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ABSTRACT 

The aim of this project is to select appropriate heat exchangers out of available gas-gas heat exchangers 

for used in a proposed power plant. The heat exchangers are to be used in the power plant for the 

purposes of waste heat recovery, recuperation and intercooling. 

In selecting an optimum heat exchanger for use, the PCHE was identified as the best candidate for waste 

heat recovery and recuperation. In order to ascertain the viability of this assertion the PCHE was 

designed and a 1D modeling performed in MATLAB using the conditions that the heat exchanger for 

waste heat recovery would be subjected to. The choice of using the conditions that the waste recovery 

heat exchanger would be subjected to was due to the fact that, it is the heat exchanger that would be 

subjected to much harsh conditions (thus higher temperatures of up to 650 ºC). The PFHE was also 

designed and similarly a 1D modeling performed in MATLAB. The decision to consider the design of the 

PFHE was to offer a platform to compare and contrast the performance of the PCHE in order to have a 

strong basis for deciding on whether to stick to the choice for the PCHE or otherwise. 

The results obtained from the 1D modeling of the design of the heat exchangers indicates that the PCHE 

performed better with regards to pressure drops across the heat exchangers (with values of 1.17 and 2.47 

% for the cold and hot sides respectively), compactness (with a value of 1300 m2/m3 for the PCHE 

compared to the 855 m2/m3 recorded from the PFHE), however the PFHE recorded higher heat transfer 

coefficients, and a subsequent higher overall transfer coefficient. 

Results obtained from the simulation of the 3D model buttress the decision to employ the PCHE as heat 

exchangers to be used for waste heat recovery and recuperation as a wise one, with an effectiveness of 

0.94 as against the design value of 0.90, and with pressure drops as desired of the optimum heat 

exchanger. 

 

Keywords: Waste Heat Recovery, Recuperation, Intercooling, PFHE, PCHE, Compactness, 

Effectiveness, Simulation and Modeling. 
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NOMENCLATURE 

SYMBOL DESCRIPTION UNIT 

A Heat transfer surface area  m2 

Af  Area covered by fins m2 

Ah Heat transfer surface area  m2 

b1 Plate spacing for the primary side of exchanger  M 

b2  Plate spacing for the primary side of exchanger  M 

Cc Cold flow stream heat capacity rate W/K 

Ch Hot flow stream heat capacity rate  W/K 

Cmax Maximum of Ch and Cc  W/K 

Cp Specific heat capacity  J/kg.K 

C* Heat capacity ratio - 

Dh Hydraulic diameter  m 

F  Fanning friction factor - 

G Mass flux velocity  Kg/m2.K 

H Heat transfer coefficient  W/m2.k 

J Colburn factor - 

К Thermal conductivity  W/m2 

L1 Length of a plate  m 

L2 Width of a plate  m 

L3 Stack length of the exchanger core  m 

Lf flow length of the exchanger in the L1 direction  m 

Np Number of passages - 

NTU Number of Thermal Units - 

Nu Nusselt number - 

P Pressure  Pa 

Pf   Fin pitch m 

Pr Prandtl number - 

Q Rate of heat transfer  W 

Re Reynolds number - 

Rc Thermal resistance on the cold side of the exchanger, in  K/W 

Rh Thermal resistance on the hot side of the exchanger, in K/W 

St Stanton number  - 

T Temperature K 
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U Overall heat transfer coefficient W/m2.K 

V Volume m3 

Vol volume  m3 

W Width m 

β surface area density  m2/m3 

∆T Temperature change  K 

ε Effectiveness  % 

ρ Density   kg/m3 

Μ Dynamic viscosity Pa.S 

ηf fin efficiency % 

ηo  total extended fin surface efficiency  % 

δ  Plate thickness m 

 

 

SUBSCRIPTS 

Subscript Description 

1 Primary or side 1 of the heat exchanger 

2 Secondary or side 2 of the heat exchanger  

c Cold side of the heat exchanger 

h Hot side of the heat exchanger 

o Outlet of the heat exchanger 

i Inlet of the heat exchanger 

m Mean value 

 

 

ACRONYMS 

Acronym Meaning 

PFHE Plate-Fin Heat Exchanger 

PCHE Printed-Circuit Heat Exchanger 

CHEs Compact Heat Exchangers 

CSP Concentrated Solar Power  

PV  Photovoltaic 

PHE Plate Heat Exchanger 
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1 CHAPTER ONE 

1.1  Introduction 

  

A lot of concerns have been raised from the use of fossil fuels (coal, oil and natural gas) over the years, 

although it has been estimated that 85 % of the world’s total primary energy consumed by the end of the 

20th century was generated by use of these fossil fuels [Bhargava, 2006]. The over reliance on the use of 

fossil fuels is a development which is not expected to change shortly with increasing energy demand from 

developing countries with China, India and recently Brazil leading. The increasing demand for energy has 

been attributed to increase in economic activities in these areas, and with improved standard of living as a 

result of this economic boom more energy would be consumed. Concerns that have been raised from the 

use of these fossil fuels for energy generation includes; 

 It is a depletable energy source; as such, would be used up in the near future, therefore the need 

to preserve some for future use.  

 Its security of supply; since most of these resources are distributed around few regions in the 

world, its supply cannot be relied on and with little political disturbance in the Middle East and 

Africa, the price of the commodity skyrockets. 

 Last but not the least is, it has been identified as the major cause of global climate change. 

It is against this backdrop that finding sustainable energy sources has become the subject of discussion 

worldwide. Renewable energy sources (solar, hydropower, wind, biomass etc.) on the other hand have 

been found [Dincer et al. 1998] to offer cleaner and sustainable alternative to the use of these fossil fuels.  

Solar energy is a promising renewable energy source, and there are two major technologies from which it 

can be used to generate electricity, namely; 

 Photovoltaic (PV) cells; the use of PV cells to convert the sun’s energy directly into electricity. 

 Solar thermal system; the indirectly use of solar energy for electricity generation is where solar 

energy is converted into electricity by using the thermal energy absorbed from the sun (mostly to 

generate steam for electricity generation in the Rankine cycle). 

Unfortunately, according to Bhargava [Bhargava 2006] the investment cost per kilowatt for installing 

these two technologies happens to be the most expensive among the various means of power generation 

(both renewable and non-renewable). Therefore it would be plausible if it is rather combined with other 

power plants to make it more economical.  

Another study by Bhargava [Bhargava et al 2007] also revealed that in recent years, the use of gas turbines 

in the power generation market has become the preferred choice. The preference for the use of gas 

turbines can be traced not only to their low investment cost, but also to their high cycle efficiency couple 

with small installation time, low level of CO2 emissions and single NOx emissions. It has been predicted 

by the United States of America’s Department of Energy (DOE) in their vison-21 program which was 

started in 1999-2000 that, advances made in gas turbine technologies due to modifications to the Brayton 

cycle is expected to help achieve gas turbine based power plants efficiency of 75% or more[Bhargava et al 

2007]. 

The Proposed Power Plant is an Air-Based Gas-Turbine Bottoming-Cycles for Water-Free Solar Thermal 

Power (air-based bottoming-cycles for hybrid solar gas-turbine power plants) plant, which is a 

modification of the Brayton Cycle(as topping cycle) couple with another Brayton cycle (the bottoming 

cycle). The first modification is the incorporation of a solar air receiver which would heat up the air from 

the compressor before it enters the combustion chamber, thereby reducing the amount of gas that has to 

be burnt.  
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Studies [Dincer et al., 1998] have shown that, in meeting challenges facing a sustainable development with 

respect to energy generation an increased in efficiency of energy systems is very paramount.  The second 

modification is therefore recovery of thermal energy from the waste exhaust gases from the hybrid solar 

power plant turbine outlet to operate the bottoming cycle so as to increase the cycle’s efficiency.  

The operation of the bottoming cycle is by the recovery of thermal energy from the high temperature 

exhaust gases (temperature of approximately 650°C) from the topping cycle and also from the exhaust 

gases from the bottoming cycle (to be used for recuperation) with the incorporation of an intercooler in 

the bottoming cycle so as to reduce the specific work done in compressing air in the compressors. It is in 

this regard that a very-high-efficiency, very-high-temperature, low-pressure-drop heat exchanger is been 

sorted for.  

 

 

1.2   Project objectives  

 

The operation of the proposed power plant especially the bottom cycle side is dependent on the selection 

of appropriate heat exchangers for waste heat recovery, recuperation and intercooling. 

The aim of this project is therefore to; 

 

 Select an appropriate heat exchanger for used in the Proposed Power Plant after a literature 

review on available gas-to-gas heat exchangers.  

 Build and perform 1D modeling of the selected heat exchanger using MATLAB. 

 Last but not the least, perform a 3D modeling of the designed selected heat exchanger using the 

COMSOL Multiphysics software.  

 

1.3  Structure of thesis 

 

The proposed power plant is a hybridized power plant (consisting of the use of solar energy and fossil 

fuels), as such chapter 2 reviews solar energy technology and at the end of the chapter the proposed 

power plant is introduced.  

Chapter 3 is a literature review of available heat exchangers with emphasis on compact heat exchangers 

for all applications, of which one would be selected for use taking into consideration the requirements of 

the heat exchanger to be employed in the proposed power plant. 

Chapter 4 describes how the MATLAB model is designed after the selection of an appropriate heat 

exchanger. The thermal design of the heat exchanger is discussed as well as the steps involved in the 

calculation of the important parameters in the heat exchanger. In selecting appropriate dimensions for the 

PCHE a sensitivity analysis was performed to ascertain the effect of changing some important parameters 

of the heat exchanger on the pressure drop across the heat exchanger and the volume of exchanger. The 

sensitivity analysis performed on the PCHE including all graphs associated with it is presented in this 

chapter. The aim of the sensitivity analysis is to come up with optimum dimensions of the selected heat 

exchanger to deliver the desired power output. The chapter also includes all the formulas used, 

assumptions made in the design process and a quick design process of the PFHE. 

Chapter 5 discusses the 3D modeling of the PCHE model using COMSOL Multiphysics software. A 

description of all steps involved in modeling using the COMSOL Multiphysics software are outline with 
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emphasis on how it is applied in modeling the designed PCHE model. Diagrams showing the temperature 

variations from the simulation of the 3D model using the COMSOL Multiphysics software are presented 

at the end of this chapter. 

Chapter 6 presents results obtained from the 1D modeling performed for both the PCHE and PFHE. 

The results obtained from the 3D modeling are compared with its MATLAB model and this is presented 

in this chapter. The results presented are discussed after which the decision of using the PCHE is either 

confirmed or rejected. Two recommendations for future work or considerations are included as the 

concluding remarks for this final chapter. 
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2 CHAPTER TWO 

 

2.1  Review on Solar Power 

Global energy consumption is at an all time high, and this is expected to double by the middle of the 

twenty-first century as a result of increased economic activities and world population growth. Meeting 

this global energy demand has dire consequences, since increase in energy consumption gives rise to 

energy prices, depletion of energy reserves at alarming rates, hampers the security of supply of these fossil 

fuels and increasing damage to the environment as a result of emissions of greenhouse gases into the 

environment.  

The need to find cleaner alternatives to the use of fossil fuels (which is estimated to be about 85% of 

world primary energy generation) has become necessary considering concerns that have been raised from 

the use of these fossil fuels. Improvement to existing methods of energy generation is therefore 

paramount but not enough in meeting the increasing energy demand globally as a result of the alarming 

rate at which energy reserves are been depleted worldwide.  

Solar energy and other renewable energies have on the other have been identified as cleaner alternative to 

these fossil fuels.  

2.2 Global Solar Resources  

The quantum of solar radiation that arrives at the Earth’s surface depends on the position of the Earth 

with respect to the Sun. In addition, the amount of solar radiation incident on the Earth surface at a 

particular spot differs according to geographic locality, point in time of day, time of year, local landscape, 

and the local weather. The position of the Sun can be determined either by using simple equations or by 

the use of complex algorithms which can estimate the exact position of the Sun at any moment in time. 

Inputs for equations used to determine the Sun’s position includes; day of the year, time, latitude, and 

longitude [Trieb et al 2009]. 

 

Figure 2-1: World atlas showing the distribution of solar radiation incident on the Earth’s surface [Source: 

Trieb et al 2009]. 

 

Solar radiation reaching the Earth’s surface as mentioned earlier depends on a lot of factors. Figure 2-1 

above shows the distribution of solar radiation incident on the Earth’s surface. It can also be seen from 
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figure 2-1 that the solar radiation incident varies from location to location, the highest is mostly around 

the North African region with other areas like the south western United States (highest in the North 

American region), Middle East, parts of Australia and other parts of the world also showing some good 

solar radiation values.  Another observation from the same figure is that the sunniest countries forms a 

line across the globe, and this is what is referred to as the “sun belt” [ Amita et al 2011]. The huge solar 

radiation resources available in the North African and Middle East regions have attracted much interest in 

that region in recent years, most recently been the EU-MENA project. On completion the EU-MENA 

project is expected to generate electricity using CSP plants and transport the electricity via high voltage 

direct current (HVDC) overhead lines to Europe. The EU-MENA project is expected to commence 

operations in the year 2020 with an initial expected power output of up to 60 TWh/yr increasing to 700 

TWh/y in 2050 [Trieb et al 2009].  

2.3 Solar Energy 

Solar energy is the most important renewable energy resource available, been the source of energy for a 

lot of environmental processes acting on the Earth’s surface as well as the source of energy for all other 

renewable energies except geothermal and tidal.  

The Earth receives a total of 174 PW of solar radiation (insolation), of which about 30% of this figure is 

reflected back into space and the remaining absorbed by clouds, oceans, and land masses. The energy 

received from the sun is estimated to amount to nearly 4000 trillion KWh daily and is usually in the form 

of electromagnetic radiation [Gupta 1999]. 

