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Abstract

This study analyzes a temperature condition that produces maximal power from a non-isothermal heat source under a
finite number of heat-recovery thermodynamic cycles. Some previous studies have theoretically analyzed a system
utilizing thermal energy from heat sources under multiple thermodynamic cycles assuming a constant heat-source
temperature. However, many heat sources for heat-recovery thermodynamic cycles are non-isothermal, where the
temperature changes considerably during heat exchange with the cycles. Therefore, it is necessary to consider the
temperature change of the heat source. First, a condition that maximizes the power generated by a combination of
single/multiple Carnot cycles from constant-specific-heat heat sources is analyzed, and the optimal temperature is
derived analytically. Subsequently, simulations of the Rankine cycle and several patterns of the Kalina cycle are
compared with those of the analytical model. These comparisons reveal that the proposed model effectively estimates
the condition for heat-recovery cycles that produce maximal power from a non-isothermal heat source. Using the
proposed method, the required number of cycles and their operating conditions under a given heat source condition
are estimated, without any information about cycle configurations, types of working fluids, and iteration of simulation
calculation under inappropriate conditions. In addition, a systematic exploration of the optimal system can be started

from the proper initial condition.

Keywords: Rankine cycle; Kalina cycle; Optimization; Maximal power; Non-isothermal heat source.

1. Introduction

From the viewpoint of sustainability, energy sources are
being shifted from fossil fuels to renewable/unused energies.
Representatives of these energy sources are wind, solar,
geothermal, waste heat, and solar thermal energies, of which
the latter three are primarily middle- to low-temperature heat
sources.

Currently, power generation from middle- to low-
temperature heat sources constitutes a low market share
because of the low cost of primary energy. However, fossil
fuel reserves are finite; therefore, the value of these heat
sources will increase once the fossil fuel reserves are
exhausted.

Middle- to low-temperature heat sources are typically
consumed where they are generated and primarily converted
into three types of energy forms: power, heat, and cooling.
Necessary forms of these three types are designed to be
produced at a plant on the site (such as a power plant,
combined heat and power, or combined cooling, heat, and
power). They are conventionally composed of multiple
thermodynamic cycles under a single high-temperature heat
source.

Among the heat-recovery cycles, the organic Rankine
cycle (ORC), Kalina cycle (KC), and absorption heat pump
cycles (AHP) are the most feasible and have been
extensively studied [1-7]. Compared to AHP, ORC and KC
exhibit high flexibility in terms of configuration and
operating conditions; therefore, different configurations of
cycles and working fluids are proposed for various
environmental conditions [8-18]. Walraven et al. [4]
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investigated the performances of a KC and three
configurations of ORC, and optimized them for 100-150 °C
geothermal heat sources. Various configurations, including
subcritical, transcritical, multipressure, recuperation, and
turbine bleeding, and up to 80 different working fluids, were
considered. They concluded that transcritical and
multipressure subcritical ORCs are the best performing
cycles (in most cases) and outperform the investigated KC at
low-heat-source outlet temperatures. Dai et al. [8] optimized
subcritical ORCs, both with and without a recuperator, for
10 different working fluids using a genetic algorithm. The
working fluid R236EA demonstrated the highest exergy
efficiency under a 145 °C heat source, and the recuperator
was not always useful. Hettiarachchi et al. [14] examined the
performance of a KC for low-temperature geothermal heat
sources and compared it with that of an ORC. The
performance was considered in terms of the heat-exchange
area per unit power produced, and the KC exhibited a better
overall performance than the ORC at moderate pressures.

Previous studies have demonstrated that cycle
performance and operating conditions can be estimated for
different cycle configurations and working fluids and that
they differ for various environmental conditions. Therefore,
in the system-design stage, different possibilities of various
working fluids, cycle configurations, and operating
conditions should be considered. However, it is not practical
to execute simulations for all these scenarios. Estimations of
cycle performance and operating conditions using limited
parameters (such as heat-source temperature) will
significantly assist system-design processes.
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A few studies have analyzed systems that utilize thermal
energy from a heat source under multiple thermodynamic
cycles in a cascade. For example, Bejan [19] analyzed a
“combined-cycle power plant” under the condition of a
constant total thermal conductance. They concluded that
when the total heat-exchange inventory is fixed and the
design is optimized for maximal power, the plants are
characterized by the Chambadal-Novikov—Curzon-Ahlborn
[20] efficiency. The analysis assumed a constant heat-source
temperature, such as that in the gas turbine cycle, whose heat
source temperature can be regarded as approximately
constant. However, many heat sources for heat-recovery
thermodynamic cycles are non-isothermal, where the
temperature changes considerably during heat exchange with
the cycles.

