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1. Abstract 

 The magnetocaloric effect, also known as MCE, refers to the thermal behavior of certain 

materials when exposed to a magnetic field. A sample of said material is fixed while a magnetic 

field is cyclically applied to it.  Paired with various heat exchangers, this process produces a 

refrigeration cycle. The device was designed to serve as a test rig which allowed for easy 

swapping of the magnetocaloric material. Thermo-fluid analysis of the system, as well as the 

mechanical design of the apparatus, was performed.  

 The project was divided into various phases. These phases were design, analysis, and 

manufacturing. The design portion of the project consists of all rough sketches, calculations, and 

C.A.D. SolidWorks® was the software of choice for all modeling. Simulations were performed in 

Solidworks® and ANSYS®. Upon finalizing the design, manufacturing and optimization was 

performed. Testing of several magnetocaloric alloys was performed to ensure that the device 

functioned properly.  
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2. Problem Statement 

 Current refrigeration cycles are based on processes involving the use of compressed 

gasses throughout the system. These gasses are known to be harmful to the o-zone layer.  Some 

of the more commonly used blends of these gasses are Hydro-Chlorofluorocarbon (HCFC) and 

Hydro-fluorocarbon (HFC).  MCR (Magnetocaloric Refrigeration) rids itself of the negative effects 

of HFCs and HCFCs, as this is purely a solid material based operation. The solid will replace the 

gasses used in classical refrigeration systems, eliminating the aforementioned negative effects. 

The problem with current MCR systems is the use of liquid helium and liquid nitrogen to cool the 

solid material when it is passed through a magnetic field. The use of liquid helium and nitrogen 

renders such system of little use for domestic application. This is due to the danger and high cost 

of these fluids. The goal is to test various materials, and study their MCE. The acquired data could 

be used to bring MCR to the domestic market as well as to areas of the world with limited access 

to energy resources.  
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3. Motivation 

 The motivation for studying MCR is mainly due to the current growth in its area of 

research as well as the possibility of developing an alternative method for refrigeration that does 

not encourage the use of potentially hazardous materials. This alternative refrigeration system 

observes environmental awareness and human safety due to the use of non-hazardous ferrous 

solids as refrigerants.  Additionally, marketing a system of this type reveals promise in producing 

commercial refrigeration units for multipurpose cooling applications. These applications include 

but are not limited to house-hold refrigeration appliances or heat generating sources for small 

systems such as water-heaters.  

 Other than the domestic involvement of MCR, another motive for the study of this 

process is to obtain various test values for the MCE of any ferrous specimen. The device, through 

a program medium, will output these test values. This procedure will result in a standardized 

tabulation of various material properties affected by magnetism that may be used as reference 

for further study. Ultimately, these values obtained for the tested materials would prove useful 

to the field of materials engineering.  
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4. Literary Survey 

4.1 About MCR 

 The principle behind MCR is to be able to use the MCE of a desired material in order to 

produce a change in temperature όɲ¢ύ. This change in temperature is then manipulated by using 

various heat exchangers in order to produce a refrigeration cycle.  

 Gadolinium (Gd) has been shown to exhibit higher ɲ¢ǎ when altering its ambient magnetic 

field in comparison to other materials that may also exhibit the MCE (V. K. Pecharsky and K. A. 

Gschneidner, 1997). Magnetocaloric materials, such as Gd, are ideal for such application due to 

the way that they behave when exposed to a changing magnetic field. Upon exposing the solid 

to a magnetic field, the magnetic moments within it become aligned. During this process, heat is 

produced as a byproduct of entropy (H. SZYMCZAK*, 2008). This heat is to be extracted from the 

material while it is still in the magnetic field. Keeping the sample in the field allows for the 

magnetic moments to remain aligned. Upon removing the sample from the magnetic field and 

allowing the moments to become disordered once again, the material will naturally become 

cooler. At this stage in the cycle, the material will be exposed to a second heat exchanger which 

will become cool as the material sample attempts to achieve thermal equilibrium. This cold heat 

exchanger is the one which will potentially serve as the cooling component of a refrigerator.   

4.2 Previous Work 

 An understanding of modern, yet typical, refrigeration systems ǳǎŜŘ ƛƴ ǘƻŘŀȅΩǎ 

commercial applications is necessary before any credibility to the MCR method is given.  

