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An effective thermodynamic transformation analysis method was proposed in this study. According to the phenomenon of ex-
ergy consumption always coupling with heat transfer process, the effective thermodynamic temperatures were defined, then the
actual power cycle or refrigeration/heat pump cycle was transformed into the equivalent reversible Carnot or reverse Carnot
cycles for thermodynamic analysis. The derived effective thermodynamic temperature of the hot reservoir of the equivalent
reverse Carnot cycle is the basis of the proposed method. The combined diagram of TR-h and TR-q was adopted for the analy-
sis of the system performance and the exergy consumption, which takes advantage of the visual expression of the heat/work
exchange and the enthalpy change, and is convenient for the calculation of the coefficient of performance and exergy con-
sumptions. Take a heat pump water heater with refrigerant of R22 for example, the proposed method was systematically intro-
duced, and the fitting formulas of the effective thermodynamic temperatures were given as demonstration. The results show
that the proposed method has advantage and well application foreground in the performance simulation and estimation under
the variable working conditions.
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1 Introduction

The actual thermodynamic/refrigeration/heat pump system
consists of the cycle of the working fluid and the heat ex-
change between the working fluid and the thermal reser-
voirs, which make unavoidable exergy consumption. How
to express the relationship of the energy transfer, conver-
sion, and the exergy consumption is the joint theme of
thermodynamics and heat transfer. The classical thermody-
namics [1, 2] adopts the equilibrium state and the reversible
processes to study the conversion of heat and work, and the
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energy conversion efficiency is an ideal reference result.
The performance of the actual system has to be obtained
from the modification of the ideal result. The exergy analy-
sis method [3, 4] or entropy generation method [5] based on
the second law of thermodynamics can analyze the exergy
or entropy generation of the processes of a given system
with known parameters and give a qualitative guide to the
performance improvement. However, the optimization rela-
tions of heat transfer, work output, and exergy consumption
are still not clear. Finite time thermodynamics [6] can cover
this shortage to a certain extent by introducing time param-
eter. Though great progress has been made [7-9], it still has
a certain gap to the actual system which has the effect of the
finite thermal capacity of thermal reservoirs, heat transfer,
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irreversible processes, and real working fluids. Therefore,
an effective thermodynamic transformation analysis method
was proposed in this study. By taking a heat pump water
heater for example, the actual irreversible cycle was trans-
formed into the equivalent reversible cycle for thermody-

namic analysis.

2 Heat pump water heater system

Air-source heat pump water heater has three systems: re-
frigerant, water and air. The cycle of refrigerant is shown in
Figure 1. The ideal cycle 12341 consists of four processes:
isentropic compression 12, isobaric condensation 23, isen-
thalpic throttling 34, and isobaric evaporation 41.1" and 2"
are the suction and exhaust state points of actual compress
process which has irreversible loss. The energy exchanges
between refrigerant and water/air with variable temperature
are shown in Figure 2. For ideal cycle 1234, according to
the first law of thermodynamics, there are

@ =h, = hs, M
w=h,—h, ()
q.,=h—h,, 3)
COP =g, |w, “)

where gy, is the theoretical heat dissipation; g, is the specific
cooling capacity (or heat absorption of the evaporator); w is
the specific power input, the cooling capacity g.; hi, ha, h;
and hy4 are the specific enthalpies of refrigerant at corre-

sponding states.

3 Effective thermodynamic temperatures

During thermodynamic process, there may exist heat or
work exchange between the system and the surroundings,
accompanied by the transfer and consumption of exergy. To
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Figure 1 T-s diagram for heat pump water heater cycle.
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Figure 2 T-q diagram for heat pump water heater cycle.

describe the process exergy change conveniently, a new
parameter named effective thermodynamic temperature was

defined in this study.