Therefore, an analysis that considers the temperature
gradient of the heat source is necessary. In addition, the
difference between the analysis and actual cycles must be
evaluated. To this end, the study makes the following
contributions:
= Analysis of the condition that maximizes the output

power of finite thermodynamic cycles from a single non-

isothermal high-temperature heat source.

= Comparison between sufficiently optimized ORC/KC
simulations and the analytical model under the same
environmental conditions.

2. Analysis

For a non-isothermal heat source, maximal power can be
produced by a succession of many infinitesimal reversible
power-producing  compartments  [21].  Conversely,
developing excessive cycles results in heat dissipation.
Therefore, in practical situations, the minimum number of
cycles has an advantage. Thus, it is important to investigate
the relations among the number of cycles, operating
conditions, and performance.

In this study, an analytical model that involves a single
or succession of multiple Carnot cycles (CCs) under constant
(including infinite)-specific-heat heat sources (hot source
(HS) and cold source (CS)) is developed. Figure 1(a) shows
a case in which the number of cycles is three. An individual
CC receives heat from a HS at temperature Tws; and produces
power, Wi. The HS is cooled down to temperature Tws,i+1, and
the minimum temperature differences between the cycle and
heat sources are AT,; and AT, ;, respectively, as shown in
Figure 1(b). HS is cooled down to temperature Thsex: after it
exits the final cycle, and the heat that cannot be utilized by
the cycles is assumed to dissipate to the ambient air.

The heat transferred from HS, Q;, and the power
produced by a cycle, W;, are defined as follows:

Qi = cusys(Tus, — s ie1)s 1)
. T i
Wi =0 (1- 7). @
The condition for maximal power is as follows:
ayrw;
L . (fori = 1ton), (3)
dTh,i

where n is the number of CCs.
The exergy efficiency, &, is defined as follows:
i Wj
CHSmHS(THS,l_To_Tom(T];le

where T, is the ambient temperature.

& = Wsum _
n = - =
CHSMHSEHS, 1

(4)
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2.1 Zero Temperature-Difference Condition

The simplest analysis is in the case where the minimum
temperature differences between the cycles and heat sources
are zero. This condition is expressed as follows:

ATa,i = ATb,i =0. (5)
Hot source Trsa
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(b) Decomposed single cycle
Figure 1. Succession of three CCs arranged under a
constant-specific-heat HS.

211 Exit
Temperature

Next, the case in which the exit HS temperature, Tys ext,
equals the ambient temperature, T,, is considered. This
condition is expressed as follows:

Tys,ext = To- (6)

HS Temperature Equals Ambient

(a) Single cycle
When the number of cycles is one, the condition for
maximal power, from Eq. (3), is expressed as follows:

1
Th1 = /Tus1To = To(Tus1/To)?- (1)

(b) Two cycles
The conditions for maximal power by two cycles are as
follows:

2 1
Ty: = TO(THS,I/TO)3' Ty, = TO(THS,I/T0)3' (8)

(c) Three cycles
The conditions for maximal power by three cycles are as

follows:
3

2 1
Thy = TO(THS,l/TO)4: Thy = To(Tus1/To)2,
1
Tns = To(Tus1/To)* 9)

Int. Centre for Applied Thermodynamics (ICAT)



From Eqgs. (7)—(9), when the number of cycles is n, the
high-temperature of each cycle, Ty, ;, can be expressed as
follows:

n—i+1
Th,i = TO(THS,I/TO) L (10)

Eg. (10) indicates that the ratios of cycle-1 inlet HS
temperature, Tys,, the high-temperature of each cycle, Ty, ;,
and ambient temperature, T, are constant. Eq. (8) is obtained
by utilizing Eq. (7), and similarly, Eq. (8) leads to Eq. (9);
therefore, it is estimated that Eq. (10) will be fulfilled when
the number of cycles, n, is greater than four.

Figure 2 shows the exergy efficiency, &,, when the
ambient temperature, T,, is assumed to be 25 °C. The
efficiency, &,, increases slightly and monotonically when
Tys, increases. The limits of &, &, and & as Tys,
approaches T, (=25 °C) are 1/2, 2/3, and 3/4, respectively.
They correspond to the left ends of the curves, and minimum
value of the exergy efficiency in each number of cycles, n.
This indicates that the limit of ¢, becomes 1 — 1/(n + 1).
Therefore, number of the cycles should be selected as it
satisfies the required exergy efficiency, &,.

