator outlet

2 1069 +1.4 1914 +1.1 435141222 1831+4.186  26.010+0.196 Compressor inlet

3 4363 £5.6 1101 +£1.1  492.64+1.492 1875+3.899 7.531 4 0.058 Compressor outlet
3-RT 4 4363 £5.6 1094+11  491.6+1.666 1873 +4.528 7.494 £ 0.068 Condenser inlet

5 4316 £5.6  58.67+1.1 302342736 1326 +8.246 1.165 £0.017 Condenser outlet

6 4301 £56  5857+1.1 302142734 1326+8.241 1.165 £0.017 Expansion valve inlet

7 1308 2.4 16.4+1.1 302.4+2.734 1355+9.510 8.076 & 0.439 Evaporator inlet

1 6253+14 2075+11  4251+1.067 1805+3.640  40.160 £ 0.256 Evaporator outlet

2 6253+14 2575+1.1 4304+1.056 1822+3.544  41.210£0.251 Compressor inlet

3 3213 £5.6 1119+1.1 48624+139 1855+ 3.620 8.956 + 0.064 Compressor outlet
5-RT 4 3213 £5.6 1102 +1.1 48441399 1849 +3.658 8.862 £ 0.065 Condenser inlet

5 3145+5.6 612+1.1 296.8 £2.177 1311 £6.512 1.052 £0.010 Condenser outlet

6 3130 £5.6 61.1+1.1 296.6 £2.176 1310 £6.511 1.051 £0.010 Expansion valve inlet

7 10724+24  23.05+11 296.8+2176 1329 47.429 8.074 £ 0.466 Evaporator inlet




Energies 2020, 13, 3274 13 of 18

;
—— 5-RTECU
5000 - - 3-RTECU
----- 1.5-RT ECU [

S 2000 |
=
Ay
1000 .
_— R:407C
500 : : : — :
200 250 300 350 400 450 500
h (kJ/kg)
(a)
120 ;
— 5-RTECU
- - 3-RTECU
100¢..... 1.5-RT ECU g 1
80 g
o 60 ,
Py
40 .
20 .
0 4

s (kJ/(kg.K))

(b)
Figure 8. (a) P-h and (b) T-s diagrams to compare 1.5-RT, 3-RT, and 5-RT ECUs at Test Condition 1.

Table 4. First- and second-law analysis results for 1.5-RT, 3-RT, and 5-RT ECUs at Test Condition 1.

First-Law Analysis Second-Law Analysis
Unit Component Q w COP, S'gm i E4 £ &
W) (W) -) (W/K) W) (%) (%) (%)
Evaporator 5586 +108.3 0 2.037 £0.051 661.7 = 16.66 24.57 +0.639 488 +1.77
Suction line 58.9 +68.96 0 0.021 #0.025 6.978+8.178  0.259+0.303  99.7+£0.31
Compressor —161.7 £78.44 3049 £112.5 3.523 +0.035 1145+ 11.96 42.48 £ 0.440 62.540.39
1.5-RT Discharge line —53.4+87.02 0 1.832 +£0.036 0.025 £ 0.041 8.578 £13.35 0.304 & 0.496 99.8+0.30 11.7+0.23
Condenser —8471 £114.7 0 1.626 +0.030 527.9 +£10.01 19.6 +0.381 9.7 +4.92
Liquid line —7.499 £ 0.051 0 0.0027 £0.00012  8.834+0.037  0.033£0.0014  99.8 +0.34
Expansion valve 0+0 0 1.056 + 0.064 343.1+£20.76 12.74+0.7501 91.4+0.52
Total —3049 £112.5 3049 £112.5 8.293 £0.213 2694 £11.0 100.0 £ 0.0 -
Evaporator 12420 +375.2 0 3.938 £ 0.204 1279 4 66.32 25.78 £1.395 49.9+2.20
Suction line 58.12 +162.4 0 0.0201 £ 0.056 6.53 +18.25 0.132 +0.368 99.94+0.23
Compressor —360.4 +238.8 5753 £112.5 5.227 +0.434 1698 £ 141.0 34.22 42252 70.54+2.02
3-RT Discharge line —90.43 +213.3 0 2159 £0.078  0.04536 £0.091  14.57 £29.29 0.294 +0.614 99.94+024 13.8+1.24
Condenser —17760 £ 437.2 0 4.021 +0.184 1291 £ 59.69 2226 +1.145 20.9+7.05
Liquid line —17.74 +0.432 0 0.0061 £0.00033  1.977+0.105 0.0398 +0.0024 97.6 4 0.27
Expansion valve 0+0 0 2.64+0.164 857.4 £+ 53.21 17.28 £1.151 92.2 +0.46
Total —5753 £112.5 5753 £112.5 15.28 £0.418 4962 +£135.9 100.0 £ 0.0 -
Evaporator 18430 £ 506.3 0 8.016 £+ 0.303 2605 +98.67 32.88 +1.28 45.5+1.50
Suction line 691.1 £215.5 0 0.210 £ 0.064 66.28 £ 20.95 0.837 £ 0.264 99.24+0.25
Compressor —1040 £318.1 9096 £ 112.5 7.904 £ 0.542 2567 £176.0 32.44 +1.938 71.8+1.73
5-RT Discharge line —312.9 +282.4 0 2.026 £ 0.061 0.149 £ 0.134 48.36 £ 43.65 0.610 £+ 0.551 99.74+0.30 129+1.13
Condenser —26840 +652.3 0 5.458 £ 0.3162 1773 £102.9 2237 +£1.174 4.8 £6.11
Liquid line —24.09 +£0.51 0 0.0089 +£0.00043  2.8814+0.133  0.036 £0.0019  99.6 4 0.34
Expansion valve 0+0 0 2.649 +0.185 860.5 £ 60.28 10.86 +0.784 93.3 +0.45

