SET2008 - 7" International Conference on Sustainable Energy Technologies; Seoul, Korea. 24-27 August 2008

Exergy Analysis and Parametric Study of a Sea Water
Source Heat Pump System

S. K. Tyagi, J. H. Lee, K. C. Chang and S. R. Park

Geothermal Energy Research Centre, Korea Institute of Energy Research
PO Box 103, Yuseong, Daejeon, 305-343, South Korea
(E-mails: sudhirtyagi@yahoo.com; srpark@kier.re.kr)

ABSTRACT: This article presents the second law based analysis of a sea water source
cascade heat pump system using two heat pumps operating with two different refrigerants.
The cascade heat pump system is consists of two different heat pumps attached in series
in a way that the condenser for the first stage heat pump is the evaporator for the second
stage heat pump. This not only can enhance the exhaust temperature in the second
condenser at the final stage but also can improve the performance of the overall system.
The study has been made for a wide range of operating parameters. It is found that the
performance based on the second law analysis is in the good agreement with the general
results. The experimental performance is found to be different from the second law based
performance. The system may achieve better performance if the irreversibility associated
with different components can be minimized. The work for further investigations and
modifications is underway to utilize the non conventional energy resources such as solar
energy and biogas besides, the waste heat recovery for different applications and hence,
the present system can be further modified for real life applications.
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NOMENCLATURE

CHX = Cascade heat exchanger
Cond = Condense

E = Exergy [kW]

Exp = Expansion valve

Evp = Evaporator

h = Specific enthalpy [kJ/kg]

[ =TIrreversibility

m = Mass flow rate [kg/s]

P = Pressure [kPa]

Q = Heat transfer rate [kW]
SWHX = Sea water heat exchanger
s = Entropy [kJ/kg-K]

T = Temperature [K]

W = Power input [kW]

Greek symbols

n = Efficiency

A = Difference/change
Subscripts

CHX = Cascade heat exchanger
Comp = Compressor

Cond = Condenser

Evap = Evaporator

Exp = Expansion valve
gen = Generation

IT = Second law efficiency
HX = Heat exchanger

1 = First/one

2 = Second/two

i = Input

o = Output
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1. INTRODUCTION

Thermal comfort plays a very important
role on the mental and physical health and
working efficiency of human beings. In an
excessively cold climate it is necessary to
increase the temperature besides the
presence of suitable moisture content for
thermal comfort. With the advancement of
technologies, the electric systems such as
room heater, heat pipes, heat pump systems
are employed to produce heating. In some
countries, where the temperature is very low
and natural heating like solar energy is not
sufficient, the heat pump and fuel fired
systems are proven to be suitable heating
devices. Continuous efforts have been made
by numerous researchers on different type of
heat pumps in order to improve their
performance and to make them cost
effective. Some of the heat pumps
developed so far, still have not gained much
importance. This may be due to various
factors, such as low COP, high investment
and operational costs and/or their limited
heat producing capacity.

Due to the limited resources of energy
and the increasing demand, there is a
concern in the scientific community to
rethink and to develop the energy efficient
system which is not only economical but
also environment friendly, The energy
consumption in buildings, commercial
installations and space air conditioning,
constitutes a huge share of total energy
consumption not only in the developed
world but also in the developing countries.
Facing ever the increasing pressure of
energy demand, environmental degradation,
global warming and depletion of ozone layer
due to various reasons, most commonly the
industrialization. The efficient use of energy
is a hot topic of research especially after the
Kyoto and the Montreal Protocols.

In some countries during the winter
season the ambient air temperature is very
low and the requirement of heating is high,
hence, the performance of the heat pump
decreases. As it is evident that during
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summer the sea water temperature is lower
and during winter it is much higher than the
ambient air temperature. Thus the sea water
can be used as heat sink during summer and
as heat source during winter for the cascade
heat pump system. In such a case, the heat
pump system can be used to reject/extract
the heat to and from sea water for heating/
cooling applications. This not only can
utilize the sea water heat for higher
temperature applications but also can reduce
a huge potential of the environment
degradation (Tyagi et al. 2008, Zhou et al.
2007; Song et al. 2007; Okamoto, 2006,
Kumar et al.2005; D’Accadia & Sasso,
1998).

