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1. Introduction

The worldwide demand for energy increases steadily alongside
with the increased world population and modern life.[1,2]

Around 17% of the worldwide energy is consumed in cooling
systems, while this percent in the gulf countries exceeds
67%.[3,4] Furthermore, the negative impacts of the conventional
energy resources make it necessary to minimize fossil fuel

utilization and impose urgent calls for prac-
tical alternatives. One of those untapped
alternatives is the potential of harnessing
low-grade heat sources for cooling and
refrigeration applications. Developing
new integrated cooling/refrigeration sys-
tems that are able to work at low-grade heat
temperatures with eco-friendly working
fluids contributes meaningfully to the solu-
tion of these issues. Integration of energy
systems for double,[5] triple,[6] and even
quadruple[7] effect is a promising approach
to boost the system efficiency at reduced
cost and is a subject of intensive research.

Various thermal refrigeration systems,
reviewed in Sleiti et al.,[8] can be powered
with low-temperature heat sources such
as absorption/adsorption systems,[9–11]

ejector systems,[12,13] organic Rankine cycle
(ORC) systems,[12,14–16] and Stirling engine
systems.[17,18] Nevertheless, these systems
have their own technical problems that
limit their applications. For instance, the
absorption/adsorption systems operate

efficiently at temperature sources higher than 90 �C. However,
they have high initial cost, large size, and they experience corro-
sion problems. Ejector systems are simple, but their perfor-
mance deteriorates at off-design conditions. The ORC is a
proven technology, but ORC systems are not economical at heat
source temperatures less than 100 �C.[8] Also, the expanders used
in the ORC are modified compressors with low efficiency and
high cost (around 69% of the capital cost).[8]

Sleiti et al.[8] have presented a detailed review of the innovation
approaches of thermomechanical refrigeration systems, includ-
ing ejector systems, ORC systems, and isothermal and isobaric
heat engines. They highlighted the major advantages of
these systems over the other thermal refrigeration systems.
Isothermal expansion heat engines, in particular, such as
Stirling engines and Ericson engines, were introduced in several
studies in the open literature to convert thermal energy to
mechanical energy to drive electrical generators of refrigerant
compressors.[17,19,20] While these engines have the potential of
reachingmaximum theoretical efficiency, close to the Carnot effi-
ciency, the actual manufactured engines have unsolved problems
that prevent them from being commercialized. The actual
efficiency of these engines is low due to the negative effect of
the dead volumes, which also limits their output range. In addi-
tion, the use of gases as working fluids at very high pressure
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makes the sealing very difficult. Even with low-output machines,
the kinematic mechanism required to operate the dual pistons and
the required high accuracy of single-piston Stirling engines make
them very expensive. On the other hand, other expansionmachines
exert work by performing isobaric expansion with no polytropic
expansion. The Worthington direct-acting steam pump[21] and
the Bush compressor[22] are examples of these types of engines.
The design of these machines’ expanders is simpler than of those
applying polytropic expansion, which reduces their cost. In addi-
tion, these engines are able to operate using heat directly, which
makes them even more attractive for pumping and compression
applications. An application of such an isobaric machine for refrig-
eration was presented by Sleiti et al.[23] based on the work presented
by Glushenkov et al.[24] It consists of a novel thermomechanical
expander–compressor unit (ECU) to drive a vapor compression
refrigeration (VCR) system. The main advantages of this system
are its ability to work with low-temperature heat sources of
�70 �C and its simplicity, which minimizes its cost.

The main objective of the current study is to provide a
database for suitable working fluids for these isobaric expan-
sion engines based on their performance for a wide range
of low heat source temperatures and a wide range of operating
pressures. To achieve that objective, a large number of poten-
tial working fluids are studied and analyzed in a systematic
fashion. One attractive and novel application introduced in this
work is the utilization of these isobaric thermomechanical
ECUs in refrigeration systems. This novel application is the
first of its kind and is not to be confused with an ORC-driven
refrigeration system found in the open literature[25] as will be
discussed and explained in subsequent sections.

The working fluids play a major role in the performance,
design, and size of all components of the cycle. Several publica-
tions have investigated the working fluids of ORC systems based
on efficiency, physical properties, safety, and environmental
issues.[26–32] Luo et al.[26] have presented a systematic approach
to evaluate large groups of refrigerants and mixtures for use in
ORC systems to select the best fluids with low global warming
potential (GWP). They mentioned that there is no single working
fluid that satisfies every aspect of environmental, health, and
safety (EHS) criteria, energy efficiency, and operating conditions.
However, it is possible to find the best fluids by selecting fluid
mixtures with different concentrations based on their design
conditions. Rayegan and Tao[28] have proposed a procedure to
select working fluids for a solar ORC system. Among 117 organic
fluids available in the Refprop 8.0 database, 11 fluids have been
recommended to be used in solar ORC systems with low- or
medium-temperature solar collectors.

