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ABSTRACT 

About 20-50% of industrial processes energy is lost as waste heat in their 

operations. The thermal hydraulic engine relies on the thermodynamic properties of 

supercritical carbon dioxide (CO2) to efficiently perform work. Carbon dioxide possesses 

great properties that makes it a safe working fluid for the engine’s applications. This 

research aims to preliminarily investigate the actual efficiency which can be obtained 

through experimental data and compare that to the Carnot or theoretical maximum 

efficiency. The actual efficiency is investigated through three approaches. However, only 

the efficiency results from the second method are validated since the other approaches are 

based on a complete actual cycle which was not achieved for the engine. The efficiency of 

the thermal hydraulic engine is found to be in the range of 0.5% to 2.2% based on the 

second method which relies on the boundary work by the piston.  The heating and cooling 

phases of the engine’s operation are viewed on both the T-s (temperature-entropy) and p-

v (pressure-volume) diagrams. The Carnot efficiency is also found to be 13.7% from a 

temperature difference of 46.20C based on the measured experimental data. It is 

recommended that the thermodynamic cycle and efficiency investigation be repeated using 

an improved heat exchanger design to reduce energy losses and gains during both the 

heating and cooling phases. The temperature of CO2 can be measured through direct 

contact with the thermocouple and  pressure measurements can be improved using a digital 

pressure transducer for the thermodynamic cycle investigation.  
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NOMENCLATURE 

Net work during a cycle                         Wnet,out       Heat energy in                                     Qin                                                              

Heat energy out                                         Qout       Carnot efficiency                            Ƞcarnot                                                                                                                                                                                                                                             

Temperature of cold water in                    Tc,in        Temperature of hot water in                   Th,in                                                                                            

Actual efficiency based on Method 1        Ƞth,1       Mass of hot water                                         mh,w                                               

Actual efficiency based on Method 2        Ƞth,2       Mass of cold water                          mc,w                           

Actual efficiency based on Method 3        Ƞth,3       Specific heat capacity of water           cw                                                                                                          

Hot water temperature difference              ∆Th        Cold water temperature                     ∆Tc                                                                                                             

Heat gained by the copper tubes               Qout,c    Heat lost to the copper tubes            Qin,c                      

Specific heat capacity of copper tubes       cc         Mass of copper tubes                          mc                                

Copper tubes hot water temperature         ∆Th,c       Copper tubes cold water                   ∆Tc,c           

difference                                                                                          temperature difference                   

 

Heat gained by the acrylic container        Qout,a     Heat lost to the acrylic container      Qin,a                  

Mass of acrylic container                            ma     Specific heat capacity of acrylic          ca                         

Acrylic hot water temperature                ∆Th,a     Acrylic cold-water temperature      ∆Tc,a          

difference                                                                                           difference                                                                             

                                                                            

Total energy losses                                    Qloss      Total energy gains                                           Qgain                                          

  

Temperature of air                                      Ta          Energy lost to the external room       Qin,ext                                                                                    

  
Energy gained from the external room    Qout,ext  Heat transfer to the external room  Q̇in,ext      

Heat transfer from the external room     Q̇out,ext  Time difference                                    ∆t 

Piston boundary work                                 Wb    Force in lifting weights           Flift,weights 

 
Total thermal resistance                               Rt     Thickness of acrylic container          Lacr 
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Thickness of insulation                               Lins      Heat transfer coefficient of water           hw 

Heat transfer coefficient of air                     ha        Surface area of acrylic  container          Aacr        

Thermal conductivity of acrylic                 kacr       Surface area of insulation                           Ains 

Thermal conductivity of insulation            kins       Reference position of weights                       x1                        
 

Displacement of weights                             x2       Initial volume of nitrogen gas              v1 
  

Final volume of nitrogen gas                      v2        Pressure of nitrogen gas                         P 

 

Full extension of piston                              x3     Volume of  nitrogen in the gas tank   vtank 

Volume of  nitrogen in cylinder                  vc 
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CHAPTER ONE 

 

INTRODUCTION 

 

1.1 Global Energy Efficiency and Need for an Improved Engine 

Concerns about the world’s habitation for future generations continues to draw the 

attention of stakeholders to two main factors which are energy efficiency and conservation. 

Energy efficiency is mostly misinterpreted and loses its primary effect through identical 

comparisons to energy conservation. Energy efficiency relates to the performance measure 

of a system or process by considering the work output given an input of energy. Most 

systems produce work through energy conversion of one form to another explained by the 

first law of thermodynamics. Moreover, enhancing energy efficiency could involve 

technical measures implemented to improve the operation of a system to gain a greater 

work output compared to similar input energy used previously. Energy conservation rather 

deals with efforts to reduce the consumption of energy based on decision-making. Some 

examples may include household choices to turn off lights and other appliances, or an 

industry’s decision to decommission one of its several plants to save energy [1]. Energy 

efficiency if properly implemented results in the conservation of energy.  

According to the International Energy Agency (IEA) energy efficiency 2017 report 

[2], there has been global improvement in energy intensity largely due to the promotion of 

energy efficiency in most countries. Energy intensity can be measured by the amount of 

energy required per unit output [1]. Energy efficiency is attributed with lower energy 

consumption since the last decade, creating energy productivity bonus and the reduction of 

greenhouse gas emissions (GHG). Emerging economies such as the People’s Republic of 
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China, India, Mexico, Brazil, Indonesia and the Russian Federation all reduced their energy 

consumption by 13% since 2000 as shown in Figure 1. Moreover, the US made significant 

energy savings within the same period by reducing energy use by about 16%. This is a 

result of large investments to further improve the efficiency of systems.  

 

Figure 1 Energy Use with and Without Savings from Efficiency Improvements [2]. 

In 2016 as shown in Figure 2, energy efficiency investments increased by 9% with the 

buildings sector receiving the largest share. Surprisingly, the industrial sector which 

accounts for the most energy consumption in many countries received a relatively small 

amount of investment, about 16%, prompting the need to promote and adopt more efficient 

technologies in industries [2].  

 

Figure 2 Investment in Efficiency by Countries and Specific Sectors [2]. 
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Additionally, the industrial sector accounts for a third of the greenhouse gas emissions in 

the US alone and about 20-50% of industrial input energy is lost as waste heat in their 

operations [3]. A report prepared by BCS Incorporated for the US Department of Energy 

asserts that technologies are needed to efficiently utilize the available waste heat sources 

[3]. The thermal hydraulic engine represents such a technology designed to maximize 

energy efficiency. 

1.2 The Thermal Hydraulic Engine 

The thermal hydraulic engine is designed to utilize mostly low-grade energy 

sources to provide useful work. The engine has the potential of maximizing efficiency and 

includes supercritical carbon dioxide as its working fluid. It is comprised of a piston and 

cylinder assembly with liquid carbon dioxide on one side of the piston and hydraulic oil on 

the other side in practical applications as shown in Figure 3. The thermal energy from a  

low-grade energy source is used to heat up water which transfers the energy to the carbon 

dioxide in a shell and-tube heat exchanger. The heat causes the properties (temperature and 

pressure) of carbon dioxide to reach supercritical conditions. The thermal expansion of the 

carbon dioxide leads to an increase in pressure which moves the piston to compress the 

hydraulic or transmission oil and provides a pumping action. 

 In some applications, the pressurized hydraulic oil caused by the movement of the 

piston, is used to run a hydraulic motor for pumping water. The hydraulic motor usually 

has a starting torque that is overcome by the pressure caused by the expansion of the 

supercritical carbon dioxide. For the alternate part of the cycle, cold water is supplied to 

the heat exchanger to cool the carbon dioxide. This results in a decreased pressure on the 
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side of the piston filled with carbon dioxide, thereby allowing the return pressure of the 

hydraulic oil to move the piston back to the normal position [4]. The return pressure is 

provided by a nitrogen air spring connected to the assembly. The thermal hydraulic engine 

has a simple design and can be manufactured using readily available parts. Carbon dioxide 

is also naturally abundant and generally regarded as a safe working fluid. 

 

Figure 3 Schematic Diagram of the Thermal Hydraulic Engine in Application. 

1.2.1 History and Previous Work 

The thermal hydraulic engine was invented by Brian Hageman in the 20th century 

to help relieve the global energy efficiency needs arising from extant conventional systems. 

Harry Parker  studied the engine in 1997 and the design received an official patent by 1999 

[4]. The earlier design of the thermal hydraulic engine had some mechanical parts such as 

gears and cams to operate the piston [4]. The engine was also designed to rely on solar 

energy and most preliminary studies considered applications with either flat plate solar 

collectors or concave collectors to provide hot water.  
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The previous version of the engine used oil or water as the working fluid. The 

temperatures of the hot water and cold water were about 82 0C and 24 0C, respectively and 

thus a high thermal expansion required to perform work efficiently was unattainable [4]. 

