
REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No . 0 704-0788 

The pubhc reporting burden for this collection of information is est imated to average 1 hour per response, including the 1111~e for_ rev1ewing i~structions. se.nching existing _data sources. 
gathe r;ng and maintaining the data needed. ~nd completrng and revrewing the collection of inf~rmauon Send comment~ regardrng thrs burden estrmate or any ~.ther aspect of thrs colle~tlon of 
Jnforma tron. including suggestions for reducrng the burden, to D epartment of Defense, Washmgton Headquarters Se_rvrces, ~rrec torate for lnfo_rr:'a tron Operatl.)ns and Report s (07_04 0188), 
l215 Jefferson D avis Highway, Suite 1204, Arlington. VA 22202-4302._ Respondents shoul? be aware that notw1thsrand1ng any other proviSIOn of law , no person shall be subJeCt to any 
penalty for failing to comply w ith a collection of inform atiOn if it does not d1splay a currently vahd OMB control number. 

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (00-MM- YYYY) 
,2. 

REPORT TYPE 3 . DATES COVERED (f'rom - To) 

11 -05-2010 
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER 

Convective Hea t Transfer Enhancement Using Altemating Magnetic Fields 
and Particle Laden Fluid App lied to the Microscale 5b. GRANT NUMBER 

5c . PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

Golden, James Hollis 

5e. TASK NUMBER 

51. WORK UNIT NUMBER 

7 . PERFORMING ORGANIZATION NAME(S) AN D ADDRESS(ES) 8. PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPON SORING /M ONITORING AGENCY NAME(S) AND ADDRESS(ES) 10 . SPONSOR/MONITOR'S ACRONYM (S) 

U.S Naval Academy 
Annapolis, MD 2 J 402 

11. SPONSOR/MONIT()R ' S REPORT 
NUMBER(S) 

Trident Scholar REport no. 389 (20 I 0) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 

This document has been approved for pub lic release; its distribution is UNLIMITED 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 

This resea rch investigated the miniaturi zation of a novel heat transfer enhancement technique. The technique, us ing alternating 
magneti c fie lds to influence a ferromagnetic particle laden flu id, was demonstrated to be effective on conventi•mal sca les us ing an 
oi l based suspension, increasing the coefficient of heat transfer, h, by 260%. In order to determine the viabi lity of this enhancement 
technique at smaller sca les usi ng a water based suspension, an experimental apparatus was designed to measure the coefficient of 
convecti ve heat transfer in mini- and micro-scale flows . Water based suspensions of ferromagnetic particles were pumped through a 
1.1 mm diameter heated tube. Ex terna l alternating magnetic fields acted on the suspension, causing the particles to be attracted to 
and then released from the heat transfer surface. The efficacy of this enhancement technique was determined by comparing the heat 
transfer coefficients between enhanced and non-enhanced tria ls, wh ile also considering the resulting increase in pressure loss. 
Dispers ions of Fe and Fe304 partic les were used during experimentation. 

15. SUBJECT TERMS 

Heat Transfer, Ferromagnetic Fluid, Microsca le 

16. SECURITY CLA SSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON 

a. REPORT b. ABSTRACT c. THIS PAGE ABSTRACT OF 
PAG ES 

49 
19b. TELEPHONE NUMBER !Include area code! 

Standard Form 298 (Rev. 8/98) 
Prescribc,d by ANSI Std 2 39 . 18 



U.S.N.A. --- Trident Scholar project report; no. 389 (2010) 
 
 
 

Convective Heat Transfer Enhancement Using Alternating Magnetic Fields and  
Particle Laden Fluid Applied to the Microscale 

 
by 
 

Midshipman 1/c James H. Golden 
United States Naval Academy 

Annapolis, Maryland 
 

_________________________________________ 
(signature) 

 
Certification of Advisers Approval 

 
Associate Professor Mark M. Murray 
Mechanical Engineering Department 

 
_________________________________________ 

(signature) 
___________________________ 

(date) 
 
 

Associate Professor Andrew N. Smith 
Mechanical Engineering Department 

 
_________________________________________ 

(signature) 
___________________________ 

(date) 
 
 

Acceptance for the Trident Scholar Committee 
 

Professor Carl E. Wick 
Associate Director of Midshipman Research 

 
_________________________________________ 

(signature) 
___________________________ 

(date) 
 

USNA-1531-2 



 1

Abstract   
 
Increasing demands for heat removal necessitate the development of more effective thermal 
management technologies. In applications employing convective heat transfer, one direction of 
innovation is miniaturization, which affords increased rates of heat transfer. This research 
investigated the miniaturization of a novel heat transfer enhancement technique. The technique, 
using alternating magnetic fields to influence a ferromagnetic particle laden fluid, was 
demonstrated to be effective on conventional scales using an oil based suspension, increasing the 
coefficient of heat transfer, h, by 260%. In order to determine the viability of this enhancement 
technique at smaller scales using a water based suspension, an experimental apparatus was 
designed to measure the coefficient of convective heat transfer in mini- and micro-scale flows. 
Water based suspensions of ferromagnetic particles were pumped through a 1.1 mm diameter 
heated tube. External alternating magnetic fields acted on the suspension, causing the particles to 
be attracted to and then released from the heat transfer surface. It was anticipated that the 
modification of the flow regime would enhance heat transfer by disrupting the laminar flow 
conditions, and that the particles would serve to increase the heat transfer surface area. This flow 
modification was also expected to increase the differential pressure across the test section. The 
efficacy of this enhancement technique was determined by comparing the heat transfer 
coefficients between enhanced and non-enhanced trials, while also considering the resulting 
increase in pressure loss. Dispersions of Fe and Fe3O4 particles were used during 
experimentation. When testing the Fe3O4 suspension an 86% increase in h was observed, 
although localized heat transfer modification persisted after the removal of the magnetic fields, 
likely due to particle aggregation in the test section.  Trials employing the Fe suspension resulted 
in a flow modification similar to the conventional experiment and a 23% increase in the 
measured convective heat transfer coefficient. 
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1. Introduction 

 

 

1.1  

Motivation  

 

Thermal management is a central design consideration for many engineering technologies, from 

the complex to the commonplace. Many applications, like thermal power systems, rely on 

effective heat transfer to extract the maximum work from a given fuel source. Other systems 

employ thermal management principles to efficiently remove waste heat, which would otherwise 

degrade their operation. One specific example is in the design of electronic components, whose 

silicon-based microprocessors often lose their functionality above critical temperatures. In many 

systems, like the commonplace CPU, waste heat is effectively removed through a simple air-

cooled heat sink. However, as electronics components become smaller, faster and more 

powerful, they are requiring more effective heat removal, pushing the limits of traditional 

thermal management practices. Seeking to improve the effectiveness of conventional thermal 

management techniques to satisfy the demand for high heat flux removal, thermal engineers have 

recently focused on the development of heat transfer enhancement techniques.    

