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of the “trough” between the two was 0.35mm. This depth was set by using the Starrett center hole 

punch set to its lowest pressure setting. As shown in Figure 6 from Chapter 3, the desired 

nucleation site consists of a center hole, where the bubble nucleates, surrounded by a ridge, which 

serves the purpose of intensifying the electric field and hence the EHD effect on the bubble surface. 

The hole in the center was created by pressing the punch-pin extremely lightly, i.e. by resting the 

pin on the surface and pushing down but not allowing the punch-pin to spring punch. This created 

holes width a diameter of 0.37mm. Depth was difficult to determine, but is observed to be less 

than the depth of the trough at 0.35mm. The custom punch-pin tip was a good exercise in 

nucleation site fabrication, the metal ferrules used offered a much tougher pressing medium (i.e. 

one that would not deform after several pressings), and offered a much smaller difference between 

inner and outer radii, leading to a narrower and deeper channel around the site itself. Typically, 

ferrules were observed to last approximately 10 pressings before deforming enough to require a 

new ferrule.  

 In addition to the nucleation site, the copper needs more preparation before the channel can 

be assembled. As seen in Figure 23, a heater and temperature sensing capability are required. 

Figure 32 is a diagram of the setup, showing a cross section of how the heater interfaces with the 

copper electrode. To better ensure thermal contact between the heater cartridge and the copper 

electrode, the heater was recessed deep inside the copper. A hole was drilled into the bottom 

electrode to allow for a device to act as an embedded interface between the cartridge heater and 

the copper electrode (approximately 1” deep). The thermocouple should be embedded inside the 
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generated in a consistent manner. Through preliminary testing, a preheat of 30C was found to be 

adequate to allow boiling to begin as soon as the flow entered the heated channel. As will be 

discussed in Section 4.4, during testing it was observed that no preheat was necessary for the 

specific set of conditions used in these tests. With the fluid supplied at ambient temperature (22 

C), the applied heat flux and channel length were adequate for stable nucleate boiling to occur in 

the center of the channel (longitudinally). 

 In order to achieve consistent channel inlet conditions, a laminar flow with a well-developed 

velocity profile was desired. However, the design of the feed system led to a discontinuity in area 

between the supply tube and the square channel. Pak [77] discusses the case in which a small inlet 

expands suddenly into a larger channel, and how the length of the inlet must be carefully 

considered to allow for adequate flow development.  

 

Figure 40: Sudden area expansion, leading to turbulent flow within a fluid channel. Left, an 

isometric view of the fluid inlet tube and flow direction into the channel. Right, a diagram of a 

sudden expansion as it would look in the channel. 

Figure 40 illustrates how this could occur in the channel setup. Schetz [78] discusses sudden 

expansions, and experimental correlations developed from his experiments suggest a channel 
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bubbles and the effect of EHD at the base, so additional phenomena noted that concerned other 

bubbles in the channel must be explained more thoroughly. At the onset of the experimental work 

the electric field in the channel was assumed to be uniform in the direction of the flow. Figure 85 

details an isometric view of the channel. One of the underlying assumptions of the computational 

model was that the phenomena is assumed to occur primarily in two dimensions (r and ). For the 

experimental work, the initial assumption was that the EHD forces would act only in the Y-Z 

direction, due to features only in the Y-Z plane. However, from a mathematical standpoint, 

detached bubbles were not predicted to center in the channel in a purely two-dimensional system 

as they were observed to do experimentally. In order to fully explain any EHD effects seen, the 

channel must be viewed and analyzed in all directions, especially in the Y-X plane (as opposed to 

the initial 2-D assumption). 

 

Figure 85: Isometric Channel View. 
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The geometry in this model is provided in Figure 86. All material properties are defined 

for each domain, approximating their real-life material counterparts. Quartz glass is assumed for 

the channel viewing glass, copper assumed for the electrodes, HFE-7100 for the interior domain, 

and air assumed for the outside domain. The only material properties used in the model are relative 

permittivities, given in COMSOL standard material properties [35] or from the material properties 

of HFE-7100 [24]. Due to the relatively simple model used for EHD forces, only relative 

permittivities are needed in the domain required to calculate forces. 

 

Figure 86: COMSOL model used to investigate electric field non-uniformity in the X-Y plane 

(dimensions in meters). Copper seen in yellow, quartz glass seen in light blue, and dark blue 

represents the fluid domain. 
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The mesh in Figure 89 is based on the model shown in Figure 86, with a domain large enough 

outside the area of interest to preclude any influence. The areas of increased mesh density represent 

the areas of interest in the model, the sharp geometric features. 

 A steady-state study is performed with these mesh parameters to study how an electric field 

behaves under those conditions. A surface plot is presented showing a “force” (based on Eq. 30) 

at any given point in a field that would be felt upon a hypothetical sphere. For simplicity, these 

spheres represent dielectric bubbles.  