Hence, there was the need to select a new and improved working fluid which had suitable 

thermal expansion properties. Carbon dioxide is currently used as the working fluid and it 

exists mostly in the supercritical region during the engine’s cycle of operation. Besides, 

carbon dioxide is also non-toxic and safe to the surroundings.  

David Jacobi performed a numerical analysis on the thermal hydraulic engine in 

2001 using a  modelling approach where the thermal hydraulic engine was considered as a 

one-dimensional compressible flow problem to determine the behavior of the engine’s 

major components [4]. The heat exchanger was modeled as a constant-temperature wall or 

boundary supplying heat for the expansion of carbon dioxide and the piston was considered 

as a moving boundary in the analysis. For further analysis of the movement of the piston 

to perform work, equations were discretized and solved using the Engineering Equation 

Solver (EES Software) with various initial conditions. He concluded that the carbon 

dioxide in the previous heat exchanger model had poor conductivity and hence the need 

for an improved heat exchanger surface area [4]. 

The most recent design of the engine possesses a hydraulic system to displace the 

piston which runs a hydraulic motor to power a pump. The hydraulic oil is pressurized on 

one side of the piston based on the increase in volume of the carbon dioxide from thermal 

expansion.  
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1.2.2 The Working Fluid (Supercritical Carbon Dioxide) 

Most thermodynamic devices consist of processes that involve heat transfer and 

work input or output from a system, while fluid properties like pressure and temperature 

change within a cycle [5]. The working fluid is termed as the fluid for heat exchange during 

the operation of a thermodynamic cycle and can exist in pure form or undergo phase 

changes. The selection of a working fluid in recent times is usually dependent on several 

thermodynamic, environmental and economic factors. A suitable working fluid should 

have properties that ensure safety and allow for a high efficiency to be achieved in the 

overall thermodynamic system. Some additional characteristics that are required of a 

working fluid include appropriate density, flammability, toxicity, ozone depletion potential 

and global warming potential [6].  

The thermal hydraulic engine operates with carbon dioxide as the working fluid to 

perform work. Interest in carbon dioxide has seen an increase since the 1990s. Notable 

among them are efforts by some developed countries through the Kyoto protocol to reduce 

greenhouse gas emissions over a five-year period [7]. Why carbon dioxide? Because it is 

mainly inexpensive due to its abundance, non-toxic, non-flammable and environmentally 

friendly in nature compared to other working fluids. Another property of carbon dioxide is 

its high volumetric expansion coefficient in the supercritical region. Usually solids have a 

lower thermal expansion coefficient compared to liquids and gases due to the compactness 

of their molecules. The high expansion coefficient allows for a greater expansion of the 

working fluid given the same input energy. This property makes the system efficient since 

a small amount of input energy will be required to perform work. 
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 Carbon dioxide has a critical temperature of 30.980C  and pressure of 7.38 MPa 

[8]. The critical point usually represents the maximum temperature and pressure a fluid can 

exist as both liquid and gas in equilibrium. Moreover, the fluid maintains properties 

intermediate of the liquid and gas phase under critical conditions. The carbon dioxide phase 

diagram shown in Figure 4 shows the range of temperatures and pressure at which carbon 

dioxide can be considered as a supercritical fluid.  

 

Figure 4 Temperature and Pressure Phase Diagram for Carbon Dioxide [9]. 

A fluid is considered as supercritical when its pressure and temperature are above the 

critical point values. Supercritical fluids possess significantly higher temperatures and 

pressures than at the critical point. Since carbon dioxide has relatively lower critical 

properties compared to other fluids as shown in Table 1, it can be used in thermodynamic 

cycles of low to moderate temperature (300C - 2000C) compared to other fluids like sulfur 

dioxide and water [7].   
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Table 1 Critical Properties of Different Fluids [8]. 

Fluid Name      Formula Critical Temperature 

(o C) 

Critical Pressure 

 (MPa) 

Ammonia NH3  132.89 11.28 

Carbon Dioxide CO2    30.98 7.38 

Hexafluorobenzene C6F6  237.78 2.77 

Perfluoropropane C3F8    71.89 2.68 

Sulfur Dioxide SO2 157.50 7.88 

Sulfur Hexafluoride SF6   45.56 3.76 

Water H2O 373.89 22.10 

Xenon Xe   16.61 5.88 

 

1.2.3 Applications of the Engine 

Generally, the thermal hydraulic engine can be used for basic applications such as 

oil and potable water  pumping, waste treatment, desalination, electric generation and air 

conditioning systems [4]. Water is essentially a basic need for humans around the world. 

Since the engine relies on low-grade energy sources such as solar thermal energy, it is 

useful in developing areas which usually have no or restricted supply of electricity from 

the grid. Most of these areas require a reliable and simple alternate system to drive a 

conventional water pump for the activities of residents [10]. The thermal hydraulic engine 

can be used in water treatment applications such as for pressurizing water through a reverse 

osmosis membrane in a desalination process. The thermal hydraulic engine uses carbon 

dioxide thereby reducing the cost of operating treatment plants [11].  
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In the petroleum industry, the use of conventional pumps is more expensive and 

makes them unsuitable for low production especially in stripper or marginal wells. 

However, the aggregate economic importance of these types of oil and gas wells is widely 

significant. The thermal hydraulic engine allows for a reduction of operating costs in oil 

and gas pumping. The thermal hydraulic engine is also emissions-free in utilizing waste 

heat; this will save the petroleum industry additional carbon costs. In combined heat and 

power applications, the waste heat can be used to increase the temperature of carbon 

dioxide to provide useful work. This can be achieved by directing the cooling fluid from 

the thermal process to the heat exchanger of the thermal hydraulic engine [4].  

1.3 Statement of Problem and Objective 

Current energy conversion devices as shown in Table 2 are mostly considered to be 

inefficient and waste a lot of energy [12]. There are some engine designs such as the 

automobile engine that are unable to operate in low to moderate temperatures and require 

high-grade energy sources [12]. The thermal hydraulic engine is a potential engine whose 

efficiency can be an advancement in efficiently using low-grade energy resources. Because 

the thermal hydraulic engine is novel in its design, there is the need to effectively determine 

its thermodynamic behavior. Also, for the engine to be economically competitive on the 

market there must be a justification of its production by virtue of its actual efficiency in 

comparison to other low-grade energy harvesting devices. In this research the fundamental 

objective is to determine its efficiency in addition to investigating the thermodynamic cycle 

for the engine. The Carnot efficiency is also determined and used as a benchmark in the 

analysis.  
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Table 2 Energy Efficiencies of Common Devices or Systems [13]. 

Device Energy Transformation Typical Efficiency (%) 

Steam turbine thermal to mechanical 45 

Gas turbine Chemical to mechanical 30 

Electric heater Electrical to thermal 100 

Home gas furnace Chemical to thermal 85 

Incandescent bulb Electrical to light 5 

Automobile engine Chemical to mechanical 25 

Solar cell Solar to electrical 15 

Lead acid battery Chemical to electrical 90 

Steam boiler Chemical to thermal 85 
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CHAPTER TWO 

 

LITERATURE REVIEW 

This section presents a study of previous work relevant to the research. The 

potential of utilizing low-grade energy sources to generate a significant amount of power 

and the hydraulic effect produced by the behavior of the fluid is examined. Further studies 

are conducted on low grade thermal energy harvesting devices and previously proposed 

supercritical thermodynamic power cycle to develop further understanding of the engine’s 

cycle.  

2.1 Hydraulic Effect and its Benefits 

Carbon dioxide, when in the supercritical region, exhibits density properties like 

that of the liquid state and hence its ability to achieve the hydraulic effect to perform work. 

If the heat exchanger is filled with gas initially, the thermal hydraulic engine becomes 

unable to lift the weights in the current experimental set-up discussed in the next chapter. 

Hydraulics deals with the behavior of liquids whether in motion or at rest. Some hydraulic 

systems use the pressure provided by the fluid to transmit power. Based on Pascal’s law 

the confined fluid transmits the force to perform work. Pascal’s law asserts that the force 

acting on a fluid is of equal magnitude in all directions and at any point in the fluid [14]. 