 

 

1.2  

Background: Convective Heat Transfer Enhancement  

 

In many thermal management applications, convective heat transfer is the principle means of 

conveying energy from one body to another. Convective heat transfer refers to the exchange of 

energy from a solid surface to a moving fluid. This fluid flow can be driven externally by a fan 

or pump, termed forced convection, or can be induced by a temperature dependent density 

gradient, termed natural convection. Convection can also be classified according to the phase of 

the fluid; single phase applications do not change phase, while multi phase applications take 

advantage of the latent heat of transformation. This research is concerned with heat transfer 

enhancement in single phased forced convection. 
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Heat transfer in single phased forced convection applications can be envisioned as two separate 

processes: the conduction of heat from the solid surface to the fluid and the conveyance of 

energy away from the surface with the mass flow of the fluid. The rate of conduction is governed 

by both the thermal conductivity of the fluid and the flow conditions near the surface. Flow 

conditions that do not allow for fluid near the solid surface to be replaced by fluid from the bulk 

flow inhibit effective heat transfer.  The rate of the conveyance of energy away from the heat 

transfer surface is influenced by both the heat capacity and viscosity of the fluid, in addition to 

the mass flow rate of the flow. Convective heat transfer enhancements are realized by optimizing 

flow conditions and selecting a fluid with an optimal combination of thermophysical properties 

including thermal conductivity, density, specific heat capacity, and viscosity.1 

            

Engineers have long sought to increase the effectiveness of convective heat transfer in thermal 

management devices, and their enhancement techniques are classified in two categories, passive 

and active.  Passive enhancement techniques typically refer to permanent modifications that do 

not require the addition of external energy.  For example, passive techniques may involve 

increasing the heat transfer surface’s roughness or inserting flow disruptors into the tube.  Active 

enhancement techniques refer to a continuous external effort to improve heat transfer that 

typically requires external energy input. Active techniques include measures to manipulate the 

flow through the application of vibrations or electrostatic forces and techniques employing flow 

pulsation and variable surface roughness. All of these enhancement techniques increase heat 

transfer by tripping the flow from a laminar to a turbulent flow regime, creating a component of 

the flow normal to the surface or by disrupting the viscous sublayer of turbulent flow. Turbulent 

flow is generally advantageous because the turbulent flow regime is marked by chaotic mixing of 

the flow, bringing more of the fluid in contact with the heat transfer surface and increasing the 

rate of heat transfer.2 

 

One recent, novel passive enhancement technique realizes heat transfer enhancement by 

increasing the thermal conductivity of the fluid through the addition of particles to the fluid. 

While the thermal performance of particle-laden flows has been well studied, 3-4 researchers have 

created a new type of particle-laden fluid using nanoparticels that have anomalously increased 
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the thermal conductivity of the base fluid.5 Suspensions created from these nanometer sized 

particles, termed nanofluids, have been shown to significantly increase heat transfer rates, even 

when at small concentrations.6-7 Additionally because of the small particle size, nanofluids are 

not limited by the rheological and stability problems that preclude the widespread use of 

conventional particle-laden fluids.8 However, nanofluid performance is not consistently 

established in the literature, with some investigations showing less heat transfer enhancement 

than expected.9  

 

Seeking further enhancement to convective heat transfer, researchers have been drawn to the 

high heat flux potentials of microfluidic devices. Microchannel flows, with hydraulic diameter 

between 200 and 10 micrometers, represent a particularly promising advance in thermal 

management, because heat transfer coefficients are inversely proportional to hydraulic 

diameter.10 Microchannels may provide smaller and more localized thermal management 

solutions for high heat flux removal in applications ranging from microprocessor cooling to 

compact fuel cell operation. While single phase convective heat transfer enhancement schemes 

are well established and documented for conventional sized flows (greater than 3mm), the 

applicability of these enhancement methods to minichannel (3mm to 200 microns) and 

microchannel (200 to 10 microns) flows is the subject of ongoing research.11 This research 

focuses on the application of a novel heat transfer enhancement technique proven on the 

conventional scale to the mini and microchannel scales. 

    

 

1.3  

Background: Conventional Scale Enhancement Technique 12  

 

The fundamental concept of this heat transfer enhancement scheme is to intelligently combine 

the superior thermal conductivity characteristics of certain solids with the low viscosity and high 

heat capacity of appropriate fluids to enhance the overall heat transfer characteristics of a heat 

exchanger. The heat transfer medium consists of highly conductive ferromagnetic particles 

suspended in a base fluid. A time varying magnetic field is used to manipulate the flow regime, 

as visualized in Figure 1.1. An activated magnetic field attracts and holds the particles to the 
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wall. The magnetic field is deactivated and the particles are released back into the fluid. An 

opposing electromagnet on the opposite channel wall, out of phase with the first, provides the 

motive force for the particle release and promotes flow normal to the heat transfer surface.  

 

 
Figure 1.1:  Diagrams of magnetic particles being attracted to and then released by 

 the magnetic fields of energized electromagnets 

 

The manipulation of the particle-laden fluid is expected to provide heat transfer enhancement 

through three distinct processes. First, the particles, with greater thermal conductivity than the 

base fluid, quickly conduct heat from the wall when the magnetic field is activated. After the 

particles are released from the wall, they enter the bulk fluid flow; the particles, surrounded in 

the bulk fluid, serve to increase the overall heat transfer surface area. In addition to this thermal 

phenomenon, the enhancement technique modifies the flow conditions in two ways. First, the 

attraction and repulsion of the particles initiates flow perpendicular to the bulk flow and normal 

to the channel wall, bringing more of the bulk fluid in contact with the heat transfer surface and 

disrupting the laminar flow regime. Additionally, when the particles are magnetically attracted to 

the channel wall, they temporarily aggregate into geometries resembling the fins traditionally 

used to enhance heat transfer. These particle formations serve to disrupt the laminar flow 

condition and increase the flow’s vorticity.  

 

   

Particles attracted to lower  

electromagnet while 

energized.  

Particles released from lower 

electromagnet into bulk fluid  

and start of attraction toward 

 energized upper 

electromagnet. 

Particles attracted to upper 

electromagnet while 

energized. 
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Collectively, these phenomena were shown to significantly increase the rate of heat transfer in 

previous conventional scaled experiments. The conventional scale investigation employed a 

working fluid of 5% (by weight) 300 micron iron filings dispersed in mineral oil. The working 

fluid passed through a 1.38 cm heated tube. The temperature of the fluid and the tube surface 

was measured using thermocouples and an infrared camera, and the fluid’s heat transfer 

coefficient was calculated from this data. The experiment was conducted under enhanced and 

non-enhanced conditions. At maximum enhancement, which occurred at a magnet switching 

frequency of 2 Hz, the heat transfer coefficient increased by 267% from 57 to 205 W/m2K while 

differential pressure was increased by 48% over the non-enhanced trials.  This increased heat 

transfer efficiency is visualized in Figure 1.2, which shows a significantly cooler tube surface 

temperature when utilizing the enhancement technique. 

 

The conventional scale investigation into this novel heat transfer enhancement technique 

produced impressive results; however, its real application demands a smaller scale. 

Miniaturization of this enhancement technique represents a promising advance in thermal 

management technology, and is a contribution to the active field of microscale heat transfer. 

