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ABSTRACT 9 
 10 
The work aims to provide feasible structures for the open processes based thermal cycle as well as the 
regenerative open processes based thermal cycle characterised by rendering high thermal efficiency at 
low temperatures. Both cycles differ from the conventional Carnot-based thermal cycles (Carnot, Otto, 
Diesel, Rankine, Brayton, Stirling, Ericsson, and variants of these cycles) in that the conversion of heat to 
mechanical work is performed undergoing load reaction based path functions which means an isobaric 
expansion process at constant load in which thermal energy absorption and conversion to mechanical 
work are performed simultaneously along a single transformation of the cycle, contrary to what happens 
in conventional Carnot-based engines, in which mechanical work is delivered by means of a quasi-
entropic expansion along a single transformation. Because of the mentioned differences these cycles do 
not obey the Carnot statement. 
A performance analysis of the OPTC and the ROPTC operating with hydrogen, helium, and nitrogen was 
carried out and the results were compared with those for a Carnot cycle operating under the same range 
of temperatures. High theoretical thermal efficiency was achieved for the ROPTC, surpassing the Carnot 
factor under favourable conditions. These results, obtained with a structurally simple and compact engine, 
pave the way for a new generation of power convertors. 
. 
 11 
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1. INTRODUCTION 14 
 15 
Given that biological mechanisms convert the biochemical energy of food into mechanical work under a very low 16 
temperature ratio, which violates Carnot’s statement, it is fair to assume that if nature has developed such efficient cycles 17 
(engines) the development of more efficient artificial thermal cycles might also be possible. If muscles are seen as 18 
engines, speculation on the principles governing energy efficiency is an obvious natural corollary. It has appeared to many 19 
researchers that muscles achieve higher efficiency than the Carnot factor given as (1-TL/TH with TL/TH as the ratio of the 20 
top and the bottom cycle temperatures) of a reversible Carnot engine. In animal muscles, energy conversion processes 21 
consist of biochemical transformations instead of thermodynamic transformations. Consequently, it may be possible to 22 
achieve higher efficiency in artificial engines than would be supposed from conventional Carnot engines by applying 23 
energy conversion cycles that differ from those of quadrilateral Carnot cycles. This respects the fact that Kelvin’s results 24 
do not apply to every type of energy convertor, but only to heat engines, that is, engines which operate by converting heat 25 
from a reservoir at a given temperature and delivering expansion-based mechanical work and heat to a reservoir at lower 26 
temperature. Nevertheless, there is no reason why the Carnot factor should not apply to engines that deliver mechanical 27 
work while absorbing heat simultaneously undergoing a load reaction based path function (isobaric path function at 28 
constant reaction load). Indeed, the most universally available source of work, animal muscle, exhibits (based on simple 29 
observations like Clausius and Kelvin-Planck statements) a seemingly flagrant violation of the Carnot factor constraints.  30 
According to the second law statements, the Carnot factor is not considered at all, as can be observed from the Kelvin 31 
Planck and Clausius statements, which are negative statements and therefore cannot be proved. Therefore, the second 32 
law, like the first, is based on experimental observations. As a consequence, if the process of a thermal cycle is 33 
irreversible, the thermal cycle must necessarily be irreversible. Conversely, if all processes of a cycle are reversible, the 34 
cycle is reversible. Nevertheless, experimental observations suggest that no process of a real thermal cycle is reversible. 35 
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Fig. 1. Classification of the thermal engine cycles .  51 
 52 
All the conventional thermal cycles in use so far derive from the Carnot engine; that is, they are cycles in which ideally 

53 

heat is absorbed at constant temperature (the top temperature) and work is delivered when the temperature decreases 
54 

nearly to the bottom temperature. The power cycles that obey this model are classified into two main groups based on the 
55 

nature of the working fluid (WF): gas power cycles and vapour power cycles. The difference between the two groups is 
56 

that in the first case the WF is gaseous and does not experience any phase change, whereas in the second there is a 
57 

liquid–vapour phase change in the WF within the cycle. Figure 1 depicts a simple classification of heat engines based on 
58 

conventional (Fig. 1(a) and non conventional thermal cycles Fig. 1(b). The non conventional thermal cycles depicted in 
59 