 Once a heat load is established, the most common idea for the removal of this heat is 

through the basic and widely accepted thermodynamic cyclic process composed of a compressor, 

condenser, expansion valve, and evaporator. In series, each of these components function in 

unison to accomplish the simple task of removing this heat load (i.e. refrigerator). The most 

general set-up involving the removal of this heat is illustrated through the following figure: 
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Figure 1: Classical Refrigeration Cycle (D. Liu, 2009) 

Within this cycle, there is a working fluid, or refrigerant (usually fluorocarbon based), which 

allows for the cooling end result. This fluid flows through the compressor causing an increase in 

temperature due to compression. The condenser removes this heat all while maintaining the 

current pressure the compressor previously provided. The temperature is then dropped further 

at the expansion valve due to, as the name implies, expansion. This allows the working fluid to 

expand and enter the heat load while simultaneously removing the heat stored within through a 

process of forced convection (fan). 

 Around the year 1880, a German physicist by the name of Emil Warburg discovered the 

άcooling by demagnetizationέ phenomenon. The MCE was, at the time, only discovered by using 

iron as the test specimen. During 1926 and 1927, adiabatic demagnetization was independently 

introduced as a thermodynamic process by both Peter Debye and William F. Giauque. The cooling 

process was experimentally performed by Giauque in 1933 for cryogenic applications, where a 

temperature drop of .25 Kelvin was achieved. Since then, advancements in this study have been 

made for industrial sized applications as well as medical purposes. 

 In 1997, Karl A. Gschneider Jr. ŀǘ !ƳŜǎ [ŀōƻǊŀǘƻǊȅ ŘŜǾŜƭƻǇŜŘ ŀƴŘ ŦƛǊǎǘ άǇǊƻƻŦ ƻŦ ŎƻƴŎŜǇǘέ 

in-room-temperature MCR process showing a thirty percent improvement in energy efficiency in 

comparison to previous works in the field. This feat was accomplished through the use of the rare 

earth metal Gadolinium (Gd) as the refrigerant. The metal, however, was alloyed with other 

elements such as silicon and germanium in order to produce the maximum amount of MCE 
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possible. This was also mainly due to feasibility in mass production of the Gd alloy commercial 

grade compound which only required a small amount of the rare earth metal in the alloying 

ǇǊƻŎŜǎǎΦ ¢Ƙƛǎ ŀŎŎƻƳǇƭƛǎƘƳŜƴǘ ŀƭǎƻ ƳŀŘŜ ǳǎŜ ƻŦ ŀ άǇŜǊƳŀƴŜƴǘέ ƳŀƎƴŜǘΣ ŀ ƴŜǿ ŦŜŀǘǳǊŜ ǿƘƛŎƘ 

promises the continual use of magnets within the system for continual refrigeration system 

applications. 

4.3 Component Breakdown 

4.3.1 Magnets 

 MCE is achieved in a solid material when it is passed through a magnetic field. The 

magnetic field most commonly used in industrial and laboratory application is a high magnetic 

field, which heightens the MCE. When the magnetic field is increased the entropy change is 

raised, which means the MCE has been increased (D. Baldomir a, 2007). Figure 2 shows that the 

block temperature shifts to lower values as the magnetic field is increased (D. Baldomir a, 2007). 

 

Figure 2: Temperature vs. H (D. Baldomir a, 2007) 
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Although a higher MCE is achieved, the heat rejection of the solid must be taken into account. 

The magnet themselves previously used for MCR is a permanent magnet set up or an 

electromagnet (Bjørk, 2010). An ideal magnet for MCR should have a high magnetic field 

distributed over the largest volume, while maintaining the minimum amount of magnetic 

material. The power difference of permanent magnet could be seen in Table 1 according to their 

composition (LLC, 2007).  

Table 1: Properties of Magnets 

 

Permanent magnets are compact in comparison to electromagnets and do not consume any 

energy to produce the magnetic field.  Electromagnets on the other hands, although a much 

higher magnetic field can be produced, the consumption of power and its mere size would 

counter acts its benefits in domestic use. This does not render them useless for MCR, but it would 

be focused more for the commercial use were component packaging is less of a problem. 