 

Figure 90: Potential in the channel, scale in Volts. 
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Figure 90 shows the electric potential in the channel, assuming the top electrode is at 3kV and the 

bottom is ground, with a zero-charge boundary condition applied to the edges of the domain. In 

this visualization, the edges of the domain are not shown in order to better visualize the behavior 

of the electric field near the geometric features (fillets at the edge of the electrodes). X and Y 

coordinates given in meters, as shown on the sides of the domain. While the change in potential 

inside the channel is relatively linear (away from the glass), this changes at the corners of the 

channel, with the natural copper electrode filleting and the transition to the air and glass domain 

leading to a rapid change in the electric field (i.e. a large gradient). Using the Pohl approximation 

as given in [19] and Eq. 30, a map of the force on a given particle can be provided in the domain. 

This is shown in Figure 91. 
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Figure 91: Force felt on a particle under EHD (3kV). Electrodes and glass sides are labeled, with 

the fluid domain comprising the rest of the solution domain. 

Assuming 700m diameter particles, a relative buoyant force of 3N would be felt by a 

large vapor packet (i.e. sphere) on the side of the channel. From the figure above, a force of this 

magnitude would be felt by a bubble at a reasonable distance away from the channel wall, 

approximately one millimeter. These forces act to push a bubble away from either electrode, 

leading to the “centering” behavior of detached bubbles observed in Section 4.4.2. With a reduced 

applied voltage, the magnitude of the force felt by the bubble is much less, resulting in a bubble 
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that may not come to equilibrium in the center of the channel, but rather more towards the top 

electrode. This behavior was also observed experimentally. 

 

Figure 92: Force on a particle (1kV). 
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Counter-intuitively, the original procedure to sand, polish, and clean the copper led to a rougher 

surface finished. It is expected that the polishing compound used damaged the copper surface more 

than the final surface roughness after sanding.  

 Another important lesson learned from the experimental work was how to account for the 

difficulty in biasing the heated electrode. As outlined in Section 4.2.6, one of the biggest challenges 

in biasing the heated electrode is that the cabling used to power the heater grounds the electrode, 

and the high potential could damage any data-collection equipment connected to the electrode. 

The approach used in this study, an isolation amplifier, has several advantages over other 

approaches. Other approaches include using indirect means of heating the biased electrode, which 

could include a laser or other radiative heat source. In addition to being expensive, using these 

methods would not solve the practical problem of having biased electrodes near sensitive 

equipment. In general, the isolation amplifier worked exactly as indented. Should the applied 

potentials exceed its maximum limits, however, equipment was observed to be damaged.  

 In addition to experimental set-up lessons learned, the results suggested that future design 

of an EHD-enhanced nucleate boiling device should be careful in how the geometry is designed. 

Initially, bubbles were expected to only be influenced by the artificial sites, and the elongation 

they undergo in a uniform field. However, the behavior noted in Section 4.4.2 shows that the 

narrow width of the channel (relative to the length) gave rise to a non-uniform force, causing 

bubbles to “hover” in the middle of the channel. This was originally not expected, as the electric 

force was only considered in the Y-Z plane (Figure 85). In future designs, these effects would have 

to be considered, and channels should not only be modeled in two dimensions. While a two-

dimensional model was useful in characterizing bubble behavior, it would not be able to capture 

the nature of a real-world device.  
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5.2. Future Work 

Initially, based on the modeling work, it was anticipated that bubbles would be able to form on the 

artificial nucleation site and detach while under the influence of EHD. This particular test setup 

was unable to verify this conclusion from the modeling work, although it is able to characterize 

bubble elongation and influence on detached bubbles on the scale of the entire channel, which 

would be useful in the implementation of a real-world device. Future work can expand upon this, 

and use the techniques developed here to continue and validate the modeling work. Additionally, 

the experimental techniques used here are conducive to rapid geometric variation (channel heights, 

etc.), which could be used to further explore the parameter space. The results show that there is a 

significant effect on boiling in a minichannel with EHD with a cross flow, and more work should 

be done to further expand upon this.   
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8. Appendices 

8.1. Appendix A: System Design Background & Trial Details 

8.1.1. Isolation Amplifier Design Background 

The following information was used to help guide the voltage divider resistor choices used in the 

isolation amplifier box. Resistors are chosen to satisfy the specified voltage inputs, but also to 

ensure maximum battery life.  

Table 12: Isolation Amplifier Properties used in Calculation [82]. 

Parameter Test Conditions Min Typ Max Unit 

VDD1 high supply 

 

 4.5 5 5.5 V 

VDD2 low supply  2.7 5 5.5 

 

V 

𝐼𝐷𝐷1 high current   5.4 8 mA 

𝐼𝐷𝐷2 low current 4.5 <VDD2<5.5  4.4 7 mA 

𝑃𝐷𝐷1 high power diss.   27 44 mW 

𝑃𝐷𝐷1 low power diss. 4.5 <VDD2<5.5  22 38.5 mW 
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Figure 94: Voltage Divider Resistances ©C.R. Nave [99]. 