Fig. 1(b) are not assumed as Carnot engines and may be also classified into two groups: non regenerative and 
60 

regenerative open processes based thermal cycles. While conventional thermal cycles satisfy the constraints imposed by 
61 

the Carnot statement, thermal cycles not classified as Carnot cycles do not obey the Carnot statement while not violating 
62 

the first and second principles of thermodynamics. 
63 

Only Carnot engines based on quadrilateral thermal cycles have been considered so far open processes based cycles 64 
and an important question is therefore whether it is possible to implement thermal engines based on open processes that 65 
operate with cycles that yield higher efficiency than the Carnot engine. In what follows it will be shown that it is possible to 66 
implement thermal cycles technically capable of superseding the Carnot engines. 67 
Thermal cycles that surpass the Carnot factor have been recently described in [1], [2] and [3], particularly characterised by 68 
its thermodynamic processes, which consists of closed processes. However thermal cycles capable for superseding 69 
Carnot factor which undergoes open processes (this paper) have not been studied yet. The proposed gas cycle may be 70 
implemented as an open process based trilateral cycle. It is a thermal cycle which cannot be compared with a Carnot 71 
cycle since the proposed trilateral cycle absorbs energy and delivers work simultaneously along an open process based 72 
transformation, consisting of an isobaric path function at constant load, whereas the Carnot cycle absorbs energy and 73 
delivers work in two different and independent transformations. In the developed prototype, a thermal and a hydraulic 74 
cycle are coupled by means of two cylinders (thermal and hydraulic) and has the ability to convert thermal energy to 75 
hydraulic potential energy and, further, to electric power by means of hydraulic motor-generators or turbo-generators. 76 
The work is organised in four main sections. Section 2 is devoted to the description of the concepts included in the 77 
proposed contribution, dealing with non-condensing mode thermal engines that do not obey the Carnot statement. In 78 
subsequent sub-sections, performance analysis is carried out for the open processes based thermal cycle (OPTC) and 79 
the regenerative open processes based thermal cycle (ROPTC). In Section 3, the results of the analysis of the cycle are 80 
applied to a case study dealing with the OPTC and ROPTC, followed by an analysis and discussion of the results. Section 81 
4 concludes the paper. 82 
 83 
2. THE OPTC: A THERMAL CYCLE INDEPENDENT OF THE CAR NOT FACTOR 84 
 85 
Since the only operating thermal engines known so far are those classified in Fig. 1 and mentioned in Section 1 which 86 
obeys the Carnot statement, this section introduces a class of thermal engines characterised by their ability to violate the 87 
Carnot statement without violating the second law. In order to show the behaviour of a generic OPTC to which the Carnot 88 
statement does not apply, the case of a single double-acting piston designed to develop work under a constant load-89 
based path function (isobaric path function at constant load) along its active stroke is described. 90 
 91 
2. 1 Analysis of heating process following an isoba ric path function under closed and open processes 92 
based transformations 93 
The closed processes based transformations: 94 
In order to show the basic relationship or the coupling effect between heat energy and mechanical work carried out under 95 
an isobaric path function, two cases dealing with closed and open processes respectively are analysed. The analysis of 96 
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the closed system shown in Fig. 2 considers a thermal power source supplying heat to a cylinder piston operating with a 97 
WF (helium, nitrogen, or hydrogen). Since the gas is confined to the heater-cylinder control volume, which guarantees that 98 
no mass flow transfer exists, the heating or cooling process constitutes a closed system model. We are interested in 99 
determining the fraction of supplied heat that is converted into mechanical work along the transformation (2)–(3), defined 100 
as the conversion ratio (η23).  101 
Taking into account that losses due to isentropic efficiency in isobaric expansion-based transformations do not exist, let us 102 
assume that heat is added to a unit mass of WF following an isobaric path function from the state point (2) to the state 103 
point (3), as shown in Fig. 2, and suppose the resulting expansion causes the specific volume, temperature, enthalpy and 104 
entropy to change from state (2) to state (3). The first principle for a closed system where irreversibilities and potential and 105 
kinetic energy are neglected yields  106 

23232323 uuuWq −=∆=−         (1) 107 

where the work W23 done by a unit mass of the WF is defined as 108 
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 110 
Fig. 2. Process of heating a fluid at constant pressure (closed process), where fluid is confined in a heater and a cylinder 111 
as heat is added. 112 
The conversion ratio CR = η23 of this closed reversible transformation (2)–(3) is  113 
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From Equation (3) it follows that the conversion ratio depends only on the adiabatic expansion coefficient. 115 

 116 
Fig. 3. Process of heating a fluid at constant pressure, where the fluid is transferred from a reservoir to a heater as heat is 117 
added (open system). 118 
 119 
The open processes based transformations: 120 
 121 
Assuming now that heat is added to a unit mass of WF following an isobaric path function along the transformation (2)–122 
(3), as shown in Fig. 3, where the WF is circulating so that the process (2–3) is assumed to be an open transformation, 123 
the process (2)–(3) of heat absorption is associated with the expansion of the gas, causing the specific volume to increase 124 
from v2 to v3, the temperature from T2 to T3., the enthalpy from h2 to h3, and the entropy from s2 to s3.  125 
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The first principle for an open system where internal irreversibilities and potential and kinetic energy are neglected 126 
yields  127 

232323 hWq ∆=−           (4) 128 

Therefore, the finite quantity of heat q23 added to the system is described as 129 
)()( 23223232323 VVphhWhq −⋅+−=+∆=        (5) 130 