Permanent magnet would be the magnet of choice for this test rig to reap the benefits of their 

size and a decent magnetic field.  

4.3.2 Heat Exchangers 

 There are various types of heat exchangers varying in shapes and sizes. The three most 

common types of heat exchangers are the coil exchanger, plate exchanger and the shell and tube 

exchanger. The heat exchanger is a critical component of the system as the refrigeration process 

would not be possible without them.  
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Figure 3: Coil Heat Exchanger (Bartlett, 1996) 

 The Coil heat exchanger (See Figure 3) has a very simple design, consisting of a coil made 

from a small diameter tube that it is concentrically wound around a large tube. The small tube 

holds the cooling fluid and the large tube holds the working fluid. A coil exchanger is a very 

inexpensive heat exchanger that is robust and capable of handling very high pressures and 

temperatures. Although inexpensive, these types of exchanger suffer from poor thermal 

performance due to the small surface area for heat transfer (Bartlett, 1996). 

 

Figure 4: Plate Heat Exchanger (Bartlett, 1996) 

 Plate heat exchangers are types of heat exchanger that consist of plates with tubes 

running perpendicular to the plates (See Figure 4).  The fluid is pumped through tubes and the 

plates being very thin and tightly stacked provide a high heat transfer rate due to the high surface 
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area. This exchanger can only experience low pressure applications in comparison to the coil 

exchanger. They can withstand about 400°F and 300 psig which is considered a low pressure 

application (Kevin D. Rafferty, 1992). 

 

Figure 5: Shell and Tube Heat Exchanger (Bartlett, 1996) 

 Shell and tube exchanger (See Figure 5) are rather more complex than both the coil and 

the plate exchanger. Shell and tube exchanger are similar to a plate exchanger, but the stacked 

fins are enclosed and fluid is pumped through the containing vessel. Such exchangers are the 

middle ground between the coil and the plate exchangers as they provide higher pressure than 

the plate exchanger, but not as much as the coil exchanger. The thermal performance is lower 

values than the plate exchanger, but higher than coil exchangers locating it in the middle ground 

of the three. 

4.3.3 Pumps 

 Centrifugal pumps operate by creating a pressure head due to an acceleration of the fluid 

by the impellers.  The pressure is increased from the inlet to the outlet though the impellers 

applying kinetic energy to the fluid and in turn increasing its head.  Looked at closer the inner 

workings of a centrifugal pump and we can see that it is a very simple concept (See Figure 6), but 

highly effective and inexpensive (Jacobsen, 2002). 
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Figure 6: Centrifugal Pump (Jacobsen, 2002) 

Centrifugal pumps vary in style such as inline,end suction, double pump and submersible pump. 

All of these types have the same working principle with slight changes in impeller design, inlet 

and outlet design, ect.  Centrifugal pumps can be addapated to wide range of applications due to 

this they are very versatile, most likely making it useful for our purpose. 

 The main difference between a Positive Displacement pump and a centrifugal pump is the 

operating principle. A Positive Displacement pump creates a flow from inlet to outlet; on the 

contrary centrifugal pumps create a pressure. A PD pump moves a given volume at suction to 

discharge it and due to the working principle it maintains a constant volumetric flow in the 

network at various working pressures (Parker, 1994). 
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Figure 7: Positive Displacement Pump (Elie Tawil, 1993) 

 

A PD pump has various types. Figure 7 shows two types which are the single action and double 

action. It could be seen that a check valve lets a set volume in and it displaced out the other valve. 

The double action has double check valves which allow it to have a constant discharge without 

pulsation of the fluid.  

4.3.4 Microcontroller  

  A microcontroller consists of components working in unison to receive a command 

and through programming it will perform an action. Figure 8 shows the general layout of a 

microcontroller. 
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Figure 8: Basic Layout of a Microcontroller (Gunther Gridling, 2007) 

The microcontroller will allow for the measurement of values which would be the input and 

according to the programming it will perform an operation.  Microcontrollers can controller 

electric motors, they have the ability to control various external components without the need 

of a hard wire circuit. The versatility provided by microcontrollers is exceptional as any change 

can be performed through the programming intead of solder and wires. Also, their compactness 

allows their use in a wide variety of application in the field such as household appliance, 

automotive, aerospace and mostly any electronic that could be thought off will be using a 

microcontroller (Gunther Gridling, 2007). 