10
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& 06 &
9 ..........................................
% ------- &)
S 04
&
&
S 02
0.0

0 25 50 75 100 125 150 175 200
Cycle—1 inlet HS temperature, 75 °C)
Figure 2. Efficiencies when exit HS temperature equals the
ambient temperature.

2.1.2 Effect of Exit HS Temperature

When the exit HS temperature varies, the temperature
condition for maximal power changes. The turning point is
the high-temperature of the last cycle, Ty, , under the
assumption that the exit HS temperature, Tys ext, €0uals the
ambient temperature, T, (i.e., the results in section 2.1.1.).

(@) Lower Exit HS Temperature
When the exit HS temperature, Tyg ey, iS lower than

Th,n|T — the result becomes the same as in section
HS,ext=10
2.1.1., because Tyg eyt does not restrict Ty, ,,.
n—i+1
Toi = To(Tus1/To) ™* . (11)

Ths,ext<To(THs,1/To)"+1.

(b) Higher Exit HS Temperature
When the exit HS temperature, Ty ey, IS higher than
Th'n|THS 1, the high-temperature of the final cycle, T,
,ext=10

equals Tys ex. In this case, Ty, ,, is fixed, and the optimization
process becomes equivalent to that examined by the
remaining cycles. Figure 3 shows an example where the
number of cycles is three. Here, both cycle-1 and cycle-2 are
divided into equivalent cycles, indicated as thick broken-line
red squares. Any lateral succession of CC arrangement as
that shown in Figure 1(a) has an equivalent longitudinal CC
arrangement similar to that shown in Figure 3.
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Figure 3. High exit HS temperature condition (and
equivalent arrangement).

2.2 More Practical Condition

In the case where AT, ; and ATy, ; are realistic values, Eq.
(3) should be similarly solved to maximize the output power.
The result can be expressed concisely when AT, ; and ATy, ;
are constant.

n—i+1
Ty = Tg(Ta/Tg) ™+ 1
Ty<Tg(Te/Tg)"+1
s Y B( B) (13)
Toi = Ty(Te/Ty) ™ 1
k Ty2Tg(Te/Tg) "+,

where T, = Ty, — ATy, Tg = To + AT,
and TY = THS,eXt - ATa

3. Discussion

In this section, the results obtained using the CC model
(in section 2) are compared with those obtained using the
optimized Rankine cycle (RC) and KC. A KC is a modified
RC that uses an ammonia—water mixture (AWM) as the
working fluid. For comparison, ammonia and AWM are
chosen as the working fluids for RCs (ammonia Rankine
cycle (ARC) and AWM Rankine cycle (AWMRC),
respectively). The parameters affected by the model
(temperature, exergy efficiency, and net output power) are
expressed as CC estimation (CCE).

Figures 4 and 5 show schematic diagrams of the single RC
and KC, respectively. AWMRC is included in the KC because
it is equivalent to a KC with constraint conditions. Both the RC
and KC comprise four primary components: an evaporator
(EV), condenser (CON), turbine (TB), and pump (PM). Other
auxiliary components include high- and low-temperature
recuperators (HR and LR, respectively), separator, preheater
(PH), and superheater (SH).

Henceforth, the numbering subscripts of parameters, such as
state quantities, correspond to the numbers in Figures 4 and 5
(e.9., Tys 1) unless specified otherwise.
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HS,ext PM

Figure 4. Schematic diagram of the single ARC.
SH

Figure 5. Schematic diagram of the single KC.

3.1 Modeling, Simulation Tools, and Algorithm
Thermodynamic models are developed based on mass

and energy balances. For simplicity and comparison with the

CC model, the models involve the following assumptions:

= HS and CS are constant (including infinite)-specific-heat
fluids.

= All components are under ideal conditions (no heat
dissipation; no pressure losses; no kinetic and potential
energy variations; ideal counterflow heat exchangers; and
dry saturated vapor or saturated liquid at the outlets of
several components)

= Throttling at the expansion valves is isenthalpic.

= The pumping and expansion processes are isentropic, and
the minimum temperature differences at each heat
exchanger are zero, unless specified otherwise.

A simulation program is written in FORTRAN using
PROPATH version 13.1 [22]. The thermodynamic properties of
ammonia and AWM are based on the formulations proposed by
Tillner—Roth et al. [23] and Ibrahim and Klein [24],
respectively. The cycle-operating conditions are obtained using
a convergence calculation. An enumerative method with a
heuristic is employed for searching the maximum output power.

Table 1 shows the input parameters for single cycles. The
input parameters for the program include the pressures,
temperatures, ammonia mass fraction, mass flow rate (ratio),
efficiencies, and pinch temperatures of the heat exchangers. The
variables Py and x5 indicate the dewing pressure and dryness
fraction at the EV outlet, respectively.

