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Abstract

This paper presents a novel, procedure of calculations of simple thermodynamic cycles with the
main isothermal expansion process. Calculation assumptions are based on the use of technologi-
cally advanced flow devices. Firstly the theoretical Ericsson cycle with description of isothermal
process has been presented. Then the calculations for open gas cycle with external combustion
chamber, realising Ericsson cycle with upper temperature of 1473 K were carried out, showing
the possibilities of turbines with isothermal expansion and achieving record-breaking efficiency.
The use of isothermal compression has also been considered. The second, supercritical cycle with
organic medium and condensation process also shows predispositions to achieve record-high effi-
ciency at upper cycle temperature of 573 K. For both cycles, graphs of linearized thermodynamic
transformations were made as well as graphs of efficiency dependence on the pressure. At the
end, unit work of turbines in cycles has been compared and discussed.

Keywords: Isothermal turbine expansion; Ericsson cycle; Open gas cycle; Organic cycle

Nomenclature
h  — unit enthalpy
l —  unit work
p — pressure
q — heat flux
s — unit entropy
T — temperature
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Greek symbols

n — efficiency
T — pressure ratio
Subscripts
1,2,3... - parameters of medium in points of the cycle no. 1, 2, 3...
B — boiler
c - compressor
C - Carnot
ccC - combustion chamber
cond - condenser
F - filter
gen - generator
in — inlet
out — outlet
p —~  pump
mech - mechanical
reg - regenerator
S - isentropic value
T - isothermal value
t — turbine

1 Introduction

Contemporary requirements for power plants, including ecological restrictions
and the need to reduce the consumption of fossil fuels, are growing every year.
Thus, there is still a need of improving power plants cycles efficiency. As Robert
Szewalski has noticed, it is mainly achieved by increasing upper cycle tempera-
ture, Typper, Or using bottoming cycles — there is no meaningful influence on the
bottom temperature, Tpottom, of the cycle [1]. The maximum possible efficiency
of the cycle in given temperature division is described by Carnot cycle efficiency

ne = 1 — ?ottom ) (1)
upper
Significant gain of efficiency can be also accomplished by using regeneration or
steam overheating in the Rankine cycle — this procedure leads to ‘carnotisation’
of the cycle. All these improvements have been applied in the Szewalski cycle,
which was analyzed in detail by Ziétkowski et al. [2,3]. Two different proposals for
the use of organic cycles as bottoming cycles have been analyzed also by Kowal-
czyk et al. [4] and Mikielewicz [5]. A practical insight into the structure and
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measurements of organic Rankine cycle (ORC) microturbines has been presented
by Klonowich et al. [6], Rusanov et al. [7].

While pure Carnot cycle is only theoretical and comparative cycle, there are
other methods to achieve Carnot-close efficiency. A general, modern insight into
the optimization of thermal cycles based on the Carnot cycle was presented by
Feidt and Blaise [8]. Several practical proposals have been presented by Igobo
and Davies [9], including piston engines, turbines and expanders. Ericsson tur-
bine cycle, which is one of generalised Carnot cycles, has been described in book
edited by Kosowski [10]. In the implementation of Ericsson turbine cycle the key
problems are isothermal processes taking place in it, but already in the 1960s,
Konorski analyzed the solution of supplying heat to the steam turbine steering
blades, which may prove to be crucial in the construction of such turbines [11].
Schaffel and Szlek presented the results of calculations of the open gas cycle with
isothermal expansion [12].

The aim of the paper is to bring closer the advantages resulting from the
use of isothermal turbine expansion process and also to compare the cycles
configurations. While the turbine with isothermal expansion is currently under
development in The Faculty of Mechanical Engineering of Gdansk University of
Technology [13], it is worth introducing the procedure for calculating such cycles
and their possibilities. The assumptions used in calculations have been based on
technologically advanced flow devices like high-efficiency heat regenerators. The
application of isothermal turbine expansion has been considered in three variants:
open gas cycle with isothermal compression, open gas cycle without isothermal
compression and supercritical organic cycle.

2 Isothermal compression and expansion processes

The thermodynamic cycles based on the processes of isothermal expansion and
isothermal compression are designed to bring as close as possible the efficiency of
the designed cycle to the efficiency of Carnot cycle shown in Fig. 1a. Figure 1b
presents the Ericsson cycle [10,14] in which the following transformations occur:
isothermal expansion, isobaric cooling, isothermal compression, isobaric heat sup-
ply. Attempts to implement it were made mainly in the form of piston motors,
as shown in Fig. 2 [15].