The major challenge facing substituting the use of fossil fuels with renewable energy resources is its 

variable nature of supply. Renewable energy resources are usually dependent on the variations in 

meteorological, geographical conditions etc., prevailing in the time of the day and the period of the year 

and thus makes their installation cost very expensive. Combining renewable energy resources with 

traditional fossil fuels is therefore seen as a prudent solution to meeting the increasing demand of energy 

with little threat to the environment. 

2.4 Solar Radiation 

Solar radiation is defined as the total frequency spectrum of electromagnetic radiation produced by the 

Sun. The spectrum is made up of visible and near-visible radiations which include X-rays, ultraviolet 

radiation, radio waves, and infrared radiation. Life is made possible on Earth by these visible lights which 

are also known as “Sunshine” or “daylight”. As mentioned earlier, the Earth atmosphere reflects back 

into space about 30% of solar radiation, and also filters majority of the sun’s harmful radiation. 

Solar radiation incident on the Earth’s surface from the sun is developed as a result of thermonuclear 

fusion reactions occurring within the Sun’s core. Usually temperatures prevailing in the core are very high, 

but this reduces to an average of about 6000 K due to absorption of radiation by outer layers as it moves 

from the core to the outer surface, with an average intensity of 1367 W.m-2 (this value is also referred to 

as solar constant). 
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2.5 Application of Solar Technology 

Solar energy technologies are broadly classified as either been passive or active depending on the means 

by which the solar energy is captured, converted and distributed. 

Passive solar energy technology is the use of solar power without the use of any mechanical systems, 

examples are; 

 The use of materials with favourable thermal properties which are selected for use such that they 

take advantage of the prevailing solar radiation, 

 Designing a room in such a way that spaces are provided in order to circulate air in the room 

naturally without the use of mechanical pumps and special gadgets.  

 The provision of say lighting in a room by building in such a way that the building takes 

advantage of available sunlight without using bulbs and special equipments. Figures 2-2 and 2-3 

shows examples of an application of passive solar systems.  

 

              

 

Figure 2-2: An image showing how air is circulated in a room using passive solar energy. [Source: 

http://www.ethicalenergy.net/energy-basics/what-is-passive-solar-energy/] 

 

 

http://www.ethicalenergy.net/energy-basics/what-is-passive-solar-energy/
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   Figure 2-3: A diagram showing a room which has been light taking advantage of the solar light without the use of 

special equipments [Source: http://electrictreehouse.com/five-elements-of-passive-solar/] 

 

Active solar energy technology on other hand is the use of absorbed solar radiation to generate either heat 

or electrical energy by use of equipments. Electricity generation from solar radiation is therefore an active 

solar energy technology since it involves the use of equipments (mirrors, lenses, heat exchangers, turbines 

etc.). 

 

2.6 Solar Power   

Two major technologies are involved in the utilization of the energy from the sun in the generation of 

electricity; the direct and indirect technologies. The direct generation of electricity from solar radiation 

(sunlight) is by use of photovoltaic (PV) cells and the indirect technology which is also referred to as CSP, 

is by use of mirrors and lenses to absorb solar radiation to first generate steam which is in turn use to turn 

turbines to generate electricity. However the use of CSP is found to be leading in the utility-scale power 

generation, a situation attributed to its maturity and relative cost [Holbert et al 2009]. 

 

2.6.1 Photovoltaic (PV) Cells 

PV cells are devices which convert solar radiation directly into electric current using what is referred to as 

photoelectric effect. Solar Photovoltaic cells have been identified as the fastest growing renewable energy 

resource worldwide, and this is expected to continue with increasing efficiency of the cells and 

governmental incentives geared towards the reduction in the cost of installing PV solar systems. 

PV cells convert incident photons to free charge carriers through a process of absorption. The p-n 

junction (referred to as the heart of the PV cell), is made from the doping of semi-conductors. 

Applications of PV cells include solar-powered calculators, lighting, solar pumps for ponds, and provision 

of power to remote telecom repeater stations. PV cells are also widely used in developing countries to 

provide lighting and other essential low-powered services like powering radios, televisions and other small 

electrical appliances. Figure 2-4 shows a simple diagram of a circuit for a bulb powered by the use of a PV 

cell to convert sunlight into electrical energy. 

 

http://electrictreehouse.com/five-elements-of-passive-solar/
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Figure 2-4: A simple Solar panel circuit showing a bulb powered by solar energy using a PV cell. 

      [Source: http://www.solarsam.com/about-solar-energy/solarcells.html] 

                   

One of the major problems facing PV solar systems is the high cost of the PV cells. The high cost of the 

PV cells means it needs market support in order to be able to compete with other low-cost traditional 

electricity supply. It is therefore anticipated that a breakthrough in reducing the cost of the modules in PV 

systems and inverters used for grid connection while at the same time increasing the conversion efficiency 

of the modules would make the use of PV solar systems attractive to both investors and consumers.  

 

2.6.2 Concentrated Solar Power Technology 

The CSP as mentioned earlier, is a technology by which solar radiation is indirectly converted to electrical 

energy. Electricity generation in CSP plants is made possible by employing mirrors to concentrate the 

available diffused sunlight to boil water so as to generate steam (unlike the conventional power plants 

where fossil fuels are burnt to generate steam), and this steam is in turn used to drive turbines to generate 

electrical energy in conventional power cycles. 

Two major advantages of the CSP over the PV solar systems are; 

http://www.solarsam.com/about-solar-energy/solarcells.html
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 CSP units can be constructed to include integral thermal energy storage systems thereby making 

it possible to generate electricity late into evenings when electricity demand peaks. 

 Auxiliary burners (which can be powered by other energy sources apart from solar energy) can be 

built into CSP power plants so as to be able to generate electricity even when there is no sunlight. 

[Holbert et al 2009]. 

 

 

 

2.6.2.1 Types of CSP Technologies 

There are basically four main CSP technologies currently in used. The classification of CSP technologies 

is based on the way they focus and receive the Sun’s rays. The energy conversion process of the CSP 

plants usually consists of mainly two parts namely; 

 The concentration of solar energy and converting the concentrated solar energy into thermal 

energy 

 And  then subsequently converting the thermal energy into electricity 

The concentration of the solar energy is achieved by use of the various types of mirrors while the 

conversion of the thermal energy into electricity is also by use of conventional steam turbines (Rankine 

cycle), Brayton cycles and Stirling engines (mostly in parabolic dish). 

The main types of CSP plants technologies are; 

 Parabolic trough 

 Solar Power Tower (Central Receiver) 

 Parabolic dish 

 Linear Fresnel 

2.6.2.2 Parabolic Trough 

The parabolic trough CSP plants uses a series of curved mirrors (mirrors which are parabolic in shapes) 

to concentrate the rather diffuse sunlight on to a thermally efficient receiver (absorber) which has tubes 

built-in into the trough’s focal line. The troughs are designed in such a way that it is able to track the sun 

along one axis, predominantly north-south [Siemens 2001]. The receivers in the parabolic trough contain 

heat transfer fluids (referred to as working fluid) which are heated by the sunlight focused on it. The 

working fluid in the built-in tubes are circulated and pumped through heat exchangers in order to extract 

the heat to generate steam. Heat transfer fluids used in the parabolic trough includes synthetic thermal oil 

and molten salt.  
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                     Figure 2-5: A diagram of a parabolic trough  

               [Source:  http://www.nrel.gov/csp/troughnet/solar_field.html] 

 

Below are two examples of power plants that employ the parabolic trough technology;  

 The Nevada Solar One power plant located in Boulder City, Nevada, USA has a nominal output 

of 64 MWe. The power plant which has been in operation since 2007 is reported to operate using 

760 parabolic troughs made up of more than 180,000 mirrors to concentrate the sun’s rays onto 

the receiver for electricity generation. It is estimated to supply power to about 40000 households 

[Siemens 2001]. 

 The Andasol 1 and 2 solar power plant is located in Granada, Spain. This project consists of two 

CSP power plants located in the Granada area in Spain with each covering an estimated field size 

of 1.95 km2. The two plants each has an incorporated storage system which uses molten salt to 

absorb part of the heat produced in the solar field during daytime. The incorporation of the 

storage system has been found to almost double the number of operational hours per year of the 

power plant [Siemens 2001]. 

 

2.6.2.3 Solar Power Tower (Central Receiver) 

This type of CSP plant consists of a circular array of flat sun tracking mirrors (referred to as heliostats), 

which concentrates the amount of sunlight on to a central receiver at the top of a tower. The central 

receiver in the Solar Power Tower contains the heat transfer medium (water/steam, molten salt or air) 

which absorbs the thermal energy and transfer it to the incorporated steam cycle for steam generation and 

eventually generate electricity. 

 

http://www.nrel.gov/csp/troughnet/solar_field.html
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Figure 2-6: A diagram of a solar power tower showing the heliostats and the central receiver 

[Source:http://solarcellcentral.com/csp_page.html] 

 

 

An example of CSP plant which has been designed to employ the solar power tower/central receiver is 

the Ivanpah Solar Power Complex, which is located in the Mojave Desert, California in the USA. This 

project consists of three separate tower technology, and upon completion (by middle of this year) it is 

estimated to generate approximately 400 MWe. The project is expected to power about 140000 homes 

[Siemens 2001]. A typical example of how heliostats and the central receiver are arranged is depicted in 

figure 2-6. 

 

 

2.6.2.4 Parabolic Dish 

 

The parabolic dish systems uses dish shaped mirrors (similar to the ones used in the satellite dish) which 

focuses incoming radiation onto a receiver mounted at the focal point of the dish. The extracted solar 

heat is then used in generating electricity using conventional cycles (mostly in Stirling engines or in a 

Brayton cycle). Figure 2-7 below shows a diagram of a parabolic dish.  

The dish used in the parabolic dish is design in such a way that arriving rays which are parallel to the 

dish’s axis are reflected toward the focus irrespective of where on the dish the arrays are incident and also 

it is mounted on a structure which makes it possible to track the sunlight. 

 

 

 

http://solarcellcentral.com/csp_page.html
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                       Figure 2-7: a typical diagram of a parabolic dish 

                               [Source: http://newenergyportal.wordpress.com/] 

 

 

2.6.2.5 Linear Fresnel  

The linear Fresnel type of CSP consists of lengthy, plane or slightly curved mirrors to focus sunlight onto 

a linear receiver. The linear receivers in the Linear Fresnel CSP are usually located at a common focal 

point of the mounted reflectors. The receivers employed in the linear Fresnel CSP plants are so arranged 

in such a manner that they run parallel to and on top of the reflectors, and it collects the heat from the 

sun to boil water in tubes. This generates the high-pressure steam needed to power the incorporated 

steam turbines. Figure 2-8 depicts a typical arrangement of mirrors in a Linear Fresnel CSP. 

http://newenergyportal.wordpress.com/
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Figure 2-8: A picture showing arrangement of a Linear Fresnel mirrors for a CSP 

[Source: http://aspecks.com/blog/eclectics/concentrated-solar-power-saves-the-world/] 

 

 

 

2.7 Intermittency Concerns over the use of Renewable Energy Sources 

 

One of the major concerns as stated earlier with the use of renewable energy sources is, their availability is 

dependent on the geographical location, time and epoch of the year, and also time and epoch of the day. 

It is therefore prudent to have backup systems when using them or better still use hybridized systems 

where they can be switched to use other source of energy (most especially fossil fuels) when the need 

arises.  

Solar radiation is found to be prevalent along the “sunbelt”, therefore the use of power plants that would 

need water for either steam generation or cooling is not the best solution in power generation, most 

especially in the deserts of North Africa, due to lack of water around these areas. 

The optimum power plant for these arid areas can therefore be a hybridized power plant that would 

operate using the huge solar resources available combined with the fossil fuels (meaning the power plant 

can still operate even when sunlight is not available), without the use of water which is a scarce 

commodity in these areas. 

 

 

http://aspecks.com/blog/eclectics/concentrated-solar-power-saves-the-world/
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2.8 The Proposed Power Plant 

The proposed power plant (as proposed by James Spelling), is therefore geared towards addressing the 

problem of lack of availability of water along the Sunbelt, thus generating electricity using a combined 

cycle without the use of water (the usual practice in conventional combined cycles uses steam cycle in the 

bottoming cycle). Figure 2-9 below shows a schematic diagram of the proposed power plant.  

                     

                   Figure 2-9:  Hybrid Solar Gas-Turbine Cycle with Air-Based Bottoming-Cycle 

Unlike existing combined cycles where the Brayton cycle is combined with steam turbine, the proposed 

power plants consists of two Brayton cycles (topping and bottoming cycles) as illustrated in figure 2-9 

above. The topping cycle is a Brayton cycle which has solar collectors incorporated which would reduce 

the amount of fossil fuel that would have been consumed if it were to be the conventional Brayton cycle. 

A bottoming cycle incorporated which is also a Brayton cycle would operate using the waste heat 

recovered from the topping cycle, meaning there would be no combustion in the bottoming cycle. The 

bottoming cycle’s operation is made possible by the use of heat exchangers that would be either for 

recovering waste heat from the topping cycle, for recuperation and intercooling. 
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3 CHAPTER THREE 

3.1 Heat Exchangers 

A heat exchanger is defined [Shah et al 2003] as “a device that is used to transfer thermal energy 

(enthalpy) between two or more fluids, at different temperatures and in thermal contact”. Heat 

exchangers have now become an essential component in most industry processes and this can be traced 

to the lot of benefits that can be derived from it usage. Heat exchangers are frequently used in 

refrigeration, heating, air conditioning, power plants, chemical plants, petrochemical plants, waste heat 

recovery, transportation, manufacturing industries, etc. Various types of heat exchangers are employed for 

various applications in the sectors mentioned above. Heat exchangers are classify in various ways and 

notably among them are; according to transfer processes, number of fluids, degree of surface 

compactness, construction features, flow arrangements and the heat transfer mechanisms. 