In order to study the importance, utility
and performance of the cascade heat pump
system, the exergy analysis has been made,
as reported by different researchers (Tyagi
et al. 2008, Wang et al. 2008; Tyagi et al.
2007, Kaygusuz and Ayhan 1993 and Kotas,
1985).

2. SYSTEM DESCRIPTION

The cascade heat pump cycle combines
with two different heat pumps working on
different refrigerants such as R410a and
R134a respectively. The simplified diagram
of the complete cascade heat pump system
is shown in Fig.1. As shown in Fig.1, the
sea water pumped to the heat exchanger at
state point 1, where it released the heat
during state points 2-3 and the heat is taken
away by the circulating water between state
points 4-5. This circulated water is then
divided into three main parts and each part
passes through a particular heat exchanger
viz. low, medium and high temperature heat
exchanger, depending on the weather
conditions. For example, during winter, as
only heating is required, the circulating
water passed through the evaporator
between state points 6-7. On the other hand,
during summer, the circulating water passes
through state points 12-13 through different
heat exchangers. These heat exchangers can
also be characterized as the evaporator heat
exchanger, cascade heat exchanger and
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condenser heat exchanger respectively. In
order to obtain the optimum performance of
the entire cascade heat pump system, .the
mass flow rate in each heat exchanger is
controlled by some means depending on the
weather conditions.

As it is clear from Fig.1, the evaporator is
attached between state points 6-7, with the
first heat pump operating between the
evaporator (8-9) and the cascade heat
exchanger (10-11) using R410A as the
working fluid. During winter, the cascade
heat exchanger is working as the heat sink
for the first heat pump, while it is working
as the heat source for the second heat pump.
On the other hand, during summer a
condenser is used in place of the cascade
heat exchanger while the evaporator is
attached with the space to be cooled rather
than the sea water heat exchanger.
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Figure 1: Schematic and line diagram of a
sea water source cascade heat pump system.

The second heat pump is operating
between cascade (14-15-16-17-14) heat
exchanger and the condenser (18-19 and 16-
17) heat exchanger using R134a as the
working fluid. The second heat pump
operates in auto off-on mode. In other words,
when the temperature of the exhaust water
from the high temperature heat exchanger
reached at the set point temperature, it
switch off and switch on automatically when
it falls below the set point level. It reduces

not only the power consumption but also
energy loss and hence, the irreversibility.
Also the second heat pump works between
the cascade heat exchanger and condenser
during winter, while it works similar to the
first heat pump in the summer.

3. EXERGY ANALYSIS

We have studied the cascade heat pump
system using second law analysis based on
the experimental data. For steady state flow
the exergy balance for a thermal system is
given as below:

Z(l T,/T)Q, +Z[(mex) — (mex), ]

+m%+ngO _TZIASgen (1)

where Exjy represents the useful work done
on/by the system, the first term on the right
hand side represents the exergy summation
supplied through heat transfer, while
changes in the exergy summation of the
working fluid is represented by the second
term where i and o refers the inlet and outlet
states, the kinetic and potential exergy are
given by the term mC?/2 and mgZ,,
respectively, while the exergy loss or the
irreversibility in the system is given by the
last term on the right hand side, T, A Sgen.
The other notations namely, Q is the heat
transfer rate, m is the mass flow rate of the
working fluid, ex is the exergy flow rate per
unit mass, C is the bulk velocity of the
working fluid, Z,, is the altitude of the
stream above the sea level, g is the specific
gravitational force, Sg, is the entropy
generation rate, 7, is the ambient air
temperature, 7; is the temperature of the heat
source/sink at which the heat is transferred.
The component wise exergy balance of the
cascade heat pump system is given below:
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3.1. Pumpl (SWP)

The exergy flow equation for sea water
pump becomes:

- I/szp = msw (€X2 - exl ) - YLASgen,swp (2)
which gives:
]—;ASgen,swp = msw(ex2 - exl) + Vszp (3)
The entropy generation rate is:
ASgen,swp = msw (SZ - Sl) (4)
The irreversibility = exergy loss i.e.
Iswp = T'aASgen,xwp (5)
The second law efficiency is:
I, m_(ex,—ex,)

= 1 __swp_ sw 2 1 6

nl[,swp VVSWP VVst ( )

Similar expressions can be written for the
second pump operating between state points
7-4.

