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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 30C 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. 



172 

 

 

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 700m diameter particles, a relative buoyant force of 3N 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.   



180 

 

[18] Snyder, T. J., and J. N. Chung. "Terrestrial and microgravity boiling heat transfer 

in a dielectrophoretic force field." International journal of heat and mass transfer 43, no. 

9 (2000): 1547-1562. 

[19] Pohl, Herbert A, Dielectrophoresis: the behavior of neutral matter in nonuniform 

electric fields. Vol. 80. Cambridge: Cambridge university press, 1978. 

[20] Pohl, Herbert A. "The motion and precipitation of suspensoids in divergent electric 

fields." Journal of Applied Physics 22.7 (1951): 869-871. 

[21] Zuber, Novak. Hydrodynamic aspects of boiling heat transfer (thesis). No. AECU-

4439. California. Univ., Los Angeles; and Ramo-Wooldridge Corp., Los Angeles, 1959. 

[22] Misale, M., G. Guglielmini, and A. Priarone. "HFE-7100 pool boiling heat transfer 

and critical heat flux in inclined narrow spaces." international journal of refrigeration 32.2 

(2009): 235-245. 

[23] El-Genk, Mohamed S., and Huseyin Bostanci. "Saturation boiling of HFE-7100 

from a copper surface, simulating a microelectronic chip." International Journal of Heat 

and Mass Transfer 46.10 (2003): 1841-1854. 

[24] Fluorochemicals in Heat Transfer Applications. MG Chemicals, n.d. Web. 

<http://www.mgchemicals.com/downloads/3m/3m-FAQ.pdf>. 

[25] Patel, Viral K. "Terrestrial and Micro-Gravity Studies in Electrohydrodynamic 

Conduction-Driven Heat Transport Systems." Thesis. Worcester Polytechnic Institute, 

2015.  

[26] Bejan, Adrian and Kraus, Allan D. Heat Transfer Handbook, Volume 1. John Wiley 

& Sons, 2003. 

[27] Helberg, Chris. Fundamental Study of Utilizing Electrostatic Forces to Create 

Two-phase Pumping. ProQuest, 2005. 

[28] Brutin, David, F. Topin, and L. Tadrist. "Experimental study of unsteady 

convective boiling in heated minichannels." International Journal of Heat and Mass 

Transfer 46.16 (2003): 2957-2965. 

[29] Sunder, Shyam, and Gaurav Tomar. "Numerical simulations of bubble formation 

from submerged needles under non-uniform direct current electric field." Physics of Fluids 

(1994-present) 25.10 (2013): 102104. 

[30] Reid, Howard M. Introduction to statistics: fundamental concepts and procedures 

of data analysis. Sage Publications, 

2013.http://www.mathworks.com/help/stats/ttest2.html 

[31] Cattide, A., P. Di Marco, and W. Grassi. "Evaluation of the electrical forces acting 

on a detaching bubble." XXV UIT National Conference, Trieste. 2007. 

[32] Sugrue, R., J. Buongiorno, and T. McKrell. "An experimental study of bubble 

departure diameter in subcooled flow boiling including the effects of orientation angle, 

subcooling, mass flux, heat flux, and pressure." Nuclear Engineering and Design 279 

(2014): 182-188. 

[33] Siedel, Samuel. Bubble dynamics and boiling heat transfer : a study in the absence 

and in the presence of electric fields. Other. INSA de Lyon, 2012. English.   

[34] Kandlikar, Satish G. "Fundamental issues related to flow boiling in minichannels 

and microchannels." Experimental Thermal and Fluid Science26.2 (2002): 389-407. 

[35] "COMSOL Main Page." COMSOL Multiphysics® Modeling Software. N.p., n.d. 

Web. 21 Sept. 2016. <http://www.comsol.com/>  

http://www.mathworks.com/help/stats/ttest2.html


183 

 

[73] Yu, Zhiquan, Kevin Hallinani, Wilbur Bhagat, and Reza Kashani. 

"Electrohydrodynamically augmented micro heat pipes." Journal of thermophysics and 

heat transfer 16, no. 2 (2002): 180-186. 

[74] Moghanlou, Farhad Sadegh, et al. "Experimental study on electrohydrodynamically 

induced heat transfer enhancement in a minichannel." Experimental Thermal and Fluid 

Science 59 (2014): 24-31. 