3.2 Classification According To Construction Features 

The use of constructional features is a widespread way of classifying heat exchangers. There are basically 

four major constructional features by which heat exchangers can be classified, namely; 

 Tubular; the most common type been  the shell-and-tube  

 Plate-type (which is also referred to as primary surface recuperators); examples includes Plate, 

Spiral, Plate coil, Printed circuit and most recently MarbondTM  heat exchangers 

 Extended surface; examples are Plate-fin, tube-fin 

 Regenerators; examples are Rotary, Fixed-matrix, and the Rotating hood 

3.3 The Shell-And-Tube Heat Exchanger 

The Shell-and-Tube type of heat exchanger is made up of a collection of round tubes which are usually 

mounted in a cylindrical shell in such a way that the tubes axis are arranged to be parallel to the shell. 

Figure 3-1 shows a typical example (“U”-tube type ) of the shell-and-tube heat exchanger. The shell-and-

tube heat exchanger operate with one fluid flowing inside the tubes while the other flows outside 

transversely and the length of the tubes. This type of heat exchanger has been used for quite sometime 

now and is quoted [Shah et al 2003] to enjoy as much as 65 % (as at the late 1990’s) usage in the process, 

and petrochemical industrial heat exchangers due to the numerous advantages it offers. 

             

                      Figure 3-1: A “U”-tube type of a Shell-and-Tube type heat exchanger 
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3.3.1  Advantages and Disadvantages of the Shell-And-Tube Heat Exchangers 

The shell-and-tube heat exchanger is found to enjoy much usage over the years because of the following 

advantages; 

 A single and as well as a two-phase (that is condensation or boiling heat transfer) can be 

accommodated in either the tubes or in the shell of the heat exchanger. 

 Its orientation can also be varied as demanded (i.e. either horizontal or vertical) 

 Pressure and pressure drops can be varied at large margins and it is only limited by the material to 

be used. 

 The shell and tubes can be made with different materials and this substantial flexibility with 

regards to the choice of materials allows the exchanger to accommodate corrosion and other 

concerns 

 Leakages in the tube can be detected easily with the use of pressure test which is comparatively 

easy. 

 Heat transfer can be enhance with the incorporation of extended heat transfer surfaces (fins) 

 Cleaning and repair of the shell and tube exchanger is comparatively straight forward since it can 

be dismantled. 

 Much is known about this type of exchanger with a design experience of about 100 years as well 

as proven methods and design practice with their codes and standards [Shah et al 2003]. 

3.3.2 Disadvantages 

 They are by and large more expensive per unit of heat transfer surface area  

 The heat transfer surface area density of the shell-and-tube heat exchanger is lower than that of 

extended surface heat exchangers and the primary surface recuperators. 

 Relatively lower heat transfer efficiency 

 A  large amount of space is occupied by the shell-and-tube heat exchanger 

With recent trends and applications in processing industry and other applications where limiting space 

occupied by equipments is of great importance, there is the need to find heat exchangers which occupies 

smaller spaces as well as been cost-effective. It is in this respect that Compact Heat Exchangers (CHEs) 

have become the preferred choice over the conventional shell and tube heat exchanger, because reduction 

in size means reduction in weight and cost, since less material would have to be used. 

 

3.4 Compact Heat Exchangers 

As mentioned earlier, heat exchangers can be classified in various ways one of which is according to the 

surface compactness (either compact or non-compact).  Compact heat exchangers (CHEs) have in recent 

times become the preferred choice relative to the conventional shell and tube exchangers because of their 

large heat transfer area per unit volume of the exchanger. Compact heat exchangers are defined 

subjectively as heat exchangers  with surface area densities of equal or greater than 700m2/m3 for gas-to-

fluid heat exchangers and equal or greater than 400m2/m3 for liquid-liquid and phase-change heat 

exchangers[shah et al 2003]. Surface area density is the total surface area per unit volume of the heat 

exchanger (measured in m2/m3).  
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Benefits of the use of CHEs includes;  

 Improved effectiveness,  CHEs gives effectiveness of 90% or more [Shah et al 2003,and Jeong et 

al 2007] 

 It’s smaller volume and weight makes it easier for retrofitting 

  it’s lower fluid inventory improves safety of its usage 

 Lower installation cost as a result of less pipe work, reduced foundations need etc. 

 It gives multi-stream and multi-pass configurations therefore offers the flexibility for it to be 

applied in a lot of applications 

3.5 Types of Compact Heat Exchangers 

There are various types of compact heat exchangers currently in used and some still in its developmental 

stages, a summary of features of various types of CHEs are listed in Table 3-1. Principal types of CHEs 

include: 

 

 Plate and frame heat exchangers 

 Brazed plate heat exchangers 

 Welded plate heat exchangers 

 Plate-fin heat exchangers 

 Printed circuit heat exchangers 

 The MarbondTM heat exchanger 

3.5.1 Plate Heat Exchangers 

The Plate Heat Exchanger (PHE) is a type of primary surface recuperator. It consists of a number of very 

thin corrugated metal sheets (usually stainless steel although other metals and its alloys are also employed) 

clamped together in a frame. It is arranged in such a way that every second channel is open to the same 

fluid, and between each pair of plates a gasket is placed to prevent the fluids from mixing and leaking to 

the surroundings. The plates in the PHE usually have patterns, examples of which are cross-corrugated, 

cross-undulated, or cross-wavy. The plates forming the PHE matrix may be bolted, welded or brazed. An 

exploded view of a PHE is as shown in Fig. 3-2.  Two types of the PHE are the Brazed and Welded plate 

heat exchangers, which are coin from how the plates forming the matrix are joined. 

                                                                                                                                          

 

                                       Figure 3-2: Diagram of a Plate Heat Exchanger 
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The brazed PHE was originally developed in Sweden by SWEP and is currently found [Hesselgreaves, 

2001] to dominate low to medium (100kw) capacity range in its applications. The welded Plate Heat 

Exchanger also uses specialised seams which enables the welding of the plates of the exchanger together 

as either in pairs or as a whole unit.  Typical effectiveness of the plate heat exchanger is estimated [Jeong 

et al 2007] to be greater than 90% with maximum operating temperature and pressure been 400°C and 40 

bar respectively.        

One disadvantage which makes this type of heat exchanger not suitable for high temperature applications  

is, the bonding materials incorporated between plates forming the exchanger limits its operating 

temperature and pressure.    

3.5.2 Plate-Fin Heat Exchanger 

The plate-fin heat exchanger (PFHE) is a kind of CHEs in which compactness is achieved usually by the 

deployment of secondary surfaces, or fin structures between plane parting. It consists of a block of 

alternating layers of corrugated fins and flat separators referred to as parting sheets. Fig. 3-3  below shows 

a structure of the PFHE. Various fins designs have been developed and used over the years and this 

includes plain, slit, offset strip, wavy, louver, and  perforated fins [Mcdonald, 1990]. 

 

 

                         

                                 Figure 3-3:  A Structure of a Plate-Fin Heat Exchanger                                  

The PFHE has an estimated [Jeong, 2007] effectiveness greater than 90%, maximum operating 

temperature and pressures of 650°C and 120 bar respectively.  

Materials employed in the manufacture of the PFHE include aluminium (which is usually for low 

temperature applications), stainless steel, titanium, nickel and alloys of these materials. 

 

3.5.2.1 Limitations of the PFHE 

Benefits derived from the use of PFHEs are the same as those given by the other types of CHEs. There 

are however some limitations that has been found [Aquaro et al 2007] with the use of PFHE and these 

includes; its higher capital cost, longer braze cycle braze cycle, the possibility for high repair rate, it has a 

limited material flexibility, its convoluted assembly and intricate programmed manufacturing process. 
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Also another concern raised with the use of the PFHE is, it is not readily repairable, mostly if it leaks 

internally in the core region [Foumeny et al 1991].  

 

3.5.3 Printed-Circuit Heat Exchanger 

 

The Printed-Circuit Heat Exchanger (PCHE) is a type of CHEs which was originally developed for 

refrigeration applications and has fluid flow channels which are etched photo-chemically on one side of 

each plate with the use of the same technology as the one used for the fabrication of electronic printed 

circuit boards (the origin of its name “Printed-circuit” heat exchanger)[Hesselgreaves, 2001 and Aquaro et 

al 2007]. It is now commercially available and has been successfully used in chemical processing, fuel 

processing, waste heat recovery etc., but it has so far not been used as a recuperator in a gas turbine 

[Aquaro et al 2007]. The plates forming the exchanger have typical thickness of 1.6mm, a width of 

600mm and length of 1200mm The channels which are usually of semi-circular profile have diameters of 

0.5-2mm but there are also larger diameters available (up to 5mm)[Aquaro et al., 2007]. The flat plates are 

then staked after it has been photo-chemically etched and diffusion-bonded together to form strong and 

compact cores. A plate stake and cross section of a PCHE have been shown in Figure 3-4(a) and (b) 

respectively. The PCHE can achieve effectiveness greater than 97%, maximum operating temperature and 

pressures of up to 1000°C and 500 bars respectively [Jeong et al 2007]. 

                        

                  

(a) (b)         

          

                    Figure 3-4:   (a) Plate stake of a PCHE                            

                                          (b) Cross section of a PCHE 

Materials which can be used in the manufacture of PCHE includes, stainless steel (example of stainless 

steel used includes; SS 316L, SS 316, SS 304, SS 904L), cupronickel, monel, nickel and super alloys 

(inconel 600, incoloy 800 and 825) [Foumeny et al 1991]. 

 

3.5.4 The MarbondTM Heat Exchanger 

This type of heat exchanger is formed by slotted flat plates, in other words it is formed by plates which 

have been photochemically etched through to form a series of slots. The plates after being chemically 

etched are then diffusion-bonded together. The manufacturing procedures for the MarbondTM heat 

exchanger is similar to that of the PCHE, that is, the chemical etching and the diffusion bonding 

processes, but its construction procedure allows the use of small fluid passageways which significantly 
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increases the compactness of the heat exchanger. Figure 3-5(a) and (b) below shows a cutaway view of a 

MarbondTM and a photochemically etched plate of the heat exchanger respectively. 

 
 

 

 

                          3-5(a)                                                                                            3-5(b) 

 

Figure 3-5: (a) an exploded view of the MarbondTM heat exchanger  

                        (b)  Photochemically etched plate  

 

The MarbondTM is a trademark and is designed and constructed by Chart Marston [Philips et al 1998]. 

Design of the MarbondTM heat exchanger and reactor is usually carried out in a process known as Process 

Intensification (PI).  The MarbondTM heat exchanger and reactor is the most recent of compact heat 

exchangers and the available literature only describes it, but no further application of it was found. Its 

features are listed in Table 3-1 and can be seen to be a promising heat exchanger for high temperature 

application with estimated temperature of up to +900°C and pressure of up to greater than 900 bars.
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TABLE 3-1: A Summary of different Types of Heat Exchangers and their Principal Features  

Type of Heat 

Exchanger 

                                                                                                      Feature 

Compactness    stream                                           Temperature   Maximum                 Cleaning              Corrosion      Multistream        Multipass 

 (m2/m3)              Types1                   Material2          range (°C)3    Pressure (bar)          Methods              Resistance     Capability            Capability 

Plate-and-frame 

  (gaskets) 

<= 200 Liquid-liquid, 

gas-liquid, two-

phase 

s/s, Ti, 

Incoloy, 

Hastelloy, 

graphite, 

polymer 

-35 to +200    25 Mechanical4 Good5 Yes6 Yes 

Partially Welded  

    Plate 

< = 200 Liquid-liquid, 

gas-liquid, two-

phase 

s/s, Ti, 

Incoloy, 

Hastelloy, 

-35 to +200 25 Mechanical4,7, 

Chemical8 

Good5 No Yes 

Fully welded 

plate 

  (Alfa Rex) 

< =200 Liquid-liquid, 

gas-liquid, two-

phase 

s/s, Ti,  

Ni alloys 

-50 to 350 40 Chemical Good No Yes 

Brazed plate < =200 Liquid-liquid, 

two-phase 

s/s -195 to 220 30 Chemical 9 Good No No11 

Bavex plate  200 up to 

300 

Gases, liquids, 

two –phase 

s/s, Ni, Cu, 

Ti, special 

steels 

-200 to +900 60 

 

Mechanical4,9, 

Chemical 

Good10 In principle Yes 

Platular plate 200 Gases, liquids, 

two –phase 

s/s, 

hostelloy, 

Ni alloys 

up to 700 40 Mechanical4,13 Good Yes14 Yes 

Compabloc  

   Plate 

<= 300 

 

Liquids s/s, Ti, 

Incoloy 

up to 300  32 Mechanical4 Good Not usually Yes 
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Packinox plate < =300 Gases, liquids, 

two –phase 

s/s, Ti, 

Hastelloy, 

Inconel 

-200 up to 

+700 

300 Mechanical4,15 Good Yes6 Yes 

Spiral  < =200 Liquid-liquid, 

two-phase 

c/s, s/s, Ti, 

Incoloy, 

Hastelloy 

up to 400 25 Mechanical 4 Good No No 

Brazed plate-fin 800 up to 

1500 

Gases, liquids, 

two –phase 

Al, s/s, Ni 

alloy 

Cryogenic to 

+650 

90 Chemical Good  Yes Yes 

Diffusion-bonded 

plate-fin 

700 up to 

800 

Gases, liquids, 

two –phase 

Ti, s/s up to 500 >200 Chemical Excellent Yes Yes 

Printed- Circuit 200 up to 

5000 

Gases, liquids, 

two –phase 

s/s, Ni, Ni 

alloy, Ti 

-200 up to 

+900 

>400 Chemical  Excellent Yes Yes 

Polymer (e.g. 

channel plate) 

450 Gas-liquid16 PVDF17, 

PP18 

up to 150  6 Water wash Excellent No  Not usually 

Plate-and-shell - Liquids s/s, Ti, 

(shell also 

in c/s)20 

up to 350 70 Mechanical4,15, 

Chemical21 

Good No Yes 

Marbond  <= 10000 Gases, liquids, 

two –phase 

s/s, Ni, Ni 

alloy, Ti 

-200 up to 

+900 

>900 Chemical Excellent Yes Yes 

 

Source: [Shah et al 2003,    Hesselgreaves, 2007, and Reay, 2002] 
 

1 Boiling and condensing duties are included in the two-phase 
2  s/s: stainless steel; Ni, nickel; Ti, titanium; Cu, copper and their alloys of 
these materials and special alloys are also available for use 
3 the maximum pressure is not likely to occur at the higher operating 
temperatures, and assumes no pressure/stress-related corrosion 
4 it can be dismantled 
5Functions as a gasket as well as a plate material 
6Not common 
7on the gasket side  

8on the welded side 
9Ensures compatibility with the copper braze 
10Function of braze as well as plate material 
11Not in a single unit 
12on the tube side 
13only when flanged access provided; otherwise, chemical cleaning 
14Five fluids maximum 
15On the shell side  
16Considering on gas side 
17Polyvinylidene difluoride 
18Polypropylene 
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19PEEK (polyetheretherketone) can go to 250°C 
20Shell may be composed of polymeric material 
21On the plate side 
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3.6 Selection of Heat Exchangers 

The decision to select a particular heat exchanger for a specific application can be arrived at by taking into 

consideration a lot of astute factors since it goes a long way to help realized the rationale for which it is 

intended. In view of this, much experience and work goes into the selection process. Factors that need to 

be considered in the selection of heat exchangers for specific applications include; 

 High/low pressure limits (pressure limits) 

 Thermal performance also known as the effectiveness of the heat exchanger  

 Expected working temperature range   

 Product mix to be used in the exchanger (liquid-to-liquid, gas-to-gas, etc) 

 Pressure drop desired across the expected heat exchanger 

 The expected fluid flow capacities over both sides of the heat exchanger 

 Method of cleaning employed, maintenance and repairs issues associated with heat exchanger. 