 

 
   

 Figure 1.2: IR camera images of test section without enhancement, left,  

and with magnetic enhancement, right 
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2. Experimental Apparatus 

 

 

2.1 

Overview 

 

In order to determine the efficacy of this novel heat transfer enhancement technique on smaller 

scales, an experimental apparatus capable of measuring the coefficient of convective heat 

transfer in mini- and micro-channel tubing was designed, fabricated and validated. Using this 

experimental apparatus, the surface temperature of a stainless steel test section heated under 

conditions of uniform surface heat flux was determined through infrared thermograph. The tube 

temperature, in addition to the inlet and outlet fluid temperatures, was used to calculate the 

coefficient of convective heat transfer for the flow. This aspect of the apparatus is similar to the 

experimental setup used by researchers at Stanford investigating the performance of nanofluids 

in microchannels.13 The experimental apparatus also consisted of components necessary for the 

evaluation of the enhancement technique, including the electromagnet array and the particle-

laden fluid system.  

 

 

2.2 

Component: Test Section  

 

The enhancement technique under investigation at the mini- and micro-channel scales had been 

previously demonstrated on the conventional scale in 1.38 cm hydraulic diameter copper tubing. 

Miniaturized test sections, shown in Figure 2.1, were fabricated from tubing of three different 

hydraulic diameters, 1100, 250 and 100 microns, spanning the transition between the mini- and 

micro-channel flow regions. The test sections were prepared by soldering a header of 1/8” 

diameter stainless steel tubing to the ends of the micron-sized tubes. Silver solder was used for 

this connection, which effectively seals the junction to the micron-size tube and provides an 

electrical connection between the header and the test section. The test sections were uniformly 
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heated by passing a DC current through the tubing, heating the tube with a constant heat flux 

through resistance heating.   

 

 
 

Figure 2.1: Image of 100, top,  250 and 1100, bottom, Micron Diameter Test Sections 

 

A test section mount fabricated from PVC holds the tubing assembly during testing. The mount 

provides a stable foundation for the test section and electromagnet array, and is attached to a 

translating stage that facilitates the use of the high power, small field of view infrared camera 

lens. Initially the mount was fabricated from aluminum, but the large thermal mass of this metal 

mount served to sink heat from the test section, introducing an error into the experimental 

results.  Constructing the mount from PVC mitigated this problem while still providing the 

necessary stable foundation, and is discussed in section 3.3.  Figure 2.2 presents the Solidworks 

model of the test section mount and shows the design of the initial electromagnet array.    

 

 
 

Figure 2.2: Solidworks Model of Initial Test Section Mount Design 
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2.3 

Component: Data Acquisition System  

 

In order to calculate the coefficient of convective heat transfer in the test section, several 

properties were collected during experimentation through a data acquisition system, including 

test section surface temperature, fluid temperatures at the inlet and outlet of the test section, 

differential pressure and flowrate.  

 

 
 

Figure 2.3: IR Images Demonstrating Continuous and Discrete Tube Temperature Measurement  

 

An Indigo Systems infrared camera was used to determine the surface temperature of the test 

section. A standard lens was used during experimentation in the largest diameter test section, 

while a high power lens was intended to be used to focus in on the smaller tubing. In order to 

capture the temperature of the tubing across its entire length when using the high power lens, the 

test section was moved incrementally in front of the camera along a computer controlled 

translating stage. Examining the images taken at every increment and comparing the resulting 

tube temperature profile to one derived from a single, wide angle image confirmed the ability to 

determine the temperature along the length of the test section by sampling at discrete intervals. 

Figure 2.3 shows representative continuous and discrete tube surface imaging, and Figure 2.4 

presents the tube temperature profiles derived from these images. 
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Figure 2.4: Tube Surface Temperature Profiles Taken from Discrete and Continuous IR Images  

 

The infrared camera was calibrated before experimentation using an Electro Optical Industries 

blackbody simulator. This piece of precision equipment accurately emits radiation equivalent to 

a requested temperature. With the camera set to display the observed temperature in units of 

luminance, a third order transfer function converting luminance to temperature, presented below 

as Equation [1], was derived by taking data points from the blackbody simulator across the range 

of temperatures expected during experimentation, where T(F) is the Fahrenheit tube temperature 

and L is the observed luminance.  

 

  ( ) -09 3 -05 25.69x10 ( ) - 4.73x10 ( ) + 0.162 ( ) 97.2T F L L L= −o  [1] 

 

Other components of the data acquisition system were use to measure fluid properties during 

experimentation. Thermocouples in the flow immediately before and after the test section are 

used to determine the inlet and outlet fluid temperatures. Another thermocouple was used to 

document the ambient air temperature. These type K, thin wire thermocouples were calibrated 

before experimentation with both a boiling water bath and ice water slurry. Additionally, a 

differential pressure transducer (Omega PX26-001DV) was used to determine the pressure drop 
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across the test section. This transducer was calibrated to known pressures from a water column. 

These components of the data acquisition system were integrated into a LabVIEW virtual 

instrument through a National Instruments interface.   

 

A high speed digital camera (Olympus i-Speed) was also utilized as an analysis tool to visually 

diagnose the efficacy of the enhancement technique. The camera was used in conjunction with a 

1400 micron transparent glass tube to help determine the flow modification resulting from the 

external magnetic fields. 

 

 

2.4 

Component: Pumping System  

 

A consistent pumping system capable of operating at the flowrates and pressures required for 

experimentation at such small scales was central to the experimental apparatus. Additionally, the 

nature of the particle-laden fluid influenced the design of the pumping system; the potential for 

sedimentation and aggregation of the suspended particles limited the types of practical pumps. 

Initial experimentation was conducted on an open circuit using a syringe pump in an 

experimental apparatus similar to that used by researchers at Stanford investigating nanofluid 

performance in microchannels.14  In this open circuit configuration, the fluid is pumped from a 

syringe, through the test section, and into a reservoir. The apparatus was configured to facilitate 

recharging the syringe without introducing air into the system, eliminating the need to constantly 

purge the flow path. The syringe pump used a linear stepper motor to apply a constant rate of 

displacement to the syringe, enabling precise flowrate control. The maximum flowrate and 

pressure attainable using this pumping system is dependent on the syringe diameter; smaller 

syringes would be used during experimentation on the smaller tubing, which required a larger 

pressure. Figure 2.5 presents a picture of the syringe pump and Figure 2.6 presents a diagram of 

the open circuit system employed. 
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Figure 2.5: Image of Syringe Pump 

 

 
 

Figure 2.6: Diagram of Open Circuit System  

 

During experimentation using the syringe pump, a noticeable change in the concentration of the 

fluid exiting the test section was observed. This inconsistency in the particle-laden fluid’s 

concentration was likely due to sedimentation in the syringe. One measure taken to increase the 

consistency of the concentration of the heat transfer fluid was the implementation of a closed 

loop pumping system. A closed loop system using a suspension of iron filings in oil was 

employed in the successful conventional scale trials previously conducted,15 and likely reduced 

the significance of particle settling. During latter experimental trials, the apparatus was 

reconfigured to employ an iron-based suspension using a peristaltic pump in a closed loop, more 

closely resembling the apparatus used during conventional scale trials. To remove the heat added 

to the fluid through the test section, a heat exchanger was incorporated into the closed loop. 
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Because this peristaltic pump’s minimum flowrate was an order of magnitude higher than the 

flowrates used during experimentation on the open circuit system, bypasses were incorporated 

parallel to the test section.  The parallel flow allowed for reasonable flow velocities in the test 

section, while maintaining high flow velocities in the rest of the loop. High flow velocities in the 

loop, above the critical settling velocity for the particles, are required to keep the particles in 

suspension. Figure 2.7 presents a diagram of the closed loop flow setup. 