The following analysis uses the assumption of isothermal expansion in the
turbine, which is a construction problem difficult to implement. However, com-
pressors with isothermal compression are already under advanced development
[16], which is being achieved by internal cooling of the compressed medium.
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Figure 1: Thermodynamic transformation in temperature-entropy diagram: a) Carnot cycle,
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Figure 2: Scheme of Ericsson cycle realisation.

Basing on Fig. 3 and following equation [10,15]:

Q12 =lt, 5 +Dhoq, (2)
where Ahgy_1 is unit enthalpy difference

Ahy 1 =hy—hy,

(3)
and assuming the heat of isothermal transformation as
q1—-2 = AST = (82 — 81) T1 s
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Figure 3: Scheme of turbine with isothermal expansion.

it is possible to define technical work on isothermal conversion in a turbine as

by s =q1—2 — Bhay (5)
and with substitutions as
by =(s2=51)T = (ha — h1) . (6)
Analogously for the compressor

Ity = (51— 52) T — (h1 — ha) . (7)

3 Open gas cycle with external combustion chamber

The realisation of the Ericsson cycle by gas turbine will be discussed first. The
application of an external combustion chamber increases the flexibility in the area
of used fuels and the thermodynamic stability of the parameters of the working
medium, which will be air. The assumed upper cycle temperature of 1200°C is
easily reachable in combustion chambers, but difficult to achieve in turbine with
additional heat supply — the usage of superalloys [17] and 3D print technology [18]
should be considered. Furthermore, there are no premises of problem related to
the chemical stability of air at this temperature [19,20]. Figure 4 shows an open
gas cycle with an external combustion chamber and single regeneration. It also
includes cooling the compressor and supplying heat to the turbine for isothermal
transformations. The assumptions shown in Tab. 1 were used for the calculations
of the cycle in the scheme below [14,21].
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Figure 4: Open gas cycle with external combustion chamber: ¢. — compressor outlet heat flux,
@ce — combustion chamber inlet heat flux, ¢: — turbine inlet heat flux.

Table 1: Assumptions for the calculations of the open gas cycle.

Property ‘ Symbol ‘ Value ‘ Unit ‘
Atmospheric pressure Do 101325 Pa
Air temperature at compressor inlet T 288 K
Air temperature at turbine inlet Ty 1473 K
Final temperature difference in the regenerator NTg_o 10 K
Pressure drop in the regenerator Apregy, 2 %
Pressure drop in the combustion chamber Apcc 4 %
pressure drop in the air filter Apr 2 %
Compressor isentropic efficiency nc 90 %
Combustion chamber efficiency ncc 95 %
Mechanical efficiency Nmech 99 %
Generator efficiency Ngen 98 %

The tabular properties of air (and later for organic MM medium, hexamethyldis-
loxane) has been taken from CoolProp libraries through Matlab interface [25,26].
The energy demand for auxiliary equipment in this stage has been omitted.
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At point No. 1 the pressure has been reduced by the loss in the filter

p1=po(1—Apr) , (8)

where pg is the atmospheric pressure, temperature 77 has been assumed, and
the enthalpy and entropy of the factor have been read from the tables:

hi=h(p1,T1) , s1=s(p1,Th) . (9)
The pressure at point no. 2 is proportional to the pressure pq
po=p1T (10)
and the temperature (assuming isothermal compression) does not change
T =T . (11)
Enthalpy and entropy have been read from the pressure and temperature function:
he = h (p2,T%) , s = s (p2,To) . (12)
The enthalpy difference in compressor is equal to
ANho_1 = hy — hy (13)
thus giving the isothermal compression work equal to
li_o =T (s1 — s2) — Dha_q . (14)
The pressure at point no. 3 has been reduced by the pressure loss in the regenerator
p3 = (1= Lpreg) P2 (15)

allowing to determine the pressure in point no. 4, reduced in turn by the pressure
drop in the combustion chamber

pa= (1 —Apcc) p3 - (16)

Further, taking into account the assumed temperature Ty, the values of enthalpy
and entropy have been read from the tables:

hy = h(ps,Ty) , s4 =5 (pa,Tu) - (17)
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At point no. 5, taking the cycle outlet pressure as atmospheric

be = Po , (18)

the pressure at regenerator outlet has been determined as greater than the cycle
outlet pressure by the resistances in the regenerator