The compression of the fluid causes displacement and the amount of work relates with the 

transmitted force and the displacement. Hydraulic systems and devices are generally 

compact and mostly require smaller components to generate a large amount of work. Thus, 

it is economical and easy to maintain such devices. Also, the fluid can easily transfer energy 

and there is no need for robust mechanical components to transmit power. The vibrations 
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in the system are also reduced due to the number of parts and compactness of the system 

[14]. By comparing the piston-cylinder assembly of the thermal hydraulic engine in Figure 

3 to a simple hydraulic jack, the energy transferred to the carbon dioxide causes it to be 

pressurized and exerts a force on the piston. The pressure which produces the force is 

inversely proportional to the cross-sectional area of the piston. The upward movement of 

the piston when a force is exerted is shown in Figure 5.  

 

Figure 5 Behavior of a Piston Working Through Expansion after a Heat Input [12]. 

2.2 Potential Energy Sources for the Engine 

Humans use energy for different purposes such as food processing, transportation, 

heating and cooling. Most of the world’s energy resources are either classified as renewable 

or non-renewable sources as shown in Figure 6. Renewable energy sources are usually 

considered to be replenishable and unlimited whereas non-renewable resources tend to 

deplete over time and become exhausted. Some common examples of renewable sources 

include solar energy, wind energy and hydropower. Otherwise, fossil fuels are considered 

the most widely used non-renewable source of energy. In the energy economy, it is a well-
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known fact that scarcity or shortage of an energy source results in a drastic price hike. As 

such there is increased attention worldwide to renewable energy sources for both current 

and future applications. To better understand the available input energy in terms of 

efficiency for a system to perform work, the thermodynamic concept of entropy is 

introduced to examine energy quality [15]. Based on this, energy sources can further be 

grouped into low-grade and high-grade sources.  

 

 

2.2.1 High-Grade Energy Sources 

High-grade or quality energy sources can usually perform useful work with less 

losses and some examples are chemical energy (fossil fuels) and nuclear energy [17].  

High-grade energy can also be considered as mechanical energy and electrical energy. 

From Figure 6, it is revealed that fossil fuels mostly used in industrial processes account 

for the highest percentage of global energy consumption.  Several processes deal with the 

conversion of one form of energy into another. There is a possibility of producing low-

Figure 6 Global Energy Consumption for both Renewable and Non-Renewable Sources [16] 
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grade energy as waste heat in processes that involve energy conversion using high-grade 

energy [15].  

2.2.2 Low-Grade Energy Sources 

Low-grade or quality energy sources are types of energy sources that naturally have 

less potential to perform work such as wind, geothermal, solar thermal and industrial waste 

heat. Low-grade energy sources are mainly characterized by low temperatures. A major 

example is low-grade heat as waste from industrial processes. The distribution of 

significant amounts of rejected thermal energy from various industrial processes is shown 

in Figure 7. The oil process industry is observed to release the highest amount of waste 

heat (35 TWh). As a result, projects involving low-grade heat usually employ energy 

storage devices to obtain an aggregate source of useful energy when needed. The means of 

energy storage may also affect the costs of using low-grade sources. Equipment for 

utilizing low-grade heat sources include heat exchangers, heat pipes and heat engines 

which operate at high temperature [17]. The thermal hydraulic engine provides a heat 

exchanger and working fluid  to potentially harness the low-grade energy. 

 

 

 

 

Figure 7 Distribution of Rejected Thermal Energy from Various Industrial Processes [17]. 
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2.3 Low-Grade Thermal Energy Harvesting Devices 

Due to the availability of significant amounts of low-grade energy from industrial 

processes as discussed in the previous section, there are devices that have been proposed 

to efficiently utilize the energy. Among these are thermoelectric devices that rely on a low 

temperature difference between the heat source and sink. Another promising device 

proposed by Lee et. al. is the electrochemical system that depends on the thermogalvanic 

effect [18]. The thermogalvanic effect is used to achieve a thermally regenerative 

electrochemical cycle (TREC) based on the relationship between electrode potential and 

temperature [18]. An energy conversion efficiency of 5.7% was obtained for a single cycle 

without heat recuperation and with a sink temperature of 100C and source temperature of 

600C [18]. The Organic Rankine cycle (ORC) which relies on organic fluids is also 

proposed to recover waste heat. The efficiency of the ORC is given to be in the range of 

10-20% for low-temperature energy sources [19]. Thermoelectric generator modules are 

reported to have their efficiency increase from 7.5% to 9.4% given source temperatures 

from 1000C to 2500C [19]. 

2.4 Supercritical Thermodynamic Power Cycle 

Most systems that operate on thermodynamic cycles are generally used for power 

generation and refrigeration. Engines are devices or systems that produce a net power 

output based on a type of thermodynamic cycle named power cycles. Thermodynamic 

cycles can be classified as either closed or open cycles. In closed cycles the working fluid 

returns to its initial state after the system has performed work and it is circulated without 

replacement. Whereas, in open cycles the working fluid is replaced after each complete 
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operation of a system [20]. To explain the behavior of the thermal hydraulic engine it is 

imperative to study its thermodynamic cycle based on the operating properties. Most real-

life systems are difficult to describe because of the existence of effects such as friction and 

inability of the system parameters to reach equilibrium conditions in a short time.  

As an improvement on the widely used Rankine and Brayton cycles, the 

supercritical thermodynamic power cycle operates above the critical properties of the 

working fluid. This is because within the supercritical region, the limitations of the former 

cycles can be avoided and still maintain the benefits. Among the limitations are a very 

limited temperature range and sensitivity to compressor efficiency and pressure drop [21]. 

Thus, the supercritical thermodynamic power cycle offers the opportunity to achieve an 

overall higher efficiency.  
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CHAPTER THREE 

 

METHODOLOGY 

3.1 Design of Forward Motion Calibration Table Weightlifting Experiment 

In order to achieve the objectives of this research, an experiment is designed with 

the required instrumentation to measure the state parameters to determine the 

thermodynamic cycle and efficiency of the engine. The aim of the experimental design is 

to present an approach for conducting the tests and experimental setup to measure 

temperatures and pressures of the working fluid and the displacement of the weights in 

both the upward and downward position for the complete cycle. In addition, three methods 

of determining the efficiency are discussed and the approach to obtaining the 

thermodynamic cycle from properties. 

3.1.1 The Experimental Setup 

The experimental setup consists of the thermal hydraulic engine which is being 

tested and a shaft with a bottom plate (table) to hold the weights. The primary component 

of the experimental set-up named as “Forward Motion Calibration” is arranged to allow 

the piston to lift the weights thus the engine is considered to perform work. There is a meter 

rule to determine the displacement of the weights from their rest position. The idea remains 

that heat is supplied through hot water to the filled liquid CO2 and it expands under 

supercritical conditions to displace the piston and perform work (lift the weights). The 

forward motion calibration table shown in Figure 8 is designed as an apparatus to determine 

the efficiency of the engine. The operating properties are measured for each stage during 

the thermal hydraulic engine cycle. The primary objective of the experiments is to 
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demonstrate how the thermal hydraulic engine compares to conventional engines based on 

the work output by effectively utilizing energy (efficiency). The overall set up shown in 

Figure 9 includes of a heat exchanger containing liquid carbon dioxide. In addition, a pipe 

connects the heat exchanger to the piston-cylinder assembly. The weights lie on a flat table 

at the piston down position and are lifted by the expansion of the carbon dioxide after heat 

transfer to the up position.  The nitrogen air spring shown in Figure 9 serves to prevent 

backward movement of  the piston to its normal position after the weights have been lifted. 

The tests investigate the amount of energy required from a calibrated amount of water to 

lift the weights off the table using the piston-cylinder assembly and subsequently the 

efficiency of the engine is also determined. 

 

Figure 8 Forward Motion Calibration Table. 
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Figure 9 Photograph of Experimental Setup. 

 

 

 

Figure 10 Schematic Diagram of Experimental Setup. 
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The schematic diagram of the set-up in Figure 10 shows the connection between 

the forward motion calibration table, the instrumentation for the measurements, and the 

data acquisition system. The blue markings indicate the points at which the thermocouple 

wires are connected to the setup. For the purposes of experimentation water is heated to 

about 600C as energy input to the carbon dioxide. The heat exchanger is used to transfer 

the heat energy in the water to the carbon dioxide. Heat transfer is achieved through 

conduction in the copper tubes. The heat exchanger shown in Figure 11 has a total copper 

tube length of 120-inch (3m) long cut into 20 tubes which are 6-inch (0.1524m) long each. 

The K-type copper tube is pressure rated at 1860 psi (12.82MPa) with 0.375-inch 

(0.9525cm) and 0.305-inch (0.7747cm) outer and inner diameters, respectively. The heat 

exchanger box or container is made from 3/8-inch (0.9525cm) plexiglass acrylic plate with 

a 1/8-inch (0.3175cm) vinyl tube drain hose to serve as an outlet for the water into a bucket. 