Studies and investigations for a modified ORC system that
replaces the polytropic expander with an isobaric expander
are not available in the open literature. Bao and Zhao[33]

reviewed a working fluid and expander selections for an
ORC system but not for isobaric expanders. Only one research
study introduced the concept of using the isobaric ECU in a
refrigeration system.[25] However, their proposed model deals
with the refrigerant vapor as an ideal gas, an assumption that
could affect the results significantly. Also, they simulated the
performance of only a few working fluids and one of them
has been phased out (R12). In contrast, the current study
investigates the performance of isobaric expansion machines

utilizing 36 preselected fluids from those available in the
Engineering Equation Solver (EES) library. The investigation of
these fluids is performed at low and ultralow heat source
temperatures (40 to 300 �C). Thus, the novelty of this work is that
it is the first study that provides 1) comprehensive investigation of
suitable working fluids for isobaric expansion machines for
power and refrigeration applications; 2) classification of suitable
fluids for thermal-power systems that use different low-grade heat
waste sources at different temperatures and pressures; 3) a data-
base of 36 working fluids for isobaric machines in terms of their
efficiencies, back work ratio (BWR), and other important proper-
ties; and 4) a modified practical efficient design of the
Worthington and Bush engines for refrigeration applications.

Waste heat is the rejected energy from a process at a tempera-
ture higher than the ambient temperature. Some of this energy
can be recovered and used in other applications and the rest is
rejected to the atmosphere or to the ground water, revisers, or
oceans, causing thermal pollution. By recovering the waste heat,
the amount of the usually consumed energy and its cost are
reduced. In certain applications, using waste heat results in
smaller energy conversion equipment and therefore results in
even more cost savings; examples can be found in Wayne and
Turner[34] and in the Annual Energy Reviews.[35] Waste heat
temperatures can range from the ultralow 40 �C to the very high
1650 �C. In the current study, subranges are defined in terms of
temperature range as provided in Table 1.

Herein, the focus is on the intermediate, low, and ultralow
temperature range (TH from 40 to 300 �C). The use of waste heat
in the low and ultralow temperature ranges, in particular, is the
interest of the current study and while more problematic, it has
huge untapped potential. We introduce an attractive application
at the lower end of the range using a modified practical, efficient
design of the Worthington- and Bush-type machines for refrig-
eration applications.

The work in this study is subdivided into five sections.
Section 2 describes the isobaric machines (Worthington pump
and Bush compressor) and their working principle. The ther-
modynamics model of these systems and the preselected fluids
are presented in Section 3. Section 4 provides 1) discussions of
the obtained results based on the fluid types and 2) comparison
of the fluids’ performances at various heat source temperatures
for a wide range of pressure differences.

2. Description of Isobaric Expansion Machines

Isobaric expansion machines are devices that pump/compress
fluid by performing an isobaric expansion process on their
working fluids. The Worthington pump and the Bush compres-
sor are the best known examples of these machines. In this

Table 1. Classification of waste heat sources by temperature range.

Temperature range Low limit [�C] High Limit [�C]

High 590 1650

Intermediate 200 590

Low 80 200

Ultralow 40 80

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2020, 8, 2000613 2000613 (2 of 16) © 2020 The Authors. Energy Technology published by Wiley-VCH GmbH

 21944296, 2020, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202000613 by Q

atar U
niversity, W

iley O
nline L

ibrary on [24/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.entechnol.de


section, the configuration and working principles of these
devises are explained.

2.1. Worthington Machines

Worthington’s direct-acting simplex pump, the precursor of
many others, was patented in 1849.[36] The US Navy purchased
the first Worthington pumps for the USS Susquehanna in 1850.
Worthington’s direct-acting duplex steam pump was patented in
1859. This pump ultimately became an industry standard. The
USS Monitor pumps are probably the oldest surviving examples
of Worthington’s simplex design. In the current work, a new
isobaric expansion engine design based on the Worthington
machine and its basic working principle are shown in
Figure 1. It consists of two cylinders (driver cylinder and com-
pressor cylinder) with two rigid connected pistons that move
as a unit inside the cylinders. The pumping process can be
explained based on the pressure–volume diagram shown in
Figure 2. The subscript “d” and “c” indicate the driver and com-
pressor, respectively. First, during the power stroke, valve A is
opened, while the other valves are closed. A highly pressurized
fluid (at pressure of Pd2 ) is admitted through it and the pressure
inside the driver cylinder increases from Pd1 to Pd2 (process 1–2).
Then, the power stroke is completed at constant pressure
Pd2 (2–3). During processes 1–3, the volume of the expanded
fluid is increased from almost zero to Vd3. Simultaneously,
the pressure inside the compressor cylinder is increased form
Pc1 to Pc2 (5–6). Then through the nonreturn valve B, the
compressed fluid is discharged at pressure Pc2 (6–7). During
processes 5–7, the volume pf the compressor chamber is
decreased from V c1 to almost zero. After that, valve A is closed,
and valve D is opened to discharge the driver fluid from the high
pressure Pd2 to the low pressure Pd1 (3–4). In addition, during
the backstroke, by the aid of the hydraulic accumulator (HA), the
volume of the driver chamber is decreased from Vd3 to almost
zero volume. Simultaneously, the fluid of the compressor is
admitted through valve C and the volume increases from almost
zero to V c3 (8–5).