The conversion ratio of this open transformation (2)–(3) is  131 
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The conversion ratio achieved in (6) for the open system is lower than the conversion ratio achieved in (3) for the 133 
closed system. This is because the change in internal energy ∆u23 in (4) is less than the change of enthalpy ∆h23 in (6). 134 
Thus, with regard to helium, nitrogen, and hydrogen, the corresponding conversion ratios are approached from (6) 135 
as 285.0_ ≈HeRC  for helium, 22.02_ ≈NRC  for nitrogen, and 22.02_ ≈HRC for hydrogen. It must be noted that these 136 

values have been computed for an open transformation which occurred under a wide range of pressures and 137 
temperatures which were practically constant (in the case of nitrogen, the observed change was from 0.224 to 0.216 when 138 
the pressure changed from 10 to 100 bar and the temperature changed from 400 to 800 K), which means that the ratio of 139 
conversion of heat into mechanical work under an open transformation does not depend significantly on the pressure or 140 
temperature at which such a transformation is carried out. The conversion ratios of closed- and open-system-based 141 
transformations for helium, nitrogen, and hydrogen are summarised in Table 1. 142 
 143 
Table 1. The conversion ratio 144 
 145 
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He 0.4 0.285 
N2 0.33 0.22 
H2 0.29 0.22 

 146 
2.2. Analysis of the OPTC 147 
On the basis of the above discussion with regard to the conversion ratios for open processes, the OPTC (a non-148 
regenerative trilateral cycle) consisting of open processes, as shown in Fig. 4, is analysed. The structure of the engine 149 
characterised by an isobaric expansion-based OPTC (at constant load) coupled to a thermal to hydraulic energy convertor 150 
is depicted in Fig. 4, where Fig. 4 (a) shows the OPTC’s physical structure with two single-acting cylinders, Fig. 4 (b) the 151 
OPTC’s physical structure with a double-acting cylinder, Fig. 4 (c) the T-s diagram, and Fig. 4 (c) the p-v diagram. 152 
The OPTC consists of a closed cycle operating with hydrogen, helium, or nitrogen as WF in which the transformations 153 
associated with the cycle undergo some exchange of matter so that the cycle transformations are open systems. The 154 
energy balance corresponding to the OPTC assuming open processes, since there is exchange of matter, is performed 155 
according to the T-s and p-v diagrams of Figs. 4(c) and (d), as follows: 156 

012233123 =+−− WWqq         (7) 157 

The amount of specific energy added from an external heat source is defined as  158 
)()()( 2322323232323 VVphhWhhWhqi −+−=+−=+∆=     (8) 159 

The amount of heat rejected to the low temperature heat sink is  160 
)( 1331 hhhqo −=∆=          (9) 161 

Hence, the net work is defined as 162 
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and the thermal efficiency is given as  164 
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 169 
Fig. 4. OPTC-based engine principle: (a) the OPTC's  physical structure with a double-acting cylinder; (b) T-s 170 
diagram; (c) p-v diagram.  171 
 172 
2.3. Analysis of the ROPTC 173 
The structure of the ROPTC is shown in Fig. 5 as well as its corresponding T-s diagram. The thermal efficiency of the 174 
ROPTC is computed assuming an isobaric expansion process along the transformation (2–3), which undergoes open 175 
process behaviour.  176 
As shown in Fig. 5, the plant structure is composed of two independent circuits (thermal and hydraulic). In the proposed 177 
ROPTC-based engine, assuming that the corresponding inlet and outlet two-position three-way valves are in the correct 178 
position, the heated fluid at point (3) of the T-s diagram of Fig. (a), at high pressure p3 and temperature T3, flows into the 179 
thermal cylinder, which pushes down the corresponding piston and transfers mechanical work to the hydraulic cylinder. 180 
Consequently, the evacuated heat transfer fluid at high temperature T3 is cooled first in the regenerator, reaching the 181 
temperature T3x, and further in the cooler to approach the temperature T1. The compressor takes the cooled gas from the 182 
cooler and transfers it at temperature T2 to the regenerator, where it reaches temperature T2x. From the regenerator at 183 
temperature T2x, it passes through the heater, acquiring the temperature T3, so that the thermal cycle is completed. The 184 
following semi-cycle is performed by interchanging the role of each side of the cylinder. Summarising, the role of each 185 
side of the gas cylinder is reversed every semi-cycle.  186 
In the considered analysis, as shown in Fig. 5, the WF (helium, nitrogen, or hydrogen) at low pressure conditions, state 187 
point (1) with temperature and pressure (p1, T1) at the compressor suction side, is compressed and acquires the pressure 188 
and temperature of the state point (2) (p2, T2), as shown in the T-s diagram depicted in Fig. 5(b). 189 
As fluid is added to the heater, an amount of heat q23 at constant pressure is also added to the fluid, contributing to the 190 
increase of the specific volume, temperature, enthalpy, and entropy (V3, T3, h3, s3). Simultaneously, the heated fluid 191 
expands at constant pressure into the cylinder, causing the conversion of part of the added heat energy into mechanical 192 
work, while the rest of the added heat remains in the cylinder as residual heat. After this isobaric process ends, the fluid 193 
contained in the cylinder at temperature T3 is exhausted toward the compressor suction side through a heat exchanger or 194 
regenerator to recover part of the heat rejected during the process (3)–(3x). The amount of residual heat remaining in the 195 
cylinder between points (3x) and (1) that cannot be recovered must be rejected to the environment by means of a cooler, 196 
reaching state (1). 197 
 198 
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 202 