 

Figure 11 Heat Exchanger. 

The double acting cylinder assembly, shown in Figure 12, which is used in the 

experimental setup, has a 1-inch (0.0254m) diameter bore piston with a 6-inch (0.1524m) 
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stroke and a rod diameter of 0.0125m. The carbon dioxide occupies the NHP-1000 

(Nominal Horsepower) cylinder on the side of the piston with the larger surface area (Area 

1)  while the nitrogen gas fills the other end of the cylinder (Area 2). 

 
Figure 12 Piston and Cylinder Assembly. 

Two Bourdon pressure gauges as shown in Figure 13 are used in the experimental 

setup to measure the pressure of carbon dioxide during the cycle and nitrogen gas which 

serves as an air spring. The pressure gauges measure pressures up to about 3000 psi (20.684 

MPa). Pressure can be read from the pressure gauges based on the BAR and psi scales. In 

the experiment, the psi scale depicted by the black markings is used. 

 

 

 

 

  
 

 

 

 

 

 

 

 Figure 13 Bourdon Pressure Gauge. 
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Figure 14 The Meter Rule. 

In order to determine the work output by the engine for the efficiency analysis, the 50 kg 

barbell weights apply the load which is overcome by the pressure against the piston caused 

by the expansion of the working fluid in the piston-cylinder assembly. The weights sit on 

a flat plate (table) as shown in Figure 8. 

The meter rule shown in Figure 14 was used to measure the vertical displacement 

of the weights as the load is overcome by the pressure built up within the cylinder by the 

expansion of the heated carbon dioxide. All the instruments are shown in Table 3. 

 

 

 

Table 3 Instrumentation Used in the Experiment. 

Instrument 

 

Manufacturer Model Number Uncertainty 

Bourdon Pressure 

Gauges 

 

- - ±1.0% 

Beaker 

 

Pyrex - ±5% 

Piston-Cylinder 

Assembly 

 

Cylinders and Valves, 

Inc 

- - 

Meter Rule 

 

Westcott Rule 

Company 

 

- ±0.1cm 

Temperature Probe 

 

Taylor Company 9847N ±0.10C 

K-type Thermocouple 

 

Omega Instruments - ±1.20C 

J-type Thermocouple 

 

Omega Instruments - ±1.10C 

DAQ Board 

 

Omega Instruments USB 2401 Model - 
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3.2 Experimental Procedure 

The experiment usually takes about 10 min from setup to completion.  The 

procedure represents both the upward and downward parts of the thermal hydraulic 

engine’s operation. Before each portion of the engine’s operation, the meter rule is used to 

measure the reference or initial position of the weights. The liquid carbon dioxide occupies 

7 in.3 (114.709 cm3) of the heat exchanger copper tubes. The Bourdon pressure gauge is 

used to measure the pressure of the liquid carbon dioxide. Similarly, another pressure gauge 

measures the pressure of nitrogen (air spring) when the weights are at the down position. 

The K and J type thermocouples are connected to the Data Acquisition System (DAQ) and 

calibrated using the temperature of melting ice (00C) as a reference.  

3.2.1 Heating Phase 

About 12oz of water (0.34 kg) is heated to a sufficiently high temperature of about 

600C and measured by the temperature probe shown in Figure 15. The Omega DAQ 

software is run on the laptop computer to measure the carbon dioxide temperatures from 

both the J and K-type thermocouples. The other two K- type thermocouples also connected 

to the Omega DAQ USB 2401 series board measure the temperature of the acrylic and 

copper tubes. The hot water is transferred from a 2mm insulated Pyrex glass beaker to the 

acrylic plastic container with the heat exchanger copper tubes. The acrylic plate container 

is also insulated to ensure heat losses. The heat energy is transferred to the liquid carbon 

dioxide which gradually expands to lift the weights. The extended position or  displacement 

of the piston rod is measured by the meter rule. The new pressure of the carbon dioxide 

and nitrogen gas is read on the pressure gauges for the upward position of the weights. The 
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vinyl hose on the plastic casing of the heat exchanger serves as an outlet to drain water into 

the bucket and the final temperature is measured using the temperature probe. The water 

remains in contact with the heat exchanger for about 100s for each experimental run. 

 

Figure 15 Temperature Probe. 

3.2.2. Cooling Phase 

To have a complete cycle of the thermal hydraulic engine, the weights are returned 

to the downward position shown in Fig 8. This is achieved through cooler water of about 

350C which removes the energy from the working fluid after generating mechanical energy. 

About 12oz of cold water (0.34 kg) is poured over the heat exchanger copper tubes from 

the insulated Pyrex glass beaker. Similarly, for this cycle, the K and J-type thermocouples 

connected to the DAQ measure the temperature of the carbon dioxide. Similarly, the 

temperatures of the acrylic and copper tubes are measured by two K-type thermocouples. 

The heat transfer from the heated carbon dioxide to the cold water reduces the volume of 

the system and thus the piston retracts, and the weights are lowered to rest on the flat plate. 

The piston position is measured using the meter rule in the process. The pressure of the 

carbon dioxide and nitrogen are obtained from the Bourdon pressure gauge. The water in 

the insulated acrylic heat exchanger casing or plastic covering is drained to measure the 

temperature of water. 
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3.3  Experiment Parameters and Governing Equations 

The design of experiments gives various types of parameters that were considered 

in analysis and calculations. Thermodynamic properties such as the specific volume of the 

carbon dioxide during both the heating and cooling phases of the complete cycle, 

temperature and pressure are considered as important parameters for determining the 

engine’s cycle and obtaining its efficiency.  

3.3.1 Thermal Efficiency Analysis 

 

For most parts of the analysis the thermal hydraulic engine is considered as a unique 

type of heat engine and is described by its ability to receive heat energy from a hot 

reservoir, perform mechanical work from the energy input, reject heat energy to the low 

temperature reservoir and thus do all in a complete cycle [6].  The thermal efficiency of a 

heat engine shown in Figure 16 operating between two reservoirs (hot and cold) can be 

determined according to the first and second laws of thermodynamics. After preliminary 

experiments, two types of efficiencies are considered for the thermal hydraulic engine. 

They are the actual (measured) thermal efficiency and the Carnot efficiency of the engine.  

 

Figure 16 Heat Engine Schematic. 
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For the engine , the net work during a cycle would be same as the net heat transfer from 

the first law of thermodynamics [18]:  

                                                        Wnet,out = Qin – Qout                                                                                (1) 

From equation (1), Qin  represents the heat transfer from the hot water to the CO2 and Qout 

refers to the heat transfer from the CO2 to the cold water in the experiment. The maximum 

theoretical efficiency that the thermal hydraulic engine can achieve would be obtained from 

the Carnot efficiency equation [18]: 

                                                           Ƞcarnot = 1 - 
Tc,in

Th,in
                                         (2) 

From equation (2) it is observed that the Carnot efficiency depends on the initial 

temperatures of the hot and cold water in the experiment. The Carnot efficiency would 

increase for higher temperature differences between the source and sink whereas there is a 

decrease for lower temperature differences [22]. Generally, the actual efficiency is given 

by equation (3) which refers to the ratio of the network output in lifting the weights to 

the total heat input to the carbon dioxide:        

                                              Ƞth =   
Wnet,out

Qin
                                                                        (3) 

The first method for determining the actual thermal efficiency is given by equation (4) 

which relies largely on the heat energy from the source (Qin) and the heat energy out to the 

sink (Qout) and accounts for the losses (Qloss) and gains (Qgain) during the heating and 

cooling phases, respectively. 

                                                Ƞth,1   =  
(Qin − Qloss) − (Qout + Qgain) 

(Qin − Qloss)
                                  (4) 
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The second method for determining the actual thermal efficiency is dependent on the 

boundary work by the piston (Wb) of the thermal hydraulic engine as given by equation 

(5). The boundary work done by the piston refers to the sum of the work done in lifting the 

90.71 kg weights and the work done in compressing the 8.27 MPa nitrogen gas as shown 

in equation (6): 

                                                    Ƞth,2 =  
Wb

Qin
                                                                                               (5) 

                                                     Ƞth,2 = 
Flift,weights ∫ dx

2
1  + p(v1−v2) 

(Qin − Qloss)
                                     (6)                                                                      

The third method used in determining the actual thermal efficiency is based on the 

thermodynamic cycle of the thermal hydraulic engine.  The actual efficiency shown in 

equation (9) is determined from the data during a single cycle of the engine’s operation. 