[75] Helberg, C., and J. E. Bryan. "Dielectrophoretic control of bubble transport in 

mesochannels—experimental study." Journal of fluids engineering 129, no. 9 (2007): 

1131-1139. 

[76] DIN Temperature/Process Controllers with Fuzzy Logic. Omega, 27 Apr. 2016. 

Web. 06 Nov. 2016. <http://www.omega.com/pptst/CN4000_Series.html> 

[77] Pak, Bockchoon, Young I. Cho, and Stephen US Choi. "Separation and 

reattachment of non-Newtonian fluid flows in a sudden expansion pipe." Journal of Non-

Newtonian Fluid Mechanics 37.2 (1990): 175-199. 

[78] Schetz, Joseph A., and Allen E. Fuhs. Fundamentals of fluid mechanics. John Wiley 

& Sons, 1999. 

[79] "Thermal Grease 10-8109." 10-8109. Newark, n.d. Web. 06 Nov. 2016. 

<http://www.newark.com/gc-electronics/10-8109/thermal-grease-tube-1fl-

oz/dp/00Z581>. 

[80] Learn the Importance of Isolation In Four Easy Lessons. Dataq, n.d. Web. 06 Nov. 

2016. <https://www.dataq.com/data-acquisition/general-education-tutorials/learn-

importance-of-isolation-in-four-easy-lessons.html> 

[81] Isolation Amplifier Techniques. Analog Devices, n.d. Web. 

<http://www.analog.com/media/en/training-seminars/tutorials/MT-071.pdf>. 

[82] Texas Instruments, “AMC1100 Fully-Differential Isolation Amplifier” Texas 

Instruments, Dallas, TX, 2014 

[83] "Our Cameras.". Edgertronic, n.d. Web. 31 July 2016. 

[84] Stille, Darlene R. Manipulating Light: Reflection, Refraction, and Absorption. 

Capstone, 2005. 

[85] Standard Deviation. MathWorks, n.d. Web. 06 Nov. 2016. 

<http://www.mathworks.com/help/matlab/ref/std.html>. 

[86] Everitt, B. S. "The Cambridge Dictionary of Statistics 2002." Cambridge, 

Cambridge. 

[87] Euh, Dongjin, et al. "Characteristics of bubble departure frequency in a low-

pressure subcooled boiling flow." Journal of nuclear science and technology 47.7 (2010): 

608-617. 

[88] Gerardi, Craig et al. “Study of Bubble Growth in Water Pool Boiling Through 

Synchronized, Infrared Thermometry and Highspeed Video.” International Journal of Heat 

and Mass Transfer 53.19-20 (2010): 4185–4192. Web. 

[89]  Payton et al. Overlapping confidence intervals or standard error intervals: what 

do they mean in terms of statistical significance?. J Insect Sci (2003) vol. 3 pp. 34/ 

[90] Sullivan, Lisa. "Introduction." Confidence Intervals. BU, n.d. Web. 06 Nov. 2016. 

<http://sphweb.bumc.bu.edu/otlt/MPH-

Modules/BS/BS704_Confidence_Intervals/BS704_Confidence_Intervals_print.html>. 



184 

 

[91] Grigelionis, Bronius. Student's T-Distribution and Related Stochastic Processes. 

Berlin: Springer, 2013. 

[92] Upton, Graham, and Ian Cook. Introducing statistics. Oxford University Press, 

2001. 

[93] Boslaugh, Sarah. Statistics in a nutshell. " O'Reilly Media, Inc.", 2012.  

[94] "Two-Sample T-test." MathWorks, n.d. Web. 06 Nov. 2016. 

<https://www.mathworks.com/help/stats/ttest2.html>.Kweon, Y. C., and M. H. Kim. 

"Experimental study on nucleate boiling enhancement and bubble dynamic behavior in 

saturated pool boiling using a nonuniform dc electric field." International Journal of 

Multiphase Flow 26, no. 8 (2000): 1351-1368. 

[95] Kweon, Y. C., et al. "Study on the deformation and departure of a bubble attached 

to a wall in dc/ac electric fields." International Journal of Multiphase Flow 24.1 (1998): 

145-162. 

[96] Wang, Ping. “Thermal Bubble Behaviour in Liquid Nitrogren Under Electric 

Fields”. University of Southhampton PhD Thesis, October 2008. 

[97] Jones, Thomas B., M. Gunji, M. Washizu, and M. J. Feldman. "Dielectrophoretic 

liquid actuation and nanodroplet formation." Journal of applied Physics 89, no. 2 (2001): 

1441-1448. 