3.1 Effective thermodynamic temperature of reversible
process

According to the relationship of entropy change, thermal
energy change and temperature in a reversible process dg=
Tds, we define an effective thermodynamic temperature
Tk as the thermal energy change to the entropy change
during a reversible process:

— qab — ha _hb (5)
As, s, —S, ’

R,ab

where £ is the specific enthalpy and s is the specific entropy
of working fluid. Subscripts a and b are the starting point
and the ending point of a thermodynamic process (ab). Ac-
cording to eq. (5), Tr,3 of isobaric condensation process in
Figure 1 is

_h-h g,

Ty = As
S, =8 Sx3

(6)

Tr14 of isobaric evaporation process, which is also the
temperature of cold reservoir Tg. of equivalent reverse
Carnot cycle, is defined as

=h1_h4= qe . (7)

Ty =TR,14 A
5, =S, S,

e
1

3.2 Ty, of effective reverse Carnot cycle

The core of the effective thermodynamic transformation
analysis method is how to obtain the effective thermody-
namic temperature of hot reservoir Tg, of equivalent reverse
Carnot cycle. For this purpose, two continuous processes
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including work and heat exchange should be considered as a
combined process for analysis. For example, the isobaric
condensation process 23 can be combined with the isenthal-
pic throttling process 34 as a combined process 24. On the
other hand, the effective thermodynamic temperatures can-
not be obtained by using eq. (5) for isenthalpic throttling
process (Ah,,=0) and isentropic compression process (As,,=
0), except with the aid of the combined process.

The effective temperature of the combined process 24
Tr4 is also the effective thermodynamic temperature of hot
reservoir Ty p:

—-h S, — 8§
T —hz_;‘:z 3TM_@:TR’h. ()

R,24
Sz 4 S2 — S4
Because 54 > 53, Tr24 > Trp. Similarly, Tx 24 also can be ob-
tained from the combined process of isentropic compression
12 and isobaric evaporation 41.
According to eqs. (1)=(4), and with the relationships of
hy=hs=qpn, h\—hs=q., s1=52, we can obtain the following rela-

tion by eqs. (7) and (8):

D _ Ty 24 :& 9)
g, Tru Tie

33 1,

rn and g; of actual heat pump cycle

For an actual refrigeration/heat pump cycle, the isenthalpic
throttling process has irreversible loss, and the isentropic
compression and flowing process of working fluid also have
irreversible loss. The isentropic efficiency n=w/w" is usu-
ally used to describe the relation of the actual compression
work w" and the theoretical compression work w. The in-
creasing of the w" causes the increasing of the actual heat
dissipation ¢; and the actual effective temperature of hot

reservoir Ty at the same heat absorption.
qn =w'+q, =Aw+q, =(1/n,-1)w+gq,. (10)
The actual effective temperature of hot reservoir Ty, is

" " 1 -1 +
17, = Ay, _Wn=Dway

= Rh =" {grn
Si4 4n 4n
(1/n,-1)w
an
The actual effective condensation temperature 7y, is
TR 23 = Tgy, +q_h(TR,23 —Trw)- (12)

h

3.4 Tg, of hot water

If the inlet water temperature T,,; and outlet water tempera-

Sci China Tech Sci

September (2013) Vol.56 No.9

ture Ty, are known, g, can be calculated as myCy(Two—Tw1),
and the entropy change of water is Asy 21=m,CyIn(Tyo/Ty1).
According to eq. (5), the effective thermodynamic tempera-
ture of hot water is defined as

qw T w2 T

T, = = v, 13
o Asw,Z] ln (TW2 /Tw] ) ( )

3.5 Ty, of cold air

Assuming the inlet and outlet temperatures of air are 7, and
T,., the heat dissipation of air g, (heat absorption of the
evaporator g.) is m,c,(To—T,1). According to eq. (5), the
effective thermodynamic temperature of air cooling process
is

q. _ TO_Ta,l
As, o ln(];)/Ta,ly

(14)

TR,a =

where As, oj=m,c,In(To/T, ). To—T,1=q./m,c,, which is asso-
ciated with the air flux m, and the heat absorption of the
evaporator g.. According to the optimization under the ref-
erence working conditions, the value of (Ty—T,,) is rec-
ommended as 7.5°C. If the fan speed is fixed, the relation-
ship of T, and Ty is

T,-T,=754./q., (15)

where ¢. is the heat absorption under the reference work-
ing conditions.