 203 
Fig. 5. Structure of the ROPTC: (a) the basic plant  structure; (b) the corresponding T-s diagram.  204 
 205 
The compressor work along the transformation (1)–(2) is defined as  206 

)( 1212 hhW −=           (12) 207 
The amount of specific energy added to the transformation (2)–(3) is defined as  208 

)()( 23223232323 VVphhWhq −+−=+∆=        (13) 209 

The amount of heat that can be regenerated is defined as  210 
)( 33 xR hhq −=           (14) 211 

where the maximum regenerative capacity is achieved when 2/)()( 2333 TTTT x −=− . 212 

The net heat qi supplied from a heat source to the cycle is  213 

xxRi hhWhhWhqqq 322333232323 )( +−=−−+∆=−=      (15) 214 

The amount of heat rejected to the low temperature heat sink is  215 
)( 13 hhq xo −=          (16) 216 

Hence the net work WN is defined as 217 

12231223 hhWWWqqW oiN +−=−=−=        (17) 218 

and the thermal efficiency is given as  219 
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Since the beneficial effect of the regeneration is simply to avoid as much as possible the rejection of useful heat to the 221 
heat sink, this suggests that the ROPTC provides higher thermal efficiency into the range of low temperatures compared 222 
with the Carnot factor. 223 
 224 
3. A CASE STUDY APPLIED TO THE OPTC AND THE ROPTC 225 
 226 
Figure 5 depicts two options for the plant structure. The plant structure shown in Fig. 5(a) is composed of two independent 227 
circuits (thermal and hydraulic). The thermal power conversion system is implemented by at least one tandem actuating 228 
cylinder. Both thermal and hydraulic circuits are coupled by means of the tandem cylinders in such a way that the thermal 229 
cylinder drives the hydraulic cylinder. A tandem actuating cylinder consists of two double-acting cylinders arranged one 230 
behind the other but designed as a single unit. This type of actuating cylinder is used in applications that require two or 231 
more independent systems. The flow of fluid to and from the two chambers of the tandem actuating cylinder is provided by 232 
two independent circuits: the ROPTC system and the hydraulic system. The role of each side of the gas and hydraulic 233 
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cylinder is reversed every semi-cycle. The hydraulic transfer fluid flows through the hydraulic motor, which drives the 234 
generator to allow conversion into electrical energy.  235 
In order to determine the performance of the OPTC and the ROPTC, the thermal analysis of the case study is carried out 236 
under the following conditions: the compressor isentropic efficiency is 0.85; the maximum regeneration capacity is 237 
assumed for T2x = T3x, which requires a regenerator effectiveness given as the ratio of the temperature difference (T2x – 238 
T2) to the temperature difference (T3 – T2) of 0.50; and the WF data properties are taken from the database REFPROP, 239 
referenced in [3] for real gases represented in Tables A1 to A3 of Appendix A. Computations performed on the data of 240 
Tables A1 to A3 of Appendix A refer to the T-s diagram in Figs. 4(b) and 5(b). 241 
 242 
3.1. Analysis of results and discussion 243 
A study of the OPTC was performed under the assumption that the structure of the ROPTC is similar to that of the OPTC 244 
with the regenerator out of use. The analysis carried out with regard to the heat energy conversion ratio, for which the 245 
results are shown in Table 1, highlights relevant features as follows: 246 
-the conversion ratio for an open thermodynamic transformation is significantly lower than that for a closed transformation, 247 
and  248 
-the value of the conversion ratio for each fluid remains practically constant even though temperature and pressure 249 
change significantly. 250 
With respect to the OPTC, for each analysed WF (hydrogen, helium, and nitrogen) within the range of top temperatures 251 
between 310 and 400 K, the data of interest corresponding to the state points of the T-s diagram shown in Fig. 4 (b) are 252 
represented in Table A4, showing the thermal efficiency, Carnot factor, and specific work as functions of the top 253 
temperature T3. Figure 6 depicts the thermal efficiency and CF of the OPTC. 254 
With respect to the ROPTC, for each analysed WF (hydrogen, helium, and nitrogen) within the range of top temperatures 255 
between 310 and 550 K, the data of interest corresponding to the state points of the T-s diagram shown in Fig. 5 (b) are 256 
represented in Table A4, showing the thermal efficiency, Carnot factor, and specific work as functions of the top 257 
temperature T3. Figure 7 depicts the thermal efficiency and CF of the ROPTC. Under the assumed operating conditions 258 
given in Table A4, Fig. 7 highlights the differences in thermal efficiency with respect to the Carnot factor for a range of 259 
temperatures between 320 and 550 K. It is observed that as temperature T3 surpasses certain values, the Carnot factor 260 
will surpass the values of the thermal efficiencies.  261 
 262 
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Fig. 6. Thermal efficiency (Eff_NR) of the OPTC and  the CF for helium, nitrogen, and hydrogen as WFs. 264 
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Fig. 7. Thermal efficiency (Eff) of the ROPTC and t he CF for helium, nitrogen, and hydrogen as WFs. 266 
 267 
In Figs. 6 and 7, the behaviour of helium as WF in terms of thermal efficiency shows that whereas nitrogen renders low 268 
efficiency and low specific work according to the data of Table A4, and hydrogen renders low efficiency but high specific 269 
work, helium satisfies both requirements: good thermal efficiency and acceptable specific work at low temperatures. For 270 
medium and high temperatures, however, the OPTC is discarded because of its poorer thermal efficiency.  271 
The achieved curves indicate that in terms of thermal efficiency the diatomic hydrogen and nitrogen profiles are very 272 
similar. Nevertheless, helium is slightly superior. In terms of specific work, as shown in Fig. 8, it happens that hydrogen 273 
develops much more specific work than nitrogen. The inherent characteristics of the hydrogen in terms of handling and 274 
safety precautions suggest, however, that the safest available fluid, such as helium, should be chosen. Helium offers 275 
acceptable efficiency and specific work, broadly satisfying both requirements. The effect of low specific work, as in the 276 
case of nitrogen as WF, contributes to the increasing volume of the plant for the same demanded power. 277 
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Fig. 8. Specific work corresponding to both the OPT C and the ROPTC for hydrogen, helium, and nitrogen as WFs. 279 
 280 
Several operating parameters have a significant negative effect on the ROPTC's thermal efficiency. Thus, besides the 281 
general known irreversibilities, the effect of the temperature difference [T3 – T3x] in the regenerator is remarkable. The 282 
influence of the temperature difference [T3 – T3x] on the thermal efficiency is shown in Table 2, where for a temperature 283 
difference ranging from 0 to 35 K the efficiency changes from 24.3 to 41.1% when helium is used as the WF. 284 
 285 
Table 2. Results of the analysis of the thermal eff iciency of the ROPTC based on the data of Table A5 from [4] as 286 
a function of the temperature difference [T 3 – T3x] of the regenerator for T 3 = 360 K and helium as WF. 287 
 288 