2.2. Bush-Type Engines

Figure 3 shows a new design (developed in this study) of the
Bush-type engine used as a thermomechanical compressor unit
integrated with the conventional VCR cycle. In this work, this
system is referred to as a thermal-mechanical refrigeration
(TMR) system. The engine (right-hand side in Figure 3) consists
of a vertical cylinder with a piston connected to a spring mecha-
nism. The piston divides the cylinder into hot and cold cham-
bers. The working mechanism of the system can be explained
as follows: 1) The spring keeps the piston in a reciprocating
motion. 2) As the piston moves down, part of the liquid fluid
is displaced from the cold side of the cylinder to the hot side.
3) The liquid evaporates and the pressure increases, displacing
the other part of the liquid to the diaphragm unit. 4) The dia-
phragm unit compresses the vapor of the refrigerant (in the
refrigeration loop) to the condenser through the upper nonreturn
discharge valve. 5) The refrigerant vapor condenses in the
condenser, expands through the expansion valve (EV), evaporates
in the evaporator, and is redirected to the diaphragm unit.

Figure 1. a) Powerstroke and b) backstroke of the Worthington pump.

Figure 2. Working principle of the Worthington pump, a) power stroke
and b) back stroke.

Figure 3. VCR system driven by Bush-type engine.
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6) The low-pressure refrigerant vapor forces the liquid
working fluid back to the cylinder while the piston is
moving up. 7) Through the piston’s moving-up stroke, it
forces the hot working fluid (in gas phase) to return from
the hot side to the cold side of the cylinder. Then the cycle
repeats.

2.3. Comparison with Existing Systems

The proposed TMR technology is based on the use of an
innovative prime mover (heat engine acting as compressor)
that can be combined with VCR. The prime mover can be
positioned in between ORC engines and Stirling-cycle thermal
machines. From the technical point of view the engines by
Bush,[37] Malone (Sier, 2007), Manson, (Manson, 1952), and
the Thermo-electron free-piston engine (Walker, 1980) have
similar components as the heat-driven compressor. The
thermodynamic cycles of the heat-driven compressor with
dense working fluids as in the current study have never been
used in heat engines. The technological solutions (mainly
toward simplification of the design) are crucial components
of the study novelty. Below, the TMR system is compared with
existing solutions.

2.3.1. Stirling Engines

Robert Stirling applied for his first engine patent in 1816. The
Seventeenth International Stirling Engine Conference which
took place at Northumbria University, UK, on August 24–26,
2016, celebrated the Bicentennial Anniversary of the Stirling
cycle. As the Stirling engine is truly unique in that it is the only
practical example of a thermodynamically reversible machine, it
has been the subject of extensive R&D for 200 years. Philips
Research Laboratory in Eindhoven, General Motors Corporation
of Detroit, and Ford Motor Co. of Detroit are among the
companies that were concerned with Stirling engines for various
applications. Despite clearly superior technical performance
characteristics and all the efforts spent on development, modern
Stirling engines are invariably not cost competitive from the

standpoint of economical mass production. It seems that
research on Stirling-cycle engines has expired (or almost
expired). One of the reasons for this is that Stirling engines
have been developed largely by adapting traditional methods
and designs from the internal combustion engine technology.
Today only a very special, high-temperature 1 kW free-piston
design is available on the market (Microgen, http://www.
microgen-engine.com/). This engine needs very high
temperature (fuel combustion), it is difficult to scale and
control the power, and it is very expensive, about $10 000.
A review by Wang et. al.[38] on Stirling cycle engines shows
that this type of engine is still in the research phase. The novel
engine as in the current proposal resembles to a certain
extent a Stirling engine. However, it is radically different in
the thermodynamic cycle and its technological implementa-
tion; examples are given in previous studies.[17,24] A distin-
guishing feature of the engines in this study is their
technical simplicity resulting in substantially lower cost and

Figure 4. VCR system driven by Worthington-type engine.

Figure 5. T–s diagram of the power loop of a refrigeration system driven by
a Worthington pump.
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higher energy efficiency (because of elimination of unneces-
sary energy losses).

2.3.2. ORC Engines

The ORC is the only proven and industrially applied technology
to convert low-temperature heat into power. It is considered to be
the most efficient and economic technology in temperature

ranges of 200–400 �C.[39] An assessment of the potential of vari-
ous heat recovery technologies by Hammond and Norman[40]

showed that the greatest potential for reusing the surplus
heat available is, in particular, in conversion to electricity,
mostly using ORC technology. However, the specific costs of
2000–4000€ kW�1[41] is rather high. At ultralow heat source
temperatures, below 100 �C, the technology is not economic at
all. The Kalina cycle, a variation of the classical ORC utilizing

Table 2. Preselected working fluids.

Fluid Type Toxicity Flammability GWP Normal boiling point [�C] Pcr [bar] Tcr [�C] v3
a) [m3 kg�1] BWRa) [%] ηa) [%] Psat [bar]