 Materials required for construction  

 The possibility of future expansion of exchanger when it becomes necessary. 

 Last but not the least consideration is, the cost of the heat exchanger 

The above mentioned factors may appear not to be complicated whatsoever but may not be that 

straightforward in its implementation. In settling for a particular type of heat exchanger a compromise 

would therefore have to be made in most cases, taking into considerations all factors mentioned above. It 

has to be noted that over emphasizing on just a few of the factors may not be in the interest of the 

realization of the purpose for which it is intended. The cost of the exchanger is a paramount factor, but it 

should not be the determining factor, since in an attempt to settle for a cheaper heat exchanger certain 

desired performance demands of the heat exchanger would have to be forfeited. 

 

3.7 Heat Exchanger Thermal Design 

In the proposed power plant, three heat exchangers (to be used as an intercooler, recuperator, and for 

waste heat recovery) are to be incorporated, and these are shown in schematic diagram of the proposed 

power plant in Fig. 2-9.   

 Intercooler: this heat exchanger is to be incorporated in order to reduce the specific work done in 

compressing air in the compressors in the bottoming cycle, thereby increase net work output.  

 Recuperator: this is to reduce the amount of fuel to be burnt in the combustion chamber of the 

bottoming cycle by recovery heat from the exhaust gases from the bottoming cycle turbine and 

 Waste heat recovery: to recover heat energy from the waste exhaust gases from the topping cycle. 

 In order to design these exchangers we need to determine design requirements and conditions for these 

heat exchangers. The design requirement or conditions for the three heat exchangers are given in Table 3-

2. 
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Table 3-2: Design requirements or conditions for the heat exchangers 

Design requirement or 

condition  

                             Heat exchanger 

 Recovery  Recuperator Intercooler 

Max. Operating temp. (°C) ~650 ~350 ~150 

Max. Pressure (bar)                           5 5    5 

Duty (MWt)  12.15 6.24   3.14 

Effectiveness (%) >90 >90  >90 

Desired pressure drop (%) <3 <3  <3 

 

The objective of the first part of the project is to select an appropriate heat exchanger for waste heat 

recovery, as a recuperator and for intercooling. It can however be deduced from Table 3-2, that the 

operating conditions for the intercooler are mild with respect to that of the waste recovery exchanger and 

the recuperator, so much attention would rather be given to the selection of a type of heat exchanger to 

be used as waste recovery and recuperator for the proposed power plant. This is because both heat 

exchangers would be subjected to higher temperatures. A heat exchanger for use as an intercooler would 

however be recommended at the end of the project. 

 

3.8 Heat Exchanger for Waste Heat Recovery and As a Recuperator 

It can be seen from Table 3-1 above that three heat exchangers (thus PFHE, PCHE and the MarbondTM 

heat exchangers) are the likely candidates that can stand the high temperature conditions and 

environment that the waste recovery heat exchanger and recuperator would be subjected to, if employed 

for these purposes. The selection of the above mentioned heat exchangers was done taking into 

consideration the maximum operating temperature, the compactness of the exchanger, and the stream 

type. The operating pressure is not a problem for all the heat exchanger since they can all withstand the 

maximum operating pressure in the proposed power plant. 

The manufacture of the PFHE is usually by brazing and this reduces the operating temperature and 

pressure. Another drawback for this heat exchanger is its higher capital which is attributed to the tooling 

cost of forming the finned sections of the exchanger matrix. Although there is a diffusion bonded PFHE 

(which is geared towards overcoming the drawback of the brazed type) as can be seen in Table 3-1, but 

that has a maximum operating temperature of up to 500°C. 

In the available literature [Aquaro et al 2007] a modeling work to simulate the PFHE and PCHE was 

carried out. The results obtained from the simulations indicates that the PCHE recuperator is capable of 

withstanding rigorous of continual thermal transients, but this assertion can totally be accepted with a 

confirmation from an experimental transient testing program. In addition the counter-current flow and 

multipass configurations are needed to achieve very high value of efficiency. Pressure drops at the air side 

and gas side were 0.11% and 4.44% respectively. The PFHE sized for a similar application has the air side 

modified by augmenting the fin thickness to enable it tolerate fluid pressure at utmost operating 

temperature and by so doing a fairly inexpensive material Alloy 800H was able to be used. Results from 

the simulations showed pressure drops on the air and gas sides for the counter-current flow 

configurations to be 5.36% and 3.66% respectively and for the cross-counter-current flow configurations 

the pressure drops for the air and gas sides were 5.11% and 4.11% respectively.   

There are quite a number research work been carried on the PCHE, which is seen to be a promising heat 

exchanger for high temperature applications. In a research work [Nobuyoshi et al 2007] to reduce 



34 
 

pressure drop in the PCHE, a heat transfer effectives of over 98.7% was able to be achieved and a 

significant pressure drop was recorded by changing the shapes (the S-shape was able to achieve up to 

20% of pressure drop as compared to the conventional zigzag shape) of fins forming the exchanger. A 

summary of the important performance limit and attributes of the three heat exchangers are shown in 

Table 3-3 below. 

 

Table 3-3: A Summary of Performance limits of Shortlisted Heat Exchangers 

Type of heat 

exchanger 

Compactness 

 (m2/m3)    

Pressure 

Drop  

( % ) 

Max. Press. 

(bar) 

Max. Temp. 

  (    C)    

Effectiveness  

      (%) 

Cleaning 

method 

Maturity  

Plate-Fin  up to 1500 High  Up to 90 Up to  

+650 

   >90 Chemical  Much usage 

Printed 

Circuit 

up to 5000 Low Greater 

than 400 

-up to +900    > 98 chemical Fairly in use, 

with lots of 

ongoing 

research  

MarbondTM up to 10000 Not sure  >900 up to +900     >98 chemical No application 

found 

 

3.9 Materials Issues and the Manufacturing Technology 

Heat exchangers used as waste heat recovery and as recuperators in gas turbines are usually subjected to 

elevated pressure and temperatures and as such materials selected for this purpose must be able to 

withstand those harsh conditions. It can been seen from Table 3-1,  that stainless steel is a common 

material used for the manufacture of all the various types of heat exchangers under consideration. Other 

materials which have also been used include nickel, titanium and its alloys.  

 Available literature [Aquaro et al 2007] shows that for most gas turbine operating at temperatures lower 

than 650°C, primary surface recuperators and PFHE are all made of thin sheets of Type 347 stainless 

steel ( which is compose of 18Cr-10Ni-1Nb ), and it has been demonstrated to be able to provide 

excellent oxidation resistance. Type 347 stainless steel has also shown capability of been modified to 

operate in temperatures of up to 750°C, the work concluded by noting that modified versions of Alloy 

803 and HR 120 are the most suitable from the cost effective perspective to stand temperatures of up to 

750°C. In addition nickel-based superalloys are the most capable of withstanding temperatures of up to 

800-850 degree celsius.  

In chang et al [2008] paper, alloy 617, 230 or ceramics were the materials that were considered likely for 

the manufacture of heat exchangers which would operate in high temperature environments. Another 

research work [Mylavarapu et al 2009] on the study of high-temperature materials used in the design of a 

PCHE showed that out of four likely alloy materials considered (alloys 617, 230, 800 HT, HX), alloys 617 

and 230 were found to be suitable for the manufacture of the PCHE. The above discussions indicate that 

there are various materials to choose from, for the manufacture of heat exchangers that would operate in 

the environment of the proposed power plant. 

Manufacturing of heat exchangers involves joining of plates or tubes with adjacent ones. The joining 

process employed in heat exchangers is either by bolting, welding, brazing or diffusion bonding.  The 

joining process used in the manufacture of heat exchangers is very important since that has much 

influence on the performance of the heat exchanger. Usually due to the elevated pressure and temperature 
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environments in which the heat exchangers operates a great deal of time and resources goes into the 

joining process. The operating temperature and pressure of the PHE and PFHE are limited by the joining 

process (bolting, welding, and brazing) employed in their manufacture. Diffusion bonding is the joining 

process which is used in the manufacture of the PCHE and the MarbondTM heat exchangers. This joining 

process in heat exchanger manufacture has become the most preferred choice since it eliminates the 

drawbacks of the previous processing which limits the operating temperature and pressure on the heat 

exchangers. That is why the PCHE is fast becoming the preferred choice for high temperature 

applications. 

 

3.10  Conclusion for the Selection of A Suitable Heat Exchanger for Used As Waste Heat 

Recovery/Recuperator 

A review of various heat exchangers for high temperature, high effective and low pressure drop 

applications identify three promising heat exchangers for high temperature applications. These are the 

Plate-Fin, Printed-circuit and the MarbondTM heat exchangers. The features of the MarbondTM heat 

exchangers as listed in Table 3-1, makes it attractive for high temperature applications like the proposed 

power plants and even higher temperature applications, but since it is a new heat exchanger much 

research and work need to be carried out if it is to be considered for use in the proposed power plant or 

for other similar applications. The PFHE has been in used for quite some time now, but with its high 

capital cost and other limitations mentioned earlier does not make it the best option for this application, 

nevertheless it can be considered as an alternative. The PCHE which has been deem promising is no 

doubt the exchanger that should be considered for this project, considering its compactness of up to 

5000m2/m3, effectiveness as much as 98.7%, and maximum operating of up to 1000°C and pressure up 

to 500 bars. A summary of the various important attributes of the three shortlist heat exchanger are 

shown in figure 3-3 attest to the fact that the PCHE is the best option for this application. 
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4 CHAPTER FOUR 

 

4.1 Thermal Design of the Selected Heat Exchanger  

The Printed circuit heat exchanger (PCHE) is the heat exchanger that was selected to be used for the 

proposed power plant. The PCHE was selected after a literature review on available gas-gas heat 

exchangers revealed that the PCHE meets all the modalities (that is an exchanger that can withstand 

higher temperature fluids, achieve higher effectiveness and has a lower pressure drop) set for the heat 

exchanger to be employed in the proposed power plant. This chapter of the report focuses on the design 

of the PCHE, and with a quick description of that of Plate-fin heat exchanger (PFHE). The design of the 

PFHE was also considered so as to be able to compare the performance of the PCHE to that of the 

PFHE size to deliver the same output, with the same input parameters and constraints imposed.  

 

Thermal design of heat exchanger problems is either referred to as a rating or sizing problem. In the 

rating problem the heat transfer rate and/or the outlet temperatures, pressure drop performances of an 

already designed or existing heat exchanger are determined from relevant relations. 

The sizing problem on the other hand entails determining or selecting of exchanger constructional type, 

the type of flow arrangement, selecting the tubes and fin or channel type and materials to be used, and the 

physical size of heat exchanger that would meet the defined heat transfer and pressure drops 

performances for given limitations. 

The thermal design process to be carried out in this work is therefore a sizing problem from the 

definitions above. The thermal design process is an iterative process done to achieve the specified heat 

transfer rate while making sure that the pressure and temperature demands are maintained. 

 

4.2 Sizing the Heat Exchanger 

There are some basic design aspects which would have to be decided right from the onset of the design 

process, and these includes; the flow arrangement, the type of fins to be employed in the case of the 

PFHE, the cross section of channels to be employed in the case of the PCHE, and the type of material 

that would be used in the manufacturing of the selected heat exchanger.   

Flow arrangements employed in heat exchangers includes counter flow, parallel flow, cross flow, cross 

counter flow and a combination of any of this flow configurations. The decision to select a particular flow 

arrangement to be employed on a heat exchanger depends on a lot of astute factors as mentioned earlier 

and this includes; the desirable effectiveness, expected pressure drop across the heat exchanger, workable 

pressure limits, the maximum velocities allowed, fluid flow paths of the fluids to be used in the 

exchanger, permissible thermal stresses, anticipated temperature levels, and other important design 

criteria [Shah et al 2003]. One of the requirements of the heat exchanger for the proposed power plant is 

to be able to provide a higher effectiveness. It is in this regard that the counter flow arrangement is 

selected to be employed in both the PFHE and PCHE to be designed. The counter flow arrangement has 

been found to be the most efficient flow arrangement, producing the highest temperature change in each 

fluid with given overall thermal conductance (the product of the overall heat transfer coefficient, U, and 

the heat transfer area, A), fluid flow rates (or the mass flow rate), and fluid inlet temperatures in relative 

to other flow arrangements employed in heat exchanger designs [Shah et al 2003]. 