[T3 – T3x] (K) 0 15 20 25 30 35 
ηNR(%) 24.29 24.29 24.29 24.29 24.29 24.29 
CF(%) 18 18 18 18 18 18 
η (%) 24.29 29.53 31.76 34.37 37.44 41.11 

 289 
Another important factor affecting the thermal efficiencies of the OPTC and ROPTC is the pressure ratio Pr = [p2/p1]. 290 
Thus, Table 3 shows the thermal efficiencies and specific work for pressure ratios ranging from 1.013 to 1.067 with the 291 
data from Table A6 in [4]. As shown in Table 3, for a pressure ratio ranging from Pr = [p2/p1] = [400/395] = 1.012 to Pr = 292 
[p2/p1] = [400/375] = 1.067, the thermal efficiencies decrease from 41.7 to 2.4 for the ROPTC and from 24.3 to 1.7 for the 293 
OPTC with helium as WF. In the same way the specific work decreases accordingly from 119.26 to 61.68 kJ/kg. 294 
 295 
Table 3. Results of the analysis of the thermal eff iciency and specific work of the OPTC and the ROPTC  based on 296 
the data from Table A6 in [4] as a function of the pressure ratio [p 2/p1] for helium at a temperature of T 3 = 360 K. 297 
 298 

Pr 1.013 1.026 1.039 1.053 1.067 
η (%) 41.7 36 26.6 20.4 2.4 
ηNR(%) 24.3 20.4 14.5 10.9 1.7 
CF (%) 18 18 18 18 18 
W (kJ/kg) 119.26 106.89 90.94 80.91 61.68 

 299 
Such a dramatic decrease in efficiency as a function of the pressure ratio suggests that a design with pressure ratios 300 
sufficiently low for acceptable efficiency to be achieved should be selected. Nevertheless, decreasing the pressure ratios 301 
demands a large plant structure for all involved parts, so that a compromise that relates both concepts must be assumed. 302 
 303 



 