[98] Svitek, J. "Three-dimensional point-plane electric field analysis using integral 

equations." AFRICON'92 Proceedings., 3rd AFRICON Conference. IEEE, 1992. 

[99] Nave, R. Voltage Divider. Georgia State University, n.d. Web. 

<http://hyperphysics.phy-astr.gsu.edu/hbase/electric/voldiv>. 

 

  



185 

 

7. Bibliography 

Buoyancy-Driven Bubble Pumps 

1. "U.S. Energy Information Administration - EIA - Independent Statistics and 

Analysis." History of Energy Consumption in the United States, 1775–2009. U.S. Energy 

Information Administration, 9 Feb. 2011. Web. 08 Jan. 2016. 

2. Benhmidene, A., B. Chaouachi, and S. Gabsi. "A review of bubble pump 

technologies." Journal of Applied Sciences(Faisalabad) 10, no. 16 (2010): 1806-1813. 

3. Shelestynsky, Stephen J., C. Y. Ching, and J-S. Chang. "Electrohydrodynamic pumping of 

vapour refrigerant bubbles in a two-phase natural circulation heat transport loop." 

In Electrical Insulation and Dielectric Phenomena, 2003. Annual Report. Conference on, 

pp. 702-705. IEEE, 2003. 

4. Tas, N. R., J. W. Berenschot, R. G. R. Sanders, T. S. J. Lammerink, M. Elwenspoek, and 

A. van den Berg. "Bubble pump for integrated nanofluidics." In Nanotechnology, 2001. 

IEEE-NANO 2001. Proceedings of the 2001 1st IEEE Conference on, pp. 454-458. IEEE, 

2001. 

5. Tsai, Jr-Hung, and Liwei Lin. "Active microfluidic mixer and gas bubble filter driven by 

thermal bubble micropump." Sensors and Actuators A: Physical 97 (2002): 665-671. 

6. White, Susan Jennifer. "Bubble pump design and performance." PhD diss., Georgia 

Institute of Technology, 2001. 

7. Yin, Zhizhong, and Andrea Prosperetti. "A microfluidic'blinking bubble'pump."Journal of 

Micromechanics and microengineering 15, no. 3 (2005): 643. 

8. Zahn, Markus. "Magnetic fluid and nanoparticle applications to nanotechnology." Journal 

of Nanoparticle Research 3, no. 1 (2001): 73-78. 

 

DEP-Driven Bubble Pump 

9. Darabi, J., M. M. Ohadi, and D. DeVoe. "An electrohydrodynamic polarization micropump 

for electronic cooling." Microelectromechanical Systems, Journal of10, no. 1 (2001): 98-

106. 

10. Fuhr, Guenter, Thomas Schnelle, and Bernd Wagner. "Travelling wave-driven 

microfabricated electrohydrodynamic pumps for liquids." Journal of Micromechanics and 

Microengineering 4, no. 4 (1994): 217. 

11. García-Sánchez, Pablo, Antonio Ramos, N. G. Green, and Hywel Morgan. "Experiments 

on AC electrokinetic pumping of liquids using arrays of microelectrodes." Dielectrics and 

Electrical Insulation, IEEE Transactions on13, no. 3 (2006): 670-677. 

12. Gencoglu, Aytug, David Olney, Alexandra LaLonde, Karuna S. Koppula, and Blanca H. 

Lapizco‐Encinas. "Dynamic microparticle manipulation with an electroosmotic flow 

gradient in low‐frequency alternating current dielectrophoresis." Electrophoresis 35, no. 2-

3 (2014): 362-373. 



186 

 

13. Helberg, C., and J. E. Bryan. "Dielectrophoretic control of bubble transport in 

mesochannels—experimental study." Journal of fluids engineering 129, no. 9 (2007): 

1131-1139. 

14. Helberg, Chris. Fundamental Study of Utilizing Electrostatic Forces to Create Two-phase 

Pumping. ProQuest, 2005. 

15. Helberg, Christopher M., Jenny E. Jackson, and James E. Bryan. "Control of Liquid-

Bubble Interface to Create a Two-Phase, Dielectrophoretic Mesopump." In ASME 2005 

International Mechanical Engineering Congress and Exposition, pp. 369-374. American 

Society of Mechanical Engineers, 2005. 