Table 1. Input parameters for single cycles.

Cycle type ARC KC AWMRC
Input T1, Tus1, Tusext: Tes1 Tes,20 1B pM:
parameters AT, gy, AT, suy ATp cons cus = 1 [kI/(kg
(Common) K)]

Input Py, ys P13, Tiz, 26, Mg, ATp R,
parameters ATy LR ATy pa, M6 (0N Titys)
(Individual)

Conditions to be Py3 < Pp,
noticed X3 =1

4/Vol. 23 (No. 1)

3.2 Parameters for Cycle Performance
Exergy efficiency, ¢, is defined as the ratio of net output

power to the exergy of HS at the inlet of cycle-1:
Whet

MHseHs,1 (14)

The thermal efficiency, 1., is defined as the ratio of the
net output power to the heating rate at the evaporator:

net/QEV-

E =

Mehm = (15)
3.3 Comparison with RC

The simulation program of the ARC can calculate
multicycle arrangement. The cycles are numbered in the
order of higher evaporating temperature. If the parameters of
the cycle corresponding to the cycle number must be
distinguished, then the number will be added to the end of
the numbering subscripts of the parameters (e.9., Tys3;)-

The EV-outlet HS temperature of the i-th cycle, Tys 3,
becomes the SH inlet temperature of the next cycle, Tys 1 ;41

3.3.1 Optimization and Error Analysis

Figure 6 shows flowcharts of ARC simulation in the case
where the number of the cycles is two. There are three
hierarchies: A, B, and C; B utilizes A, and C utilizes B. The
conservation laws and temperature differences between the
heat sources and ARC are satisfied in hierarchy A. The
maximum net power of the single cycle is searched by
changing the evaporating pressure, P, ;, in hierarchy B. In
hierarchy C, cycle-1 and -2 are calculated in a cascade, and
the sum of the net powers, W, is maximized by changing
the intermediate HS temperature. AW and ATys ext; EXPress
the differences in the net power and HS exit temperature
between a loop and the 1-time previous loop.

In this study, the working fluid is assumed to be
maximally superheated at SH. Neglecting the error in the
calculation of the thermodynamic properties, errors can
occur by each iteration loop. The errors are estimated to be
within 0.00025 K for temperature, 50 Pa for pressure, and
0.035 % for power, Wym-

3.3.2 Validation

The thermodynamic model of RC in this study and the
optimization method are simultaneously validated by
comparing a calculation result with that of an optimized
single ARC by Dai et al. [8]. The input conditions correspond
to case A-1 in Table 2. Table 3 compares the results and
shows that the model in this study agrees well with Dai’s
model. The 0.07 MPa higher evaporating pressure, Py, is
derived by the calculation in this study, and the thermal
efficiency becomes 0.03 % higher than the Dai’s result.

Table 2. Input conditions for ARC simulation.

Case Al A2 A-3
N 1 2 2
P, [MP4d] Optimal

T, [°C] 135 Maximum
Tys11 [°C] 145  50-150 (2-K-step) 100
Thsext [°C] 20 25 26-98 (2-K-step)
Tesa(=Tes2) 200 25 25
[°Cl

1B 085 1

Mpm 06 1

AT,y [K] 8 0

Int. Centre for Applied Thermodynamics (ICAT)



/‘ﬁput tMys, THs 1,15 THS ext.n

Get/lnput : Tiyg 1, THg ext: MHS

Get/lnput : j
J’ Tis1 Ty Tes,1: Tes2: Piy Te, 1B
? AT, nems ATp Evs AT sHy 4Tp con
‘ =1, Assume THg gxt 1 }47 p.8H p p p.
T
= 5
T/ T | |

=Ths, 1~ ATpsH

St

| =2, Assume Tig ext 2 |<—

AWneI,Z"‘Wnet,2| <0.025% N\
|Ths ext.2| <0-00005(K]

AW/ Wem| <0.035% A
[T ext,1| <0.00015[K]

AT con [K] 5 0 0

Table 3. Validation of ARC model with Dai’s results.

Case Dai [8] A-1

Tys3 [°C] 71.15 71.44
P4 [MPa] 3.90 3.917
P3 [MPa] 1.003 1.003
T, [°C] 26.43 26.44
Nenm [%0] 12.10 12.13

3.3.3 Effect of Cycle-1 Inlet HS Temperature

Similarly, as shown in section 2.1.1., the effect of cycle-
1’s inlet HS temperature, Tys ; 1, IS investigated. The input
conditions correspond to case A-2 of Table 2.