4. CONCLUSIONS 304 
 305 
A regenerative trilateral thermal cycle called ROPTC, which converts heat to mechanical work as heat is absorbed along 306 
an isobaric expansion-based process, has been proposed.  307 
It differs from the quadrilateral Carnot-based cycles in that the thermal WF absorbs heat from a heat source and 308 
simultaneously, in the same cycle’s isobaric process, converts a fraction of this heat into mechanical work. The proposed 309 
ROPTC is seen to operate with hydrogen, helium, and nitrogen as WFs. According to the characteristics of the new 310 
ROPTC, expressions for thermal efficiency have been achieved and analysed. 311 
The performance results of the ROPTC have been compared with the results obtained for the Carnot cycle under the 312 
same range and ratio of temperatures. The most important conclusion relates to the theoretical thermal efficiency of the 313 
cycle, which exceeds the Carnot factor under appropriate operating conditions.  314 
This controversial result suggests that even though the Carnot factor is a limitation of Carnot-based engines it does not 315 
affect the thermal efficiency of thermal cycles based on isobaric expansion processes. Furthermore, even at very low 316 
temperatures the Carnot factor can be overcome, as shown in Table A4 for both the OPTC (without regeneration) and the 317 
ROPTC. The reason is that in the proposed trilateral cycle, isobaric heat absorption and simultaneous conversion into 318 
mechanical work and residual heat take place simultaneously during a cycle transformation. Furthermore, thermal losses 319 
due to isentropic efficiency are significantly reduced since the conventional adiabatic expansion associated with inherent 320 
isentropic efficiency is avoided. 321 
The efficiency enhancement with respect to quadrilateral Carnot-based cycles is due to the following: 322 

• the fact that the cycle absorbs thermal energy and simultaneously converts a fraction of heat into both mechanical 323 
work and high grade residual heat without the losses inherent in isentropic efficiency; 324 

• regeneration of the exhausted residual high grade heat; 325 
• the selected WF's inherent characteristics and behaviour; 326 
• the chosen operating parameters (pressure ratio, working pressures and temperatures). 327 

There are, however, some disadvantages which contribute negatively to the thermal efficiency of the cycle; thus, apart 328 
from the known inherent irreversibilities, the regenerator capacity and the operating pressure ratio are important 329 
parameters to take into account. 330 

As revealed in the results, the thermal efficiency is significantly increased in comparison with the conventional 331 
ORCs under realisable conditions. The ability to obtain high thermal efficiencies only at low temperatures will take 332 
advantage of the use of industrial waste heat as a power source in the OPTC and ROPTC with acceptable efficiency. 333 
Finally, the widespread use of residual heat as a power source also contributes to the reduction of fossil fuel consumption, 334 
since the more efficient use of source energy reduces the global warming potential. 335 
 336 
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 349 
Nomenclature  Acronyms  
T Temperature (K) CF  Carnot factor 
p Pressure (bar) ORC Organic Rankine cycle 
h Specific enthalpy (kJ/kg) NORC Non-organic Rankine cycle 
s Specific entropy (kJ/kg-K) OPTC Trilateral thermal cycle 
V Volume (m3 ) ROPTC Regenerative trilateral thermal cycle 
v Specific volume (m3/kg) 2p3w Two-positions, three-way valve 
ηNR Non-regenerative OPTC thermal efficiency (%) WF Working fluid 
η ROPTC thermal efficiency (%) ICE Internal combustion engine 
CR Conversion ratio (%)  
q Specific heat energy (kJ/kg)  
Cp Specific heat at constant pressure (kJ/kg-K)  
Cv Specific heat at constant volume (kJ/kg-K)  
γ Adiabatic expansion coefficient (Cp/Cv)  
Pr Pressure ratio [p2/p1]  
 350 
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 352 
Appendix A  353 
Table A1. Data for the performance analysis as a fu nction of the top temperature T 3 for helium as WF from [4] . 354 
 355 

Point T(K) h(kJ/kg) u(kJ/kg) s(kJ/kg-K) p(bar) v(m3/kg) 