Propane Alkane A 3 20 �42.25 42.5 96.7 0.0487 4.2 1.1 10.79

n-Butane A 3 20 �1.00 38.0 152.0 0.1175 1.5 2.6 2.84

n-Pentane A 3 11 36.00 33.6 196.5 0.1921 0.8 4.2 0.83

n-Hexane NA 3 NA 69.00 30.6 234.7 0.0017 92.6 0.0 0.25

n-Heptane NA 3 NA 98.38 27.3 267.0 0.0016 93.5 0.0 0.08

Isobutane A 3 20 �12.00 36.4 134.7 0.0910 2.0 2.1 4.05

Neopentane A 3 20 10.00 32.0 160.6 0.1225 0.7 3.1 2.01

isopentane A 3 20 28.00 33.7 187.2 0.1745 0.9 4.0 1.09

Isohexane NA 3 NA 60.00 30.4 224.6 0.0017 92.4 0.0 0.35

Cyclopentane Cycloalkane A 3 NA 49.20 45.7 238.6 0.1983 0.7 4.2 0.51

Cyclohexane A 3 NA 80.74 40.8 280.5 0.0014 93.7 0.0 0.16

Propylene Alkene A 3 NA �47.60 46.7 92.4 0.0402 5.0 0.9 13.07

Butene NA 3 NA �7.00 40.1 146.1 0.0962 0.1 2.2 3.44

Isobutene A 3 20 �6.90 40.1 144.9 0.0962 1.8 2.2 3.54

Benzene NA 3 NA 80.10 48.9 288.9 0.0012 93.7 0.0 0.16

Methanol Alcohol NA 3 NA 64.70 81.0 240.2 0.0014 93.7 0.0 0.21

Ethanol NA 3 NA 78.00 62.7 241.6 0.0014 94.1 0.0 0.11

Acetone Ketone NA 3 NA 56.00 47.0 235.0 0.2337 0.5 4.0 0.38

Dimethylether Ether NA 4 NA �24.00 53.7 127.2 0.0728 2.1 1.5 6.84

Diethylether NA 4 NA 34.60 36.4 193.6 0.1876 0.8 4.2 0.86

Dimethyl carbonate Carbonate ester NA 4 NA 90.00 49.1 284.2 0.0010 93.2 0.0 0.09

Ammonia Pnictogen hydride B 2 1 �33.00 113.3 132.3 0.1228 0.3 1.0 11.67

Water 100.00 220.6 373.9 0.0010 97.6 0.0 0.04

Hexamethyldisiloxane A 3 NA 0.00 19.4 245.5 0.0014 93.3 0.0 0.08

Novec649 NA NA 1 49.00 18.7 168.7 0.0422 1.5 3.1 0.50

R32 HFC A 2 675 �52.00 57.8 78.1 0.0229 4.7 0.7 19.28

R134a HFC A 1 1300 �26.00 40.6 101.0 0.0286 2.9 1.3 7.71

R227ea HFC A 1 257 �16.00 29.3 101.8 0.0220 3.3 1.4 5.28

R245fa HFC B 1 925 15.00 36.5 154.0 0.0686 1.1 2.9 1.77

R1234yf HFO A 2L 4 �29.00 33.8 94.7 0.0253 3.7 1.3 7.84

R152a HFC A 2 120 �24.00 45.2 113.3 0.0440 2.6 1.3 6.91

R161 HFC A 3 12 �37.00 50.1 102.1 0.0452 3.2 1.1 10.56

RC318 PFC A 1 8700 �6.00 27.8 115.2 0.0268 2.5 1.8 3.66

R218 PFC A 1 8830 �36.70 26.4 71.9 0.0116 6.7 0.9 9.96

RE245Fa2 HFC B 1 950 15.00 34.3 171.7 0.0731 1.0 3.3 1.04

RE245cb2 HFC NA NA NA 5.61 28.9 133.7 0.0446 1.8 2.2 2.43

a)At TH¼ 80 �C and ΔP¼ 1 bar.
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(a)

(b)

(c)

(d)

(e)

Figure 6. Efficiency and BWR of a) propane, b) n-butane, c) n-pentane, d) propylene, and e) benzene.
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water–ammonia mixtures, is a promising alternative for very low
temperature sources.[42] However, studies indicate that the prom-
ised benefits of Kalina cycles appear overestimated, while this
process is much more complex and maintenance demanding
than classical ORC processes.[43]

3. Experimental Section

In this section, the thermodynamics models developed to inves-
tigate the performance of the isobaric machines are described.
The performance of these machines is introduced in terms of
their energy efficiency and BWR.

3.1. Modeling of Worthington Machine Integrated with VCR
System

The Worthington pump can be used to compress the working
fluid of a refrigeration system as mentioned in the previous
sections and shown in Figure 4. In the power loop, the pump
compresses the working fluid from the low pressure of
condenser 1 (state 1) to the high pressure of the generator
(state 2). In the generator, the working fluid is evaporated utiliz-
ing a low-grade heat source up to superheated or supercritical
state (state 3). Valve A is opened, and the highly pressurized fluid
is admitted, compressing the working fluid of the cooling
loop during the power stroke. The operating mechanism of
the Worthington pump is explained in Section 2.1. Through
the back stroke, the working fluid of the power loop is discharged
again to the condenser pressure to be condensed and repeats
the cycle.

(a)

(b)

Figure 7. Variation of a) absorbed heat in the generator and b) specific
volume at the inlet of the driver chamber with heat source temperature
and pressure difference.