4.3.5 Motors  

 The electric motor has been around for ages, one of the oldest types of electrical motor 

is the Barlow Wheel made by Peter Barlow in 1822 (See Figure 9). 
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Figure 9: Barlow Wheel (Ucke, 2004) 

The Barlow wheel is considered a novelty toy since it has low power and no practical application, 

but it shows the principle of an electric motor as it shows a continuously flowing current and 

continuous motion. The electric motor performs the energy conversion of electrical energy to 

mechanical energy.  The electric motor has many different types of motor such as DC and AC 

current which according to each current the motors are further broken down to their types, such 

as a shunt motor, stepper motor, brushless motor, etc. The selection of a motor will be due to 

our design intent and the parameters required according to the performed calculations.   

4.3.6 Thermo -couple  

 A thermocouple is a very simple method to attain a temperature reading using a 

microcontroller as the data logger. The principle of a thermocouple is rather simple, two 

conductors are connected in a close loop to a material, no since the material is different an 

electric potential is created in the closed loop. This referred to as the thermal electromotive force 

(Zhang, 2010). Figure 11 shows the thermal effect principle as the change in temperature could 
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be observed. By attaining the voltage difference of the thermocouple with the microcontroller 

the temperature could easily be found by converting the equivalent voltage to temperature. 

 

Figure 10: Thermoelectric Effect Principle (Zhang, 2010) 
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5. Project Objectives 

 The main objective of this project was to design, manufacture, and test a reliable test 

bench. This test bench task was to measure the MCE of materials. The device was designed in a 

manner which allows the operator to easily, and safely, replace the material specimen to be 

tested. A simple, yet efficient, design allows for the device to run cyclically with little need for 

maintenance. User, Repair, and maintenance manuals for the device will be provided. A display 

allows for the user to easily set boundary conditions for the system as desired, and doubles as a 

place to look for all dynamic signals coming from the various sensors within the system.  

 Overall, a test bench which is easy to use and reliable is what has been designed. A quick 

run-through of the user manual will allow anyone with slight knowledge of machinery to 

successfully use the device and acquire the data necessary. The option to export data to an excel 

spreadsheet has also been implemented in order to provide the user with a complete end user 

experience.  
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6. Designs 

 This project was a new experience for the team E-Mech.  Various design alternatives were 

necessary as more research was performed, and constraints and budgets were changed. The first 

three designs were individually done by the team members in order to allow for each multiple 

design options without any bias opinions. This allowed for a wide spectrum of designs to choose 

from.  

6.1 Design #1 

 The first design (See Figure 11) is a linear design where the material will reciprocate from 

one heat exchanger to the other. The design is composed of thermal electric plates on one 

extremity and a copper heat exchanger in the other with water as coolant. Figure 12 shows the 

location of the magnets and the thermo electric plates below for the heat rejection stage of the 

material.  

 

Figure 11: Design #1 (Linear-Reciprocating) 



MAGNETOCALORIC TEST BENCH | 17 
 

 

 

Figure 12: Magnets and Thermoelectric Plates 

The advantage of this design is that the linear motion would allow the material to stay longer 

periods of time in contact with each heat exchanger. A higher heat removal is beneficial as it 

ǿƻǳƭŘ ǇǊƻǾƛŘŜ ŀ ƘƛƎƘŜǊ ɲ¢ ǘƻ ǳǎŜ ƛƴ ǘƘŜ ƘŜŀǘ ŀōǎƻǊǇǘƛƻƴ ǎǘŀƎŜΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ŘŜǎƛƎƴ ŘƻŜǎ not 

come without its disadvantages, the main one being the puck has a small contact surface area, 

so although contact time is increased the smaller surface area counter acts the benefits. Also, the 

reciprocating motion would have the material move from one heat exchanger to the other, which 

means that at any given time one of the heat exchangers would be consuming power without 

any heat transfer happening due to the material current position. 

6.2 Design #2 

 Design #2 (Figure 13) uses circular motion where the material is spun through various 

chambers. The benefit of this design is that a circular motion allows for a larger surface area of 

contact with the heat exchanger in comparison to design 1. Also, the motion mechanism would 

decrease cost as all that it is required is an electric motor attached to an arm.  