Pe
ps = 1_7% (19)
and the temperature is constant due to the assumed isothermal expansion
=T, (20)
which allows reading enthalpy and entropy values from tables:
hs = h (ps,T5) , s5 = s(ps, T5) - (21)
Now, enthalpy difference in turbine is equal to
Ahs—y = hs — hy , (22)
thus giving the isothermal expansion work equal to
ly_s =Ty (55 —s4) — Dhs_y . (23)

At point no. 6 the pressure pg has been assumed as atmospheric and the tem-
perature as 10 K higher than the temperature after the compressor

Te =10 + N2, (24)
thus giving tabular values of enthalpy and entropy:
he = h (ps, T5) s6 = s (p6; T6) - (25)
To obtain enthalpy at point no. 3, the regenerator balance should be performed:
hs 4+ hs = hs + hg , hs = ha + hs — hg , (26)
which allows us to read temperature and entropy tabular values:

T3=T (p3, h3) , s3=5 (p3, h3) . (27)
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The unit heat supplied to the circulation can be separated into heat supplied in
the combustion chamber and for heating the turbine

gin = qcc + Gt (28)
which in turn can be written as
1
Qin = —— = [(h4 — h3) + (s5 — s4) TAJ : (29)
Ncc

The net efficiency of the cycle has been determined as the ratio of the turbine work
reduced by the compressor work to the heat supplied, including the generator and
mechanical efficiency:
la—s — 112
Tinet = - Nlgen Nmech - (30)
wm

Therefore, the temperature difference between the outlet of the heating medium
and the inlet of the heated medium was monitored:

ATs_s=Ts—Ts . (31)

A circuit without compressor cooling was also considered. In this case, the unit
work of the compressor was calculated from the definition of compression isen-
tropic efficiency:

hQS:h (p27 81) ) (32)
_has—hy
= (33)
1
hy = — (has — h1) + h1,, (34)
Ule;
li_o =hg — hy . (35)

For comparison, Figs. 5 and 6 contain linear thermodynamic transformations
for both variants of the cycle in the form of temperature-entropy (7-s) graphs.
Table 2 presents the results for both variants.
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Table 2: Assumptions for the calculations of the open gas cycle.

Parameter Unit - - Valu.e -
with compressor cooling | without compressor cooling
Aha2 Jkg™* -2182.31 122738.99
Nhsa Jkg™! -701.98 -157.11
Apr— - 0.02 0.02
Apcc — 0.04 0.04
Apreg - 0.02 0.02
NTss K 10.74 8.73
NTss K 10.00 10.00
Ngen - 0.98 0.98
nee - 0.95 0.95
Nmech - 0.99 0.99
Mnet - 0.72 0.65
nc - — 0.90
hy Jkg™? 414379.56 414379.56
he Jkg™? 412197.25 537118.55
has Jkg™! - 524844.65
hs Jkg™? 1717663.41 1719523.67
ha Jkg™? 1730604.18 1730059.31
hs Jkg™? 1729902.20 1729902.20
he Jkg™* 424436.04 547497.08
Iz Jkg™? 194517.23 122738.99
lus Jkg™! 931607.67 435722.73
Po Pa 101325.00 101325.00
P Pa 99298.50 99298.50
P2 Pa 992985.00 307825.35
p3 Pa 973125.30 301668.84
Pa Pa 934200.29 289602.09
s Pa 103392.86 103392.86
D6 Pa 101325.00 101325.00
m - 10.00 3.10
Qin Jkg™? 993522.59 469580.27
51 J(kgK)™! 3851.98 3851.98
52 J(kgK)™" 3184.50 3882.37
s3 J(kgK)™! 4950.58 5288.49
54 J(kgK)™" 4971.14 5307.39
S5 J(kgK)™! 5603.06 5603.06
56 J(kgK)™" 3880.49 4226.48
T K 288.15 288.15
Ty K 288.15 409.94
Ts K 1462.41 1464.42
Ty K 1473.15 1473.15
Ts K 1473.15 1473.15
Ts K 298.15 419.94
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Figure 5: Linear T-s diagram for Figure 6: Linear T-s diagram for
the variant with compres- the variant without com-
sor cooling. pressor cooling.

4 Cycle with an organic working medium

In the next step calculations for the cycle with isothermal expansion based on the
organic Rankine cycle with one regenerator were made. As the working medium,
low-boiling siloxane MM, described in Tab. 3, has been used. The properties of
this organic fluid allow for advantageous performance of the turbine cycle in the
set temperature range [22].