T3 = 550 

1 295 1663 936.72 15.561 395 0.018387 

2 296.44 1673.71 941.39 15.561 400 0.018267 

3 550 2983.5 1734 18.758 400 0.031237 

3x 403 2222.2 1275 17.177 395 0.023979 

2x 402.00 2218.60 1272.1 17.138 400 0.023663 

T3 = 500 
3 500 2725.1 1578.1 18.266 400 0.028676 

3x 382 2113.6 1209.4 16.9 395 0.022891 

2x 381.25 2111.30 1207.2 16.864 400 0.022602 

T3 = 450 
3 450 2466.7 1422 17.721 400 0.026118 

3x 361 2004.9 1143.7 16.607 395 0.021804 

2x 360.50 2003.90 1142.3 16.575 400 0.021541 

T3 = 400 
3 400 2208.2 1265.8 17.112 400 0.023561 

3x 340 1896.2 1077.9 16.297 395 0.020717 

2x 339.74 1896.40 1077.2 16.268 400 0.020480 

T3 = 350 
3 350 1949.6 1109.4 16.422 400 0.021005 

3x 320 1792.6 1015.2 15.983 395 0.019682 

2x 318.26 1785.20 1009.9 15.929 400 0.019382 

T3 = 330 
3 330 1846 1046.7 16.117 400 0.019982 

3x 311 1746 986.97 15.835 395 0.019216 

2x 310.37 1744.30 985.13 15.799 400 0.018979 

T3 = 320 
3 320 1794.2 1015.3 15.957 400 0.019471 

3x 307 1725.3 974.41 15.768 395 0.019009 

2x 306.06 1721.90 971.6 15.727 400 0.018758 
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 358 
Table A2. Data for the performance analysis as a fu nction of the top temperature T 3 for hydrogen as WF from [4] . 359 

Point T(K) h(kJ/kg) u(kJ/kg) s(kJ/kg-K) p(bar) v(m3/kg) 

T3 = 550 

1 295 4112.8 2588.6 28.3800 395 0.038587 

2 296.44 4135.51 2599.4 28.3800 400 0.038319 

3 550 7890.4 5298 37.5540 400 0.064810 

3x 408 5792.7 3793.3 33.2010 395 0.050618 

2x 406.92 5780.40 3781.5 33.1100 400 0.049973 

T3 = 500 
3 500 7154.9 4769.2 36.1520 400 0.059642 

3x 386 5466.6 3559.1 32.3800 395 0.048291 

2x 385.19 5458.30 3550.1 32.2960 400 0.047703 

T3 = 450 
3 450 6417.6 4239.3 34.5980 400 0.054498 

3x 364 5139.9 3324.5 31.5090 395 0.045958 

2x 363.42 5135.00 3318 31.4320 400 0.045423 

T3 = 400 
3 400 5677.9 3707.9 32.8560 400 0.049251 

3x 342 4812.8 3089.9 30.5820 395 0.043724 

2x 341.69 4811.80 3086.2 30.5150 400 0.043140 

T3 = 350 
3 350 4935.4 3174.9 30.8730 400 0.044014 

3x 320 4485.3 2855.2 29.5920 395 0.041268 

2x 319.90 4487.30 2853.6 29.5340 400 0.040843 

T3 = 330 
3 330 4637.7 2961.4 29.9970 400 0.041909 

3x 312 4366.1 2769.8 29.2410 395 0.040411 

2x 310.55 4348.00 2753.8 29.0920 400 0.019522 

T3 = 320 
3 320 4488.8 2854.7 29.5380 400 0.040853 

3x 307 4291.6 2716.5 28.9740 395 0.039785 

2x 306.66 4289.90 2712.2 28.9030 400 0.039441 
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 362 
Table A3. Data for the performance analysis as a fu nction of the top temperature T 3 for nitrogen as WF from [4]. 363 
 364 

Point T(K) h(kJ/kg) u(kJ/kg) s(kJ/kg-K) p(bar) v(m3/kg) 

T3 = 550 

1 295 264.41 155.57 4.8849 395 0.002756 

2 296 266.02 156.07 4.8849 400 0.002743 

3 550 579.55 381.86 5.6568 400 0.004942 

3x 406 407.94 259.3 5.2992 395 0.003763 

2x 404.56 406.26 257.64 5.2904 400 0.003716 

T3 = 500 
3 500 520.94 339.79 5.5451 400 0.004529 

3x 384 380.68 239.74 5.2301 395 0.003568 

2x 383.67 380.34 239.04 5.2246 400 0.003533 

T3 = 450 
3 450 461.48 297.2 5.4198 400 0.004107 

3x 362 352.95 219.8 5.1558 395 0.003371 

2x 362.85 354.08 220.16 5.1543 400 0.003348 

T3 = 400 
3 400 400.64 253.61 5.2764 400 0.003676 

3x 342 327.23 201.26 5.0827 395 0.003189 

2x 340.40 325.19 199.31 5.072 400 0.003147 

T3 = 350 
3 350 337.63 208.29 5.1081 400 0.003233 

3x 320 298.3 180.3 4.9952 395 0.002987 

2x 319.28 297.36 179.13 4.9876 400 0.002956 

T3 = 330 
3 330 311.57 189.45 5.0314 400 0.003053 

3x 311 286.23 171.52 4.957 395 0.002904 

2x 310.86 286.06 170.9 4.9518 400 0.002879 

T3 = 320 
3 320 298.32 179.83 4.9906 400 0.002962 

3x 307 279.47 166.58 4.935 395 0.002858 

2x 307.01 280.84 167.09 4.9349 400 0.002844 
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 367 
Table A4. The thermal efficiency and the specific w ork of the OPTC and ROPTC compared with those of th e CF 368 
for maximum cycle temperatures T 3 in the range of 320 and 550 K for hydrogen, helium , and nitrogen as WFs, 369 
assuming a bottom temperature T 1 of 295 K. 370 