MAGNET 

THERMOELECTRIC 

PLATE 
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Figure 13: Design #2 (Rotary) 

The enclosing chambers (Figure 14) insulate the system making a semi hermetically sealed system 

ƎƛǾƛƴƎ ƳƻǊŜ ŀŎŎǳǊŀǘŜ ǊŜǎǳƭǘǎ ǘƻǿŀǊŘǎ ǘƘŜ ɲ¢ ƻŦ ǘhe material. Consequently, this design suffers 

from the same issue as design one where, at any given time, one of the heat exchangers is not 

doing any heat transfer. This design would be very labor intensive due to the complex geometry 

of the curved chamber. This would imply high cost of manufacturing theses chambers via mold. 

 

Figure 14: Enclosing Chamber 
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6.3 Design #3 

 An additional rotational approach was rendered using chambers similar to design 2 but 

involved closely encasing the material shape. Design 3 (Figure 15) uses the circular chamber 

approach that envelopes a spherical test specimen at a small clearance. This iteration provides a 

cost benefit due to readily available tubes. Rotational motion will allow for a simple mounting 

mechanism as well as provide a high surface area for convective heat transfer.  

 

Figure 15: Design #3 (Rotary) 

The disadvantage, however, of design 2 is the complexity of molding the material specimen into 

a sphere, surface stress created when magnetizing the spherical test piece, and small surface 

areas closely in contact with the heat exchangers. 
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6.4 Design #4 

 The final design (Figure 16) was not any of the previous mentioned designs, but rather a 

design where the advantages of all three initial designs were implemented and the disadvantages 

minimized.  

 

Figure 16: Design #4 (Rotary) 

The advantages design 4 introduced were substantially greater than all other previous designs 

beginning with the movement mechanism. As seen in figure 16, a circular approach was taken 

due to the simplicity of the mechanism to put the material in motion. Furthermore, using a 

tubular design allowed for ease of manufacturability since copper pipes are commercially 

available. Figure 18 shows an improved material shape as this would be easy to cast compared 

to a spherical shape. Also, high surface area for heat transfer and the double material opposing 

each other would make both heat exchangers transfer heat at any given time.  
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Figure 17: Material Specimen 

The design uses Neodymium magnets (figure 19) of .125 in diameter and .063 in thick. The inside 

of the chambers will be lined with the magnets for the magnetization stage.  These magnets 

produce a flux density in range of 1.25 to 1.28 Tesla which is a decent flux density for our purpose 

(Magcraft, 2013).  

 

Figure 18: Size comparison of Magnet to 1" Circle 
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The heat exchanger for this design will be plate heat exchangers as mentioned previously they 

have a very high thermal performance. Our system is a low pressure, high flow application which 

would dictate the why a plate heat exchanger (Figure 19) was chosen. 

 

Figure 19: Plate Heat Exchanger (Bartlett, 1996) 
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6.5 Final Design 

 Studying the pros and cons of the four preliminary designs, the final design produced 

the most efficient aspects tƻǿŀǊŘǎ ǘƘŜ Ǝƻŀƭ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘΦ ¢ƘŜ ŘŜǎƛƎƴΩǎ ƳŜŎƘŀƴƛǎƳ όCƛƎǳǊŜ нлύ 

involves rotational motion similar to designs 2 through 4. Different from the concept designs, 

however, is the rotational motion of the magnets about the test piece instead of the test piece 

through the magnetic field. This simplifies the heat transfer between the heat exchanger and 

the test material. The stationed material provides a more stable and uniform heat transfer 

versus acquiring a uniform heat transfer between a stationary exchanger and revolving 

material. 

 

Figure 20: Final Design Mechanism 

 As opposed to a single or twice the number of test pieces, the final design exhibits a 

total of eight rectangular testing samples fixed in a circular pattern about an axis. The magnets 

are held in place with the use of brackets and set screws (Figure 21). In this design, two rows of 

small magnets, placed in a curved fashion, mirrored equally about the center are aligned along 

two curvatures enclosing two test pieces at a time (Figure 22). This would allow a uniform 

magnetization in only one direction of the material on opposite ends of the machine. 
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Figure 21: Material Wheel 

 Two heat exchangers are suspended above and below for every test piece on the 

material wheel. Upon engagement from the cam system, a heat exchanger may either drop or 

rise up to and make contact with a test piece resulting in a uniform heat exchange involving 

conduction and convective mediums.  