The work output by the thermal hydraulic engine represents the area in the pressure -

volume (p-v) diagram and is given by equation (7). Also, the heat input to the system can 

be given by the area in the temperature-entropy (T-s) diagram shown in equation (8). This 

is only approximate because not all the energy is transferred to this system and hence only 

valid for reversible cycles. The limits of integration also depends on whether a reversible 

process is achieved from the thermodynamic cycle of the engine. The approach to obtaining 

the p-v and T-s diagrams is presented in subsequent sections [22]: 

                                                        Wnet,out =∫ P dv                                                           (7)                                    

                                                           Qin = ∫ T ds                                                                (8)                                                                                                     

                                                        Ƞth,3 = 
  ∫ P dv  

∫ T ds
                                                               (9)                                   
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3.3.2 Estimating the Losses and Gains During a Single Cycle 

A single thermodynamic cycle for the thermal hydraulic engine as stated earlier 

consists of the heating and cooling phases. During the heating phase, not all the heat energy 

in the heated water is transferred to the working fluid. Some amount of the total heat energy 

from the hot water goes to heat up or raise the temperature of the copper tubes and acrylic 

container. The energy lost is considered as the losses during the actual heating phase of the 

cycle as shown in Figure 17. Also, heat energy is transferred to the external environment 

through the acrylic container and insulation from the hot water. The total heat energy (Qin) 

from the 12oz (0.34 kg) of hot water can be determined by equation (9) where mh,w is the 

mass of hot water, cw is the specific heat capacity of water (4182 Jkg-1K-1)and ∆Th is the 

temperature difference between hot water in (Th,in)  and out (Th,out): 

                                             Qin = mh,wcw∆Th                                                                        (9) 

Similarly, for the cooling phase, some amount of the total energy from the working fluid 

(CO2) goes to reduce the temperature of the copper tubes and acrylic container as shown 

in Figure 18. The total heat energy (Qout) to the sink (0.34 kg of cold water) can be 

determined by equation (10) where mc,w is the mass of cold water, cw is the specific heat 

capacity of water (4182 Jkg-1K-1) and ∆Tc is the temperature difference between cold water 

in (Tc,in) and out (Tc,out): 

                                                    Qout = mc,wcw∆Tc                                                                        (10)  



29 
 

 

Figure 17 Schematic Diagram Showing the Various Energy Losses During the Heating 

Phase. 

 

Figure 18 Schematic Diagram Showing the Various Energy Gains During the Cooling 

Phase. 

Also, the heat energy (Qin,c) lost to the copper tubes to raise their temperature is 

given by equation (11) where mc is the total mass of the copper tubes, cc is the specific heat 

capacity of copper (390 Jkg-1K-1) and ∆Th,c is the temperature difference between the initial 

and final temperatures of the copper during the heating phase: 
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                                                    Qin,c = mccc∆Th,c                                                                     (11) 

Consequently, the heat energy (Qout,c) in the copper tubes to reduce their temperature is 

given by equation (12) where mc is the total mass of the copper tubes (0.6035 kg), cc is the 

specific heat capacity of copper (390 Jkg-1K-1) and ∆Tc,c is the temperature difference 

between the initial and final temperatures of the copper during the cooling phase:  

                                                    Qout,c = mccc∆Tc,c                                                                     (12) 

The total mass of the copper tubes is determined by multiplying the weight per unit meter 

of a single copper tube (0.198 kgm-1) shown in Figure 19 by the length of a single tube 

(0.1524 m). 

 

 

 

 

 

 

Additionally, the heat energy (Qin,a) to raise the temperature of the acrylic container 

is given by equation (13) where ma is the total mass of the acrylic container (1.08 kg) which 

can be obtained by multiplying the density (1180 kgm-3) and volume (9.16272 x 10-4 m3) , 

ca is the specific heat capacity of acrylic (1465.38 Jkg-1K-1) and ∆Th,a is the temperature 

difference between the initial and final temperatures of the acrylic during the heating phase: 

                                                      Qin,a = maca ∆Th,a                                                                      (13) 

Figure 19 The 0.198 kg/m Single Copper Tube. 
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The heat energy (Qout,a) to reduce the temperature of the acrylic container is given by 

equation (14) where ma is the total mass of the acrylic container, ca is the specific heat 

capacity of acrylic and ∆Tc,a is the temperature difference between the initial and final 

temperatures of the acrylic during the cooling phase: 

                                                     Qout,a = maca ∆Tc,a                                                                       (14) 

The total energy losses during the heating phase are given by equation (15), and the total 

gains during the cooling phases are determined by equation (16): 

                                                  Qloss = Qin,c + Qin,a + Qin,ext                                                                    (15)                            

                                                  Qgain = Qout,c + Qout,a + Qout,ext                                                             (16) 

The heat transfer rate to the room (Q̇in,ext) during the heating phase through the acrylic and 

insulation can be estimated by equation (17) which is further simplified into equation (18) 

considering the ratio of the temperature difference between water and air (Th,in – Ta) to the 

total thermal resistance (∑ 𝑅𝑡) in the water, acrylic, mineral wool insulation and air: 

                                                     Q̇in,ext =
Th,in−Ta

∑ Rt
                                                                           (17) 

                                            Q̇in,ext =  
Th,in− Ta

(
1

hwAacr
)+(

Lacr
kacrAacr

)+(
Lins

kinsAins
)+(

1

haAins
)
                      (18) 

The thicknesses of the acrylic container (Lacr) and the mineral wool insulation (Lins) are 0.9 

cm and 2.54 cm, respectively, as shown in Figure 20. The convective heat transfer 

coefficient for water (hw) and air (ha) are assumed as 300 Wm-2K-1 and 20 Wm-2K-1, 

respectively [22]. The values of the coefficients are selected conservatively to account for 

the free convection of air and water. The area of the acrylic container (Aacr) is 0.102 m2 
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Figure 20 Heat Transfer from Water to the Outside Air. 

and the thermal conductivity of the acrylic (kacr) is 0.2 Wm-1K-1. Also, the area of insulation 

(Ains) is 0.223 m2 and the thermal conductivity of mineral wool (kins)  is 0.035 Wm-1K-1. 

                                                     

 

 

 

 

 

 

  . 

The insulation of the acrylic container with mineral wool material (with foil backing) is 

shown in Figure 21. However, all sides of the acrylic container are covered in the 

experimental setup with just a small opening at the top as a water inlet. 

 

                                                                                                                                                                                                                                                            

 

 

 

 

 

 

Figure 21 Acrylic Container with Mineral Wool Insulation. 
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The total energy through the acrylic and insulation during the heating phase (Qin,ext) can be 

determined by equation (19) where ∆t refers to the time difference during the heating 

phase:  

                                                           Qin,ext =  Q̇in,ext∆t                                                  (19) 

Subsequently, during the cooling phase of the engine’s cycle, the rate of  heat transfer from 

the external environment (Q̇out,ext) to the cold water is determined by equation (20). This 

is described as the ratio of the temperature difference between the room temperature (Ta) 

and that of the cold water (Tc,in) to the total thermal resistance: 

                                  Q̇out,ext =  
Ta− Tc,in

(
1

haAins
)+(

Lins
kinsAins

)+(
Lacr

kacrAacr
)+(

1

hwAacr
)
                                  (20)                           

The total energy (Qout,ext) from the heat transfer rate from the external environment to the 

cold water described in Figure 22 can be estimated by equation (21) where ∆t represents 

the time difference during the cooling phase: 

                                                      Qout,ext =  Q̇out,ext∆t                                                            (21)                            

 

Figure 22 Heat Transfer through the Composite Wall to the Cold Water. 



34 
 

Figure 23 Picture of the two OMEGA USB 2400 DAQ Boards for Data Acquisition. 

3.4 Data Acquisition 

Data are collected for the temperature of the carbon dioxide, acrylic container and 

copper tube. Two OMEGA DAQ USB boards are used to collect data as shown in Figure 

23. Both the K and J-type thermocouples that are attached to the tube or pipe connecting 

the heat exchanger to the piston-cylinder assembly are shown in Figure 24. The two 

thermocouples are mounted to measure the temperature of the carbon dioxide. The other 

ends of the two thermocouples are connected to the analog input channels of a single 

OMEGA DAQ board. The J and K-type thermocouples fit into channels 3 and 4, 

respectively shown in Figure 25. The OMEGA data acquisition system is also connected 

to the computer which has a software installed for collecting data through a USB power 

cable. The interface for setting up the OMEGA DAQ software for collecting data is shown 

in Figure 26. Data are sampled or collected every 1 second. Similarly, the other two K-type 

thermocouples are connected to the analog input channels 3 and 4 of the second OMEGA 

DAQ board.   
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Figure 24 Picture of Thermocouples Attachment for Measuring CO2 Temperature. 