 
Figure 2.7: Diagram of Closed Loop Pumping System 

 

2.5 

Component: Heat Transfer Fluid 

 

The particle-laden fluid used in this experimental apparatus is the central component of this 

enhancement technique, and its stability is a fundamental aspect of the effectiveness of the 

technique. For the enhancement technique to work as intended, the particles must come out of 

suspension and be attracted to the tube wall when acted on by the electromagnets. However, the 

particles must detach from the tube wall when released by the magnetic field and re-disperse into 

the bulk flow. Additionally, when the fluid is not in the test section, it must remain stable in 

order to prevent the clogging of the flow passages and to ensure a consistent particle 

concentration.  
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Fluid stability was not as critical an issue in the conventional scale experimentation, which used 

relatively large size iron filings (300 micron diameter) suspended in mineral oil. The large 

viscosity of the base fluid combined with large flow velocities in the closed loop system served 

to reduce the effect of sedimentation. However, because of the superior thermal performance of 

water over mineral oil, this current experiment was designed specifically to employ water-based 

heat transfer fluids. It was anticipated that significantly smaller particles would be required to 

form stable suspensions in water    

 

The development of modern manufacturing processes and techniques has enabled the creation of 

nanometer sized particles. Homogeneous suspensions of these particles, termed nanofluids, have 

received a great deal of attention in the literature because of their supposedly anomalous thermal 

conductivity characteristics16. Many of these nanofluids are prepared using a chemical co-

precipitation method, in which the small particles are chemically created while immersed in the 

base fluid. Another frequently used manufacturing process relies on physical methods to create 

and disperse the particles17. This physical approach is the method used to prepare the particle-

laden fluid for this experimentation.  

 

In this experiment, particle-laden fluids based on two different metallic particles were prepared.  

A 50 nanometer diameter powder of iron(II,III)oxide, known by its mineral name magnetite, was 

initially used during experimentation. Additionally, iron powder of 6-8 micron diameter was also 

used to prepare particle-laden fluids. When preparing the fluid, the powder was dispersed in 

deionized water through sonication, whereby high frequency acoustic energy breaks apart 

particle aggregates.18 Sonication was conducted using both an ultrasonic bath and a much higher 

power probe sonicator. In fluid systems of both particles, sonication had the effect of temporarily 

forming a stable, homogeneous suspension. The duration of this stability was dependent on the 

size of the suspended particle and the method and length of sonication. Another method to aid in 

particle suspension is the addition of a surfactant. The surfactant sodium polyacrylate 

indefinitely prevented sedimentation in the magnetite fluid system. The surfactant acts by 

coating the particles and effectively changing the characteristics of their surface chemistry, 

reducing the attractive forces between particles; however, this effect is particular to the surfactant 

and the particle19. The surfactant used in the magnetite system was chosen based on its 
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stabilizing properties for iron oxide systems, as reported in the literature.20  Sodium polyacrylate 

does not have the same stabilizing effect on the iron fluid system.  

 

Both the iron and magnetite fluid systems displayed the strong attraction anticipated when 

subjected to magnetic fields, however, this attraction was significantly more pronounced in the 

iron system. Additionally, when the magnetic field was removed in these demonstrations, the 

iron particles quickly fell away, while the magnetite particles tended to aggregate. This contrast 

in behavior was explored during experimentation and would affect both fluid systems’ 

performance in the experimental trials. 

 

2.6 

Component: Electromagnet Array 

 

An array of electromagnets provides the manipulative force acting on the particle-laden fluid. In 

the final electromagnet array design, rows of 3 and 4 electromagnets (APW Company EM075-6-

222) were mounted offset on the top and bottom of the test section, respectively. These magnets 

have a rated maximum power of 1.7 W, and produce a magnetic field with strength proportional 

to the applied current. During experimentation, the magnet arrays were operated at power levels 

in increments of their rated power. Table 1 presents the measured field strength for a single 

magnet at the power levels used during experimentation.    

 
Table 1       

Electromagnet Performance  Magnet Resistance   21 Ohm 

  Field Strength (Gauss) Applied Current (Amp) Applied Power (Watt) 

1x Rated Power  55.57 0.28 1.65

2x Rated Power  111.14 0.39 3.29

3x Rated Power  166.71 0.49 4.94

 
Table 1: Electromagnet Performance at Various Power Levels 

 

This maximum applied power is ultimately limited by resistive heating of the electromagnets, but 

even when operating at reasonable power levels, the electromagnets dissipated a significant and 



 19

influential amount of heat. Because this excess heat influenced the temperature of the test 

section, adding a potential source of experimental error, the mount was redesigned to actively 

cool the magnets using a recirculating chiller. Mounting screws into the magnet cores and a 

coating of thermal grease strengthened the thermal connection between the magnets and the 

cooled array. The effect of magnet heating on the performance of the experimental apparatus, 

which motivated its modification, was investigated during experimentation. Figure 2.8 presents a 

picture of the final electromagnet array mounted in place around the test section. 

 

 
        

Figure 2.8: Picture of Electromagnet Array  

 

The electromagnets were powered by power amplifiers that referenced a control signal generated 

within a LabVIEW virtual instrument. The LabVIEW program controlled the electromagnets 

with a square wave, alternatively exciting the lower and upper arrays. The frequency of the 

alternating activation of upper and lower magnets, as well as the power applied to the array, was 

controllable from the LabVIEW program. Additionally, a rest period between the activation of 

the opposing magnet array could be incorporated, effectively changing the duty cycle of the 

magnet activation function. The enhancement technique’s sensitivity to variations in activation 

frequency, field strength and duty cycle was investigated during experimentation.   

 

Test Section Cooled Magnet Mounts 

Flow of Cooling Water  
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3. Experimental Procedures and Results  
 

 

 

3.1 

Overview 

 

Many parameters of the enhancement technique under investigation were believed to potentially 

affect its performance, and were varied during experimentation. Properties of the electromagnet 

array, like the magnet switching frequency, duty cycle and field strength were manipulated, in 

addition to properties of the fluid system, including the flowrate, particle size and material. Trials 

using pure water as the heat transfer fluid were conducted to provide a baseline of comparison, 

and to validate the experimental apparatus and procedure against accepted correlations. The 

coefficient of convective heat transfer, a value which effectively summarizes the transfer of 

energy due to convection, was calculated and compared between experimental trials. 

   

 

3.2     

Calculating the Coefficient of Convective Heat Transfer  

 

In order to determine the effectiveness of the heat transfer enhancement technique, the 

coefficient of convective heat transfer was experimentally determined and compared for both 

enhanced and non-enhanced trials. The experimental apparatus was designed to facilitate these 

calculations by establishing a condition of uniform heat flux into the fluid in the test section. 