 

Figure 22: Magnet Placement 

 

Figure 23: Main Wheel Assembly  

Test Material 

Heat Exchangers 
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7. Selection Analysis 

7.1 Material Selection 

 The material selection for this project is critical as the heat rejection and heat absorption 

are the two most critical stages of the process. The material must have a high thermal 

conductivity to allow the most heat transfer as possible. Table 2 shows various materials and 

their thermal properties and it could be seen that the thermal conductivity of copper is 

substantially greater than the other materials in the table. Although this table does not provide 

all the possible materials it does show the materials currently used for micro processing which 

carries out the similar heat transfer scenarios for this project. The thermal conductivity άKέ is the 

most critical property of the material during the selection process. This material must also carry 

long life ŀƴŘ Ƴǳǎǘ ōŜ ǊŜǎƛǎǘŀƴǘ ǘƻ ǊŜƭŀǘƛǾŜ ǿŜŀǊ ŀƴŘ ŘŀƳŀƎŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ƳŀŎƘƛƴŜΩǎ ƻǇŜǊŀǘƛǾŜ 

life.  

Table 2: Thermal Properties of Materials 

 

7.2 Heat Exchanger 

 Selection of a heat exchanger requires analysis on the application of which it is to be used. The 

final design requires a high thermal performance and low pressure heat exchanger which would make a 

plate heat exchange ideal. Due to the small dimensions of the test material, however, this project 
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demands the manufacturing of custom designed heat exchanging units. Nevertheless, the thermodynamic 

properties and fluid mechanics for heat exchangers remain unchanged.  

The fluid fundamentals for heat transfer are largely due to the fluids characteristics such as the 

density, specific heat, thermal conductivity and viscosity. One of the major dependencies is fluid flow as 

inside a heat exchanger the flow could be laminar or turbulent. A laminar flow solely uses the thermal 

conductivity of the fluid as opposed to turbulent flow which produces a convective and thus larger heat 

transfer (Bartlett, 1996). The governing equation for the behavior of a fluid flow is Reynolds number: 

ὙὩ
”z ὺz Ὀ

‘
 

Where the v is the fluid velocity, D is the tube diameter and u is the dynamic viscosity of the fluid. A 

Reynolds number higher than 4000 is considered turbulent flow. Although turbulent flow provides higher 

heat transfer it will greatly affect the pressure drop through the heat exchanger requiring more pumping 

power.  The heat exchanger is governed by the balance equation: 

ὗ  ά ὅz Ὕ Ὕ  

The balance equation must be balance meaning that the heat transfer from the hotter fluid to the colder 

fluid must be equal to each other. The mass flow rate ά is what would allow for a more effective 

convective heat transfer as long as the behavior of the fluid remains turbulent (Bartlett, 1996). Turbulence 

would then result in higher volume flow rate values for the given diameter which would require a series 

of costly pumps. Therefore, a balance between cost of a pump unit and design of a heat exchanging 

component is crucial to meet specific project requirements such as budget versus minimum angular 

velocity of the central shaft which powers the assembly.      

 The effectiveness of the heat exchanger or better known as the efficiency for the heat exchanger 

is given by: 

‐
ά ὅz ᶻὝ Ὕ

ά ὅz ᶻὝ  Ὕ  

 

The denominator of the equation is the maximum heat transfer rate of the heat exchanger (Bartlett, 

1996). Figure 20 shows how the temperature changes according to the length of the exchanger and the 

effectiveness. 
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Figure 24: Stream Temperature through a Heat Exchanger (Bartlett, 1996) 

The thermal performance of the heat exchanger is calculated by: 

ὗ Ὗ ὃzᶻ
Ὕ  Ὕ  Ὕ  Ὕ 

ς
 

where U is the heat transfer coefficient and the heat exchanger area (Bartlett, 1996). The heat exchange 

from the material to the exchanger will happen through convection and conduction as the magnets spins 

about the material. The convection equation is: 

ὗ ὬὝ Ὕ  

Determining the total transfer to a fluid the thermal resistance equations are used to evaluate values such 

as heat transfer rate and heat flux.  