16. Jones, Thomas B., M. Gunji, M. Washizu, and M. J. Feldman. "Dielectrophoretic liquid 

actuation and nanodroplet formation." Journal of applied Physics 89, no. 2 (2001): 1441-

1448. 

17. Lackowski, M., A. Krupa, and D. Butrymowicz. "Dielectrophoresis flow control in 

microchannels." Journal of Electrostatics 71, no. 5 (2013): 921-925. 

18. Lei, U., C. W. Huang, James Chen, C. Y. Yang, Y. J. Lo, Andrew Wo, C. F. Chen, and T. 

W. Fung. "A travelling wave dielectrophoretic pump for blood delivery." Lab on a Chip 9, 

no. 10 (2009): 1349-1356. 

19. Li, Shunbo, Ming Li, Kristelle Bougot-Robin, Wenbin Cao, Irene Yeung Yeung Chau, 

Weihua Li, and Weijia Wen. "High-throughput particle manipulation by hydrodynamic, 

electrokinetic, and dielectrophoretic effects in an integrated microfluidic 

chip." Biomicrofluidics 7, no. 2 (2013): 024106. 

20. Liu, Dong, and Suresh V. Garimella. "Microfluidic pumping based on dielectrophoresis 

for thermal management of microelectronics." In Thermal and Thermomechanical 

Phenomena in Electronic Systems, 2008. ITHERM 2008. 11th Intersociety Conference on, 

pp. 545-554. IEEE, 2008. 

21. Liu, Weiyu, Yukun Ren, Jinyou Shao, Hongyuan Jiang, and Yucheng Ding. "A theoretical 

and numerical investigation of travelling wave induction microfluidic pumping in a 

temperature gradient." Journal of Physics D: Applied Physics 47, no. 7 (2014): 075501. 

22. Marczak, Marcin, and Heinrich Diesinger. "Traveling wave dielectrophoresis micropump 

based on the dispersion of a capacitive electrode layer." Journal of Applied Physics 105, 

no. 12 (2009): 124511. 

23. Ramos, A., H. Morgan, N. G. Green, A. Gonzalez, and A. Castellanos. "Pumping of liquids 

with traveling-wave electroosmosis." Journal of Applied Physics 97, no. 8 (2005): 084906. 

24. Studer, Vincent, Anne Pépin, Yong Chen, and Armand Ajdari. "An integrated AC 

electrokinetic pump in a microfluidic loop for fast and tunable flow control."Analyst 129, 

no. 10 (2004): 944-949. 

25. Suh, Junwoo, Debra Cytrynowicz, Frank M. Gerner, and H. Thurman Henderson. "A 

MEMS bubble pump for an electronic cooling device." Journal of Micromechanics and 

Microengineering 20, no. 12 (2010): 125025. 

26. Tseng, Yi-Li, Ching-Wen Huang, U. Lei, Chii-Wann Lin, and Fu-Shan Jaw. "High 

efficient driving circuit for traveling wave dielectrophoretic pump." Measurement44, no. 

10 (2011): 1980-1985. 



187 

 

27. Yu, Zhiquan, Kevin Hallinani, Wilbur Bhagat, and Reza Kashani. 

"Electrohydrodynamically augmented micro heat pipes." Journal of thermophysics and 

heat transfer 16, no. 2 (2002): 180-186. 

 

Bubble Tracking 

28. Cheng, Da-chuan, and Hans Burkhardt. "Bubble tracking in image 

sequences." International Journal of Thermal Sciences 42, no. 7 (2003): 647-655. 

29. Sacan, Ahmet, Hakan Ferhatosmanoglu, and Huseyin Coskun. "CellTrack: an open-source 

software for cell tracking and motility analysis."Bioinformatics 24, no. 14 (2008): 1647-

1649. 

 

DEP Electrode Geometry 

30. Andersson, Helene, and Albert van den Berg. "Microtechnologies and nanotechnologies 

for single-cell analysis." Current opinion in biotechnology 15, no. 1 (2004): 44-49. 

31. Hughes, Michael Pycraft. "AC electrokinetics: applications for 

nanotechnology." Nanotechnology 11, no. 2 (2000): 124. 

32. Jones, T. B. "Liquid dielectrophoresis on the microscale." Journal of Electrostatics 51 

(2001): 290-299. 

33. Jones, Thomas B., M. Gunji, M. Washizu, and M. J. Feldman. "Dielectrophoretic liquid 

actuation and nanodroplet formation." Journal of applied Physics 89, no. 2 (2001): 1441-

1448. 