(a)

(b)

Figure 8. Efficiency and BWR of a) R32 and b) R134a.
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Themaximum efficiency of the power loop can be expressed as

η ¼ Wnet

Qg
(1)

where Qg is the energy absorbed by the generator from the heat
source and Wnet is the new work developed by the driver on the
compressor chamber, which can be estimated as

Wnet ¼ Wd �Wp (2)

where Wd is the work produced by the piston of the driver cylin-
der during the power stroke, which is given (as a maximum) in
terms of the generator pressure Pg, condenser pressure Pc1, mass
of the working fluid in each stroke m, and the specific volume at
the outlet of the generator v3 as

Wd ¼ mðPg � PlowÞv3 (3)

while the pumping work is given as

Wp ¼ mðh2 � h1Þ (4)

where h1 and h2 are the specific enthalpies of the working
fluid at states 1 and 2, respectively. Also, the energy added to
the generator is given in terms of enthalpies at point 3 ðh3Þ
and point 2 ðh2Þ as

Qg ¼ mðh3 � h2Þ (5)

Another indicator that can be used to evaluate the perfor-
mance of the isobaric machines is the BWR, which is defined

(a)

(b)

(c)

Figure 9. Efficiency and BWR of a) methanol, b) ammonia, and c) water.
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as the ratio of the pumping energy consumed by the pump to the
maximum energy produced by the driver as

BWR ¼ Wp

Wd
(6)

It should be mentioned that the thermodynamics properties
of the working fluid were obtained at the mentioned states
in Figure 4 and presented in the T–s diagram as shown in
Figure 5 as follows. 1) State 1: (P¼ Plow, T¼ TC) where Plow
was selected to be slightly higher than the saturated pressure
at the low temperature (TC¼ 30 �C) or set at 1 bar to avoid the
undesirable boiling at the inlet of the pump. 2) State 2:
P¼ Pg, T2¼ T (P¼ Pg, s¼ s1). 3) State 3: P¼ Pg, T¼ TH.

3.2. Modeling of the Bush-Type Engine

Similar to the Worthington-type engine, the efficiency of the
Bush-type engine (Figure 3) is expressed as the ratio of the useful
work generated during the cycle (Equation 7) to the energy
absorbed by the hot chamber (Equation 8)

W ¼
I

p dV tot ¼
I

p dVH þ
I

p dVC (7)

QH ¼
I

dUH þ
I

p dVH þ
I

hout dmout
H �

I
hin dmin

H

¼
I

dUH þ
I

p dVH þ ΔQH

(8)

where the total volume V tot includes the volume of the
hot chamber VH, volume of the cold chamber VC, and
volume of the regenerator VR (when regeneration is
considered). ΔQH is the energy required to heat the displaced
working fluid from the low cycle temperature TC to the high
cycle temperature TH. The term ΔQH ¼ H

houtdmout
H �H

hindmin
H in the above equation defines the performance

of the regenerator. More details of the thermodynamics model-
ling of the Bush-type engine can be found in previous
studies.[23,44]

It was observed that the results (efficiency and BWR)
for the two engines are comparable because they are
similar in size, operation principles, and input parameters;
however, they are different in other technical terms. So, only
the results of working fluid investigation based on the model
of the Worthington engine type are presented in this study
for brevity.

3.3. Preselection Criteria and Fluid Description

The main objective of this study is to evaluate the performance of
isobaric expansion machines/engines utilizing various working
fluids. A choice of compressor working fluid is defined in many
respects by the heat source temperature. The working fluids that
suit the best for the engine thermodynamic cycle in the temper-
ature range of 50–150 �C will be selected. Also, fluids with high
performance in the temperature range of 150–300 �C will be
highlighted. In the preselection process of the working fluids,
several criteria are considered. The fluids should have high
thermal expansion per kilowatt heat supplied and low com-
pressibility in the liquid phase. The dependence of enthalpy
on the pressure and temperature that is favorable for efficient
regeneration is the most important requirement toward the
working fluid properties. Moreover the working fluid should
be nontoxic, environmentally acceptable (GWP and ozone
depleting potential (ODP)), stable, and not corrosive. Based
on these criteria, a total of 166 fluids were investigated and
those that did not meet the criteria were eliminated. The fluids
shown in Table 2 were selected to be investigated further in
this study. The fluids in Table 2 are listed according to their
type (11 types). Most of these fluids belong to the alkane/
cycloalkane/alkene and hydrofluorocarbon (HFC) families.
IUPAC defines alkanes as “acyclic branched or unbranched
hydrocarbons having the general formula CnH2nþ2, and there-
fore consisting entirely of hydrogen atoms and saturated carbon
atoms.” Compared to the HFC family, alkanes/cycloalkanes/
alkenes have higher critical temperatures and comparable criti-
cal pressures with lower GWP. HFC refrigerants are the third
generation of fluorinated refrigerants. Recognized as ODP and
GWP, they represent a better alternative to chlorofluorocarbon
and hydrochlorofluorocarbon. Refrigerants in this group are
applicable to refrigeration plants and air conditioning units
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Figure 10. h–s diagram for a) propane and b) R32.
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designed specifically for their use. The last three columns in
Table 2 (v3, BWR, and η) will be discussed in the results section.

4. Results and Discussion

The models of Worthington-type and Bush-type engines
described previously were implemented in EES to study the
effects of different operating temperatures and pressures on
the efficiency and BWR of both engine types for the selected
working fluids. In the results obtained for different types of
fluids discussed subsequently, the minimum cycle temperature
(temperature of the heat sink) was taken as TC¼ 30 �C for all
working fluids. The maximum/high cycle temperature (heat
source temperature, TH) was varied from 40 �C to 300 �C
to estimate the potential of this technology for low- and
intermediate-temperature applications. The range of difference
between the high and low pressure, ΔP ¼ ðPh � PlowÞ, was var-
ied from 1.0 to 100 bar.