7.3 Pump 

 The method in choosing a pump calls for preliminary assumptions such as knowledge of 

the volumetric flow rate, working fluid, and the ambient pressure the MCR system will be working 

under. Given these parameters the pump, with respect to horsepower, is governed by equation: 

Ὄὖ

'0-z03)
ρχρπ
ʂ
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This equation provides the engineer with power from which a particular pump may be chosen 

from any catalog with respect to English units. GPM is given as gallons per meter and PSI is a 

value of pressure given as pounds per square inch. Given the small dimensions of the final 

design, the pump is to be manufactured to meet specific sizing and operation of the 

thermodynamic process involved for the project.  
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8. Major Components 

The design and build of the MCE testing machine features high influencing components 

crucial to the functionality of the refrigeration cycle. In other words, without the full contribution 

of certain elements in the design, the system will not function as expected. The components that 

ŀǊŜ ǘŜǊƳŜŘ ŀǎ άƳŀƧƻǊέ ŀǊŜΥ 

¶ Heat Exchangers 

¶ Magnets 

¶ Electronics 

¶ Pump 

8.1 Heat Exchangers 

8.1.1 Properties, Assumptions, & Estimates  

 

 The determining factors for designing the most effective heat exchanger is the total head 

produced by the system, the volume flow rate desired for the fluid, and the conductive surface 

from which the energy transfer will take place. Specific assumptions were taken into account in 

order to grasp a theoretical basis for the operation of the heat exchange. Existing designs of heat 

exchanging units were also surveyed in order to determine an optimum layout for the unit. 

Firstly, based on analysis from material selection and budget limits for the project, water will be 

the convective medium of choice and a thin copper plate will be utilized as the conductive 

medium for the transfer of the heat energy. Copper holds one of the largest conduction 

coefficients for commercial grade metals providing large transfers of heat between bodies of 

material. Water is the most frequently used and easy accessible material available for small heat 

recovery applications such as the MCR test bench.  

 Fluid analysis reveals evidence that turbulent flow would provide the largest convection 

factor for liquid versus solid surface contacts. A value of 4,000 Re was used to illustrate a rough 

calculation for the behavior of the flow, in this case turbulent, in order analyze the average 

velocity of water during the heat exchange. Using the equation for Reynolds Number and basic 

kinematic equations, the velocity of the fluid at the impeller into the channel before the heat 
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exchanger is estimated to be 0.38 m/s. From the channel into the heat exchanger, due to the 

abrupt change in diameter, the velocity changes to 0.75 m/s because of the decrease in diametric 

size. This would mean that the volume flow rate that the heat exchanger would see has a value 

of 4.21243E-5 m3/s.  

Performing a steady state analysis of the heat transfer process, the basic outline of the 

transfer was illustrated by figure 25. Specifically, the diagram depicts a steady state 1-

Dimensional heat transfer through the thickness of the copper plate into the test material and 

ƛƴǘƻ ŀƳōƛŜƴǘ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ŀƛǊ ŀƴŘ ǿŀǘŜǊΦ IŜǊŜΣ άƪέ ƛǎ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ ŎƻƴŘǳŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΤ άǘέ 

ǎƘƻǿǎ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ŀŘƧŀŎŜƴǘ ƳŀǘŜǊƛŀƭǎΤ ǎǳōǎŎǊƛǇǘǎ άŎέ ŀƴŘ άƳέ ŘŜǎŎǊƛōŜ ǘƘŜ ŎƻǇǇŜǊ ŀƴŘ 

ƳŀǘŜǊƛŀƭ ŎƻƳǇƻƴŜƴǘǎ ǊŜǎǇŜŎǘƛǾŜƭȅΤ άǉέ ǊŜǇǊŜsents the heat transfer rate into or out of their 

respective sources. The illustration above assumes an energy source is starting at the centroid of 

the test piece resulting from the magnetic influence of the magnets. This heat source, through 

conductive means, is branched either into ambient air or, most preferably, fluid flow.  