Various fins arrangements are available for use in the design of the PFHE and figure 4-1 (a) - (f), shows 

six types of fin shapes employed in the design of PFHEs. 
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Figure 4-1(a) Plain rectangular (b) Plain triangular (c) Wavy (d) Offset strip (e) Perforated (f) Louvered 

fins arrangements [Source: Hesselgreaves 2001]  

 

The offset strip fins (also known as serrated fins) was selected to be employed in the PFHE, this is 

because it has been found to be the most widely used fins and also the one with the highest heat transfer 

performance compared to its frictional factor [Shah et al 2003 and Foumeny et al 1991].  

There are also various cross sectional channels that can be employed on the plates forming the matrix of 

the PCHE. Channels employed in the PCHE include the straight or wavy, parallel or offset, semicircular 

cross sections and others. Figure 4-2 shows the zigzag shapes of a plate in two different flow 

arrangements (thus the simple cross flow and cross-counter flow) in the PCHE. 

 

4-2 (a)  Simple cross flow                                              (b) cross-counter flow 

Figure 4-2: Diagrams showing the flexibility for a simple cross flow and a cross-counter flow arrangement 

in the PCHE [Source: Hesselgreaves 2001]. 

 
The semi-circular cross section was chosen for the design of the PCHE. The choice of the semicircular 
channels is due to the fact since there is generally meager information available on the design of PCHEs, 
it is therefore very difficult to use other flow channels but at least there are quite a number of design 
processes on PCHE where the semicircular channels are employed. Figure 4-3 shows a photomicrograph 
of the semicircular passages in the PCHE. 
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Figure 4-3: a photomicrograph of semicircular passages as depicted in the PCHE. 
 
 

4.3 Thermal Design formulation of Heat Exchangers 

Rating and sizing problems in heat exchangers are usually characterized by two major important equations 

and these are; 

                                                                                                                      

 Q=is rate of heat transfer, in W  

 ṁ= the mass flow rate, in kg/s 

 h= is the enthalpy of the fluid at the given temperature, in kJ/kg 

 

The equation (1) stated above is also referred to as the enthalpy rate equation and it is defined for each of 

the two fluids flowing in the heat exchanger (i.e.  j=1, 2), in which case 1 or 2 is designated to either the 

cold or hot side of the fluid flowing in the heat exchanger depending on a criteria which would be 

discussed later.  

 This first equation relates the heat transfer rate, Q with the enthalpy rate change for an open non-

adiabatic system with a solitary bulk flow stream which is entering and leaving the system under 

consideration in isobaric conditions, and this has been shown with either  j=1 or 2 as stated earlier.  

The first  equation can also be defined taking into consideration the mass flow rate , the specific heat 

capacity and the change in temperature on both fluid stream (that is either the cold and hot sides or the 1 

and 2 fluid streams sides) of the heat exchanger and it is expressed as; 

 

                                      (2)            

Where i and o denotes the inlet and outlet sides of the heat exchanger respectively. 

With known mass flow rates, inlet temperatures, and specific heat capacity which are determined from 

tables using mean temperatures (can be assumed to be the same as the inlet temperature in the first 

iteration) on the fluid side, the output temperatures for each flow side can then be determined from the 

relations; 
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The outlet temperatures are later refined taking into consideration the heat capacity ratio and the 

effectiveness from the relation 

           
    
  

                                                           

           
    
  

                                                           

The heat exchanger effectiveness, ε, heat capacities (Cmin, Ch and Cc) would be defined in subsequent 

paragraphs. 

Equation (7) is the second major equation to be considered in sizing and rating heat exchangers and it 

replicates a convection-conduction heat transfer phenomenon in a two-fluid heat transfer exchanger. The 

relation states that the heat transfer rate, Q varies directly to the heat transfer area A, and the mean 

temperature difference, ∆Tm between the fluids, where U (overall heat transfer coefficient) is the constant 

of proportionality. This relation can be expressed as;   

                                                                                                            (7) 

With 

            Q= is the rate of heat transfer, W 

            A= is the total heat transfer area, m2 

           ∆Tm= is the logarithmic mean temperature difference, K  

           U =is the overall heat transfer coefficient, W/m2 K 

The ∆Tm can also be related in such a way that takes into consideration the terminal differences between 

the fluids such as (         ) and (         ) and its definition depends on the flow arrangement 

(orientation of flow in the heat exchanger) been employed.  

The design process would be determining the physical size to deliver the expected heat transfer rate and 

also determined the pressure drop across the heat exchanger. 

 

4.3.1 Assumptions Made In the Design of the Heat Exchanger 

A lot of assumptions are made for the exchanger heat transfer problem formulations (notably in the area 

of energy balances, rate equations, boundary conditions, and other useful analysis to be considered). An 

assumption is usually invoked in the design process whenever it becomes necessary. Those that are useful 

in almost all heat exchanger designs and this application in particular are; 

 

1. The heat exchanger would operate under steady-state condition, i.e. operate with constant flow 

rates and fluid temperatures (both at the inlet and within the heat exchanger) independent of 

time. 

2. Heat losses to and from the surroundings are neglected. 

3. Non existence of thermal energy sources or sinks in the heat exchanger. 

4. Uniform distribution of fluid temperature over every cross section of the exchanger. 

5. The wall thermal resistance is assumed as a constant and uniform in entire heat exchanger. 

6. No phase change, since we are only dealing with flue gases on one side and air on the other side 

of the exchanger. 
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7. The individual and the overall heat transfer coefficients of both fluids are assumed constant (thus 

independent of temperature, time and position) throughout its flow in the heat exchanger matrix. 

8. Both fluids employed in the heat exchanger are assumed to be of constant specific heat 

capacities. 

9.  The flow velocity and temperature of both fluids at the inlet of the heat exchanger on each fluid 

side is considered uniform over the flow cross section. 

10. The fluid flow rate is uniformly distributed through the exchanger on each fluid side in each pass. 

Note:  other assumptions are quoted when it becomes necessary. 

 

4.3.2 Effectiveness  

 
The heat exchanger effectiveness which is denoted by ε, is the means by which the thermal performance 
of heat exchangers are assessed. It is the ratio of the actual heat transfer rate from transferred from the 
hotter fluid to the maximum possible heat transfer rate that could have been transferred. The 
effectiveness is sometimes referred to as the thermal efficiency of the heat exchanger.  The heat 
exchanger effectiveness is usually a function of the flow arrangement employed, the inlet and outlet 
temperatures on a given heat exchanger. 
 
The effectiveness of the heat exchanger is calculated from the relation; 
 

  
         
         

                                                                                       

 
The above equation is used when using the same fluids on both sides of the exchanger, but in situations 
where different fluids are employed the heat capacities are also taken into consideration. 
 
The effectiveness of a heat exchanger can also be calculated using what is referred to as the NTU 
method. Using this method to calculate the effectiveness of the exchanger required that certain 
parameters are known or have been calculated for. Since some of these parameters are not known or 
cannot be calculated at this stage of the designed process, the effectiveness can be calculated explicitly 
using equation (8).  

4.3.3 Heat Capacity Ratio 

 
In order to determine the heat capacity ratio, C*, the product of the mass flow rates and the specific heat 
capacity for both sides of the heat exchanger are calculated for. The minimum of the two products is 
assigned to 1 (which is also referred to as Cmin) and considered to be the “weaker” side of the exchanger 
and the maximum assigned to 2 and considered the “stronger” side.  
 

Cc= (ṁCp)c and Ch=(ṁCp)h 

  
When Cc> Ch then Cc= C1 and Ch= C2 but if Cc< Ch then Ch= C1 and Cc= C2 
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4.3.4 Mean Temperature Difference 

 
As defined from the relation for the calculation of heat transfer rate in equation (7), that the heat transfer 
rate, Q, varies directly to the heat transfer surface area, A, and the mean temperature difference, ∆Tm, 

where U is the constant of proportionality referred to as the overall heat transfer coefficient. The value of 
∆Tm is dissimilar for different heat exchangers employing different flow arrangement with the same inlet 
and outlet temperatures. The mean temperature difference as defined is not just the arithmetic mean but 
the logarithmic mean value which is defined for counter flow arrangements as; 
 

    
       

    
   
   

 
                                                                                            

 

 with                    ,                                                          (11) –(12)         

 
 
 

4.3.5 Number of Transfer Units  

 
The number of transfer units (NTU) can be defined as the ratio of the overall thermal conductance (thus 
the product of the overall heat transfer coefficient, U and the heat transfer area, A) to the minimum heat 
capacity rate. The NTU is expressed mathematically as; 
 

    
  

    
                                                                                                              

 
The NTU of the heat exchanger can also be defined as a function of the effectiveness, heat capacity ratio, 
and the flow arrangement. It is determined in this design process from the relation; 
  

    
 

     
    

       

     
  ,                                                                                                

4.3.6 Fluid Mean Temperatures 

The following fluid properties; density, ρ, dynamic viscosity, μ, thermal conductivity, К, and Prandtl 

number, Pr, would have to be determined to be able to calculate the physical size (area) of the heat 

exchanger that would be required to deliver the expected heat transfer rate, determine pressure drops on 

both sides of the exchanger and in analysing other performance characteristics of the exchanger. The 

above mentioned fluid properties would be determined using the mean fluid temperatures Tref for both 

fluid sides at specified pressures, and; 

         
         

 
    and         

         

 
                                                                     (15)-(16) 

 

4.3.7 Thermophysical Properties of the Gases Used In the Heat Exchanger 

The thermophysical properties of the gases for the side 1 and side 2 are listed in table 1. Side 1 is air from 

the turbine of the bottoming cycle of the proposed power plant at a pressure of 5bars For the side 2 the 

gas is flue gas at a pressure of 1bar and consists of 79 percent Nitrogen, 15 percent Carbon dioxide and 6 

percent Oxygen.. The flue gas enters the heat exchanger at a pressure of 1 bar, pressure drops is assumed 

to be 3 percent on both sides of the exchanger. 
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PROPERTY SYMBOL SIDE 1 SIDE 2  UNIT 

Referent temperature    Tref 714.9939 740.6448 K 

Inlet pressure                    Pin 5 1 Bar 

Outlet pressure                  Pout 4.85 0.97 Bar 

Specific heat capacity         Cp 1079.7 1109.4 J/Kg.K 

Viscosities                             μ 0.000034784 0.000034658 Pa.s 

Thermal conductivities         K 0.051732 0.052733 W/m.K 

Prandtl number                   Pr 0.72595 0.72917 - 

Densities(inlet)                    ρin 2.4312 0.48479 Kg/m3 

Densities  (outlet)              ρout 1.9678 0.58713 Kg/m3 

Mean densities                  ρm 2.1751 0.5311 Kg/m3 

 

 
Table 4-1: Thermophysical Properties of the Gases Use in the Heat Exchanger at the Specified 

Temperature and Pressure.   

 

The thermophysical properties listed in Table 1 above at the given temperature and pressure are obtained 

from the National Institute of Standards and Technology [1] at the given temperatures and pressures. All 

the values are obtained from the online NIST book and its software, except the mean density which is 

calculated from; 

 

  
  

 

 
 
 

   
 

 

    
                                                                                      

 

4.3.8 Physical Dimensions and Other Important Geometrical Features of the PFHE 

In order to determine the total surface area of the PFHE lets us first look at the arrangement of fins, the 

parts involved and some important parameters of this type of exchanger that would be needed in order to 

determine its total surface area. Figure 4-4 shows the matrix of the PFHE core, the arrangements of fins 

(offset strip fin), and a small section of an idealized offset strip fin geometry. 
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Figure 4-4: (a) Plate-fin exchanger (b) offset strip fin geometry (c) a small section of offset strip fin 

geometry [Shah et al 2003]  

 
δw:  Plate thickness 

δ  :  Fin thickness 

s  : spacing between a surface of a fin 

ℓs:  Fin offset length  

Lf  : Flow length in the L1 direction 

L1 : Length of a plate 

L2 : Width of a plate 

L3:  Height or stack of the exchanger 

b1 : Plate spacing for fluid side 1 

b2 : Plate spacing for fluid side 2 

nf : total number of fins 

noff: number of fin offsets 

Pf : Fin pitch 

Np: Number of passages 



 
 

 

The surface area of the PFHE consists of a primary and secondary surface area (also the fin area). For 

fluid side 1 the primary surface area is calculated from the relation; 

              A_P1=2L1L2Np-2δLfnf+2b1L1Np+2(b2+δw)(Np+1)L2;                                    (18) 

The secondary surface area for fluid side 1 is can be determined on the other hand from the relation; 
 
                 A_f1=2(b1-δ) Lfnf   + 2(b1-δ) δnoffnf + (Pf-δ) δ (noff-1) nf  + 2Pfδnf;                   (19) 
 
The total surface area for the fluid side 1 would therefore be the addition of the primary surface area and 
the secondary area of fluid side 1, which is given by; 
               A_1=A_P1+A_f1                                                                                               (20) 
 
The overall heat transfer area of the heat exchanger is the addition of the total heat transfer surface area of 
the fluid side 1 and that of the fluid side 2.  It has to be however be noted that, since the fluid side 2 is the 
“stronger” side, the number of passages is one more than that of the fluid side 1.  In this design all 
dimensions for the fluid side 2 is assumed to be the same as that of fluid side 1. 
 