Figure 25 OMEGA 2400 DAQ Board with Power Cable and Connected Thermocouples. 

 
  

 

The J and K-type thermocouple wires are wrapped around the pipe for measuring the 

estimated temperature of the carbon dioxide.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The channels named AN3D and AN4D are used as active analog input channels for the 

thermocouples as shown in Figure 26. 
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Figure 26 Configuration Interface of Omega DAQ Software for Data Acquisition. 

Figure 27 Picture of Thermocouples for Measuring the Temperature of Acrylic 

and Copper Tube. 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

       

 

The attachment of the K-type thermocouples for measuring the temperatures of the acrylic 

and insulation is shown in Figure 27. A 12.0MP camera with a Full High Definition (FHD) 

video size (1920 x 1080) is used for recording the carbon dioxide pressure from the 

Bourdon pressure gauge during a single cycle. 
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3.5 Thermodynamic Cycle 

Two varying thermodynamic properties, namely the temperature and pressure of 

the working fluid, are used to determine the thermodynamic cycle of the engine.  The two 

state variables of the thermal hydraulic engine are used to compute the entropy and specific 

volume using a thermodynamic property calculator developed by MegaWatSoft [23]. The 

interface of the software for computing the thermodynamic properties is shown in Figure 

28. The SI unit system is used for the computation where the units of absolute pressure and 

temperature are bar and degrees Celsius, respectively. The temperature-entropy (T-s) and 

pressure-volume (p-v) diagrams for a single cycle are determined based on the obtained 

state variables.  

 

Figure 28 Screenshot of the MegaWatSoft Thermodynamic Property Calculator Interface. 
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3.6 Uncertainty Analysis 

The existence of errors is almost inevitable in experimental measurements. Mostly, 

the goal is to ensure minimal errors in data collection and estimate them through an 

uncertainty analysis. Performing an uncertainty analysis helps validate and build 

confidence in the measurements and results obtained from the experiments. The 

propagation of uncertainty is considered in this research since the measurements from the 

experiment depended on several parameters. 

The efficiencies can be considered as the experimental result denoted by Y, where 

Y is a function of several variables, Xn , given by equation (22). The uncertainty (UY) in 

the result can be determined by equation (23) [24]. 

                                                Y = Y( X1 , X2, X3, …, Xn)                                              (22) 

                             𝑈𝑌 =  [(
𝜕𝑌

𝜕𝑋
 𝑈𝑋1

)
2

 + (
𝜕𝑌

𝜕𝑋
 𝑈𝑋2

)
2

 + ⋯ + (
𝜕𝑌

𝜕𝑋
 𝑈𝑋𝑛

)
2

 ]

1

2

                      (23) 

 

For example, taking the Carnot efficiency (Ƞcarnot) from equation (2) as the experimental 

result which depends on the temperature of the source (Th,in) and sink (Tc,in), the uncertainty 

in the Carnot efficiency can be determined by equation (24). 

                                 Ucarnot =  [(
∂Ƞcarnot

∂Tc,in
 UTc,in

)
2

+ (
∂Ƞcarnot

∂Th,in
 UTh,in

)
2

]

1

2

                    (24) 

The total relative uncertainty in the Carnot efficiency is estimated to be 0.5%. The 

uncertainty in the efficiency based on method 1 is given by equation (25). The resulting 

relative uncertainty based on method 1 is found to be 11%. Additionally, the relative 

uncertainty in the actual efficiency based on method 2 is 35% given by equation (26). 
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 UȠeff,1
= [(

∂Ƞth,1

∂Qin
 UQin

)
2

+ (
∂Ƞth,1

∂Qloss
 UQloss

)
2

+ (
∂Ƞth,1

∂Qout
 UQout

)
2

+ (
∂Ƞth,1

∂Qgain
 UQgain

)
2

]

1

2

   (25)                  

              UȠeff,2
= [(

∂Ƞth,2

∂∆x
 U∆x)

2

+ (
∂Ƞth,2

∂∆v
 U∆v)

2

+ (
∂Ƞth,2

∂(Qin−Qloss)
 U(Qin−Qloss)

)
2

]

1

2

         (26) 

The relative uncertainty values are relatively high for method 1 and 2 compared to that for 

the Carnot  efficiency due to errors as a result of the greater number of dependent 

parameters during the experimental measurements. This also reveals the prospective of 

getting more reliable efficiency values based on method 1 which has smaller relative 

uncertainty value especially if the thermodynamic cycle can be realized experimentally. 

For method 2 since the uncertainty is greater than compared to method 1, the 

instrumentation used in the measurements must be re-considered in future experiments. 

The meter rule used in the previous experiment can be replaced by a linear variable 

differential transformer (LVDT) that serves as a position sensor to minimize the errors. 

Similarly, the errors in the pressure measurements can be minimized using a pressure 

transducer with a lower inherent uncertainty compared to the Bourdon pressure gauge. 

Nonetheless, the absolute uncertainty in method 1 is still greater owning to the aggregate 

uncertainties in more parameters than compared to method 2 as shown in Tables 12 and 

15. 
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CHAPTER FOUR 

 

RESULTS AND DISCUSSION 

 

4.1  Experimental Data 

A summary of the data that were recorded during the experiment is presented in 

this section. The temperatures of the hot and cold water for five different experimental tests 

are shown in Tables 4 and 5. For each experiment the heating phase is performed first by 

pouring in the hot water and after achieving steady conditions, the cooling phase begins by 

pouring in the cold water to remove heat from the working fluid. Tables 4 and 5 shows the  

temperature, time and weight displacement measurements during the heating and cooling 

phases for each experimental run, respectively. The highest temperature of the source used 

in this investigation is 57.90C to avoid maximum extension of the piston rod. It is observed 

that the lowest temperature of the sink is about 11.70C. In both tables, the reference height 

(i.e., the initial height) is represented by x1 whereas the displacement height (i.e., the final 

height) is given by x2. The time taken for an experiment is about 100s. 

Table 4 Experimental Data Collected for the Heating Phase. 

Experiment 

Run 

Th,in   

(oC) 

 

Th,out 

(oC) 

∆t  

(s) 

x1 

(cm) 

x2 

(cm) 

1 44.5 32.5 99 2.6 6.3 

2 40.2 26.5 99 2.8 5.1 

3 45.5 32.2 100 2.1 5.9 

4 52.3 33.4 112 1.9 8.5 

5 57.9 36.1 123 2.5 11.4 
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Table 5 Experimental Data Collected for the Cooling Phase. 

Experiment 

Run 

Tc,in 

(oC) 

 

Tc,out 

(oC) 

∆t 

(s) 

x1 

(cm) 

x2 

(cm) 

1 20.6 25.3 87 6.1 3.0 

2 18.3 23.8 71 5.1 2.0 

3 15.8 23.5 87 5.9 1.9 

4 15.0 24.6 137 8.0 2.5 

5 11.7 22.7 152 11.5 2.0 

 

 Additionally, the data for experimental run 5 is plotted to develop further 

understanding of the variation of experimental parameters in both the heating and cooling 

phases. The change in CO2 temperature as a function of time as shown in Figure 29, reveals 

a steady rise in temperature after about 30s during the heating phase. The CO2 temperature 

only changes slightly during the cooling phase. This can be explained by the heat 

contribution from the external environment and the sensitivity of the copper tube heat 

exchanger to small changes in temperature. The CO2 is also mostly in the supercritical state 

during the cycle. The copper tube temperature shown in Figure 30 reaches a maximum of 

about 460C during the heating phase from an initial temperature of about 280C. This can 

be attributed to the large amount of energy that is lost to the copper tube during heating. 

Similarly, the temperature remains fairly constant during the cooling process. In Figure 31, 

the variation of the acrylic container temperature with time is shown to peak at about 310C. 

The behavior in temperature variation is similar when compared to the CO2 and copper 

tubes. However, the temperature during the cooling phase is lower as result of its low 
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thermal conductivity. The variation of the pressure data is shown in Figure 32 A complete 

thermodynamic cycle is not achieved given the large difference in pressure between the 

heating and cooling phases. 

 

Figure 29 Plot of CO2 Temperature Data for both Heating and Cooling Phases for 

Experimental Run 5. 

 

Figure 30 Plot of Copper Tube Temperature Data for both Heating and Cooling Phases 

for Experimental Run 5. 
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Figure 31 Plot of Acrylic Container Temperature Data for both Heating and Cooling 

Phases for Experimental Run 5. 