Table 3: Proporties of the MM organic medium [23].

ASHRAE! | Medium name Chemical | Critical Critical Atmospheric
shortcut formula temperature | pressure press boiling
point (Patm)

MM | hexamethyldisiloxane | CoHisOSia| 518.69 K [ 1.930 MPa| 44365 K |

1 ASHRAE — American Society of Heating, Refrigerating and Air-Conditioning Engineers

In the cycle shown in Fig. 7, due to the condensation of the medium, a condenser
and a conventional pump are required. The primary assumptions used for the
calculations, extracted from the monographs [14,21,23] have been presented in
Tab. 4. At point no. 1, the steam pressure p; has been accepted iteratively for
the highest efficiency of the cycle. Therefore the temperature T is assumed and
enthalpy and entropy were read from the pressure and temperature function:

hi=h(p1,T1) , s1=5(p1,T1) - (36)
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Table 4: Assumptions for the calculations of the organic cycle.

Property ‘ Symbol ‘ Value ‘ Unit ‘
Upper cycle temperature T 573 K
Condensation temperature Ty 300 K
Final temperature difference in the regenerator ATz 5 10 K
Pressure drop in the regenerator ApPreg 2 %
Pressure drop in the boiler App 4 %
Pressure drop in the condenser APcond 5 %
Pump isentropic efficiency np 80 %
Boiler efficiency B 95 %
Mechanical efficiency Nmech 99 %
Generator efficiency Ngen 98 %

At point no. 4 the condensing temperature Ty has also been assumed and the
pressure has been defined as the saturation pressure for the assumed temperature

PA=Dn (T4) . (37)

Enthalpy and entropy has thus been read from the pressure and temperature
function:

ha=h (ps,Tys) , sa=s(pa,Tu) . (38)

The pressure at point no. 5 is higher by some losses in the boiler and in the
regenerator in relation to the required steam pressure:

P1 Pe
=— =— 39
be 1_ ApB 5 bs 1_ Apreg ) ( )
whereas enthalpy results from the definition of pump efficiency — the ratio of
isentropic enthalpy growth to real growth:
hss— hy 1
— 25 = hs= — (hss— hg) +h 40
= 5 77P(5s 1) +ha (40)
where the enthalpy of isentropic compression has been read from the pressure
and entropy function

hss = h (ps, 54) (41)
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Figure 7: Closed cycle with organic medium: gp — boiler inlet heat flux, ¢r — turbine inlet heat
flux, gcona — condenser outlet heat flux.

and similarly temperature and entropy also have been read from the appropriate
pressure and enthalpy functions:

Ts =T (ps,hs) , s5=s(ps,hs) . (42)

Notice that the pressure at point no. 3 is increased relative to the saturation
pressure for the condensation temperature, due to losses occurring in the con-

denser »
4
p3= T, 43
1- Apcond ( )
the temperature at the outlet of the heat exchanger has also been assumed to
be higher than the inlet temperature of the heating medium by the difference of
10 K

T3 =T+ AT35 , (44)

and enthalpy and entropy have simultaneously been read from the pressure and
temperature functions:

hs = h(p3, T3) , s3 = s(p3,1T3) . (45)
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Now, at point no. 2 the pressure is increased due to losses occurring in the
regenerator in relation to the pressure before the condenser

P3
P2=—x (46)
1- Apcond
temperature results from the assumed isothermal expansion
Ty =11, (47)

and enthalpy and entropy have been read from the pressure and temperature
function:

hy =T (p2,13) , s2 = s(p2, T2) . (48)
Further, he enthalpy difference in the expansion equals
Ahy_1=hy —hy, (49)
thus giving the turbine work to be

ll_g = T1 (82 — 81) — Ahg_l . (50)

Yet, in point no. 6 the pressure has already been determined, while the enthalpy
has been calculated from the thermal balance of the heat exchanger

heg = ho + hs — h3 (51)

and temperature and entropy has been read from the pressure and enthalpy
function:

T =T (pe, hs) , s6 = s (p; he) - (52)
In turn, unit heat supplied to the cycle has been calculated as
1
Qin = — [ (ha — h3) + (55 — 54) T4] : (53)
B