Through resistive heating, the test section is uniformly heated by the application of an electric 

current across its length. The heat transfer analysis is conducted assuming minimal axial 

conduction, free convection to the ambient, or heat transfer by radiation.  These assumptions are 

validated by analytically comparing the relatively large internal forced convection coefficients to 

the transfer coefficients for the other modes of energy transport. Thus, all the energy supplied to 

the test section is assumed to be transferred to the fluid by convection. From the principle of 

conservation of energy, assuming no changes in latent energy, no axial conduction or losses to 
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the ambient, and steady state conditions, the simplified steady-flow thermal energy equation can 

be written: 

 , ,( )dotconv p fluid O fluid Iq m c T T= −  [2] 

 

where qconv is the heat transferred by convection, mdot is the mass flow rate of the working fluid, 

cp is the specific heat of the working fluid and Tfluid,O and Tfluid,I  are the fluid temperature at the 

test section outlet and inlet, respectively.  

 

Equation [2] is valid for flows of incompressible liquids with negligible viscous dissipation, and 

is applicable to the conditions of the experiment. Applying equation [2] to a differential control 

volume of an internal flow, as shown in Figure 3.1, it follows that:  

 

 [( ) ]conv dot p fluid fluid fluidq m c T dT Tδ = + −  [3] 

 

where convqδ  is the heat transferred to an infinitesimal control volume by convection and dTfluid is 

the change in fluid temperature across that control volume. 

 
 

Figure 3.1: Control Volume for Internal Flow in a Tube 
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When simplified, equation [3] becomes: 

  conv dot p fluidq m c dTδ =  [4] 

 

The test section is heated through resistance heating, whereby the resistance of the material 

converts an electric current across the tubing to thermal energy. Because this process is a 

volumetric effect, the test section is heated uniformly, applying a constant surface heat flux to 

the fluid.  Equation [5] shows that the heat applied to a differential control volume is equal to 

this constant heat flux multiplied by the volume’s surface area,  

 

 "conv sq q Pdxδ =   [5]   

  

where "sq is the heat flux applied to the control volume, dx is the length on the control volume 

and the volume’s perimeter is represented by    

 

While the control volume is at steady state conditions, its temperature remains constant because 

the heat generated within the test section, [5], equals the heat transfer into the fluid, [4]. 

Combining these equations yields:  

 

  
"fluid s

dot p

dT q P
dx m c

=   [6] 

 

Integrating equation [6] under conditions of constant surface heat flux, it is determined that the 

temperature of the heat transfer fluid is linearly related to position21: 

 

  ,
"( ) s

fluid fluid I
dot p

q PT x T x
m c

= +  [7] 

 

Assuming a constant surface heat flux, the local convective heat transfer coefficient at any 

position, hconv(x), can be calculated from the difference in temperature between the fluid and the 

heat transfer surface, Ttube, [8]: 

P= Dπ  
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"( )

( ) ( )
s

conv
tube fluid

qh x
T x T x

=
−  [8] 

 

Figure 3.2 presents the tube and fluid temperature distributions expected from an internal flow 

subjected to a constant surface heat flux. The temperature of the fluid is linear, as determined by 

[7], and the tube temperature becomes linear after it reaches a fully developed region. In the 

initial length of the tube known as the developing region, layers of laminar flow are still forming 

on the heat transfer surface, and the rate of heat transfer is changing with position. Farther down 

the length of the tube, the flow reaches a fully developed regime and tube temperature becomes 

linearly related to position. In this fully developed region, the temperature difference between the 

tube and the fluid, and thus the coefficient of convective heat transfer, reaches a constant value. 

 

 
 

Figure 3.2: Profiles of Tube and Fluid Temperature, left, and Coefficient of Convective Heat Transfer, right 

in Internal Flow under Uniform Heat Flux Condition 

 

The experimental apparatus was designed to facilitate the calculation of the coefficient of 

convective heat transfer at any axial position by utilizing equation [8]. The temperature of the 

tube, Ttube(x), at every position along the test section was measured by the infrared camera, and 

the temperature of the fluid at every position was calculated using equation [7] from the 

temperatures at the inlet and exit of the test section. The heat flux applied to the test section, "sq , 
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is determined by dividing the total heat absorbed by the fluid, calculated from equation [2], by 

the heat transfer surface area.  

 

 

3.3 

Baseline Trials: Water   

 

Experimentation investigating the performance of this novel enhancement technique began with 

trials to validate the experimental apparatus and procedure. Baseline trials, without any 

attempted enhancement, were conducted with pure water as the heat transfer fluid. Experimental 

data was used to calculate the coefficient of convective heat transfer, and was compared to the 

coefficient of heat transfer expected from an accepted correlation for heat transfer in laminar 

internal flows.21  

 

Baseline experimentation began using the 1100 micron diameter test section. After the 

calibration of the data acquisition system, data was collected at a range of flowrates and heating 

inputs. The results of these preliminary baseline trials showed areas of inaccuracy in the 

experimental apparatus, and motivated an iterative redesign of components that were introducing 

error. Specifically, these initial tests identified two large sources of experimental error: heat was 

escaping the test section through unaccounted paths, and the preparation of the tube surface for 

thermography did not produce clean infrared images.   

 

The calculations used to determine the experimental coefficients of heat transfer operate on the 

assumption that all the heat supplied to the test section is transferred into the fluid. Heat leaving 

the test section through other paths is unaccounted for in these calculations, and introduced an 

experimental error. To observe this source of error, a diagnostic test was conducted where hot 

water was pumped through the unheated test section. 
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Figure 3.3: Inlet and Outlet Fluid Temperatures over Time Showing Unaccounted Heat Loss  

 

After reaching equilibrium, a test section with no external heat losses would exhibit identical 

inlet and outlet temperatures.  However, the inlet temperature was approximately 6% higher than 

the outlet temperature during diagnostic testing of the initial design. Figure 3.3 presents the fluid 

temperatures over time capturing the loss of heat from the test section.   

 

After examining the experimental apparatus, conduction from the test section into the original 

aluminum mounts was determined to be the most likely path of unaccounted heat transfer. The 

mounts were redesigned and manufactured from PVC, a thermally insulating material. This 

design modification significantly reduced the differential between the fluid inlet and exit 

temperature during diagnostic tests, mitigating this potential source of error.    

 

The second significant source of experimental error is associated with the quality of the infrared 

images of the test section. The highly reflective surface of the untreated, metallic test section is 

not conducive to infrared thermography. In order to get accurate temperature information from 

these infrared images, the test section was coated with a thin layer of flat paint to provide a 

surface of consistent emissivity. However, after repeated heating and cooling, this paint layer no 

longer provided a consistent surface. The tube temperature profile taken from these infrared 
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images was inconsistent, marked by inexplicable hot and cold spots along the length of the 

tubing, shown in Figure 3.4, below. This problem was addressed by using a thin layer of 

electrical tape, instead of flat paint, to provide a surface of constant optical properties. This tape, 

which could potentially act as an insulator for the test section, introduces a minor lag as the test 

section is heated to a steady state temperature, but does not affect that steady state value detected 

by the IR camera.  In later modifications, the layer of electrical tape was replaced with heat 

shrink tubing to accomplish the same purpose.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4: IR Image and Tube Surface Temperature of Test Section Before, above, and After, below, 

application of Electrical Tape  

 

 

 

 

 

 

 



 27

 
 

 
 

Figure 3.5: Experimental and Theoretical Coefficients of Convective Heat Transfer, below, and Tube and 

Fluid Temperatures, above, for Baseline Trial 

 

After using preliminary baseline trials to diagnose and remediate major sources of error, the 

experimental apparatus produced data in close agreement with the theoretical correlation, 

validating the accuracy of the apparatus and procedure to measure heat transfer coefficients. In a 

baseline trial with water pumped through the 1100 micron test section at 900 mL/hr, the 

coefficient of convective heat transfer was calculated within the experimental uncertainty of the 

theoretical correlation.  Figure 3.5 presents these experimental and theoretical h values, in 
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addition to fluid and tube temperature profiles developed from theoretical and experimental 

trials. Table 2 presents the experimental uncertainty from the baseline water trials.  