The evaporating temperature, Ts ;, and exergy efficiency,
&,, when Tys 4 1 Is changed are shown in Figure 7 (a) and (b),
respectively. The thick broken lines and thin solid lines
indicate RC and CCE, respectively. The estimation shows
good agreement with Ts ;, while differences in Ts, and ¢,
increase with Ty 1 5.

This is due to the difference in heating process between
the RC and CC,; that is, the temperature profile of the heating
process of ammonia allows cycle-1 (RC-1) to utilize HS with
a lower temperature than the estimated temperature, and the
cycle-2 (RC-2) inlet HS temperature becomes lower than the
estimated temperature. Therefore, the heat ratio of RC-1,

QEV,1+Q5H,1
(QEV,1+QSH,1)+(QEV,2+QSH,2) '
efficiency approaches that of RC-1.

In addition, the reducing degrees of RC-1 outlet HS
temperature increases with Tys 4 1, because the evaporation
latent heat decreases with an increase in the evaporating
pressure. Consequently, the differences between RC and

increases and the total exergy

Int. J. of Thermodynamics (1JoT)
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Figure 7. Effect of cycle-1 inlet HS temperature.

CCE inthe cycle-2 evaporating temperature, Ts ,, and exergy
efficiency, &,, increase with Ty 1 ;.
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3.3.4 Effect of Exit HS temperature

Similarly, as shown in section 2.1.2., the effect of Ty ext
is investigated. The input conditions correspond to case A-3
of Table 2.

The evaporating temperatures, Ts;, and exergy efficiency,
€5, When Ty ey i changed are illustrated in Figure 8 (a) and
(b), respectively. The meanings of the lines are the same as
Figure 7. The findings indicate that both the temperatures,
Ts;, and estimated temperatures exhibit similar trends for

100

90

Cyele—1

-

80

-

70

60

-~ Cycle-2

50

Evaporating temperature, 7 °c)

40
25 50 75

Exit HS temperature, Thg ., ('C)
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0.8
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0.4

Exergy efficiency, &
(@]
o
m

0.2

0.0
25 50 75

Exit HS temperature. Tjg .. (°C)
(b) Exergy efficiency
Figure 8. Effect of exit HS temperature.

100

each cycle. Both Ts; are higher than the estimated
temperatures by approximately 2 K in the range above 48 °C
for each cycle; hence, RC-2 is not applicable at temperatures
above 74 °C. The efficiency, &,, is higher than the estimated
value by approximately 4.2 % in the range below 48 °C, and
increases with Ty ext-

3.3.5 Output Power of Two Cycles

The sum of the net powers is investigated when n is two.
It is considered that the difference between CCE and the RC
simulation typically appears in this condition.

The input conditions correspond to those shown in Table
4; that is, the cycle-1 outlet HS temperature (Tys 34 for RCs
and Tys, for CCs) varies as a parametric input. Figure 9
shows the sum of the net powers per unit HS, W, to the
cycle-1 outlet HS temperature.

The maximum power of RCs is 5.77 kW/(kg s?) at 67 °C
Tys,3,1, and that of CCE is 5.53 kW/(kg s?) at 73 °C Tys,.
The difference between them is 6 K in the temperature and
4% in the power.

Table 4. Parametric input of cycle-1 outlet HS

temperature.
Case A-4
Cycle No. 1 2

6/Vol. 23 (No. 1)

arts

P, [MPa] Optimal
T, [°C] Maximum
Tys1 [°C] 100 Tus3,1 (RC) / Tys 2 (CC)
Tusex [°C]  40-90 (1-K-step) 25
Tesa(=Tesz) 25 25
[°C]
ATp,EV [K]
AT con [K]

6.0

o RC, " e

g2 55
@ .
5 Z
g E50
'.q-; §m CCE
o
5L 45
Ex
a5

4.0

25 50 75 100

Cycle-1 outlet HS temperature 7,53, ‘C
Figure 9. Parametric input of cycle-1 outlet HS temperature.

3.4 Comparison with KC
3.4.1 Optimization and Error Analysis
The flowcharts of the KC simulation are illustrated in

of ARC simulation.

Figure 10. There are three hierarchies: A, B, and C; B utilizes
A, and C utilizes B. The conservation laws and temperature
differences at the heat exchangers are satisfied in hierarchies
A and B, respectively.

In hierarchy C, the evaporating pressure, P;, EV outlet
temperature, T;5, EV inlet mass fraction, z;, SH outlet
temperature, T;, and HR mass flow rate (ratio), mg, are
optimized with respect to the net power. Among these
parameters, z is regarded as a parametric input, and the
temperature, T, 5, is converted to the dryness fraction at the
EV outlet, x4, before hierarchy B is started.