4.1. Efficiency and BWR of Different Types of Fluids

In this section, the performance of the selected fluids based on
their types is discussed. As mentioned before, the performance

of the isobaric machines is presented in terms of the efficiency
and BWR.

4.1.1. Alkanes and Alkene Fluids

Figure 6 shows the efficiency and BWR of selected fluids that
belong to alkanes and alkene families for TC¼ 30 �C, TH range
from 40 to 300 �C, and the ΔP ¼ ðPh � PlowÞ range of 1.0 to
100 bar. It can be noted that the efficiency increases with the
increase of the pressure difference up to a certain value (depend-
ing on the fluid), then starts to decrease with further increase in
the pressure difference. For instance, in Figure 6a, the efficiency
stabilizes around 1% at ΔP¼ 1 bar. At ΔP¼ 2 bar, it stabilizes at
2% and so on up to ΔP¼ 10 bar. However, at ΔP¼ 20 bar, the
efficiency is higher than at ΔP¼ 50 bar with TH< 160 �C.
It is also higher than at ΔP¼ 100 bar with TH< 240 �C.
Furthermore, the efficiency of ΔP¼ 50 bar is higher than that
of ΔP¼ 100 bar with TH> 112 �C.

Similar behavior is noted for the other fluids with optimum
pressure achieved at different temperatures. Also, the efficiency
at low pressure differences slightly reduces with the increase
of the heat source temperature. This is explained by the decrease
of the specific volume v3 at the inlet of the driver having more
effect than the decrease of the absorbed energy in the generator,
as shown in Figure 7a,b, respectively. Furthermore, the BWR
increases with the increase of the pressure difference and
decreases with the increase of the heat source temperature. It
starts at a very high percentage due to the high consumed energy
in the pump compared to the produced energy by the driver.
This is explained by the liquid phase of the fluid at the low tem-
peratures of the heat source. Comparing the efficiencies of the
fluids in Figure 6 with each other, it can be noted that the
achieved efficiency at the same heat source temperature and
pressure difference differs considerably.

For instance, at ΔP¼ 5 bar and heat source temperature
of TH¼ 80 �C, the obtained efficiency by propane is 5.8%
(Figure 6a), by n-butane is 5.98% (Figure 6b), by n-pentane is
0.063% (Figure 6c), by probylene is 3.46% (Figure 6d), and by
benzene is 0.042% (Figure 6e). This means that both propane
and n-butane can work at low temperatures and low pressure dif-
ferences. Whereas other fluids need a higher temperature with
an optimum pressure difference to achieve efficiencies higher
than 5%, it should be noted that for this family (except benzene),
an optimum efficiency of 7% is achieved at the heat source tem-
perature of 160 �C and pressure difference of 20 bar. Regarding
the other selected fluids of this family (which are shown in
Table 1), it is found that the obtained efficiencies of isobutene
are similar to those of n-butane, those of neopentane are similar
to those of n-pentane, and those of propylene are similar to those
of propane.

4.1.2. HFC Fluids

Overall, among the 36 fluids investigated in this study, only two
fluids achieved efficiencies higher than 10% at high pressure dif-
ference, which are R32 and ammonia as shown in Figure 8a
and 9b, respectively. This can be explained by the change in
the energy added to the generator at higher pressures. It is noted
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Figure 11. h–s diagram of a) ethanol and b) acetone.
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that the decrease of the energy added to the generator in case of
R32 is much higher than in the case of propane, as shown in the
h–s diagram in Figure 10. For instance, at a mass of 1 kg per
stroke, the energy added to the generator at ΔP¼ 1 bar is
970 kJ for propane and 584 kJ for R32.

The other selected fluids of the HFC family have performance
comparable to those of the alkane family. However, the alkane
family fluids contain highly flammable components, which lim-
its their applications for refrigeration. In contrast, the HFC
refrigerants have low flammability.

4.1.3. Other Selected Fluids

Comparing the obtained results of the other investigated fluids, it
is found that the results of ethanol are similar to those of metha-
nol and acetone (see Figure 9a). The similarity of the results is
caused by the similar amount of energy added to the generator as
the pressure difference increases, as shown by the h–s curves of

ethanol and acetone (see Figure 11). While water has the most
favorable environmental properties, it has poor performance
in these types of engines (isobaric engines); see Figure 9c.
As mentioned before, ammonia was able to achieve efficiencies
higher than 10% at high pressure difference, as shown in
Figure 9b.

4.2. Classification of Working Fluids according to TH and ΔP

In this section, the working fluids are classified into five
categories. Category I is those fluids with high performance at
the heat source temperature (TH) of 80 �C. Categories II, III,
IV, and V are the high-performing fluids for TH of 100, 140, 180,
and 300 �C, respectively. The overall behavior, in terms of the
efficiency of the fluids, is discussed first in Section 4.2.1, then
the classification of the fluids according to TH categories
and for the ΔP range from 1 bar to 100 bar is provided in
Section 4.2.2.
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Figure 12. Efficiencies of the selected fluids at specified pressure differences and heat source temperature, TH¼ 300 �C.
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4.2.1. Overall Performance Behavior of the Fluids in Terms of
Efficiency