 

Figure 32 Plot of Pressure Data for both Heating and Cooling Phases for Experimental 

 Run 5. 
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The experimental data for the temperature of copper and acrylic during the heating phase 

are given in Table 6. The temperature change during the heating process is significantly 

higher for the copper tubes than for the acrylic container. Also, the data for the cooling 

phase are shown in Table 7 where the temperature difference is greater for the copper 

tubes than for the acrylic. 

Table 6 Experimental Data for Copper and Acrylic During the Heating Phase 

Experiment 

Run 

Tcopper,initial 

(oC) 

 

Tcopper,final 

(oC) 

∆Th,c 

(oC) 

Tacrylic,in 

(oC) 

Tacrylic,final 

(oC) 
∆Th,a 

(oC) 

1 26.9 41.1 14.2 27.3 29.9 2.6 

2 27.8 36.7 8.9 28.0 29.5 1.5 

3 26.8 40.7 13.9 27.3 30.5 3.2 

4 26.5 45.2 18.7 27.7 33.2 5.5 

5 27.4 45.8 18.4 28.0 31.3 3.3 

 

Table 7 Experimental Data for Copper and Acrylic During the Cooling Phase 

Experiment 

Run 

Tcopper,initial 

(oC) 

 

Tcopper,final 

(oC) 
∆Tc,c 

(oC) 

Tacrylic,in 

(oC) 

Tacrylic,final 

(oC) 
∆Tc,a 

(oC) 

1 32.4 27.9 4.5 29.1 28.8 0.3 

2 30.1 25.9 4.2 29.9 27.1 2.8 

3 30.2 26.4 3.8 29.2 28.7 0.5 

4 32.9 28.9 4.0 29.9 28.9 1.0 

5 32.6 26.1 6.5 29.5 27.8 1.7 
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4.2 Carnot Efficiencies 

Based on the measured temperatures of the heat source (Th,in)  and sink (Tc,in), the 

Carnot efficiencies of the engine are determined using equation (2) for various temperature 

differences. The resulting efficiencies are shown in Table 8 below. The Carnot efficiency 

of the thermal hydraulic engine typically depends on the temperatures of the heat source 

and sink. The Carnot efficiency increased proportionally with the temperature difference 

(∆T)  between the hot and cold water. The maximum Carnot efficiency obtained is 14.0%  

from experiment test 5 with a temperature difference of 46.20C. The heat source and sink 

temperatures in the experiment run 5 were 57.90C and 11.70C, respectively. The 

efficiencies obtained in Table 8 are used as a benchmark and compared to the actual 

efficiencies determined from the other methods.  

Table 8 The Resulting Carnot Efficiencies Determined from Experimental Data. 

Experiment 

Run 

∆T  

(oC) 
ȠCarnot  

(%) 

UȠCarnot
 

 

               1                                                23.9 7.53 ±0.04 

               2 21.9 6.99 ±0.04 

               3 29.7 9.32 ±0.05 

               4 37.3 11.47 ±0.06 

               5 46.2 13.96 ±0.07 
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4.3 Efficiency Results Based on Method 1 

The energy losses from the copper tubes, acrylic and to the environment during the 

heating phase given by equation (27) are shown in Table 9 and  the energy gains during 

the cooling phase obtained from equation (28) are shown in Table 10.  

      Qloss = 𝑚𝑐𝑐𝑐 ∆𝑇ℎ,𝑐+ 𝑚𝑎𝑐𝑎 ∆𝑇ℎ,𝑎+ 
𝑇ℎ,𝑖𝑛− 𝑇𝑎

(
1

ℎ𝑤𝐴𝑎𝑐𝑟
)+(

𝐿𝑎𝑐𝑟
𝑘𝑎𝑐𝑟𝐴𝑎𝑐𝑟

)+(
𝐿𝑖𝑛𝑠

𝑘𝑖𝑛𝑠𝐴𝑖𝑛𝑠
)+(

1

ℎ𝑎𝐴𝑖𝑛𝑠
)

∆t                     (27) 

      Qgain = 𝑚𝑐𝑐𝑐 ∆𝑇𝑐,𝑐+ 𝑚𝑎𝑐𝑎 ∆𝑇𝑐,𝑎  + 
𝑇𝑎− 𝑇𝑐,𝑖𝑛

(
1

ℎ𝑎𝐴𝑖𝑛𝑠
)+(

𝐿𝑖𝑛𝑠
𝑘𝑖𝑛𝑠𝐴𝑖𝑛𝑠

)+(
𝐿𝑎𝑐𝑟

𝑘𝑎𝑐𝑟𝐴𝑎𝑐𝑟
)+(

1

ℎ𝑤𝐴𝑎𝑐𝑟
)

∆t                   (28) 

The total heat energy input from the hot water (Qin) and the total energy output to the cold 

water (Qout) are utilized in equation 4 to investigate the actual efficiency based on the first 

method. The results from the calculations are shown in Table 11.  

                                                      Ƞth,1   =  
(Qin − Qloss) − (Qout + Qgain) 

(Qin − Qloss)
                            (4) 

It is observed generally in both the heating and cooling phases that the greatest amount of 

energy is lost in the heating of the copper tubes and acrylic container. Subsequently in the 

cooling phase, a large amount of the heat energy is gained by the cooling of the copper 

tubes and the acrylic container. Minimal heat is lost or gained from the room during the 

heating and cooling phases, respectively. The energy to the acrylic container for 

experimental run 4 which is 8704.36 J from Table 9 is relatively high because more heat is 

lost to the acrylic from the water as can be inferred from the temperature difference of 

5.50C in Table 6 during the heating phase. The hot water also remains in contact with the 

container for about 112s.  
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Table 9 Heat Losses to the Copper, Acrylic and Environment During the Heating Phase 

of the Experiment. 

Experiment 

Run 

 

Qin,c 

(J) 

Qin,a 

(J) 

 

Qin,ext 

(J) 

1 3342.21 4414.79 490.00 

2 2094.76 2373.92 381.15 

3 3271.60 5064.35 518.70 

4 4401.35 8704.36 772.8 

5 

 

4330.74 5222.61 1023.36 

 

Table 10 Heat Gains from the Copper, Acrylic and Environment During the Cooling 

Phase of the Experiment. 

Experiment 

Run 

 

Qout,c 

(J) 

Qout,a 

(J) 

Qout,ext 

(J) 

1 1059.15 474.78 26.83 

2 988.54 4431.31 34.13 

3 894.39  791.31 57.42 

4 941.47 1582.61 98.30 

5 

 

1529.88 2690.44 145.04 

Additionally, it is observed in Table 12 that the actual efficiencies 6.5% and 2.0% in 

experiment runs 1 and 5, respectively fall below the Carnot efficiency.  The negative 

efficiencies obtained for experiment runs 3 and 4 are as result of the greater amount of net 

energy removed during the cooling phase compared to the energy input during the heating 
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phases. This can also be attributed to experimental measurement errors and the gains and 

losses during the phases. Moreover, negative efficiencies are not possible for an engine.  

Table 11 The Total Energy in and out of the System and the Total Losses and Gains for a 

‘Cycle’. 

 

 

 

 

 

 

 

 

 

Table 12 The Resulting Actual Efficiencies Obtained Based on Method 1. 

 

 

 

 

 

Experiment 

Run 

∆T  

(oC) 

Qin 

(J) 

Qout 

(J) 

 

Qloss 

(J) 

Qgain 

(J) 

1 23.9 17062.56 6682.84 8247.00 1560.76 

2 21.9 19479.76 7820.34 4849.83 5453.98 

3 29.7 18911.00  10948.48 8854.65 1743.12 

4 37.3 26873.53 13650.05 13878.51 2622.38 

5 

 

46.2 30996.98 15640.68 10576.71 4365.36 

Experiment 

Run 

∆T  

(oC) 

(Qin- Qloss) 

(J) 

(Qout+ Qgain) 

(J) 

 

ȠCarnot 

(%) 
Ƞeff,1 

(%) 

UȠeff,1
 

 

1 23.9 8815.56 8243.60 7.53 6.5 ±0.7 

2 21.9 14629.93 13274.32 6.99 9.3 ±1.0 

3 29.7 10056.35 12691.60 9.32 -26.2 ±2.9 

4 37.3 12995.02 16272.43 11.47 -25.2 ±2.8 

5 

 

46.2 20420.27 20006.04 13.96 2.0 ±0.2 
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4.4 Efficiency Results Based on Method 2 

 

In this section, the efficiency is determined again based on equation (6).                   