Total —9096 £112.5 9096 £+ 112.5 24.390 £ 0.505 7923 £165.9 100.0 £ 0.0 -
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Figure 9. Exergy destruction (or irreversibility) comparison for the components of 1.5-RT, 3-RT, and 5-RT
ECUs at Test Condition 1.
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Figure 10. Exergy destruction (or irreversibility) ratio comparison for the components of 1.5-RT, 3-RT,
and 5-RT ECUs at Test Condition 1.

4.4.1. 1.5-RT ECU Performance

The result of the first- and second-law analyses of the 1.5-RT ECU are shown in Table 4. The COP,
is 1.83 at Test Condition 1. The entropy generation rate is highest in the compressor, followed by the
evaporator and condenser in that order, with an entropy generation of 3.524 W /K, 2.037 W/K, and
1.626 W/K, respectively. Figure 9 shows the comparison of irreversibility inherent to each component
for the 1.5-RT, 3-RT, and 5-RT ECUs. In the case of 1.5-RT ECU, the most substantial rate of irreversibility
is present within the compressor (1145 W), followed by the evaporator with 661.7 W and then the
condenser with 528 W.

Figure 10 illustrates that the irreversibility ratios for the compressor, the evaporator, and the
condenser were 42.5%, 24.6%, and 19.6%, respectively. The total value of the exergy destruction ratios
of those three parts approximately equals 87%. Clearly, the compressor should be considered first when
improving the exergetic efficiency of the 1.5-RT ECU. The second-law efficiency ¢, at the component
level, is lowest for the condenser, followed by the evaporator and compressor with percentages of
9.7%, 48.8%, and 62.5%, respectively. The exergy recovered in the condenser is small because of the
high ambient temperature, i.e., 51.7 °C (125 °F), which results in low second-law efficiency. The overall
second-law efficiency &, of the 1.5-RT ECU is 11.7%.
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4.4.2. 3-RT ECU Performance

As shown in Table 4, the analytical results for the 3-RT ECU indicate a COP, of 2.16 at Test
Condition 1. The rate of entropy generated within each component in decreasing order of magnitude
is in the compressor, evaporator, condenser and then expansion valve, with values of 5.227 W/K,
3.938 W/K, 4.021 W/K, and 2.64 W/K, respectively.

Figure 8 compares the vapor compression cycles of the three ECUs, where it illustrates that the
3-RT ECU exhibited higher discharge temperature and condensing temperature than that of the other
two ECUs. The 3-RT ECU has the same construction as the other ECUs except that it uses R-410A as the
refrigerant. Notice from Figure 8a that the pressure measurements were taken before the evaporator
distributor, which explains the steep degradation in pressure drop. Likewise, Figure 8a depicts the
same trend of the degradation in temperature as the results of the measurement position.

Examining Figures 9 and 10, the highest irreversibility is present within the compressor at
1.689 kW, followed by that in the condenser at 1.291 kW, followed by that in the evaporator at 1.278
kW, and finally that in the expansion valve at 857.4 W. The irreversibility ratios for the individual
components are 34.2%, 25.8%, 22.3%, and 17.3%, respectively. The expansion device’s irreversibility
in the 3-RT ECU is relatively higher compared to the other units. This is because the working fluid
(i.e., R-410A) functions at a higher pressure than other refrigerants, which leads to a higher pressure
drop across the expansion device, as shown in Figure 8a. As in 1.5-RT ECU, the compressor should be
considered first to improve the unit’s exergetic efficiency.