 
Table 2: Baseline Water Trials: Experimental Uncertainty 

 

3.4 

Experimental Trials: Magnet Integration 

 

Having validated the experimental apparatus through baseline trials using water alone, apparatus 

modification necessary for enhanced trials began. The most significant modification required 

was the integration of the dual electromagnet arrays.  The initial electromagnet arrays consisted 

of rows of 6 and 7 magnets in PVC mounts offset above and below the test section, as shown in 

Figure 2.2.  Before experimentation, baseline tests were conducted to determine the 

electromagnet array’s effect on the performance of the apparatus. With water flowing through 

the tubing, the temperature of the test section consistently increased locally around the magnets 

while they were activated. This magnet heating problem was further exacerbated when the 

magnets were operated at higher powers or frequencies. Possible explanations for this 

unexpected heating included eddy current heating, by which the alternating magnet fields induce 

currents in the metallic test section, which thereby heat the tube through resistance heating. 

However, the heating was also observed when the magnets were operated continuously, with DC 

power, eliminating the viability of eddy current heating.  

 

The electromagnets used in the apparatus dissipate a significant amount of heat during operation, 

and because the field strength encountered by an object is proportional to the distance from the 

electromagnet, the magnet array had to be very close to the test section. However, the magnets 

dissipated a significant amount of heat into the enclosed space surrounding the test section. This 

effect is attributed as the cause of the change in tube surface temperature during magnet 
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operation. The magnet heating effect is observed below, in Figure 3.6, which presents infrared 

images of the heated test section with the magnets operating at their rated power. Each image 

was taken at a 30 second interval.   

 

 
 

Figure 3.6: Magnet heating effect in initial electromagnet array 

 

The heating due to the magnets was mitigated by actively cooling the magnet array. The magnet 

mount was redesigned out of aluminum and a chiller was used to pump cooling water through a 

channel bored behind the magnets. The final electromagnet array design is presented in section 

2.6. The modifications to the electromagnet array significantly reduced the heat absorbed by the 

test section due to the electromagnets, demonstrated by the plots below. Figure 3.7 shows the 

reduced local heating around the electromagnets in trials where the magnets are actively cooled. 

Water was pumped through the heated test section, and the magnets were activated at increments 

of their rated power. The plots presented below in Figure 3.7 show the increase in temperature 

above the baseline value for trials with the electromagnets at their rated power, twice their rated 

power, and three times their rated power when the magnet array both was and was not actively 

cooled. 

Image 1: Initial 

Image 2: +30 Seconds 

Image 3: +60 Seconds 

Image 4:    +90 Seconds 

Image 5:  +120 Seconds
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Figure 3.7: Differential Temperature Plots Demonstrating Magnet Heating Effect Reduced When Actively 

Cooling Magnets 

 

 

3.5 

Experimental Trials: Fe3O4 Suspension  

 

Having mitigated the test section heating due to the electromagnet array, experimental trials were 

conducted using a Fe3O4 suspension as the heat transfer fluid. A 5% by weight suspension was 

prepared by using bath sonication to disperse 50-nm iron oxide powder in deionized water. This 

concentration was used in the conventional scale demonstration of the enhancement technique. 

Baseline tests of the suspension, using no magnetic enhancement, were conducted and compared 

against water tests to determine any difference in performance between the suspension and pure 

water. These initial unenhanced tests, across a range of flowrates, showed no significant 



 31

variation in thermal performance between the suspension and water in the absence of applied 

magnetic fields. Figure 3.8 presents representative data from these trials, and only shows 

variation in tube temperature within the uncertainty of these measurments for comparable water 

and Fe3O4 suspension trials. This data suggests that, at the concentrations tested, the dispersion 

of iron oxide nanoparticles does not significantly influence the thermal characteristics of 

deionized water. While nanometer-scale particle laden suspensions are being investigated for 

their potential to anomalously increase fluid thermal conductivity, the lack of conductivity 

enhancement observed here supports similar negative findings by other researchers.22  

 
Figure 3.8: Tube Temperature Profiles for Non-enhanced Trials using Water and Fe3O4 Suspension 
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Having observed that the suspension, when not acted upon by the electromagnets, produced the 

same tube temperature profile as its pure base fluid, enhanced trials were conducted, applying the 

alternating magnetic fields to the suspension. Tests using the Fe3O4 suspension employed a range 

of magnet activation frequencies and power levels, and various flowrates, and although visual 

observation through glass tubing confirmed the technique’s modification of the flow regime, an 

increase in the rate of heat transfer was not observed.  Tube surface temperature was observed to 

increase with time while the magnets were activated, however, a comparable increase in tube 

temperatures were observed in trials using pure water and the same experimental procedure, as 

shown in Figure 3.9. Each line in these plots represents data at 15 second intervals. 

 

 
 

Figure 3.9: Tube Temperature Profile: Fe3O4 Suspension, above, and Pure Water, below.   
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Comparing the tube temperature at specific intervals from water trials to the Fe3O4 data, it was 

determined that the tube surface experienced the same rate of heating in both cases, shown below 

in Figure 3.10. This heating over time was likely caused by a residual influence from the magnet 

array. The transient nature of this effect was mitigated when considering data at the same time 

from initial magnet activation from both Fe3O4 and water trials. When taking the transient tube 

heating into account in this way, the enhancement technique was shown to have little effect on 

the tube surface temperature. Figure 3.10 also presents the coefficients of heat transfer for trials 

with both water and the Fe3O4 suspension, with inconsistencies within the experimental 

uncertainty. 

 

 
 

Figure 3.10: Tube Temperature, below,  and h Profile, above: Fe3O4 Suspension and Pure Water   
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3.6 

Experimental Trials: Surfactant-Stabilized Fe3O4 Suspension  

 

During experimentation with the Fe3O4 suspension, the suspension was observed to have an 

inconsistent concentration over time, even after particle dispersion through bath sonification. 

During experimental trials, the iron oxide particles suspended in the fluid settled out, resting in 

the syringe of the pumping system, and the fluid was marked by an inconsistent color leaving the 

test section. In order to reduce the potential effects of transient particle concentration and to 

increase the consistency of the experimental procedure, the heat transfer fluid was modified to 

increase the stability of the suspension. A review of the literature suggested that higher and more 

prolonged levels of sonication during fluid preparation could successfully decrease particle size, 

increasing suspension stability.23 A probe sonicator was used to apply higher levels of acoustic 

energy, and was moderately more effective than the bath sonicator used previously. Compared to 

the bath sonicator, the probe prepared a suspension displaying a color and consistency indicative 

of a smaller particle size. Regardless of the extent of sonication, however, the particles still 

settled out of the fluid, displaying the suspension’s persistent lack of stability.  