4  Effective thermodynamic transformation
analysis method and Tr-s, Tr-h (q) diagrams

According to the parameters gn, gy, Trn» Tgps ITwre and
Ty, we can obtain the Ty-s diagram of the equivalent reverse
Carnot as shown in Figure 3, in which As=s, -5, =
an/Ten = ai/Tin = 4./Tr.- Using Figure 3 to replace
Figure 1, it is more easy to obtain the COP of theoretical
cycle and COP” of actual cycle:

COP=1/(1-Ty . [Ty, ), (16a)

COP" =1/(1-Ty . [T}, ). (16b)

Figure 4 is a combined T-% (g) diagram for heat pump
performance analysis. The theoretical heat dissipation gy,
the actual heat dissipation g, heat absorption of the
evaporator ¢., the theoretical compression work w, the actu-
al compression work w", and all the effective thermody-
namic temperatures Ty, T s Troszs Tross Tres Trows

Ty, and Ty, are all shown in Figure 4. Figure 4 can be
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Figure 3 Ty—s diagram of the equivalent reverse Carnot.
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Figure 4 Tx—h (g) diagram for heat pump performance analysis.

adopted to calculate each of exergy consumptions in the
exergy balance equations of theoretical cycle and actual
cycle:

w=AE +AE, +AE; +AE +AFE, a7

3w

W' = AE, +AE, +AE, + AE! + AEJ, +AE!,  (18)

where AE,, AE., AE;, AE,,, AEy;,, are the exergy consump-
tions of air flow of evaporator, heat exchange in evaporator,
isenthalpic throttling process, hot water flow and heat ex-
change in condenser for the theoretical cycle, respectively.
AE], AE],, and AE] are the exergy consumptions of

w2 23w
hot water flow, heat exchange in condenser and compres-
sion process for the actual cycle, respectively. Their calcu-
lation equations are

T
AE, = q,| =1 |= g 1| ———
TR,a TR.a T(']

1 1\T..
=q,T, [———J =, (19)
TR,a 7:) TR,h
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11 11 )\T,.
AEe,a :qu;) - ZCIhTO — | P (20)
TR,e T TR TR, TR,h

R,a e a
T, T,
AE, :tho[—l —i}qh (1— ] —, @D
TR,23 TR,h TR,h TR,23
T 1 1
AE, =q |1-—" |=¢,T,| ——— |, 22a
" qh ( TR,W qh ’ (T;) TR,W J ( )
T, 1 1
AE! =q!| 1-=2 |=¢'T, {———J, (22b)
" [ R,w ne 71) TR,W
AE, =qT L1 ] (232)
23w h™0 TR’W TR,23 ’
AE!, =q'T L J (23b)
2w dnto| 7 T g P
TR,W TR,Z}

" " " 1 1
AE! = AE! - AE, =th0( —J—AEJ, (24)

r,c T - "
IRy Ty

where AE”

irc i the total of the exergy consumptions of the
internal irreversible cycle. The values of these exergy con-

sumptions except AEy and AE7, are all shown on the left of
Figure 4 with bold line. It is easy to calculate COP =g, /w
for the theoretical cycle, and COP" =g /w" for the actual

cycle.

The actual power input w' should contain the compressor
power input w", evaporator fan power consumption w; and
condenser water pump power consumption w,, thus,

W =AE +AE, +AE] +AE],  +AE, + AE] +w, +w,.(25)

Here we defined process exergy consumption ratio & as
the ratio of exergy consumption of processes AE; over the
actual power input w'. Thus, eq. (25) can be rearranged as

Gt Gt Ton, To Fo G 6, =1 (26)