Similar to the 1.5-RT ECU, the component second-law efficiencies & of the 3-RT ECU are relatively
low for the condenser, followed by the evaporator, then the compressor, with corresponding values
of 21%, 50%, and 70.5%. As in the 1.5-RT ECU, the exergy recovered in the condenser of the 3-RT
ECU is small due to the high ambient temperature. Notice that in Figures 9 and 10, the condenser’s
irreversibility is relatively smaller because the 3-RT unit has a second condenser fan, which helps to
increase the heat rejection. Consequently, the air flow rate across the condenser was enhanced and
hence increased the condenser’s second-law efficiency. The overall second-law efficiency ¢, of the 3-RT
ECU is 13.8%.

4.4.3. 5-RT ECU Performance

Table 4 shows the analytical results of the 5-RT ECU, which has a COP, of 2.03 at Test Condition
1. Unlike the 1.5-RT and 3-RT ECUs, the rate of entropy generation within each component of the
5-RT ECU follows the order of the evaporator, the compressor, and then the condenser, with respective
values of 8.01 W/K, 79 W/K, and 2.65 W/K.

Figure 9 illustrates that the highest component irreversibility of the 5-RT ECU is associated with
the evaporator, followed by the compressor, and then the condenser, with corresponding values of
2605 W, 2567 W, and 1773 W. As for the corresponding irreversibility ratios, as shown in Figure 10,
the associated ratios for the evaporator, compressor, and condenser are 32.9%, 32.4%, and 22.4%,
respectively. The total value of the exergy destruction ratios of those three parts equals approximately
88%. The pressure drop associated with the distributor in the evaporator of 5-RT ECU, as shown
in Figure 8, results in relatively higher irreversibility. Unlike the 1.5-RT and 3-RT ECUs, both the
evaporator and the compressor of the 5-RT ECU should be considered for component improvement to
increase the system’s exergetic efficiency. Furthermore, the evaporator has the highest irreversibility.
This is mainly due to the high air maldistribution in the evaporator chamber, which can be compensated
by optimizing the evaporator’s circuitry [30]. Whereas, the compressor can be enhanced with a novel
design such as vapor injected type compressors [31,32].

As was the case for the 1.5-RT and 3-RT ECUs, the condenser of the 5-RT ECU has the lowest
second-law efficiency ¢, followed by the evaporator, and then the compressor with 4.8%, 45.5%,
and 71.8%, respectively. Again, the exergy recovered in this unit’s condenser is small due to its high
ambient temperature. The overall second-law efficiency ¢ of the 5-RT ECU is 12.9%.
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5. Conclusions

This paper presented second-law analyses of three military Environmental Control Units (ECUs)
to assess the contribution of each component to the overall irreversibilities of the units. This way,
the components in the highest need for improvement in energy efficiency can be identified. The three
ECUs were experimentally investigated at high ambient conditions, and comparisons between the
individual components were made to yield a clear direction of how to enhance the exergetic efficiency
of the ECUs. The study yielded the following conclusions:

¢ The components exergy destruction (or irreversibility) for all the tested ECUs follow the sequence;
compressor associated with 32.4% to 42.5%, followed by the evaporator associated with 24.6% to
32.9%, followed by the condenser associated with 19.6% to 22.4% of the total unit irreversibility.

e  The analytical results indicate that compressor should be considered first in increasing the
exergetic efficiency of all ECUs; whereas in 5-RT ECU, evaporator should also be considered.

* An additional condenser fan helps the 3-RT ECU enhancing the second-law efficiency
associated with the condenser, but the working refrigerant increases the irreversibility of the
expansion device.

e A second-law analysis helps to identify components with higher exergy destruction (or
irreversibility) and clarifying which component modification can enhance the exergetic efficiency
of any ECU to operate in high ambient temperature conditions.

In the present study, the fans were excluded from the analysis. Therefore, future work
should consider fans and controllers” power consumption for inclusive analysis. Furthermore,
a techno-economic analysis could also be considered to optimize the technical and economic
performance of the ECUs.
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Abbreviations

The following abbreviations are used in this manuscript:

COP  coefficient of performance
ECU environmental control unit

RT refrigeration tons
Nomenclature

E; exergy destruction ratio (%)
P pressure (kPa)

T  temperature (°C)

V. velocity (m/s)

i exergy destruction (kW)
Q  heat rate (kW)

S entropy rate (kW /K)

W power (W)

rir mass flow rate (kg/s)

¢  exergy (kJ/kg)
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e second-law efficiency (%)

g gravitational acceleration (m/ s?)

h  enthalpy (kJ/kg)

s  entropy (kJ/kg-K)

v specific volume (m3/kg)

z  elevation (m)

Subscripts

0 surrounding

1,2,3,... components

a air

amb ambient

c cycle

comp compressor

cond condenser

dis discharge

evap evaporator

exv expansion valve

gen generation

H high

i inlet

L low

liqg liquid

o) outlet

r refrigerant

rev reversible

S suction
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