 

A review of nanoparticle literature suggested that these results were not uncommon, and 

identified a potential solution.24-25 When preparing nanoparticle suspensions, surfactants are 

often used to modify the surface properties of the particles, reducing the inter-particle forces that 

promote aggregation and sedimentation. The surfactant’s ability to affect the particle’s solubility 

is strongly dependent on the nature of the particle material; a given surfactant will not be 

effective in all situations. Sodium polyacrylate was used as a surfactant for the Fe3O4 system 

because its effect on this material was documented in the literature.26 The Fe3O4 suspension 

prepared using this surfactant displayed a marked increase in stability, and maintained a nearly 

homogeneous consistency indefinitely. While the increased suspension stability was promising, 

it is important to note that to achieve the anticipated flow modification, the suspension should 

not behave homogeneously when acted upon by the magnets. The particles are expected to come 

out of suspension when drawn to the heat transfer surface, but should disperse into the bulk flow 

when released by the magnetic field. 
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Figure 3.11: Tube Temperature and h Profiles for Enhanced Trials: Surfactant-Stabilized Fe3O4 Suspension 

at 1 Hz: Transient Images During and After Magnet Activation    

 

Experimental trials across a range of flowrates, magnet activation frequencies, duty cycles, and 

power levels were conducted using the surfactant-stabilized Fe3O4 suspension. Modification to 

the tube surface temperature profile was observed during this experimentation; however, it did 

not behave as expected. In repeated trials, a reduced tube temperature profile was observed when 

operating the magnets at a switching frequency of 1 Hz. However, this enhancement not only 

unexpectedly persisted past the deactivation of the magnet array, it increased in effectiveness. 

The decreasing tube temperature drove up the h values with time, which reached a maximum 

average increase of 86% over the initial values at 120 seconds after magnet deactivation. Figure 

3.11 presents representative data for these trials, demonstrating the persistent tube temperature 
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modification and increased coefficient of heat transfer. This data was taken during a trial with a 

flowrate of 500 mL/hr, heating power of 8.76 W, and magnet switching frequency of 1 Hz.                        

 

It is believed that the persistence of the tube temperature modification observed in Figure 3.11 is 

due to an unexpected modification of the flow regime. The enhancement technique relies on the 

electromagnets to attract the suspended particles to the tube wall, and it was expected that a 

combination of the hydrodynamic forces due to the flow and the activation of the opposing 

electromagnet would effectively remove particle aggregations from the tube surface. This 

behavior was seen in the conventional scale demonstration, and was observed when inspecting 

the modification of the flow of the un-stabilized Fe3O4 suspension in a 1.4 mm glass tube. 

However, the application of the surfactant to the suspension changed its performance, causing 

aggregations that formed in the presence of a magnetic field to persist past the field’s removal, as 

observed in Figure 3.12. 

 
Figure 3.12: Demonstration of Residual Magnet Influence in Fe3O4 Suspension 

 

It is theorized that the residual magnet influence on the suspension caused particle aggregations 

to form during magnet activation, and to grow after the magnets had been powered off. Figure 

3.12 demonstrates the creation of an F3O4 particle aggregation in the presence of a magnetic 

field, and its persistence after the removal of the magnetic field. Aggregations formed in the test 

section served to reduce the tube area, increasing fluid velocity, and to disrupt the laminar flow 

condition within the tubing, resulting in the observed decrease in tube surface temperatures. 

These aggregations were also manifested in a trend of increasing pressure across the test section, 

Magnet  Residual Influence 
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presented in Figure 3.13. The differential pressure trends upward during the first minute the 

magnets are activated, and reaches a steady value. However, the pressure jumps considerably 

when the magnets are deactivated after 3 minutes. The maximum increase in pressure, to 32% 

above initial values, corresponds to the dramatic reduction in tube temperature observed in 

Figure 3.11. Also note, the underlying cyclic variations in pressure observed in Figure 3.13 are 

related to the speed of the stepper motor driving the syringe pump.  

 
 

Figure 3.13: Differential Pressure of Surfactant-Stabilized Fe3O4 Suspension  across Test Section at 1 Hz 

Magnet Activation     

 

 

3.7 

Experimental Trials: Fe Suspension  

 

The anticipated flow manipulation was observed with the Fe3O4 suspension, yet the heat transfer 

enhancement behaved unexpectedly.  Therefore, trials were conducted on an iron (Fe) based 

suspension to determine the effect of particle material on the technique. This material was 

selected because iron particles were dispersed in the suspension used to demonstrate the 

technique on conventional scales.27 A 5% (by weight) suspension was prepared by dispersing 6 

micron Fe particles in deionized water using bath sonication. These larger particles fell out of 

suspension more readily than the smaller Fe3O4 particles, but were more strongly reactive to an 
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applied magnetic field and did not form the persistent particle aggregations observed in the 

surfactant-stabilized Fe3O4 suspension. To mitigate the effects of the suspension’s poor stability, 

the experimental apparatus was modified to test the suspension in a closed loop system using a 

peristaltic pump as shown in Figure 2.7. In all of the tubing and connections aside from the test 

section, this closed loop system maintained a relatively high flowrate, higher than the particle’s 

critical settling velocity, below which the particles would fall out of suspension. 

   

 

 
 

Figure 3.14: Visual Observation of Flow Modification in Current Experiment, right, and Conventional Scale 

Demonstration, left     

 

 

Visual observation of the flow through glass tubing with a high speed camera confirmed that the 

enhancement technique established the flow manipulation anticipated from the conventional 

scale demonstration. Figure 3.14 presents these observations, showing the particles attracted to 

one surface, then released into the flow, then attracted to the opposite surface for both the trial 

conducted here and the conventional demonstration. 

 



 39

 

 
 

Figure 3.15: Tube Surface Temperature Profile, above, and h Profile, below, for Most Effective Fe-

Suspension Trial   

      

In the experimental Fe trials, the flow modification due to the technique resulted in marked heat 

transfer enhancement over time. Representative data is presented in Figure 3.15, and shows the 

tube temperature and coefficient of heat transfer profiles with increasing time for the trial 

demonstrating the maximum enhancement. This trial, conducted with the electromagnet arrays 

operating at their rated power and a frequency of 3 Hz with a 25% duty cycle resulted in a 23% 

increase of the average h value after 60 seconds of magnet activation.     

 

Figure 3.15 does show, however, that the enhancement was manifested in an unexpected fashion. 

In these trials, the tube surface temperature increased with time, which might be seen as an 
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indicator of negative enhancement. However, understanding the difference between the closed 

loop pumping system used here, and the syringe pump system previously used explains the 

enhancement calculations. In the syringe pump system, the flowrate through the test section is 

constant because the test section is the only fluid path. However, the peristaltic pump used in the 

closed loop system has a minimum flowrate roughly an order of magnitude larger than the 

flowrates used in experimentation. To reduce the flowrate through the test section, additional 

tubing was connected parallel to the test section. The flowrate through the test section for 

baseline trials was calculated from the pump output and the area of the test section compared to 

the total area of all parallel fluid paths. However, any increase in differential pressure caused by 

the enhancement technique results in a reduction in flowrate through the test section. With the 

constant heat flux still applied, the reduced flow through the test section results in a larger fluid 

temperature. Thus, in the closed loop system, an increase in tube temperature did indicate 

enhancement because the fluid temperature also increased, reducing the temperature difference 

between fluid and tube and increasing h.  