Figure 12 shows the efficiency of the 36 selected fluids at
different pressure differences (ΔP) and heat source
temperatures (TH). The order of the fluids on the x-axis of
Figure 12a was based on the values of the fluids’ efficiency
(from the highest to the lowest) at ΔP¼ 1 bar and TH¼ 80 �C.
This order of fluids is then kept for subsequent results and
discussion. In general, it was found that at ΔP¼ 1 bar, the
efficiency decreases with the increase of the heat source
temperature. This behavior is reversed for the last three fluids
(methanol, ethanol, and water) at the same conditions
(Figure 12a). Furthermore, when the pressure difference is
increased to ΔP¼ 50 bar (Figure 12c), the efficiency increases
with the increase of the heat source temperature for all
selected fluids. However, at TH¼ 300 �C and various pressure
differences, the behavior of the efficiency curves (Figure 12c)
is not as uniform as that at various temperatures

(Figure 12d). Comparing the behavior of efficiency curves in
Figure 12a,b, it can be concluded that the driver efficiency is
less sensitive for the temperature variation than for the
pressure variation.

Also, it can be noted from Figure 12b that the efficiency of
some fluids at medium pressure differences with TH¼ 80 �C
is higher than at very low or very high pressure differences.
For instance, ammonia has an efficiency of 0.94% and
0.56% at ΔP¼ 1 bar and ΔP¼ 50 bar, respectively, whereas
at ΔP¼ 20 bar, its efficiency jumps to 7% (at TH¼ 80 �C).
At ΔP¼ 50 bar and TH¼ 300 �C, ammonia and R32 obtained
the highest efficiencies, as noted before, over the other selected
fluids (11.5% for ammonia and 10% for R32).

4.2.2. Classification of the Fluids according to TH Categories for
1�50 bar ΔP Range

In this study, the working fluid is considered suitable for
isobaric engines when its efficiency exceeds 5%; below that
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Figure 12. Continued.
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the system will seize being economically viable and the fluids will
not be recommended. Figure 13 shows the efficiency
of all 36 fluids for TH¼ 100, 140, and 180 �C, while for

TH¼ 80 and for TH¼ 300 �C, the efficiencies are provided in
Figure 12. The fluid classification results are summarized in
Table 3 and 4.
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Figure 13. Efficiencies of the selected fluids for ΔP of 1–50 bar at TH of a) 100 �C, b) 140 �C, and c) 180 �C.
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Based on Figure 12 and 13 and Table 3 and 4, the following
noticeable observations are made. Ammonia and R32 have the
highest efficiencies at high ΔP of 50 bar for the TH range
100–300 �C. R161 has high performance for ΔP higher than
10 bar up to ΔP¼ 50 bar for the full range of TH from 80 to
300 �C. This finding is very important as it makes R161 the
choice fluid for a wide range of applications.

For category I (TH¼ 80 �C), the best performer is ammonia at
ΔP¼ 20 bar, followed by R161 at the sameΔP¼ 20 bar, dimethyl

ether at ΔP¼ 10 bar, and n-butane at ΔP¼ 5 bar, respectively.
For category II (TH¼ 100 �C), category III (TH¼ 140 �C), and cat-
egory IV (TH¼ 180 �C), the best performers are ammonia,
dimethyl ether, and R161, respectively all at ΔP¼ 20 bar. For cat-
egory V (TH¼ 300 �C), the best performers, in addition to ammo-
nia, dimethyl ether, and R161, are methanol and water at
ΔP¼ 20 and 50 bar. In general, fluids that have high specific
volume, v3 (see Table 2) or low density at the given TH and
ΔP, show higher efficiency and lower BWR.

Table 3. Efficient fluids for ΔP of 1–50 bar for category I (TH¼ 80 �C), II ((TH¼ 100 �C), and III (TH¼ 140 �C).

TH [�C] Fluid η [%] ΔP [bar] TH [�C] Fluid η [%] ΔP [bar] TH [�C] Fluid η [%] ΔP [bar]