 

 

Figure 25: 1D heat transfer diagram 
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Using thermal properties for each medium, basic resistive heat transfer methods, 

bŜǿǘƻƴΩǎ ƭŀǿ ƻŦ ŎƻƻƭƛƴƎΣ ŀǎ ǿŜƭƭ as assuming a temperature rise of 298K to 303K, table 3 was 

constructed: 

Table 3: Thermal parameters 

Water Copper Air Material 

T (K) 298 K (W/m2K) 401 T (K) 298 t (m) 0.00635 

h (W/m2K) 13 t (m) 0.0006096 h (W/m2K) 10 A (m̂ 2) 0.000968 

   A (m̂ 2) 0.001261933    T(K) 303 

 

From table 3 the following results are estimated: 

Table 4: Heat transfer results 

Material Iron 

k (W/m2K) 80 

R1 60.998761 

R2 103.37455 

q1 0.0819689 

q2 0.0483678 

H.Transfer (qs) W/m2 0.1303367 

The heat source is theoretically calculated to have an average value of 0.13 watts assuming the 

test piece an iron-based composite. The values άwέ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ǘƘŜǊƳŀƭ 

resistance across the thickness of the conductive material.  

   Another consideration for designing this heat exchanger is the fluid volume that is readily 

available within a given amount of time. There exists a short time period where a single piece of 

material experiences magnetization. During this magnetization process, the exchangers are to 

make contact with the test pieces. Therefore, this time frame is inversely proportional to the 

angular frequency of the central shaft imposed by the motor. This time frame is responsible for 

the rate at which water will flow through the channel from inside their respective pump and into 

an exit of a ¼ inch diameter. The method for averaging this window of fluid flow requires 

assuming a series of impeller frequencies from maximum to minimum, and the total arc length 
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of travel the channel opening needs to accomplish from opening of the port hole to closing of 

the port hole.  

Table 5 illustrates rough estimates different opening time periods at different frequencies 

imposed by the shaft on the impeller. This estimate was derived by measuring an arc length of 

0.015707964 meters.  

Table 5: Port hole duration calculation 

Impeller Channel time s 

impeller rpm impeller rad/s channel rpm channel rad/s channel velocity m/s 

300 31.41592654 107.1428571 11.21997376 0.336599213 0.046666669 

162.54 17.021149 58.05 6.078981785 0.182369454 0.086132648 

81.3 8.513716091 29.03571429 3.04061289 0.091218387 0.17220173 

 

 As a result, the following table involving fluid behavior may be tabulated by using 

ŜǉǳƛǾŀƭŜƴǘ ŎƘŀƴƴŜƭ ŘƛŀƳŜǘǊƛŎ ŀǊŜŀ ŀƴŘ ŜȄƛǘ ŀǊŜŀ ǳǎƛƴƎ .ŜǊƴƻǳƭƭƛΩǎ ōŀƭŀƴŎŜ ŜǉǳŀǘƛƻƴΦ  

Table 6: Volume flow rates and velocities 

In the Channel After Port hole 

Fluid Velocity 
m/s 

Volume Flow m^3/s Fluid Velocity 
m/s 

Volume Flow m^3/s 

0.699004365 3.91997E-05 1.3864072 7.77489E-05 

0.378720565 2.12384E-05 0.751155421 4.21243E-05 

0.189430183 1.06231E-05 0.375716351 2.10699E-05 

 

Table 6 shows that the volume flow rate may allow for more fluid than what the channel may 

provide at a given time. This, however, does not assume any losses that may arise from abrupt 

geometries within the casing of the channel route or backflow at stagnation points.  

8.1.2 Simulations  

 

Forming a steady state analysis of the heat transfer problem and by using SolidWorks® 

simulations a transient thermal study was performed. Figure 26 represents the starting 

temperature plot at 0.25 seconds between the copper plate and the material block in thermal 
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contact. The material is assumed to hold a uniform constant surface temperature of 303K while 

the copper plate holds an ambient temperature of 298K. Figure 27 illustrates an equilibrium 

temperature at 1.25 seconds. Both copper and test piece share a similar temperature of 303K.  

 

 

Figure 26: Transient heat transfer @ .25s 

 

Figure 27: Transient heat transfer @ 1.25s 

 
































































