S Fitting formulas of g, Trp and T3

Gn, Trn and T are three key parameters for the effective
thermodynamic transformation analysis method. Although
they can be obtained from the handbook or software of flu-
ids thermodynamic properties, it is much more convenient
to obtain from the fitting formulas based on the parameters
of the reference cycle and the corresponding principles. For
example, the fitting formulas of these parameters for R22
are
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328) (273"
g, =17218| 22| |22 | @7
T, I
T 273 0.06
T, =(328+153) — || 22| | 28
= (s | 2] o)

0.3 a
Tow =| T, +0.372(T, —273)](%} (?J . (29

1

T, j 0.08T,
328) 273 |

These fitting formulas were obtained on the basis of the
data of R22 in the saturated temperature range of 263 K to
328 K, which are from NIST REFPROP. The averagely
relative deviations of eqs. (27)—(29) are —0.25%, 0.12%,
0.16%, respectively. The deviation for COP calculation is
—-0.010. Egs. (27)—(29) are suitable for the evaporating
temperature range of 263 K-308 K, water inlet temperature
range of 278 K-308 K, and water outlet temperature range
of 313 K-328 K.

The system performance can be simulated and estimated
by using the fitting formulas.

where a = {0.62 —4.3(1 -

6 Calculations and discussions

Through the calculation of a given example, we can demon-
strate the equivalence of the proposed effective thermody-
namic transformation analysis method and the traditional
method, the calculation accuracy of the fitting formulas, and
also can analyze the performance under variable working
conditions.

The system is a heat pump water heater as Figure 1
shows, with R22 refrigerant, the inlet water temperature T,
=286 K and outlet water temperature 7T,, =328 K, isen-
tropic efficiency 7,=0.8, and wind fan power w;=0.05w.
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results are 172.18 kW, 37.29 kW and 4.617, respectively.

The calculated results by using the effective thermody-
namic transformation analysis method are listed in Table 2.
Nos. 1 to 6 are the results of the theoretical cycle.

Nos. 1 and 3 in Table 2 are the results by using the effec-
tive thermodynamic temperature definition equations, in
which w=gn(1-Tr o/Tr1)=37.29 kW, COP=1/(1-Tg /Trn)=
4.617, which prove that Ty, defined in this work is the real
effective thermodynamic temperature of hot reservoir of
equivalent reverse Carnot cycle. It is higher than the actual

condensing temperature 73. Moreover, there is ZAEi =w

for every line in Table 2, which further proves the validity
of the effective thermodynamic transformation analysis
method.

Nos. 2, 4 and 6 in Table 2 are the results by using the fit-
ting eqs. (27)—(29), the average deviation of COP is 0.6%
with the maximum deviation of 1.4% compared with the
results in Nos. 1, 3, and 5.

Nos. 5 and 6 in Table 2 are the results with the evapo-
rating temperature T, of 288 K, the values of COP are about
43% higher than that with the evaporating temperature 7, of
273 K and the same Ty. Therefore, the evaporating temper-
ature should be optimized according to the environment
temperature.

Nos. 7 and 8 in Table 2 are the results with isentropic ef-
ficiency 7,=0.8 and wind fan power w;=0.05w. The calcu-
lated COP' are similar to the actual results.

The exergy consumption ratios of Nos. 7 and 8 in Table
2 are shown in Figure 5, which gives a clear result of each
process exergy consumption under different working condi-
tions.