80 n-Pentane 4.2 1 100 None NA 1 140 None NA 1

Diethylether 4.2 Diethylether 6.2 5 n-Pentane 6.2 5

R245fa 5.7 5 Isopentane 6.4 Diethylether 6.2

n-Butane 6.0 RE245Fa2 5.6 Isopentane 6.2

RE245cb2 5.0 Neopentane 6.0 Acetone 6.4

Butene 5.6 R245fa 5.7 Methanol 6.3

Isobutene 5.6 n-Butane 6.0 n-Pentane 6.0 10

Isobutane 5.6 RE245cb2 5.0 Diethylether 6.1

Dimethyether 4.8 Butene 5.6 Isopentane 6.2

R152a 4.2 Isobutene 5.6 Neopentane 6.2

Dimethyether 6.3 10 Isobutane 5.5 R245fa 6.2

R227ea 4.9 R245fa 6.0 10 n-Butane 6.7

R152a 5.7 n-Butane 6.6 Butene 6.7

R1234yf 5.4 RE245cb2 5.3 Isobutene 6.7

R134a 5.5 Butene 6.6 Isobutane 6.5

Propane 5.6 Isobutene 6.5 Dimethyether 6.6

R161 5.6 Isobutane 6.5 R152a 6.1

Ammonia 5.3 Dimethyether 6.5 n-Butane 6.3 20

Propylene 5.1 R227ea 5.0 Butene 6.7

R218 4.2 R152a 5.9 Isobutene 6.7

R32 4.4 R1234yf 5.5 Isobutane 6.5

Propane 5.8 20 R134a 5.6 Dimethyether 7.7

R161 6.3 Propane 5.6 R152a 7.2

Ammonia 6.9 R161 5.7 R1234yf 6.3

Propylene 5.9 Ammonia 5.6 R134a 6.7

R32 6.0 Propylene 5.3 Propane 7.0

None NA 50 Dimethyether 7.1 20 R161 7.4

R152a 6.4 Ammonia 7.9

R1234yf 5.7 Propylene 7.0

R134a 6.2 R32 6.9

Propane 6.6 R161 7.1 50

R161 7.0 Ammonia 9.2

Ammonia 7.3 Propylene 6.7

Propylene 6.6 R32 8.6

R32 6.5

Ammonia 7.5 50

R32 6.5
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5. Conclusion

The main objective of this study is to provide a database for suit-
able working fluids for Worthington-type and Bush-type isobaric
engines based on their performance for a wide range of low heat
source temperatures and a wide range of operating pressures.
To achieve this objective, a large number of potential working
fluids are studied and analyzed in a systematic fashion. A novel
application is introduced in this work, which is the combining of
these isobaric thermomechanical engines with VCR systems.
Thermodynamics models of Worthington-type and Bush-type
engines are developed and simulated to study the effects of dif-
ferent operating temperatures and pressures on the efficiency
and BWR of both engine types for 36 preselected working fluids.
Results are obtained for low cycle temperature TC¼ 30 �C, high
cycle temperature TH range from 40 to 300 �C, and for the ΔP
range from 1.0 to 100 bar. The findings and conclusions are
summarized as follows: 1) A database of 36 working fluids suit-
able for both isobaric engines is provided for the TH range from
40 to 300 �C and for the ΔP range from 1.0 to 100 bar. 2) For the
TH range from 40 to 60 �C, the achieved efficiency is very low
(less than 4%) in most cases, which significantly limits practical
applications in this TH limit. 3) Ammonia and R32 have the high-
est efficiencies at high ΔP of 50 bar for the TH range 100–300 �C.
R161 has high performance for ΔP higher than 10 bar up to
ΔP¼ 50 bar for the full range of TH from 80 to 300 �C, which
makes R161 the choice fluid for a wide range of applications.
4) For category I (TH¼ 80 �C), the best performer is ammonia
at ΔP¼ 20 bar, followed by R161 at the same ΔP¼ 20 bar,
dimethyl ether at ΔP¼ 10 bar, and n-butane at ΔP¼ 5 bar,
respectively. For category II (TH¼ 100 �C), category III
(TH¼ 140 �C), and category IV (TH¼ 180 �C), the best perform-
ers are ammonia, dimethyl ether, and R161, respectively, all at
ΔP¼ 20 bar. For category V (TH¼ 300 �C), the best performers,
in addition to ammonia, dimethyl ether, and R161, are methanol
and water at ΔP¼ 20 and 50 bar.
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Table 4. Efficient fluids for ΔP of 1–50 bar for category VI (TH¼ 180 �C)
and V (TH¼ 300 �C).

TH [�C] Fluid η [%] ΔP [bar] TH [�C] Fluid η [%] ΔP [bar]

180 None NA 1 300 None NA 1

n-Pentane 6.0 5 Acetone 6.7 5

Diethylether 6.1 Methanol 7.4

Isopentane 6.0 Water 7.4

Acetone 6.6 Acetone 7.1 10

Methanol 6.7 n-Butane 6.0

Water 6.2 Butene 6.2

n-Pentane 6.1 10 Isobutene 6.1

Diethylether 6.2 Dimethylether 6.3

Isopentane 6.2 Ammonia 6.7

Acetone 6.7 Methanol 8.0

Neopentane 6.1 Ethanol 6.4

R245fa 6.2 Water 8.0

n-Butane 6.6 Acetone 7.0 20

Butene 6.7 R245fa 6.0

Isobutene 6.6 n-Butane 6.5

Isobutane 6.4 Butene 6.9

Dimethylether 6.6 Isobutene 6.8

R152a 6.1 Isobutane 6.4

Ammonia 6.2 Dimethylether 7.8

Methanol 7.1 R152a 7.3

R245fa 6.0 20 R1234yf 6.0

n-Butane 6.7 R134a 6.5

Butene 7.1 Propane 6.5

Isobutene 7.0 R161 7.4

Isobutane 6.8 Ammonia 9.1

Dimethylether 7.9 Propylene 6.6

R152a 7.4 R32 7.3

R1234yf 6.4 Methanol 8.1

R134a 6.8 Ethanol 6.5

Propane 7.0 Water 8.2

R161 7.6 n-Butane 6.1 50

Ammonia 8.4 Butene 6.7

Propylene 7.0 Isobutene 6.6

R32 7.2 Isobutane 6.2

Methanol 6.7 Dimethylether 8.5

Dimethylether 7.5 50 R152a 8.2

R152a 7.2 R1234yf 6.6

R134a 6.7 R134a 7.3

Propane 7.2 Propane 7.6

R161 8.2 R161 8.8

Ammonia 10.1 Ammonia 11.5

Propylene 7.7 Propylene 8.1

R32 9.3 R32 10.0

Methanol 7.6

Water 7.8
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