The net efficiency of the cycle has been determined as the ratio of the turbine
work reduced by the pump work, [,, to the heat supplied, taking into account
the efficiency of the generator, 9,ech, and the mechanical one

li_9g—1
TNnet = Tp Nlgen Mmech - (54)

m

The temperature difference between the outlet of the heating medium and the
inlet of the heated medium must be monitored by

ATy =Ty —Ts . (55)
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The results of calculations are presented in Tab. 5. The above calculation
procedure is consistent with the classic design line of Robert Szewalski’s heat
circuits. Figure 8 presents linearized thermodynamic transformations on the 7T-s
graph in combination with the medium saturation curve [1].
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0.368
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X, 450 | 0366
e~ =
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350 0.362
300 0.36
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J r
< D1 LPn} % 10°
y [kgl( ] *
Figure 8: Temperature diagram depending on Figure 9: The dependence of the efficiency
entropy for the organic cycle with of the cycle on the fresh steam
isothermal expansion (solid line) in pressure.

combination with the medium satu-
ration curve (dashed line).

5 Conclusions

As shown in the above calculations, the application of the isothermal expansion
process in a turbine can bring tangible benefits in the form of record-high effi-
ciency with relatively simple power plant systems. For an open air gas system
with an external combustion chamber and a regenerator, the efficiency of 72% has
been achieved with compressor cooling (isothermal compression) and 65% with-
out compressor cooling. While for the first variant the optimum compression ratio
was 3.1, for the second variant it has been limited to 10 — the thermodynamically
optimal pressure equals much more, but with a slight increase in efficiency, as
shown in Fig. 10. Such a large difference in optimal compression ratios results
from both isothermal compression and expansion processes — in the case of com-
pressor cooling, increasing the compression ratio increases the technical work of
the compressor, resulting in a proportionally increased technical work of the tur-
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Table 5: Assumptions for the calculations of the organic cycle.

| Parameter | Unit | Value |
Aha_q Jkg* 114702.65
Apce - 0.04
Apcond - 0.05
ADreg - 0.02
AT ¢ K 47.55
ATs_3 K 10.00
Tgen - 0.98
nB - 0.95
Nmech - 0.99
Mnet - 0.37
np - 0.80
ha Jkg™! 470387.17
ha Jkg™* 585089.82
hs Jkg™? 100310.17
ha Jkg™! -148278.20
hs Jkg™? -134878.10
hss Jkg™? -137558.12
he Jkg™! 349901.55
l12 Jkg™* 181065.16
lp Jkg™? 13400.10
1 Pa 7700000.00
P2 Pa 6506.61
P3 Pa 6376.48
P4 Pa 6057.65
Ps Pa 8184523.81
D6 Pa 8020833.33
Gin Jkg™* 438161.50
s1 J(kgK)™! 973.66
52 J(kgK)™! 1489.70
s3 J(kgK)™! 384.19
sS4 J(kgK)™! -440.88
s5 J(kgK)™! -432.03
s6 J(kgK)™! 753.08
T K 573.15
Ty K 573.15
Ts K 313.46
T, K 300.00
Ts K 303.46
Ts K 525.60
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bine (widening horizontally the T-s chart — the upper pressure increases while
bottom isobar stays the same).
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Figure 10: Dependence of the efficiency Figure 11: Listing of unit work of turbines
from compression ratio for open with isothermal expansion; 1C
cycles; continous line — isother- — isothermal compression, NIC
mal compression, dashed line — non-isothermal compression,
— non-isothermal compresion, OC - organic cycle.
dotted line — assumed maxi-
mum.

The system of a steam power plant with a low boiling organic medium MM
with one regenerator and an external combustion chamber, due to application of
the isothermal expansion in the turbine allows us ,to achieve efficiencies of 37%
at a relatively low temperature. The optimal fresh steam pressure was approx.
7.7 MPa, as shown in Fig. 8. It is worth paying attention to the adopted upper
cycle temperature of 593.15 K which is the approx. temperature of chemical
stability of the MM medium [24].

Due to the very high regeneration ratio and assumed low temperature pinch
points in both cycles, the use of high efficiency heat exchangers should be taken
into account. In the variants considered, a turbine unit work was compared as
shown in Fig. 11. The criterion of a minimal decrease in the unit enthalpy of
the turbine stage is not reliable at isothermal expansion — an individual approach
in the design of stages is required. The analysis did not take into account the
supply of auxiliary equipment, however, pumps operation at such an intense heat
exchange can have a very significant impact on the final efficiency of the power
plant.
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