7 Conclusions

1) In this study, an effective thermodynamic transfor-

Table 1 Cycle parameters of R22

The cycle parameters are listed in Table 1, in which the 1 2 z 3 4 2
thermodynamic properties are obtained from NIST REFPR- T(K) 273 351.58 328 328 27915 36148
OP. h(kJkg) 40499 44228 417.64 270.1 270.1  451.60
Gne W and COP can be calculated by using egs. (1)—(4) s (kJ kg’1 k') 17509 1.7509 1.6783 1.2284 1.2568 1.7770
with the data in Table 1 for the theoretical cycle, and the p(MPa) 049336 21678 21678 21678 04933 21678
Table 2 Performances calculated by effective thermodynamic temperature analysis method
No. Tre Tra Tr23 Trw Trn Ty AE., AE, AE,, AEs; AE; w qn T, Ccop
1 273 294.23  329.53 306.52 34847 298 10.624 1.729 4.786 11.689 8.463 37.29 172.18 273 4.617
2 273 290423  329.53 306.52 34846 298 10.624 1.729  4.592 11.883 8.462 37.29 172.18 273 4.617
3 273 278.31 329.53 306.52 348.47 281 22241 1.729 14.34 11.022 7.980  37.290 172.18 273 4.617
4 273 278.31 329.53 306.52 348.46 281 22241 1.729 14.34 11.021 7976  37.286 172.18 273 4.618
5 288 29423 32878 306.52 339.47 298 3.067 1.794  4.588 10.866 4.708 25.02 165.05 288 6.594
6 288 204.23 32847 306.52 338.62 298 3.075 1.799 4.588 10.724 4.484 24.67 164.97 288 6.690
No.  Tre Tra  Tin T T3 T,  AE, AE,  AEQ AEL, AE w" w' qy cor'
7 273 204.23  330.78 306.52 367.34 298 10.624  1.729 5.045 12.94 16.275 46.613 48.48 181.5 3.744
288  294.23 329.63 306.52 35234 298 3.067 1.794  4.762 11.676 9.982 31282 3252 171.13 5.262
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Figure 5 Exergy consumption ratios diagrams. (a) Results of No. 7 in
Table 2; (b) results of No. 8 in Table 2.

mation analysis method was proposed. By means of the
definitions of the effective thermodynamic temperatures of
thermodynamic processes, the actual power cycle or refrig-
eration/heat pump cycle was transformed into the equivalent
reversible Carnot or reverse Carnot cycles for thermody-
namic analysis. The equations of the effective thermody-
namic temperature of hot reservoir g, and the actual effec-

"

tive temperature of hot reservoir 7y, of equivalent reverse

Carnot cycle were derived.
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2) The combined diagram of Tzx—h and Tr—g was adopted
for the analysis of the system performance and the exergy
consumption, which takes advantage of the visual expres-
sion of the heat/work exchange and the enthalpy change,
and is convenient for the calculation of the coefficient of
performance and exergy consumptions.

3) By taking a heat pump water heater with refrigerant of
R22 for example, the proposed method was systematically
introduced, and the fitting formulas of the effective ther-
modynamic temperatures were given as demonstration. The
results show that the proposed method has advantage and
well application foreground in the performance simulation
and estimation under the variable working conditions.

This work was supported by the National Natural Science Foundation of
China (Grant No. 51076147).

1  Wang B X. Engineering Thermodynamics (in Chinese). Beijing:
Higher Education Press, 2011. 5

2 Shi M H, Li HL, Wang S M. Engineering Thermodynamics (in Chi-
nese). Nanjing: Southeast University Press, 2003. 9

3 Zhu M S. Exergy Analysis of Energy System (in Chinese). Beijing:
Tsinghua University Press, 1988

4 LiuQ, Duan Y Y. Exergy analysis for thermal power system of a 600
MW supercritical power unit (in Chinese). Proc CSEE, 2010, 30(32):
8-12

5 Bejan A. Entropy generation minimization: the new thermodynamics
of finite size and finite-time processes. J Appl Phys, 1996, 79: 1191—
1218

6 Curzon F L, Ahlbom B. Efficiency of a Carnot heat engine at maxi-
mum power output. Am J Phys, 1975, 43: 22-24

7 Chen L G, Sun F R, Wu C. Finite time thermodynamic theory and
applications: state of the arts (in Chinese). Prog Phys, 1998, 18(4):
404-422

8 Chen J C, Yan Z J. Analysis of finite time thermodynamics on a
combined power cycle (in Chinese). J Xiamen Univ, 1988, 27(3):
289-293

9 MaY T, Duan R Q, Yang Z, et al. Analysis of finite time thermody-
namics for refrigerating system with various temperature heat sources
(in Chinese). J Eng Thermodyn, 1993, 14(4): 353-356