The parameters to be optimized are changed alternately.
Each time, a parameter is searched as it yields the local
maximum of the output power, and the parameter changes
are iterated until the net power becomes convergent. The
exergy efficiency is evaluated as an objective function
because the EV mass flow rate, 1, is inputted as a constant
and the net power cannot be directly compared. 4¢, AP;5,
Axy4, AT;, and Amg express the differences between a loop
and the 1-time previous loop.

Neglecting the error in the calculation of the
thermodynamic properties, errors can occur by each iteration
loop and calculation of pinch temperatures. Pinch
temperatures are calculated as the minimum temperature
differences among the 1/1280 equally divided sections with
respect to enthalpy change. Because the sum of the
temperature differences of the cycle is considered
approximately the same as that between SH inlet HS and
CON inlet CS, the sum of the errors obtained by the
calculations of the pinch temperatures is estimated to be
within 150/1280 K. Therefore, the errors are estimated to be
within 0.125 K for temperature, 0.05% for pressure, and
0.1% for the power, Wy:.

Int. Centre for Applied Thermodynamics (ICAT)
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Figure 10. Flowcharts of KC simulation.

Table 5 shows the optimized parameters corresponding
to the cycle configurations. Only the single-cycle
arrangement (n = 1) is considered in the KC investigation,
because the effectiveness of the multicycle is anticipated to
be considerably reduced in cycles with a non-isothermal
heating process [4].

3.4.2 Validation

The thermodynamic model of the KC in this study is
compared with that proposed by Sun et al. [25]. The input
parameters are shown in Table 6. Table 7 compares the
results; as shown, the model in this study agrees well with
Sun’s model.

Table 5. Optimized parameters for KC.

Configuration LR  HR Optimized  x,3 Mg
arrangement  parameters ™

MRC OFF 1 -
No P, Ty

MRC-R ON -

KC-S OFF X - 1
Series P, Ty, Ty

KC-S-R ON

KC-P OFF - -
Parallel Py Ty Ths,

KC-P-R ON Thg . .

Table 6. Input parameters for KC validation.

Item Value Item Value

Case K-1 Tes2 [°Cl 1091

P, [MPa] 2.354 g 0.85

T, [°C] 1305 Npm 0.75

T3 [°C] 62.46 AT,y [K] 0

26 [nnskg/Kg] 0.9 AT, cox [K] 2.988

Tysy [°C] 140 AT g [K] 0.728

Tysext [°Cl 49.01 ATy 1x [K] 140

Tesq [°Cl 4.5 ATy 54 [K] 0
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Table 7. Operating conditions in (a) Sun [25] and (b) this
study.

Point T [°C] P [MPa] Z [nnska/kg] m/mg

No. (@ () @ ® @ @O @ @O

1 130.5 1305 2.354 2.354 0.9991 0.9991 0.3181 0.3182
2 35.83 35.83 0.604 0.604 0.9 0.9 0.3181 0.3182
34 1389 1389 0.604 0.604 0.9 0.9 1 1

5 12.26 12.26 0.604 0.604 0.9 0.9 1 1

6-8 1278 1278 2354 2354 09 0.9 1 1
9,12 46.42 46.42 2354 2354 09 0.9 1 1

13 62.46 6246 2354 2354 0.9 0.9 1 1

14 62.46 6246 2354 2354 0.9991 0.9991 0.3181 0.3182
15 62.46 62.46 2354 2.354 0.8538 0.8537 0.6819 0.6818
16 1351 1350 2.354 2.354 0.8538 0.8537 0.6819 0.6818
17 13.76 13.76 0.604 0.604 0.8538 0.8537 0.6819 0.6818

3.4.3 Effect of CS Temperature

The effect of CS temperature is investigated for the
AWMRC. The input conditions for the investigation are
shown in Table 8. Figure 11 shows the results of the
calculations, i.e., (a) the results when the CS temperature is
a constant at 25 °C (cases M-1-1 and MR-1-1 in Table 8),
and (b) those when the CS temperature changes from 30 °C
(inlet) to 35 °C (outlet). Additionally, the results of the ARC
under the same conditions are indicated in the figures for
comparison.

Under the condition of constant CS temperature and the
configuration without the LR (solid line in Figure 11(a)), the
exergy efficiency, e, increases with the EV inlet mass
fraction, z, in the range above 0.6 nnskg/kg, and the ARC
indicates the highest €. Conversely, under the condition with
the CS temperature gradient and the configuration without
the LR (solid line in Figure 11(b)), € becomes the highest at
the EV inlet mass fraction of 0.98 nrskg/kg and 4.1% higher
than that of ARC.