3.2. Sea Water Heat-Exchanger (HX1)

The exergy flow equation for sea water
heat exchanger becomes:

0=m,,(ex, —ex;)—m,(ex, —exs) - TaASgen,HXl (7)
which gives:
T;ASgen,HXl = {msw(hZ - hS) - mw(hS - h4)}

_Ta{msw(sz —5;) —m, (5 _S4)} (®)
The entropy generation rate is:

ASgen,HXl = {msw(hZ - h3) - mw(hS - h4)}/]—:1

_{msw(SZ —53) —m, (85 _54)} )
The irreversibility = exergy loss i.e.
Iy = TaASgen,HXl (10)

The second law efficiency is:

e _ m,(ex; —ex,)

(11)

where mg, and m,, are, the mass flow rates
of sea water and cirvulating water
respectively at a particular time.

M x— = 1- -
msw(ex2 - ex3) msw(ex2 - ex3)
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3.3. Evaporator (Evap)

The exergy flow equation for the
evaporator becomes:

0=m,,(exs —ex;)—my (ex, —exy)—T AS qen Evap (12)
which gives:
TaASgen,Evap = {mwl (h6 - h7) - le (h‘) - h8 )}

_Ta{mwl(SG_S7)_le(S9_SS)} (13)
The entropy generation rate is:

ASgen,Evap = {mwl (h6 - h7) - le (h9 - hS)}/ Ta

_{mwl(sé —87) = Mg (S _sg)} (14)
The irreversibility = exergy loss is:
IEvap = Ta ASgen,Evap

The second law efficiency is:

[Evap — le(ex‘) B exR)

(15)

where m,,; and mpg; are respectively, the
mass flow rates of cilucating water and
refrigerant in the evaporator.

M b =1~
1 Evap m, (ex,—ex;) m, (ex,—ex,)

3.4. Low Pressure Compressor (LP)

The exergy balance for the low pressure
compressor is given by:

- WComl = le (€x9 - exlO) - TZJASgen,LP (1 6)
which gives,

TaASgen,LP =y (hy = hyy) =T, (59 = 5,0) + Wpp 17)
and the entropy generation rate is:

ASgemLP = Mg, (8,9 — So) (18)
The irreversibility = exergy loss is:
Ip = TASgen,LP = Mg, (8,0 —5,) (19)

The second law efficiency is:

1;p _ My (ex,) —exy)
W Wi

Nup = 1- (20)

3.4. Condenser-1 (Cond1)

The exergy flow equation for the first
condenser (summer case) becomes:
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0 =my (exyy —exyy, ) —m,y(ex,, —ex;;) =TAS,,, ¢, (21)

which gives:

TaASgen,Cund] _ [{le(hlo =hy,)—m,,(hy - hlZ)}_:| 22)
T, {le(slo = S114) =My (833 = 512)}

The entropy generation rate is:

ASgen,Condl _ |:{le(th = hyy) = m, (s - hlz)}/]ﬂ (23)
- {le (S19 = S110) =M, (815 — Slz)}

The irreversibility = exergy loss is:

[Condl = TaASgen,Condl (24)

The second law efficiency is:

L o _ m,, (ex;; —ex;y) (25)
My (ex,, —ex, ) my(ex;, —ex;,)