The volume occupied by the plates or parting sheets in the total volume of the plate-fin heat exchanger is 
given by 
 
               V= [b1Np+b2 (Np+1) +2δw (Np+1)] L1L2                                                           (21) 
 
 
Other definitions which are of immense importance are defined as follows; 
 
Minimum free-flow area; 

A_0=b1L2Np-[(b1-δ) +Pf] δnf                                                                                  (22) 
 

Surface area density, β, in m2/m3 is given by; 
 

β= 
                    

                               
                                                                                                             

 
Mass flux velocity, G, in kg/m2s is given by;  

 
 

                                       
 

 
  

  

   
 
          

      
 
 

 
   

                                                                            (24) 

 
 
 
 
 
 
The Colburn and fanning friction factors (j and f) are defined respectively for the offset strip fin in the 
PFHE as; 
 
 
 
 

       = 0.6522 Re-0.5403(
 

  
)-0.1541(

 

  
) 0.1499(

 

 
)-0.0678  

                                 [1+5.269e (-5) Re1.340*(
 

  
) 0.504(

 

  
) 0.456(

 

 
)-1.055)]0.1                                      (25) 
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  f = 9.6243 Re-0.7422 (
 

  
)-0.1856(

 

  
) 0.3035 (

 

 
)-0.2659  

                                                      [1+7.669e (-8) Re4.429 (
 

  
) 0.920(

 

  
) 3.767(

 

 
) 0.236)]0.1                                 (26) 

 
 
The hydraulic diameter for the PFHE is also calculated from; 
 

                                                      
      

       
     

      
                                                             (27) 

 

         Where:       ,                                                                                            (28)-(29) 

 
 
The ratio j/f is assumed to be 0.25 in the first iteration since the Reynolds number is not known at this 
point and it was found to be a good approximation for the ratio [Shah et al 2003]. The Reynolds number 
is then calculated from; 

                                                               
   

 
                                                                                

 
The heat transfer coefficient, h is calculated from the relation 

                                                                  
    

     
                                                                              

 
For the first iteration the total extended surface efficiency ηo is assumed to be 0.9 but it is finally 
determined from the relation; 
 

                                         ηo =1-(1- ηf)
  

 
                                                                                    

 
  The fin efficiency, ηf ,  is calculated from the relation; 
 
 

                        ηf=
         

  
,  where     

 

 
  ,     

  

   
                                     (34)-(36) 

 
 
 
 
 
The overall heat transfer coefficient, U, can now be calculated assuming that, there are no fouling and the 
ratio of the surface area for the fluid side 1 and 2 is approximately equal to unity. The overall heat transfer 
coefficient is then determined from; 
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4.3.8.1 Pressure Drop Analysis of the PFHE  

 
The relative pressure drop across the heat exchanger for both fluid sides can be determined from the 
relation; 
 

 
  

   
  

  

        
            

   

   
   

  

  
             

  

  
         (38) 

 
Where the f used in equation (36) is a corrected f value of the one determined in equation (26), and is 
determined from the relation; 
 

                                             
  

  
  ]                                                                              (39) 

 
With the assumption that there is no fouling, and only thermal resistance on both sides of the exchanger, 
Tw is determine from the relation; 
 

        
               

             
 

                         

                    
                                                   (40) 

 
 

     Where;             
 

       
 ,                                                                                (41) 

 

                               
 

       
                                                                                   (42) 

 
The value of m is determined from tables depending on the type of fluid, the Reynolds number, and state 
of fluids been employed (either gases or liquids).  
 
Kc and Ke are the entrance and exit pressure loss coefficient respectively, which are determined from 
charts and are dependent on the Reynolds number, surface geometry and the frontal area ratio, σ, which is 
defined as; 
 

                          
    

         
                                                                            

 
In equation (43), it is assumed that plate spacing for both fluid sides are the same. The hydraulic radius for 
the cold and hot side of the heat exchanger is calculated from; 
 

                        ,                                                                                (44)-(45) 
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4.4 Printed Circuit Heat Exchanger 

 
For the PCHE it is assumed that the channels forming the plates have semicircular cross section running 
through the length of the plates in the exchanger. Figure 4-5 shows an illustration of channels employed in 
the PCHE with its alternating hot and cold flow. The arrangement of the flow paths are also shown in the 
second diagram of the same figure.  
 
The cross sectional area, Ach, and perimeter, P, of a semicircular channel can be calculated from the 
relations; 
 

              
   

 
                                                                                                                                                             

      

          
  

 
                                                                                                                                   (47) 

 
 Where d is the diameter of a cross section of a channel forming the heat exchanger. 
 
 
 
The free flow area Af and the heat transfer area Ah of the primary or secondary side can be determined 
from the relations; 
 

                      and                                                                                (48)-(49) 

 
Where P is the perimeter of a channel, Nch   is the total number of channels used in the primary and 
secondary sides of the heat exchanger, and L the flow length.  
 
In the sizing of the PCHE, more channels are usually employed on the hot fluid side, this is done in order 
to facilitate maximum heat transfer. In other cases a cold plate is sandwiched between double hot plates 
and this also enhanced heat transfer between the two fluids used in the exchanger. An example of this 
flow arrangement is shown in figure 4- 6. 
 
 

 
Figure 4-5: shows another arrangement of semicircular channels in a PCHE with its alternating hot and 

cold flows with their flow paths. 
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Figure 4-6: a diagram showing another type arrangement of flow channels, where cold plates are sandwiched 

between two hot plates both beneath and on top of the cold plate [Nikitin et al 2006]. 

 
The hydraulic diameter Dh is calculated from the relation; 
 

            
   

 
                                                                                                                      (50) 

 

Assuming that the PCHE has the following dimensions; flow length, L, width, W, and the stack of the 

exchanger, H. 

The volume, V, of the PCHE can then be calculated from; 

                                                                                                                          (51) 

The surface area density, β can be calculated just as in the case of the PFHE from  

          
  

 
                                                                                                                        (52) 

From equation (7), the heat transfer rate, Q can also be defined for the PCHE as; 

                                                                                                                              (53) 

Where h is the heat transfer coefficient. 

The Colburn factor, j can be expressed in terms of the number of transfer units (NTU) into consideration 

as; 

              
  

 
         

  

  
                                                                                (54) 

 

 

 

The Colburn factor, j can also be expressed in terms of heat transfer coefficients; 

                 
  

       
                                                                                                         (55) 

With the Nusselt number (Nu) defined as; 

                      
   

 
                                                                                                      (56) 

    Where k is the thermal conductivity of the fluids used in the exchanger. 
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It has to however be noted that the Nusselt is assumed to be constant for the PCHE for constant wall 

temperatures, and in situations where the Reynolds number is greater than 2000, then a relation is used to 

calculate the Nusselt number rather than assuming it to be a constant value as was the case in this design. 

 

 

 

4.4.1 Pressure Drop Analysis of the PCHE 

The frictional pressure drop across the exchanger is worth considering, since we seek to find a lower 

pressure drop heat exchanger. The frictional pressure drop over the PCHE is calculated from; 

                                     
  

  

 

 
                                                                                    (57) 

The fanning friction factor, f is determined for conditions where 0.5          and Reynolds number 

less than 2000 as; 

                         
  

  
                                                                                                         (58) 

However for situations where Re is greater than 2000 the fanning friction is defined as 

                                                                                                                 (59) 
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4.5 Sensitivity Analysis 

In selecting particular dimensions for both heat exchangers a sensitivity analysis was carried out to assess 

how it affects the whole exchanger with respect to pressure drop across both sides of heat exchanger and 

also the volume of the exchanger.  

4.5.1 Analysis of the PCHE  

In selecting dimensions for the width, height and diameter for the heat exchanger matrix a sensitivity 

analysis was carried out to assess how pressure drops across the heat exchanger when certain important 

parameters for the PCHE are varied. This was done by keeping all other parameters but the parameter 

under consideration constant, and the pressure drop across the heat exchanger noted. The graphs of the 

parameters considered are plotted against the pressure drop across both sides of the heat exchanger.  

In a similar fashion, in selecting dimensions for the PFHE a sensitivity analysis was carried in varying the 

length of plate and 

 

4.5.1.1 Width of the PCHE 

To analyze how the varying the width of the exchanger affects the performance of the PCHE with respect 

to pressure drop, the width of the exchanger was varied while other parameters were kept constant. Figure 

4-7 shows graphs of the width of the heat exchanger in metres against the pressure drop across the heat 

exchanger expressed as a percent. 

 

             FIGURE 4-7: graphs of width of heat exchanger against the pressure drop across the exchanger. 

 

Increasing the width of the exchanger decreases the pressure drop on both sides of the heat exchanger as 

illustrated in figure 4-7, this is because increasing the width increases the number of channels on a given 

plate and subsequently an increase in the free flow area. Since the flow velocity varies inversely as the free 

flow area, the flow velocity decreases as a result. The pressure drop across the heat exchanger varies 

directly proportionally to the square of the flow velocity and as such increasing the flow velocity although 

may increase the flow regime but will adversely increase the pressure drop. 

Therefore increasing the flow area reduces the flow velocity which lowers the Reynolds number of the 

fluid flow which decreases the heat transfer magnitude but helps to decrease the pressure drop across the 

heat exchanger.   
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4.5.1.2 The Height/Stack of Heat Exchanger of the PCHE 

Similarly, to assess how the change in the height/stack of the heat exchanger affects the pressure drop the 

height was varied while other parameters are kept constant. Figure 4-8 shows graphs of how varying the 

height/stack of the heat exchanger affects the pressure drop. 

 

 

 

        Figure 4-8: graphs of height/stack of heat exchanger against pressure drop across the exchanger 

 

increasing the height/stack of the heat exchanger increases the flow area of the exchanger, since that 

increases the number of plates that would be forming the exchanger which would consequently increased 

the flow area and reduces the flow velocity. Pressure drop across the heat exchanger will inherently 

decrease with increasing height/stack of exchanger. 

 

 

 

 

4.5.1.3 Diameter of channels forming the PCHE 

In order to analyze how changing the diameter of the channels forming the heat exchanger affects change 

in pressure drop, we have to however ensure that dimensions for the pitch and thickness of the plates are 

appropriate. That is the diameter of the channels should be less than the pitch, and also two times the 

thickness of the plates should be greater than the diameter of channels. Figure 4-9 shows graphs of the 

diameter of the channels forming the heat exchanger as against the pressure drop across the heat 

exchanger. 
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                          Figure 4-9: graphs of diameter of channels against pressure drop across exchanger  

 

Increasing the diameter of channels in the plates of the heat exchanger will increase the free flow area 

which decreases the flow velocity, and as a result the pressure drop across the exchanger decreases.  

 

4.5.1.4 Effect of varying parameters on the volume of the PCHE 

When the length, width and height of the PCHE are varied the total volume of the heat exchanger 

increases, this is simply because the volume varies directly proportional to those parameters. Figure 4-10 

shows a graph of width of the PCHE versus the volume of the exchanger. It has to be noted however that 

the volume calculated here would be slightly different from the total volume of the heat exchanger. 

                        

                  Figure 4-10: a graph of the width versus volume of heat exchanger 

 

Varying the diameter for fixed length, width and height of the PCHE would however not alter the volume 

of the heat exchanger. 
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4.5.2 Analysis performed on the PFHE 

In selecting dimensions for the PFHE, a sensitivity analysis was carried out to ascertain how performance 

criterion such as pressure drop across heat exchangers is affected and also the effect on the physical 

outlook of the exchanger. Figure 4-11(a)-(c) shows graphs of length of the exchanger against pressure 

drops across the exchanger and the volume of the heat exchanger. On the other hand increasing width of 

the PFHE decreases the pressure drop across the heat exchanger, but the increase in width increases the 

volume of the exchanger. 

Selection of appropriate dimensions for the PCHE and the PFHE was arrived at after the sensitivity 

analysis was performed and table 4.2 and 4.3 below shows the parameters and results from the 1D 

modeling of the PCHE and PFHE respectively. 

 

 

 

  

(a) (b)  
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                                                               © 

Figure 4-11 (a)-(c); (a) A graph of length of a plate versus pressure drop across side 1                                                                                                                                             

         (b)  A graph of length of a plate versus pressure drop across side 2 

          ©   A graph of length of a plate versus the volume of heat exchanger 

 

 

 

Table 4.2 Parameters and results of the 1D of the  PCHE. 

Parameter  Value 

Length of exchanger, L (m) 1.1 

Diameter of channels, D (mm) 2 

Plate thickness, th (mm) 1.5 

Total number of plates, N_tCH(-) 1373760 

Pressure drop-side 1, (%) 1.17 

Pressure drop-side 2, (%) 3.29 

Total heat transfer area, A_tot (m2) 5095 

Heat transfer coefficient-side 1, (W/m2.K) 174 

Heat transfer coefficient-side 2, (W/m2.K) 201 

Overall heat transfer coefficient, U ((W/m2.K)) 92 

Thermal Power, Q (MW) 12.15 
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Table 4.3 Parameter and results from the 1D modeling of the PFHE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PARAMETER DIMENSION 

Plate thickness,  δw (mm) 1.5 

Fin thickness,   δ (mm) 0.15 

Spacing between surfaces of a fin, s (mm) 0.0015 

Fin offset length, ℓs (mm) 6 

Length of a plate, L1(m) 2.0 

Width of a plate,   L2(m)  1.6 

Flow length in the L1 direction, Lf(m)  L1-0.025 

Plate spacing for fluid side 1,    b1(mm) 5.545 

Plate spacing for fluid side 2,    b2(mm) 5.545 

Hydraulic diameter, Dh (mm) 3.8 

Total number of fins     nf (-) 81000 

Number of passages,     Np 133 

Total surface area,  A (m2)                                  4554 

Pressure drop on the primary side, ∆P (%) 4.59 

Pressure drop on the secondary side, ∆P (%) 4.84 

Heat transfer coefficient-Primary side,h_c (W/m2.K) 163.90 

Heat transfer coefficient-secondary side, h_h (W/m2.K) 378.48 

Overall heat transfer coefficient, U (W/m2.K) 104.91 
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5 CHAPTER FIVE 

 

5.1 3D Modeling of the Designed Heat Exchanger  

In order to have a fair idea of how the designed heat exchanger would perform when installed in the 

power plant a 3D modeling study of the heat exchanger is undertaken with the use of the COMSOL 

Multiphysics software.  This chapter discusses the 3D model and the results obtained when the model was 

simulated. The chapter starts by introducing COMSOL Multiphysics, followed by a brief description of 

the theory for conjugate heat transfer interface, steps that are followed in modeling when using the 

COMSOL software and the various stages involved in building and simulating a model in COMSOL 

Multiphysics with much focus on the designed heat exchanger which is described in the previous chapter. 