𝑉𝑜𝑢𝑡 = 𝑉1 (
𝐼𝑅2

𝐼(𝑅1 + 𝑅2)
) =

𝑉1𝑅2

𝑅1 + 𝑅2
 

𝑉𝑜𝑢𝑡 = 𝑉1 (
𝐼𝑅2

𝐼(𝑅1 + 𝑅2)
) = 𝑉1

(𝑅2||𝑅𝐿)

(𝑅1 + 𝑅2 ||𝑅𝐿) 
  

𝑅2||𝑅𝐿 =
𝑅2𝑅𝐿

𝑅2 + 𝑅𝐿
 

The specifications can be used to solve for the internal resistance 𝑅𝐿 (which is not given). Using 

“typical” conditions, the power dissipation in the AMC1100 will be 27mW with a potential of 5V. 

𝑃 =
𝑉2

𝑅𝐿
 

Solving for the internal resistance: 

𝑅𝐿 = 925.9𝛺 

Assuming this, and given that the voltage input into the divider will be 9V, we can solve for the 

two resistors in the voltage divider.  

Arbitrarily setting 𝑅1 = 550Ω (this corresponds to the maximum amount so that the “open circuit” 

does not exceed 5.5 with a small safety factor) 



197 

 

𝑉𝑜𝑢𝑡 = 𝑉1(𝑅2||𝑅𝐿)/ (𝑅1 + 𝑅2||𝑅𝐿)  

5[𝑉] = 9[𝑉] (𝑅2||𝑅𝐿)/(550𝛺 + 𝑅2||𝑅𝐿)  

687.5 =  (𝑅2||𝑅𝐿) 

𝑅2||𝑅𝐿 = 687.5 =
𝑅2𝑅𝐿

𝑅2 + 𝑅𝐿
 

𝑅2 = 2670.12𝛺 

𝑅1 and 𝑅2 are found. Given this, the potential for a theoretical “maximum case” can be calculated, 

given an input voltage of 9V and a chip loading corresponding to “maximum” conditions, which 

is 44mW and 5.5V (corresponding to a 𝑅𝐿 = 687.5) 

𝑅2||𝑅𝐿 =
𝑅2𝑅𝐿

𝑅2 + 𝑅𝐿
= 546.72 

𝑉𝑜𝑢𝑡 = 𝑉1(𝑅2||𝑅𝐿)/ (𝑅1 + 𝑅2||𝑅𝐿)  

𝑉𝑜𝑢𝑡 =  9[𝑉] (𝑅2||𝑅𝐿)/(550𝛺 + 𝑅2||𝑅𝐿)  

𝑉𝑜𝑢𝑡 = 4.488 

Still well within specifications. With these resistors, the total power consumed by the entire device 

can be found. The total resistance “seen” by the battery is a series of 𝑅1 and (𝑅2||𝑅𝐿), which is 

337.5Ω. 

𝑃 =
𝑉2

𝑅
 

𝑃 = 240[𝑚𝑊] 

Solving for the current, we can use the energy stored in the battery to find total battery life.  
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𝑃 = 𝐼2𝑅 

𝐼 = 26.67[𝑚𝐴] 

Given that the minimum AMC1100 input voltage is 4.5V, this corresponds to a 𝑉1 battery 

input of 8.1V. According to this plot, at a 100mA current (for a factor of safety), this means that 

the battery has an approximate life of 50mAh before dropping below that voltage. This would 

correspond to a battery life of around two hours continuous. Considering the device will only be 

powered on before high voltage events (lasting a few seconds at most), this should be acceptable. 

Realistically, the energizer has a total capacity of approximately 500mAh for a 40mA drain, which 

would mean that the capacity before dropping below 8.1V would be much less.  

For the low side: 

The specifications can be used to solve for the internal resistance 𝑅𝐿 (which is not given). Using 

“typical” conditions, the power dissipation in the AMC1100 will be 22mW with a potential of 5V. 

𝑃 =
𝑉2

𝑅𝐿
 

Solving for the internal resistance: 

𝑅𝐿 = 1136.36𝛺 

Assuming this, and given that the voltage input into the divider will be 9V, we can solve for the 

two resistors in the voltage divider.  

Arbitrarily setting 𝑅1 = 680Ω (this corresponds to the maximum amount so that the “open circuit” 

does not exceed 5.5 with a small safety factor) 

𝑉𝑜𝑢𝑡 = 𝑉1(𝑅2||𝑅𝐿)/ (𝑅1 + 𝑅2||𝑅𝐿)  