M, cona1 = 1-

3.5. Cascade-Heat-Exchanger (CHX)

There are two modes of operation for the
cascade heat pump system, one for winter
and the second for summer. As can be seen
from Fig.1, during winter, the cascade heat
exchanger works as the evaporator for the
second heat pump system and the condenser
works as the heat sink. On the other hand,
during the summer there are two condensers
those work as the heat source while the
cascade heat exchanger and the evaporator
works are the heat sink, as can be seen from
Fig.1. The exergy flow equation for the
cascade heat exchanger can be written as
below:

0= my, (ex,) —ex;,,) —my, (ex,, —ex;s) - TaASgen,CHX (26)
which gives:

_ {{mm (g = hyyy) = mpy (s = h14)} -
gen,CHX —

T, {le(SIO =811) ~ Mgy (85 = 514)}

The entropy generation rate is:

T AS

a

} (27)

ASgen,CHX _ [{mm (hyg = hyyy) — Mg,y (hys — hl4)}/711:| (28)
- {le(SIO = 811) ~ Mgy (8)5— 514)}

The irreversibility = exergy loss is:

I CHX — TaAS gen,CHX (29)

The second law efficiency is:

Loy _ My (ex;s —ex,,)

my,(ex,y —ex,,)  my (ex,y—ex; ;)

(30)

M cnx = 1-

3.6. Expansion Valve (Exp-1)

The exergy flow equation for the first
expansion valve can be given by:

0=m,(ex;, —exy) — T;ASgen,Exp—l (31
which gives:
TaASgen,Exp—l =Mpy [(hll —hy)—T,(s,, _Sg)] (32)

The entropy generation rate is:
ASgen,Exp—l = le[(hn —hy)/ T, — (s, _Ss)] (33)
The irreversibility = exergy loss:
]Exp—l = YLASgen,Exp—l (34)
The second law efficiency is:

I

M g1 =17 e (35)

My, (ex,, —exy)

3.7. High Pressure Compressor (HP)

The exergy balance for the compressor
of first compressor is given by:

—Wyp = my,(ex;s —ex,) — TaASgen,HP (36)
which gives,
TaASgen,HP =My (s = hig) = T,(8,5 = $,6) + W (37)
and the entropy generation rate is:
ASgen,HP = Mg, (816 = Sy5) (38)
The irreversibility = exergy loss is:
Iyp = TASgen,HP = Mpy(S15 = 55) (39)
The second law efficiency is:
1 My, (ex;s —ex
77[],].]13 — 1_ HP — R2( 15 16) (40)

WHP WHP 2

3.8. Condenser2 (Cond2)

Due to page limits, we have discussed
only the winter case in this paper. The
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exergy flow equation for the (second)
condenser becomes:

0= my, (ex,s —ex;;) — m,z(ex;; —exy) = TaASgen,Cond2 (41)
which gives:
_ {mRZ(hlé = hyy)—m,5(hy - hlx)}_
I;z SgemCrmd2 -
T, {mRZ (S5 =817) =m, 5 (8,9 — S18)}
The entropy generation rate is:
{{mm (hg = hyz)=m, (b - hlS)}/ T,
- {mRZ(slé = S7) =58y — slx)}
The irreversibility = exergy loss is:
Lepir =T,AS
The second law efficiency is:

1 _ My (ex;y —ex;s) (45)
My (€Xyg —€Xy7) Mg (€x,5 —ex,;)

] (42)

A gen,Cond2 —

} (43)
(44)

gen,Cond 2

Cond?2

77[1,C0nd2 = 1 -

For summer conditions, similar expres-sions
can also be written for the first condenser.