Under the condition of the CS temperature gradient
(Figure 11(b)), the configuration with the LR (red broken
line) indicates a 6.6% higher ¢ than that without the LR, and
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2.0% higher under the condition of constant CS temperature
(Figure 11(a)). The results indicate that the non-isothermal
characteristic of the AWM is very effective for temperature-
profile matching in both the cooling and heating processes.

Table 8. Input conditions for AWMRC with/without
temperature gradient of CS.

Case M-1-1 M-1-2 MR-1-1 MR-1-2
LR OFF ON
Tesq [°Cl 25 30 25 30
T¢s2 [°Cl 25 35 25 35
2 [nrskg/kg] 0.3-0.99 (0.01 step)
Tysa [°Cl 150
THS,ext [OC] 25
07 L
Maxmum poln/t/p,m. . «LARC
w 06 o
< MR-1-1/ i
g 05 / M-1-1
o
£ 04
[°
3 o3
e 0.2 \\\/
0.1
0.3 04 05 0.6 0.7 0.8 09 1.0
EV inlet mass fraction, z; (yyske/ke)
(a) Constant CS temperature
0.7 T T
& 7 Maxmum points]
w 06 7o ;
> / ¢ ARC
g o5 ,
K MR-1-2/
(5] ! 1 —
£ 04 o2
@
& o3
£
i 0.2 »
0.1

03 04 05 06 07 08 08 10
EV inlet mass fraction, z (y,3ke/kg)
(b) Results with temperature gradient
Figure 11. Effect of CS temperature.

Therefore, the CS temperature conditions of 30 °C inlet
and 35 °C outlet are considered in the KC investigation
hereinafter.

3.4.4 Effect of Cycle-1 Inlet HS Temperature

The effect of the SH inlet HS temperature is investigated
for six configuration patterns of the KC. The input conditions
for the investigation are shown in Table 9. Figure 12 shows
the calculation results, i.e., (a) bubbling temperature, Ty, of
the AWM at the evaporating pressure, Py, and EV inlet mass
fraction, z, and (b) exergy efficiency, €. The thin and thick
colored lines correspond to the cycles with and without LR,
respectively, and the loose broken black lines indicate CCE.

Table 9. Input conditions for KC simulations.
Case M-2 KS-2 KP-2 MR-2 KSR-2 KPR-2

Configuration* MRC KC-S KC-P MRC- KC-S- KC-P-
R R R

0.3-0.95 (0.01 step)

Ze [nn3ka/kg] 0.3-0.99 (0.01 step)
T¢s1 [°Cl 30

8/Vol. 23 (No. 1)

Tcs2 [°Cl 35

Tus [°C] 100-175 (25-K-step)
THS,ext [OC] 25

&Table 7

The findings indicate that the temperature, Tg, in the
cycles without the LR demonstrates effective agreement with
the estimation, while those of the cycles with the LR are
lower than the estimated values by approximately 10 K. The
temperature—entropy (T-S) diagrams of the AWMRC with
and without the LR at the 150 °C SH inlet HS temperature,
Tys 1, are shown in Figure 13 (configurations of (a) MRC and
(b) MRC-R in Table 7, respectively). The blue dashed line
squares correspond to the CCs obtained by the CC model.
Figure 13(a) reveals that a major part of the areas enclosed
by the T-S diagrams of the AWMRC and the corresponding
CC overlap each other, and the difference between Ty and
the high-temperature of the corresponding CC is 2.60 K.

110
e - MRC
L..|---- MRC-R
1o 100 |- KC-5S _ -
. — - KC-§-R e
£ 90| |—«kc-P A
E KC-P-R S
@ — - CGE T
g 80 e - - ’-_-_:._:-,:
£ = B
8 70 S o e
" [ T
£ e It
o 60 e S
@
50
100 125 150 175
Inlet HS temperature, 7,5, ("C)
(a) Bubbling temperature
0.65
o 060 e
- S P MRC
g 055 T ks
£ 050 KG-P-R
[ — - CCE
ES 045 e S
5 P
2 I
0.40 e mecenis
0.35
100 125 150 175

Inlet HS temperature, 7,5, (°C)
(b) Exergy efficiency
Figure 12. Effect of cycle-1 inlet HS temperature on KC.

T ,
1501 HS.1, Hs 2, 18714, 1
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=
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2
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-~ 5-12
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-3 -2 -1 0
Entropy, S (kJ/K)
(a) AWMRC
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Entropy. S (kJ/K)

(b) AWMRC+LR
Figure 13. Temperature—entropy diagrams of AWMRC.