 

The technique’s potential to reduce the flow through the test section was demonstrated at higher 

magnet duty cycles. Increasing the magnet duty cycle decreases the lag between the activation of 

the opposing magnet array. Tests conducted at 75% and 100% duty cycles saw the tube partially 

or completely obstructed and tube temperature climb dramatically with time, as reported in 

Figure 3.16.  

 
Figure 3.16: Tube Surface Temperature Profile: Obstructed Tube: Fe-Suspension at 100%DC     
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Table 3: Percent Increase of h over Baseline Values for Fe Tests at Various Parameters  

 

For all the frequencies tested, the technique produced a larger increase in h when operating at 

lower duty cycles. Data summarizing the sweep of parameters is presented below in Table 2. 

 

 

 

 

 

 

 

The data from the Fe trials composing the sweep of parameters presented above suggests that the 

electromagnet array parameters, including activation frequency, magnet power and duty cycle all 

influence the performance of the enhancement technique. Definitively, this data concludes that 

there is a maximum duty cycle near 75% above which the technique clogs the tubing and cuts off 

flow to the test section. Concurrently, the data suggests that higher levels of magnet power 

significantly inhibit the technique’s effectiveness. Magnet activation frequency is seen to 

influence the technique’s performance, however its effect changes across the range of duty 

cycles tested. The technique’s sensitivity to parameter variations, demonstrated in this limited 

data, motivates a more thorough and conclusive parameter search in future work.    
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 4. Conclusions  
 

The intent of this project was to design and fabricate an apparatus, and to implement an 

experimental procedure to determine the viability of a novel convective heat transfer 

enhancement technique in mini- and micro-channel flows.  The apparatus and procedure were 

validated by accurately determining the coefficient of convective heat transfer, h, in a 1.1 mm 

heated test section. Within the experimental uncertainty, the experimental values of h for 

baseline water trials agreed with those developed from an accepted correlation describing 

laminar internal forced convection.  

 

Trials demonstrating the enhancement technique in a 1.1 mm diameter tube were conducted 

using three different suspensions of Fe and Fe3O4 particles. Visual observation of all three 

suspensions in a 1.4 mm glass tube confirmed that the technique effectively modified the flow 

regime. The alternating magnetic fields caused the particles suspended in the heat transfer fluid 

to oscillate between the tube walls, disrupting the laminar flow conditions in the tubing. This 

flow modification is consistent with that observed in the conventional scale demonstration of this 

enhancement technique.  

 

While the anticipated flow modification was observed using all three suspensions, enhanced 

trials revealed the technique’s varying effectiveness on each suspension’s thermal performance. 

Enhanced tests conducted on the initial Fe3O4 suspension failed to demonstrate any significant 

heat transfer enhancement. While these tests did show changes to the tube surface temperature 

over time, the same changes were observed when testing with pure water and were attributed to 

heating caused by the electromagnet array. 

 

Noting the sedimentation of Fe3O4 particles from the initial suspension, a surfactant was used to 

increase its stability. The surfactant-stabilized Fe3O4 suspension displayed a marked increase in 

stability, maintaining a nearly homogenous consistency indefinitely. However, aggregations that 

formed from the stabilized solution in the presence of magnetic fields were shown to persist after 

these fields were removed. Experimental tests using this suspension documented significant local 

decreases in tube temperature; however, this effect persisted and intensified past the deactivation 
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of the electromagnets. This effect was most likely caused by particle aggregations forming in the 

test section and continuing to grow after the deactivation of the magnets; a trend of increasing 

differential pressure supports this conclusion. While these enhanced trials resulted in an 86% 

maximum increase of h over baseline values, they demonstrated that the technique does not 

produce heat transfer enhancement in the stabilized-Fe3O4 suspension in the manner observed in 

the conventional scale demonstration.  

 

The enhancement technique was also tested using a Fe-particle suspension, employing particles 

of the same metal used in the conventional scale test. These particles were significantly larger 

than those used in the Fe3O4 suspensions, and displayed a much stronger reaction to applied 

magnetic fields. Additionally, the Fe suspension did not form the persistent aggregations 

observed when testing the stabilized Fe3O4 suspension. Enhanced trials employing the Fe 

suspension produced the type of flow modification and heat transfer enhancement expected from 

the conventional scale experiments, and demonstrated the technique’s sensitivity to changes in 

parameters including magnetic field strength, activation frequency and duty cycle. The 

maximum enhancement observed resulted in a 23% increase in h over baseline values.  

 

While tests on the Fe suspension resulted in the type of heat transfer enhancement anticipated, 

the technique’s effect at small scales is an order of magnitude less than the enhancement 

observed at conventional scales. Unenhanced conventional scale tests developed a heat transfer 

coefficient of 57.5 W/m2K and the enhancement technique increased this coefficient to 205.8 

W/m2K. On the other hand, unenhanced miniaturized tests produced coefficients of heat transfer 

on the order of 2000 W/m2K while enhancement brought this value to roughly 2500 W/m2K. The 

smaller relative magnitude of enhancement in the miniaturized tests is likely influenced by the 

significantly larger non-enhanced h values; the enhancement observed in conventional scale tests 

can be attributed to the relatively poor thermal performance in initial tests. The disparity between 

the unenhanced heat transfer coefficients in conventional and miniaturized experimentation is 

due to not only the difference in hydraulic diameter, but also the properties of the base fluids. 

Water, used in the miniaturized experiments, is a better heat transfer fluid than the mineral oil 

used in conventional scale tests.    
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This research represents the initial development of a heat transfer enhancement technique that, if 

improved upon and determined viable in future tests, could be employed in an end-use thermal 

management application. It is not difficult to envision the fabrication of a heat sink incorporating 

this technique; heat sinks featuring hydraulic diameters of this scale have been developed, and 

the alternating magnetic fields could be provided by electromagnets created using 

microfabrication techniques. However, the challenges faced throughout this research have made 

it clear that further developments would be required before an end-use application could be 

realized. Future research should be conducted using hydraulic diameters ranging between those 

tested here and in the conventional scale demonstration. The technique is exceptionally effective 

at one end of the spectrum, and marginally effective at the other; mapping its performance in the 

region in between will lend insight into the technique. Continuing investigations should also 

examine other applicable particle laden fluids, with a focus on understanding and controlling the 

stability of the suspension. Fluid stability was determined to significantly influence the 

enhancement technique’s performance and complications rising from this issue, like the potential 

to clog or foul tubing with sedimentation from a suspension, could prove to limit the technique’s 

ultimate viability. Finally, further investigations should also limit the parameters changed from 

the successful conventional scale tests. When developing the plan for the experimentation 

conducted in this research, two aspects of the conventional scale apparatus were changed. Not 

only was the test section miniaturized, but water, instead of oil, was used as the base fluid of the 

particle laden suspension. Future experimentation should be conducted using the water based 

suspensions in the conventional scale apparatus, and an oil based suspension in the miniaturized 

tests.  
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