3.6. Expansion Valve (Exp2)

The exergy flow equation for the second
expansion valve becomes:

0 = my, (ex;; —ex;,) —T,AS
which gives:
T;IASgen,Epo =Mp, [(hn —hy)-T,(s, - S14)] (47)

The entropy generation rate is:

ASgen,Epo = mRZ[(hU —h)/T,— (s, _514)] (48)
The irreversibility = exergy loss:

(46)

gen,Exp2

[Exp2 = TZIASgen,Epo (49)
The second law efficiency is:
] X
M b2 = 1- b2 (50)

My, (ex,, —ex,,)

4. RESULTS AND DISCUSSION

To carry out the comparative study of
the cascade heat pump system, the real time
data was measured and the calculations were
made using REPROF database software.
The temperature, pressure and mass flow
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rate were measured using sensor based
thermocouple, pressure gauge and flow
meter, respectively, at different state points.
The entropy generation rates, the exergy
loss, irreversibility and other parameters
were calculated using a simple Excel sheet.
The effect of ambient air temperature on the
irreversibility of each component is shown
in Figures.(2-4). On the other hand, the
comparative exergetic loss in components is
shown in Fig.5 at the steady state operation.
It can be seen from these figures that the
irreversibility rate in all the heat exchangers,
expansion devices decreases as the ambient
air temperature increases while it is reverse
in the case of compressors and pumps. This
is because of the reason that the availability
decreases with the increase in the reference
temperature 1i.e. with the ambient air
temperature. As a result the overall loss in
all the heat exchangers and expansion
devices decreases, decreasing  the
irreversibility rates in these components. On
the other hand, the irreversibility due to over
heating of the compression/pumping devices
and increment in the temperature of the
cooling fluid causes the higher loss in the
useful energy in these devices. As a result,
the irreversibility rates in the compressors
and pumps increase as the ambient air
temperature increases.
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259 265 27 77
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Figure 2: [Irreversibility vs ambient

temperature for various heat exchangers.
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Figure 5: Component wise irreversibility
rate in the cascade heat pump cycle

The comparative irreversibility rate in each
components of the cascade heat pump cycle
system is shown in Fig.5 for a typical set of
operating parameters. It is seen from Fig.5
that the irreversibility rate for evaporator is
the highest while for the expansion valves, it
is the lowest. On the other hand, the
irreversibility rates for other components
lies somewhere within the two extreme
cases.

These results are similar in the trend of
these analyzed by number of researchers and
are available in the literature. Basically, the

irreversibility rates in the sources side are
due to the fact that the quality of energy
affects the performance of any system and
which is the heat source in the case of a heat
engine while it is an evaporator in the case
of refrigeration cycles. Also the rate of
irreversibility for the low  pressure
compressor (LP) is found to be higher than
that of the high pressure compressor (HP).
Similarly, the irreversibility rate for the sea
water pump is found to be more than that of
the water circulating pump. Again, the
overall irreversibility rates are for the first
heat pump cycle is found to be higher than
that of the second heat pump. This may be
due to various reasons such as the properties
of the working fluid.

5. CONCLUSIONS

The exergetic investigation of a sea water
source cascade heat pump system using
different working fluid has been presented.
Based on the second law analysis, the
following conclusions are made:

e The irreversibility rates in the heat
exchanger and expansion devices are
found to be decreasing function of the
ambient air temperature.

e The effect of ambient air temperature is
found to be more pronounced for the
irreversibility rates in the evaporator,
while it is found to be less pronounced
for the expansion devices.

e The irreversibility rate (exergy loss) in
the evaporator is found to be the highest
while it is found to be the lowest in the
case of expansion valves. For other
components the irreversibility losses are
found to be somewhere between these
two extreme cases.

e The rate of irreversibility for the low
pressure compressor (LP) is found to be
higher than that of the high pressure
compressor (HP). Similarly, the rate of
irreversibility the sea water pump is
found to be more than that of the water
circulating pump. Again, the overall
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irreversibility rates are for the first heat
pump cycle is found to be higher than
that of the second heat pump.

e One of the main facts is that the
availability depends on the reference
temperature which is the ambient air
temperature in the present case. Since
the availability decreases with the
increase of reference temperature, and
hence, the energy loss also decreases. As
a result, the irreversibility loss in heat
exchanger and expansion devices
decrease while it is reverse for the
compression and pumping devices.

Further investigations and modifications
in the cascade heat pump system are under
way and the detail results with the useful
findings will be presented during the
Conference.
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