                                                    Ƞth,2 = 
Flift,weights ∫ dx

2
1  + p(v1−v2) 

(Qin − Qloss)
                                     (6)                                                                      

The pressure of nitrogen gas remains constant at 8.72MPa while the volume change (v1 – 

v2) is based on the displacement of the piston from the reference position (x1) to the final 

position (x2) for each experiment test or single cycle. The full extension of the piston (x3) 

in the cylinder is 0.1524m and the volume of cylinder occupied by the nitrogen gas is 

denoted by vc. Additionally, the volume of the nitrogen in the gas tank (vtank) is 

0.0013929m3. The final volume is estimated from the sum of the nitrogen gas volume in 

the cylinder and the gas tank. The volume of nitrogen in the cylinder at the reference 

position for each experimental run is shown in Table 13. Whereas, Table 14 shows the 

volume of nitrogen in the cylinder at the final positions. It is observed that the volume of 

nitrogen is relatively smaller after the extension of the piston compared to the initial state. 

The force in lifting the weights (Flift,weights), 889 N, is obtained by multiplying the 

mass of the weights (90.71 kg) and the acceleration due to gravity (9.8 m/s2). Whereas, the 

force in compressing the nitrogen gas is 3348 N. The area of the piston face occupied by 

the nitrogen gas is 3.84 x 10-4 m2.  The resulting efficiency is relatively small compared to 

the Carnot efficiencies. However, for experiment test 5 the efficiencies based on Method 1 

and 2 are similar.  The values of the efficiency are shown in Table 15 based on Method 2.  
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Table 13 The Resulting Nitrogen Gas Volume in the Cylinder for the Reference 

Positions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experiment  

Run 

∆T 

(oC) 

x1 

(m) 

(x3 - x1) 

(m) 

vc 

(m3) 

× 10−5 

1 23.9 0.026 0.1264 4.854 

2 21.9 0.028 0.1244 4.777 

3 29.7 0.021 0.1314 5.046 

4 37.3 0.019 0.1334 5.122 

5 46.2 0.025 0.1274 4.892 

Table 14 The Resulting Nitrogen Gas Volume in the Cylinder for the Final 

 Positions. 

Experiment  

Run 

∆T 

(oC) 

x2 

(m) 

(x3 - x2) 

(m) 

vc 

(m3) 

× 10−5 

1 23.9 0.063 0.0894 3.433 

2 21.9 0.051 0.1014 3.894 

3 29.7 0.059 0.0934 3.586 

4 37.3 0.085 0.0674 2.588 

5 46.2 0.110 0.0424 1.628 
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4.5 Temperature-Entropy and Pressure-Volume Diagrams 

In this section, the thermodynamic property diagrams for both the heating and 

cooling phases are presented. This is done for the objective of investigating the 

thermodynamic cycle for the engine. In the p-v diagrams shown in Figures 33 and 34 for 

the heating and cooling phases in experimental run 5, respectively, it is observed that a 

complete thermodynamic cycle is not achieved based on the data plots for pressure and 

specific volume of carbon dioxide as shown in Figure 35. The initial and final states do not 

correspond for both the heating and cooling phases to achieve an actual cycle. This is 

similarly true for all the experimental runs. Thus, the approach to obtaining the efficiency 

based on Method 3 using equation 9 does not hold for the resulting thermodynamic process 

plots. 

                                           Ƞth,3 = 
  ∫ P dv  

∫ T ds
                                                               (9)                                   

Table 15 The Resulting Actual Efficiencies Obtained Based on Method 2. 
 

Experiment  

Run 

∆T 

(oC) 

v1 

(m3) 

v2 

(m3) 

v1 - v2 

(m3) 

× 10−5 

ȠCarnot 

(%) 

Ƞeff,2 

(%) 

 

UȠeff,2
 

1 23.9 0.0014414 0.0014272 1.42 7.53 1.8 ±0.63 

2 21.9 0.0014407 0.0014318 89 6.99 0.67 ±0.23 

3 29.7 0.0014434 0.0014288 1.46 9.32 1.6 ±0.56 

4 37.3 0.0014441 0.0014188 2.53 11.47 2.1 ±0.74 

5 46.2 0.0014418 0.0014092 3.26 13.96 1.8 ±0.63 
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Figure 33  P-v Diagram of the Engine During the Heating Phase for 

Experimental Run 5. 

 The resulting T-s diagram for the heating phase is shown in Figure 36 while that 

of the cooling phase can be pictured in Figure 37. The complete view of the T-s diagram 

with both the heating and cooling phases is given by Figure 38. Similarly, a full cycle is 

not achieved for the engine. The pressure is seen to increase during the heating phase but 

there is a pressure drop observed during the cooling phase. This can be attributed to the 

loss of heat energy before and during the cold-water intake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 
 

Figure 34 P-v Diagram of the Engine During the Cooling Phase 

for Experimental Run 5. 

 
 

 

 

      
Figure 35 Full View of the P-v Diagram for a Complete ‘Cycle’ for Experimental Run 5. 
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Figure 37 T-s Diagram of the Engine During the Cooling Phase for 

Experimental Run 5. 

Figure 36 T-s Diagram of the Engine During the Heating Phase for 

Experimental Run 5. 
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Figure 38 Full View of the T-s Diagram for a Complete ‘Cycle’ for Experimental Run 5. 
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CHAPTER FIVE 

 

CONCLUSION AND FUTURE WORK 

 

The primary objective of the experiments was to investigate the efficiency and 

thermodynamic cycle of the thermal hydraulic engine. Three different methods are 

discussed in the approach to obtaining the efficiency of the engine. First, the maximum 

Carnot efficiency obtained for the engine is about 14.0% for a temperature difference of 

46.720C. Method 1 for determining the actual efficiency relied on the values of energy 

input from the source, energy output to the sink, energy losses during the heating phase 

and energy gains during the cooling phase. The highest efficiency obtained was about 6.5% 

from experiment test 1 for a temperature difference of 23.90C. It is recommended in future 

experimental work that the heat exchanger design be changed since a large amount of heat 

energy is lost to both the copper tubes and the acrylic during the heating phase.  

Similarly, in the cooling phase most of the energy is gained by the copper tubes and 

acrylic container. Method 2 gives the most reliable approach to obtaining the efficiency. 

The efficiencies obtained ranged between 0.5% to 2.2% which lie reasonably below the 

Carnot efficiency obtained for the thermal hydraulic engine. From the experiment, it is 

concluded that based on the inability to achieve a complete actual cycle from the recorded 

data, the thermodynamic cycle of the engine proves inconclusive. Method 3 is therefore 

not considered in the analysis even though it is discussed in Chapter 3 as a possible 

approach to determine the efficiency. Thus, the respective heating and cooling phases are 

studied to justify the need to improve the pressure and temperature measurements of the 

working fluid (carbon dioxide). The heating phase occurs within a pressure from 8 MPa to 
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9 MPa and temperatures above 310C. Whereas, during the cooling phase pressure drops 

below 7 MPa. Thus, it is said that the carbon dioxide largely operates in the supercritical 

phase when performing work in the engine’s operation. However, it returns to the liquid 

phase during compression of the piston. Based on the experimental results, a direct method 

of measuring the temperature of the carbon dioxide in the setup is recommended rather 

than estimating the temperature from measurements outside of the pipe. Regarding the 

pressure data which were obtained through the 12.0M camera shown in Figure 32, a 

pressure transducer with very high-pressure tolerance can be used in future experiments.  

Additionally, future work to realize a cycle experimentally, will involve a 

continuous heat exchanger setup as shown in Figure 38, where water flow is regulated from 

both the hot-water and cold-water tanks. This will ensure no stoppages in the 

thermodynamic properties data acquisition and help regulate the flow rates, temperatures 

and pressures during both the heating and cooling phases. Also, the recommended pressure 

transducer for the carbon dioxide pressure measurements will allow for continuous and 

more accurate data to realize a ‘complete cycle’. Improving the carbon dioxide temperature 

measurements by ensuring thermocouple is in direct contact with the CO2 will contribute 

to realizing a complete cycle.  

                

       Figure 39 Proposed Heat Exchanger Setup. 
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APPENDIX A 

HEATING PHASE DATA AND CALCULATIONS IN EXCEL. 
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APPENDIX B 

COOLING PHASE DATA AND CALCULATIONS IN EXCEL. 
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APPENDIX C 

 SNAPSHOT OF THE THERMODYNAMIC PROPERTIES DATA.  
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APPENDIX D  

MATLAB CODE FOR THE DATA PLOTS. 
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