5.2 COMSOL MULTIPHYSICS 

The COMSOL Multiphysics (formerly known as FEMLAB) is a finite element analysis, solver and 

simulation software/FEA software package used for various physics and engineering applications. It is 

usually used when a coupled phenomenon or Multiphysics is to be simulated. In addition the COMSOL 

Multiphysics also offers a broader interface to MATLAB and it toolboxes, and can be used for large 

variety of programming, preprocessing and post processing possibilities [Source: www.comsol.com and 

www.wikipedia.org]. 

The COMSOL Multiphysics is also described as an Engineering simulation software that offers an 

environment which facilitates all steps involved in modeling processes, that is defining the geometry, 

meshing, specifying the physics to be studied, solving the problem and allows the results to be visualized. 

[Source: www.comsol.com]. 

 

5.3 Theory for Conjugate Heat Transfer interface 

The mathematical formulation used and solved for in COMSOL Multiphysics for Conjugate Heat 

Transfer (also used for almost all simulations in the heat transfer interface) for steady-state, laminar flow 

interface is the incompressible (is also applicable to compressible flows) Navier-Stokes equations and an 

energy conservation equation. The Navier-Stokes formulation basically consists of a momentum and 

continuity equation. The Navier-Stokes equations and the energy conservation equation are derived from 

the principle of conservation of mass, momentum and energy. 

5.3.1 Momentum equation 

It can be shown by resolution of forces acting on a particle of a cube of fluid that; 

 
  

  
       

Here   is the stress tensor and f represents the sum of the various gravitational forces acting on the cube. 

The stress tensor   is however a rank two symmetric tensor which is expressed mathematically by its 

covariant components consisting of normal stresses,   and shear stresses, τ as; 

 

    

      

         
         
         

  

The stress tensor above can further be divided into two distinct  terms as; 

http://www.comsol.com/
http://www.wikipedia.org/
http://www.comsol.com/
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 =  
   
   
   

   

           
           
           

  

And it can also be expressed as; 

  
   
   
   

   

           
           
           

 =-pI + Ŧ 

 

The pressure, p is given by negative of the mean of the normal stresses, i.e.    
 

 
             , I 

is the 3*3 identity matrix, and Ŧ is the deviatoric stress tensor.  

 

The Navier-Stokes equation can at this point be expressed in its general form as; 

 
  

  
           

And the deviatoric stress tensor, Ŧ can be expressed as; 

               
 

 
       

 

The Momentum equation for the fluid flow can therefore be simply for steady state analysis as; 

                            
 

 
           

 

5.3.2 The continuity equation 

In order to be able to derive the equation, a differential control volume of sizes dx, dy and dz is 

considered. The flux of mass per second for all three directions assuming that the density and 

velocity are functions of space and time and expressed as; 

  

  
            

  

  
            and  

– 

  
           for the x, y and z directions respectively. 

From the principle of conservation of matter, the summation of all three must be equal to the 

time rate of change of mass, 
 

  
            

Considering that a control volume is independent of time, the dxdydz terms can be neglected or 

cancelled from the various terms and as such the resulting equation simplified as; 

  

  
  

 

  
      +

 

  
    + 

 

  
       

The above equation can further be simplified by introducing the gradient vector notation and the 

equation further simplified as; 
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For steady state analysis; 

  

  
   

Therefore the continuity equation is expressed as; 

 

         

Where V refers to velocity field (m/s), p the pressure acting on the surfaces (Pa), F the 

summation of forces acting on the volume (N/m), ρ the fluid density (kg/s), μ dynamic viscosity 

(Pa.S),   the vector differential operator (-) and I is a 3*3 identity matrix. 

 

 

5.3.3 The energy equation 

For non-isothermal fluid flow, the fluid temperature is considered to be a function of the 

directions (thus x, y and z) and time (t). The energy equation is the law of conservation of energy 

which basically gives the distribution of temperature in space. Just as was the case in the 

derivation of the continuity equation, we consider a similar differential control volume of same 

sizes. After which an energy balance equation is written as; 

Energy input = energy output + energy accumulation  

The energy input is the summation of internal energy, kinetic energy, pressure-work volume, heat 

conduction, and heat generated, Q in the volume of the fluid. The energy output is almost the 

same as that for the energy input except the heat generated which is zero in this case. The 

accumulated energy however is only the summation of internal and kinetic energy. 

The energy equation can be expressed explicitly after some manipulations [Rao 1988] as; 

                      

Here T denotes temperature (K), k is the fluid thermal conductivity (W/m2), Q is the heat source 

or sink, Cp is the specific heat capacity at constant pressure. In the energy equation the 

temperature gradient,     is what is responsible for heat conduction (invokes heat flow).  
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5.4 Steps Involved in the use of COMSOL Multiphysics 

As mentioned earlier COMSOL Multiphysics facilitates all steps involved in modeling, from definining the 

geometry to meshing. 

The tasks involved in the use of COMSOL Multiphysics to model the heat exchanger are as enumerated 

in the following steps; 

 

 Selecting space dimension to be used for modeling after starting COMSOL Multiphysics (either 

1D, 2D or 3D space) 

 Adding physics to the model to be studied 

 Selecting the study type to be undertaken 

 Defining the geometry of component or part to be modeled 

 Adding of materials to be used for the various parts of the model 

 Entering the necessary boundary conditions for the model 

 Meshing, computing and postprocessing 

 

 

5.5 The conjugate heat transfer interface (laminar flow) 

5.5.1 Space Selection  

To model in COMSOL Multiphysics a space need to be selected first, and this can be either in 1D, 2D or 

3D depending on what one wants to study. The 3D space was selected for this study since we desire to 

study the performance of the heat exchanger in 3D.  Figure 5-1 displays the various options available for 

modeling as it appears in the software. 

                                                                                 

           Figure 5-1:  a window showing the select space dimension in COMSOL Multiphysics model wizard 

5.5.2 Adding Physics 

After selecting the space of interest, the next step is to add the physics that we wish to study. A lot of 

modules can be studied with the COMSOL MUltiphysics software as stated earlier. Some of these 

modules includes; AC/DC module, Acoustic module, Batteries & Fuel cells module, CFD module, 

Corrosion module, Electrodeposition module, Heat Transfer module etc.   
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The Heat Transfer module> Conjugate Heat Transfer > laminar flow is the physics added for this 

study. This interface is selected for modeling the heat exchanger because, the calculated Reynolds number 

of flow in the heat exchanger depicted a laminar flow regime. 

                                                 

                                  Figure 5-2: a window showing the Add Physics model wizard in COMSOL Multiphysics. 

 

 

 The Conjugate Heat Transfer is a predefined multiphysics coupling which consists of a single phase 

flow interface, and uses an incompressible formulation in combination with the heat transfer interface. 

When this interface is selected, Conjugate Heat Transfer (nitf), Heat Transfer in Solids, Wall, 

Thermal Insulation, and Initial values are added by default. 

5.5.3 Selecting Study Type 

The type of study that one wishes to study is selected after adding the desired physics we wish to study. 

There are two main types of studies that can be studied, and the study can be either preset studies for 

selected physics (e.g. Stationary or time dependent) or custom studies (e.g. Empty study, eigenfrequency 

etc.).  Figure 5-3 shows the model wizard, select study type window as displayed in COMSOL 

Multiphysics. 
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                                    Figure 5-3: A window showing select study type in COMSOL Multiphysics. 

 

5.5.4 Material selection  

Materials to be used for the model are usually either added to the model at this stage. This is usually done 

by selecting it from built in materials or from the material library, but in the situation where the material 

needed is not found in the materials provided COMSOL Multiphysics allows the material’s important 

properties that would be needed in the model to be entered by the user. 

5.5.5 Geometry 

In order to be able to model any component or part, the first thing to do is to draw the geometry of the 

model either in a 1D, 2D or 3D depending on what physics one wishes to study. COMSOL Multiphysics 

has a platform where the geometry can be built as desired.  

 

                                  

 

        Figure 5-4: a window showing various tools that can be used in constructing model geometry, in COMSOL 

Multiphysics, model builder. 
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A 3D geometry of a piece of the heat exchanger was drawn to perform the modeling in this assignment, it 

consists of two channels both for the hot and cold sides of the heat exchanger, with dimensions as was 

realized from the MATLAB design. Only a small part of the heat exchanger is to be simulated, and is to 

reduce the computational time and memory usage in the simulation.  

5.5.5.1 Interface identifier 

The interface identifier is a text string that can be used to reference the respective physics interface if the 

need arises. This is usually the case when coupling interface to another physics interface or in cases when 

we attempt to identify and used variables defined by this physics interface. This can however be changed 

when we desire to. The default for Conjugate Heat transfer is “nitf”. 

 

5.5.5.2 Domain Selection 

The domain settings under the Conjugate Heat Transfer enable you to select the domains where you 

want to define the dependent variables and their respective governing equations.                                                                  

                                     

 

                              Figure 5-5: a window showing settings in the Conjugate Heat Transfer in COMSOL Multiphysics 

 

5.5.5.3 Physical Model 

This is where the interface properties that would be controlling the type of model are specified, but since 

we are modeling a laminar flow as has been selected from the beginning, Turbulence model type would 

be selected by default as None. In cases where we need to model flows at very low Reynolds numbers 

there is a box that can be check to ensure that inertial term in the Navier-Stokes equations are neglected 

and rather the linear version of the stokes equations are rather invoked. The box to check is labeled as 

Neglect inertial term (Stokes flow). 
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5.5.5.4 Dependent variables 

This interface is where the dependent variables are defined, in the conjugate heat transfer the dependent 

variables are temperature, velocity and pressure. 

 

5.5.6 Boundary Conditions for Conjugate Heat Transfer interface 

The following are some boundaries conditions for the Conjugate Heat Transfer interfaces (only those 

that are used in this work are discussed, and these conditions are also available for all heat transfer 

modules). 

5.5.6.1 Heat transfer in solids 

The heat transfer in solids node is selected as default in the Conjugate Heat Transfer 

interface and the equation used here is the heat equation (energy conservation equation), the 

same as the one described for the theory for the conjugate heat transfer interface. That is 

                      

Where the symbols are the same as those stated under the heat equation as quoted earlier. 

 

5.5.6.2 Thermal Insulation 

The thermal insulation boundary condition is added to all heat transfer interface by default and this 

boundary condition ensures that there are no heat flux across the boundaries and this is expressed as 

              

The above equation implies that the temperature gradient across the boundary must be zero, and relation 

to hold the temperature on one side of the boundary must equal the temperature on the other side. 

5.5.6.3 Initial values 

This node is used to initialize the values of the dependent values to zero and is added to the model by 

default, as such its selection cannot be altered whatsoever. 

5.5.6.4 Inlet 

The inlet node includes a set of boundary condition which describes the fluid flow at the entry point. 

These are boundary conditions are; 

a. Velocity  

b. Pressure, No viscous stress 

c. Normal stress 

The inlet node is used to specify the type of flow regime at the entry of the model, also the inlet velocity, 

mass flow rate, length of the flow, pressure and average velocity need to be specify using this node. 

 

5.5.6.5 Temperature  

The temperature node is used to specify the temperature somewhere in the geometry, this can be on the 

boundaries and surfaces in most cases. The boundaries where the temperature is subjected to are selected 

either as all boundaries or by manually selecting the appropriate boundaries or surfaces. They are usually 

selected using the manual since the temperature acts only at some points in the model. 
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The equation for the temperature is       , where         the temperature being subjected to the 

particular boundary (ies) selected. It is prescribed in the SI unit (K) and the default is given as 293.15 K. 

5.5.6.6 Outflow  

This node provides an appropriate boundary condition where convection-dominated heat transfer exists 

at the outlet boundaries. In models with convective heat transfer, the conditions relating to the heat 

transfer states that convection is the only heat transfer that exists at the boundaries and as a result the 

temperature gradient in the normal direction equals zero with no existence of radiation. 

There are usually no user inputs for these nodes, but if it becomes necessary the boundaries that are 

convection-dominated boundaries are selected as the outflow. 

5.5.6.7 Symmetry  

The symmetry node is similar to the insulation condition in that there is no heat flux across the boundary. 

This boundary condition usually does not require any user input, but however the symmetry boundaries 

need to be defined or selected. 

5.5.6.8 Heat flux  

The heat flux node is used to add heat flux across boundaries. The boundaries for heat flux addition are 

selected and the heat flux magnitudes are entered. In this work since we want to ensure there is no heat 

flux across certain boundaries we select and use the default value of heat flux which is zero (in other 

words there is no heat flux across the boundaries selected).  

 

5.5.7 Meshes 

The discretization of the geometry model into smaller units of simple shapes is referred to as mesh 

elements. The mesh generator in COMSOL Multiphysics discretizes the domains of the geometry into 

tetrahedral, hexahedral, prism or pyramid meshes.  

The boundaries in the geometry are on the other hand discretized into either triangular or quadrilateral 

boundary elements.  

                                             

                Figure 5-6: a section of how meshes are displayed in the model builder in COMSOL Multiphysics 

 

Meshes and it sizes for boundaries geometries can be defined by user or chosen from already defined 

ones. Figure 5-6 shows a window displaying selected meshes in a COMSOL Multiphysics.  

 

5.5.8 Study 

After building the model, the model can be simulated by right clicking on study and clicking on 

compute. Modeling can sometimes take a longer since simulation time depends on a lot of factors 

considered when building the model, example of factors that can affect simulation time includes 
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boundary conditions employed, the type of mesh used and its size among others.  After ensuring 

that the necessary boundary conditions are entered including selecting appropriate meshes and 

sizes, the model is then run. The model can be visualized after simulation and the results 

obtained analyze after which the necessary deductions are made.  