Figure 13(b) shows that the cycle with the LR involves a
lower Ty such that the steep temperature-changing part of the
evaporation process matches the HS temperature change.
Consequently, Tz becomes approximately 10 K lower than
the estimated value.

Figure 12(b) shows that the appropriate configuration
changes by Tysq. At 100 °C, the configuration KC-P-R
indicates the highest €. At 150 °C, the efficiencies, ¢, of the
three configurations with the LR are approximately equal
and become the highest; therefore, the configuration MRC-
R is adequate. At 175 °C, the efficiencies, &, of all
configurations are approximately equal; therefore, the
configuration MRC becomes feasible. The findings indicate
that the KC is effective in the range below 125 °C, and the
LR is the most effective at 150 °C HS temperature and loses
the advantage at 175 °C.

3.5. Practical Scenarios

The analysis and the models in this study are assumed
ideal conditions. They should be approached to more
practical conditions such as lower turbine and pump
efficiencies, and pressure loss are considered. The analysis
will be extended with additional consideration of
irreversibility on heat-transfer, expansion and compression
processes.

4. Conclusions

This paper presented a condition that produces maximal
power from a single constant-heat HS with a finite number
of thermodynamic cycles.

First, a model that assumed a succession of finite number
of CCs under constant-specific-heat heat sources was
analyzed. The conditions for obtaining maximal power with
respect to the inlet/outlet HS temperature were derived
analytically. The analysis also showed the relation between
the number of the cycles and exergy efficiency, and the
number should be selected as it satisfies the required exergy
efficiency.

Next, the model was compared to the optimized ARC. It
was confirmed that the RCs and the estimation by the CCs
exhibited similar trends in terms of evaporating temperatures
and exergy efficiency. The difference between the RC’s
evaporating temperature, Ts;, and estimated temperature
decreased in the higher-temperature cycle. The differences
in the temperature, T ;, of the lower-temperature RC and in
the exergy efficiency increased with the cycle-1 inlet HS
temperature, Ty 1 1-

Finally, the optimized six-configuration patterns of the
KC (including AWMRC) were compared to those of the CC
model. The bubbling temperatures, Tz , of the KC

Int. J. of Thermodynamics (1JoT)

configurations without the LR demonstrated good agreement
with the estimated temperatures, while those of the
configurations with the LR became approximately 10 K
lower than the estimation. The reasons for these were
explained by T-S diagrams of the AWMRC with and without
the LR. Additionally, the optimized results of the RC and KC
were explained.

The comparisons demonstrated that the CC model
provided an effective estimation of the temperature
conditions for the heat-recovery cycles producing maximal
power from a non-isothermal HS, especially for a single
cycle without LR.

Using the proposed method, the required number of
cycles and their operating conditions under a given heat
source condition can be estimated, without any information
about cycle configurations, types of working fluids, and
iteration of simulation calculation under inappropriate
conditions. In addition, a systematic exploration of the
optimal system [26, 27] can be started from the proper initial
condition.

The analysis will be extended with additional
consideration of irreversibility on heat-transfer, expansion
and compression processes.
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Nomenclature

c specific heat [kJ/(kg K)]

e specific exergy [kJ/kg]

i cycle number

j parameter for sigma

m mass flow rate [kg/s]

n number of cycles

P pressure [MPa]

0 heating rate [KW]

S entropy [kJ/(kg K)]

T temperature [°C]

w power [kW]

X dryness fraction [kg(dry vapor)/kg]

z ammonia mass fraction [nnskg/kg]

Greek symbols

a, B,v, algebra for Eq.(3) results

A differences between a loop and the 1-time previous loop
AT, minimum temperature difference between CC and HS [K]
ATy, minimum temperature difference between CC and CS [K]
AT, pinch temperature [K]

£ exergy efficiency

n efficiency

Subscripts, superscripts, and abbreviations

0 ambient

1,2,3, ... cycle No. (CC model and RC)
/point No. (see Figures 4 and 5)

apr approach temperature

ARC ammonia Rankine cycle

AWM  ammonia-water mixture

AWMRC ammonia-water mixture Rankine cycle
B bubbling, saturated liquid

cal calculated

cC Carnot cycle

CCE estimation by Carnot cycle model
CON condenser

CS cold source

D dewing, saturated vapor
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EV gvaporator

ext exit

h high-temperature of Carnot cycle
HR high-temperature recuperator

HS hot source

KC Kalina cycle
| low-temperature of Carnot cycle

LR low-temperature recuperator
net net

PH preheater

PM pump

RC Rankine cycle

SH superheater

sum sum of net powers

B turbine

thm thermal efficiency
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