T3 (K) 550 500 450 400 350 330 320 

CF 46.36 41.00 34.44 26.25 15.71 10.61 7.81 

Helium 

η_He (%) 47.07 46.71 46.12 44.94 40.47 36.25 30.04 

ηNR_He (%) 27.4 27.1 26.7 25.9 23.5 20.5 17 
W_He (kJ/kg) 508.10 405.65 303.33 201.00 98.81 57.89 37.45 

                Hydrogen 
η_H2 (%) 37.69 37.36 36.94 35.89 32.87 27.93 23.83 

ηNR_H2 (%) 21.2 21 20.7 20 18.15 15.8 13 
W_H2 (kJ/kg) 1037.00 830.20 624.50 414.60 205.10 120.90 78.65 

             Nitrogen 
η_N2 (%) 37.13 36.98 36.71 35.19 32.62 29.64 26.97 

ηNR_N2 (%) 21.2 21 20.7 20 18.3 16.3 14 
W_N2 (kJ/kg) 86.40 69.80 53.00 35.70 18.00 10.80 7.20 

 371 
Table A5. Data for the analysis of the thermal effi ciency as a function of the temperature difference [T3 – T3x] of 372 
the regenerator for T 3 = 360 K and helium as WF. 373 

Point T(K) h(kJ/kg) u(kJ/kg) s(kJ/kg-K) p(bar) v(m3/kg) 

1 295 1663 936.72 15.561 395 0.018387 

2 296.44 1673.71 941.39 15.561 400 0.018267 

3 360 2001.3 1140.7 16.567 400 0.021516 

T3 – T3x = 0 K 

3x 360 1999.8 1140.5 16.593 395 0.021753 

2x 296.65 1673.10 942.04 15.565 400 0.018277 

T3 – T3x = 15 K 
3x 345 1922.1 1093.6 16.373 395 0.020976 

2x 307.44 1729.10 975.93 15.75 400 0.018829 

T3 – T3x = 20 K 
3x 340 1896.2 1077.9 16.297 395 0.020717 

2x 311.04 1747.80 987.1 15.81 400 0.019013 

T3 – T3x = 25 K 
3x 335 1870.3 1062.2 16.221 395 0.020458 

2x 314.64 1766.40 998.53 15.87 400 0.019197 

T3 – T3x = 30 K 
3x 330 1844.4 1046.6 16.143 395 0.020199 

2x 318.24 1785.10 1009.8 16.929 400 0.019381 

T3 – T3x = 35 K 
3x 325 1818.5 1030.9 16.064 395 0.019941 

2x 321.83 1799.40 1018.5 15.974 400 0.019522 
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 376 
Table A6. Data for the analysis of the thermal effi ciency and specific work as a function of the press ure ratio 377 
[p 2/p1] for helium at temperature T 3 = 360 K. 378 
 379 

Point T(K) h(kJ/kg) u(kJ/kg) s(kJ/kg-K) p(bar) v(m3/kg) 

[p2/p1] = 400/395 

1 295 1663 936.72 15.561 395 0.018387 

2 296.44 1673.71 941.39 15.561 400 0.018267 

3 360 2001.3 1140.7 16.567 400 0.021516 

3x 324 1814.9 1027.9 16.022 395 0.019676 

2x 322.33 1806.30 1022.7 15.995 400 0.019590 

[p2/p1] = 400/390 

1 295 1663 936.59 15.587 390 0.018586 

2 297.93 1683.03 946.07 15.587 400 0.018343 

3 360 2001.3 1140.7 16.567 400 0.021516 

3x 325 1817 1030.7 16.09 390 0.020160 

2x 323.63 1813.00 1026.6 16.016 400 0.019657 

[p2/p1] = 400/385 

1 295 1659.9 936.46 15.614 385 0.018791 

2 299.5 1692.72 950.95 15.614 400 0.018422 

3 360 2001.3 1140.7 16.567 400 0.021516 

3x 326 1820.6 1033.7 16.132 385 0.020438 

2x 324.79 1819.00 1030.4 16.034 400 0.019716 

[p2/p1] = 400/380 

1 295 1663 936.32 15.641 380 0.019001 

2 301.5 1702.65 955.86 15.641 400 0.018502 

3 360 2001.3 1140.7 16.567 400 0.021516 

3x 327 1824.2 1036.7 16.174 380 0.020724 

2x 326.21 1826.40 1034.8 16.057 400 0.019789 

[p2/p1] = 400/375 

1 295 1656.8 936.19 15.668 375 0.019216 

2 302.62 1712.45 960.8 15.668 400 0.018583 

3 360 2001.3 1140.7 16.567 400 0.021516 

3x 328 1827.8 1039.7 16.217 375 0.021017 

2x 327.13 1831.50 1038 16.073 400 0.019840 

 380 