In cases where only a part of the component is model, the results on the part obtained can be 

extrapolated to obtain results for the whole component. Figure 5-7 shows an example of a 

window showing a tree arrangement of nodes in a model wizard in COMSOL Multiphysics. 

                                 

                                Figure 5-7: a window of a tree showing arrangement of nodes in COMSOL Multiphysics. 

  

5.6 Simulation of the 3D model 

 

The 3D model simulated consists of a cube of metal which has four semi-circular (two for the cold fluid 

and two for the hot fluid) channels running through the length of the block, figure 5-8 Shows a diagram 

of the 3D model with the semi-circular channels. The model consists of three materials, thus material for 

the heat exchanger matrix and the two different fluids flowing on both sides (hot and cold) of the 

exchanger. 

The material for heat exchanger matrix (Inconel 617) and air used as fluid for the cold side of the 

exchanger were selected and added from the built in library materials.  The third material (flue gases) was 

added by entering the necessary properties that would be needed in the simulations since it was not found 

in the built in materials or material library. 
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                            Figure 5-8: A diagram of the 3D model simulated  

 

Selection of meshes and specifying its sizes is the final step before a model is simulated in COMSOL 

Multiphysics. It is worth noting that choosing of meshes for a model has much influence on the accuracy 

of results to be obtained from the simulation process. In this regards various meshes were tried for the 

simulation of the model. Some of these meshes employed resulted in the simulations running for hours 

without converging to find a solution. The combination of meshes that return some good results after 

simulation is the case of combining quadrilateral for domains of the geometry and triangular used for the 

boundaries.  

 

 

 

 

Figure 5-9:  Diagrams of the model showing the temperature variations after simulations 

After simulations, the model was visualized after which important output parameters calculated for. Figure 

5-9 shows the variations of temperature along the length of the model. 
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6 CHAPTER SIX 

6.1 Results, Discussions and Conclusion 

This chapter presents results for the MATLAB models for both the PCHE and PFHE. Computed results 

obtained from the 3D simulations using the COMSOL Multiphysics software including discussions made 

on the presented results as well as conclusions drawn are also included in this chapter. The conclusion in 

this chapter ends with two recommendations for future work or for considerations.  

 

 

6.1.1 Results 

The results obtained from the MATLAB model for the PCHE is presented in table 6-1, while that for the 

PFHE is presented in table 6-2. A comparison of some results obtained from the PCHE MATLAB model 

to that of its 3D model simulated using the COMSOL Multiphysics software is also tabulated in table 6-3. 

 

Table 6-1 PCHE Design parameter and results 

Parameter  Value 

Length of exchanger, L (m) 1.1 

Diameter of channels, D (mm) 2 

Plate thickness, th (mm) 1.5 

Total number of plates, N_tCH(-) 1373760 

Pressure drop-side 1, (%) 1.17 

Pressure drop-side 2, (%) 3.29 

Total heat transfer area, A_tot (m2) 5095 

Heat transfer coefficient-side 1, (W/m2.K) 174 

Heat transfer coefficient-side 2, (W/m2.K) 201 

Overall heat transfer coefficient, U ((W/m2.K)) 92 

Thermal Power, Q (MW) 12.15 

 

 

The parameters and some results obtained from the designed of the PCHE using MATLAB are as 

tabulated in table 6-1. The pressure drops across the side 1 and 2 was determined to be 1.17 % and 3.29 % 

respectively, heat transfer coefficients for sides 1 and 2 too was also determined to be 174 W/m2.K and 

201 W/m2.K respectively with an overall heat transfer coefficient of 92 W/m2.K. The thermal power 

output is as expected across the exchanger, a value which was determined earlier in the proposed power 

plant. 
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Table 6-2 PFHE Design parameters and results 

PARAMETER DIMENSION 

Plate thickness,  δw (mm) 1.5 

Fin thickness,   δ (mm) 0.15 

Spacing between surfaces of a fin, s (mm) 0.0015 

Fin offset length, ℓs (mm) 6 

Length of a plate, L1(m) 2.0 

Width of a plate,   L2(m)  1.6 

Flow length in the L1 direction, Lf(m)  L1-0.025 

Plate spacing for fluid side 1,    b1(mm) 5.545 

Plate spacing for fluid side 2,    b2(mm) 5.545 

Hydraulic diameter, Dh (mm) 3.8 

Total number of fins     nf (-) 81000 

Number of passages,     Np 133 

Total surface area,  A (m2)                                  4554 

Pressure drop on the primary side, ∆P (%) 4.59 

Pressure drop on the secondary side, ∆P (%) 4.84 

Heat transfer coefficient-Primary side,h_c (W/m2.K) 163.90 

Heat transfer coefficient-secondary side, h_h (W/m2.K) 378.48 

Overall heat transfer coefficient, U (W/m2.K) 104.91 

 

 

Parameters used for the design of the PFHE and some results recorded for the MATLAB model of the 

PFHE are as tabulated in table 6-2. The inlet and outlet temperatures, the thermal output required of the 

PFHE is the same as that determined in the design of the PCHE. Heat transfer coefficients of 163.90 

W/m2.K and 378.48 W/m2.K were obtained for side 1 and 2 of the PFHE respectively with an overall 

heat transfer coefficient of 104.91 W/m2.K. Pressure drops across sides 1 and 2 of the PFHE was 

determined to be 4.59 % and 4.84% respectively.  
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Table 6-3 A comparison of results for the PCHE MATLAB model and the 3D model  

Parameter  MATLAB model 3D model 

Inlet temperature-cold side (K) 563.2 563.2 

Outlet temperature-cold side (K) 878.8 858.75 

Inlet temperature-hot side (K) 879.2 879.2 

Outlet temperature-hot side (K) 602.60 591.37 

Heat transfer coefficient-cold side (W/m2.K) 174 205.19 

Heat transfer coefficient-hot side (W/m2.K) 201 220.93 

Overall heat transfer coefficient (W/m2.K) 92 106 

Pressure drop-side 1 (%) 1.17 1.06 

Pressure drop-side 2 (%) 3.29 2.47 

Effectiveness  90.49 93.59 

Thermal Power (MW) 12.15 12.23 

 

A comparison of results obtained from the designed PCHE using MATLAB and that of the 3D model 

simulated are as tabulated in table 6-3. The inlet temperatures of both sides of the exchanger are the same 

for both the MATLAB and 3D models since they are initials conditions imposed but the outlet 

temperatures for the 3D model recorded is slightly lower than that of the MATLAB model. However, 

there is an improvement in the heat transfer coefficients obtained in the 3D model with values of 205.19 

W/m2.K and 220.93 W/m2.K as against 174 W/m2.K and 201 W/m2.K for the MATLAB model for sides 

1 and 2 respectively, with an overall heat transfer coefficients of 92 W/m2.K for the MATLAB as against 

106 W/m2.K for the 3D model. Pressure drops recorded for the 3D model also showed a slight decrease 

for the side 1 and a significant decrease for side 2 of the exchanger. 
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6.1.2 Discussions 

The result obtained from the PCHE MATLAB model compared to that obtained from the 3D model 

simulation looks quite good although there are some small variations. The variations in values obtained 

for the design process compared to that of the simulation of the 3D model can be attributed to the 

various assumptions made in the design process.  In the calculation of the heat transfer coefficient in the 

design process the Nusselt number was assumed to be a constant, this accounted for difference in the 

values obtained. This is so because from equation (56), it can be deduced that the heat transfer coefficient 

varies directly as the Nusselt number as such its value has much influence on the maximum value of heat 

transfer coefficient that can be attained. Nonetheless in this situation (in laminar flows i.e. flows with Re< 

2000) we can only used this assumed constant value. 

Also an important parameter that was assumed and has much influence on the temperature and pressures 

obtained is the specific heat capacities of the fluids employed in the heat exchanger. It was assumed that 

the specific heat capacities for both fluids are to be constant across the cross section of the channels, an 

assumption which does not hold entirely for conditions where the fluid’s temperature and pressure are 

changing. This is because, in actuality the specific heat capacities of the fluids flowing changes with 

changes in temperature and pressure. Therefore enforcing this assumption would have an effect on outlet 

temperature and pressure as well as the heat transfer coefficient, it is what accounted for the change in 

outlet temperatures for both models. 

From equation (57) it can be seen that the pressure drops across the PCHE varies directly as the product 

of the fanning friction factor, the density of the fluid, the square of the flow velocity and the length of the 

heat exchanger , inversely as the hydraulic diameter.  Therefore the pressure drop across the heat 

exchanger increases with increasing length, flow velocity, and density of the fluid been employed. one 

advantage of using the PCHE is that the heat transfer area can be increased by reducing the diameter 

thereby employing a lot of channels on each plate, however decreasing the diameter of the channels in the 

exchanger is limited by the pressure drop. This is because since the pressure drop across the exchanger 

varies inversely as the hydraulic diameter, decreasing the diameter of channels will decrease the hydraulic 

diameter which increases the pressure drop across the exchanger.  

 All other results obtained from the MATLAB model compared to the 3D model simulation exhibit quite 

a small margin of difference which looks good considering the various assumptions made in the design 

process (this is because some of these assumptions may not necessarily be entirely true when the heat 

exchanger is working in its real environment).  

The calculated value of effectiveness expected of the designed heat exchanger was 0.90, but in computing 

results obtained from the 3D model simulations using the NTU effectiveness method gave an impressive 

effectiveness of 0.94. Pressure drop performance was also impressive for the cold as well as the hot side 

of the heat exchanger, although the cold side of the exchanger is the most critical point since that side of 

the heat exchanger is in the loop for the bottom cycle of the power plant compared to the hot side which 

exit to the atmosphere. The surface area density of the PCHE (with a value of almost 1300 m2/m3) is 

better than that of the PFHE (a surface area density of 855 m2/m3). It should however be noted that the 

volume calculated and used in this report might be less compared to the actual heat exchanger size (but at 

least this gives a fair idea of heat exchanger size to be employed) that would be employed since in the 

design process only the core of the exchanger is considered and this excludes the piping and housing for 

the exchanger. 

The conditions imposed for the design of the PFHE is the same as that of the PCHE, but the calculation 

of certain parameters such as the heat transfer coefficients, hydraulic diameter, and pressure drops across 

the exchanger was obtained using relations which were different from that which was used for the 

calculation of the same parameters for the design of the PCHE. The results from the PFHE model also 

looks quite impressive in the sense that the heat transfer coefficients obtained are good compared to that 

of the PCHE model. The pressure drops although are quite higher compared to that of the PCHE, but as 
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stated in the last paragraph the layout of the proposed power plant shows that the pressure drop across 

the heat exchanger in the bottoming cycle side of the proposed power plant is the side which is more 

critical and the PFHE did not perform bad in that regard since the model can be optimized to reduce the 

pressure drop across it (with a pressure drop of less than 5 % is not far from the desired required pressure 

drop of less than 3 %). 

 

 

6.1.3 Conclusion 

The results obtained from the simulations of the 3D model compared to the MATLAB model of the 

PCHE gave a clear indication that it is a good heat exchanger that can be used to meet the desired 

requirements of a heat exchanger to be employed in the proposed power plant. The performance of the 

PCHE I would say looks more promising compared to the PFHE, this can be seen from the results 

obtained from both the MATLAB and 3D model of the PCHE. The PFHE however, did not perform 

badly with some good values recorded for the heat transfer coefficients and subsequently a higher overall 

heat transfer coefficient. 

The heat exchanger to be employed in the proposed power plant is to be of higher effectiveness, has a 

lower pressure drop across and also be compact as possible so as to get benefits that are associated with 

the use of compact heat exchangers. The performance of the PCHE models with respect to the desired 

characteristics of the expected heat exchanger was good.  

The choice of using the PCHE as the exchanger for the proposed power plant is therefore a wise one and 

this has been affirmed by the results obtained from both the MATLAB model and 3D models, however I 

would like to add that considering the results of the PFHE, it can be taken as alternative heat exchanger to 

the PCHE. 

 The PCHE can therefore be used as heat exchanger for heat recovery and as a recuperator. As stated 

earlier that a heat exchanger is be recommended for used as an intercooler based on experience from the 

design of heat exchanger for waste heat recovery and recuperation. In considering the intercooler, which 

would operate under mild conditions with respect to temperatures and pressures (much lower values 

compared to that of the waste heat recovery and recuperation) a much simpler heat exchanger can 

employed for this purpose, I therefore in this regard recommend the use of the Plate Heat Exchanger. 

I would like to end this report by making two recommendations for future work or consideration.  

1. The pressures of operations for the proposed power plants are very low and that has much effect 

on the performance of the entire power plant most especially that of the heat exchanger. My first 

suggestion or recommendation is therefore that the working pressures of the proposed power 

plant be increased not forgetting that increasing  the working operations pressures should be 

guided by the type of materials that are been employed. Increasing the working pressures of 

operations of the power plant has much benefits notwithstanding also the fact that there may be 

some associated drawbacks. An increased in working pressures of operations in the power plants 

means an increased in pressures of operations in the heat exchanger, and increasing pressures in 

the heat exchanger (keeping all other parameters constant) would mean an increased in the 

density of fluids employed in the exchanger and subsequently decreased in fluid flow velocity.  

This would mean an increased in Reynolds number and subsequently heat transfer coefficients 

while keeping the pressure drop at the minimum, since the heat transfer coefficient varies directly 

as the Reynolds number and the pressure drops varies directly as the square of the flow velocity. 

 

2. Secondly, I recommend that a different fluid should be tried and tested for used in the proposed 

power plant most especially in the bottoming cycle (where there is no combustion taking place), 

since its operations depends heavily on the quantum of waste heat recovered from the topping 
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cycle. The fluid to be used should be one of higher density so that the Reynolds number of the 

fluid flow can be increased (for the heat exchangers to operate in turbulent flows mode) so as to 

increase the heat transfer coefficients, the power output of the power plant, and thermal power 

output of the heat exchanger while not necessarily increasing the pressure drop across it. 
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