34. Lin, J. T. Y., and J. T. W. Yeow. "Enhancing dielectrophoresis effect through novel 

electrode geometry." Biomedical Microdevices 9, no. 6 (2007): 823-831. 

35. Sano, Michael B., Roberto C. Gallo-Villanueva, Blanca H. Lapizco-Encinas, and Rafael 

V. Davalos. "Simultaneous electrokinetic flow and dielectrophoretic trapping using 

perpendicular static and dynamic electric fields." Microfluidics and nanofluidics 15, no. 5 

(2013): 599-609. 

36. Wakizaka, Yoshikazu, Masaru Hakoda, and Naohiro Shiragami. "Effect of electrode 

geometry on dielectrophoretic separation of cells." Biochemical Engineering Journal 20, 

no. 1 (2004): 13-19. 

37.  Svitek, J. "Three-dimensional point-plane electric field analysis using integral equations." 

AFRICON'92 Proceedings., 3rd AFRICON Conference. IEEE, 1992. 

 

Dynamics of Bubble Formation and Separation without DEP 

38. Afzal, M. U., and I. S. Kang. "A Numerical Study on Bubble Detachment from Solid Wall 

and Formation of Jet inside Detached Bubble." 

39. Bonjour, Jocelyn, Marc Clausse, and Monique Lallemand. "Experimental study of the 

coalescence phenomenon during nucleate pool boiling."Experimental Thermal and Fluid 

Science 20.3 (2000): 180-187. 

40. Eastman, R. E. "Dynamics of bubble departure." In AIAA, 19th Thermophysics Conference, 

vol. 1. 1984. 



188 

 

41. Fuchs, Thomas, Jürgen Kern, and Peter Stephan. "A transient nucleate boiling model 

including microscale effects and wall heat transfer." Journal of Heat Transfer 128, no. 12 

(2006): 1257-1265. 

42. Fujikawa, Shigeo, Takeru Yano, and Masao Watanabe. Vapor-liquid interfaces, bubbles 

and droplets: Fundamentals and applications. Springer Science & Business Media, 2011. 

43. Nahra, Henry K., and Y. Kamotani. "Prediction of bubble diameter at detachment from a 

wall orifice in liquid cross-flow under reduced and normal gravity conditions." Chemical 

Engineering Science 58, no. 1 (2003): 55-69. 

44. Nigmatulin, T. R. "Surface of a Taylor bubble in vertical cylindrical flows." In Doklady 

Physics, vol. 46, no. 11, pp. 803-805. MAIK Nauka/Interperiodica, 2001. 

45. Robinson, A. J., and R. L. Judd. "The dynamics of spherical bubble growth."International 

journal of heat and mass transfer 47, no. 23 (2004): 5101-5113. 

46. Siedel, Samuel. Bubble dynamics and boiling heat transfer : a study in the absence and in 

the presence of electric fields. Other. INSA de Lyon, 2012. English.   

47. Son, G., V. K. Dhir, and N. Ramanujapu. "Dynamics and heat transfer associated with a 

single bubble during nucleate boiling on a horizontal surface." Journal of Heat 

Transfer 121, no. 3 (1999): 623-631. 

48. Sugrue, R., J. Buongiorno, and T. McKrell. "An experimental study of bubble departure 

diameter in subcooled flow boiling including the effects of orientation angle, subcooling, 

mass flux, heat flux, and pressure." Nuclear Engineering and Design 279 (2014): 182-188. 

49. Trivedi, Gautam, and James E. Funk. Dynamics and Stability of Electrolytic Bubbles: 

Bubble Departure Diameters. No. THEMIS-17. KENTUCKY UNIV LEXINGTON 

BOILING AND PHASE-CHANGE LAB, 1970. 

50. Zuber, Novak. Hydrodynamic aspects of boiling heat transfer (thesis). No. AECU-4439. 

California. Univ., Los Angeles; and Ramo-Wooldridge Corp., Los Angeles, 1959. 

51. Smolianski, Anton, Heikki Haario, and Pasi Luukka. "Vortex shedding behind a rising 

bubble and two-bubble coalescence: A numerical approach." Applied mathematical 

modelling 29.7 (2005): 615-632. 

 

Dynamics of Bubble Formation and Separation with DEP 

52. Allen, P. H. G., and T. G. Karayiannis. "Electrohydrodynamic enhancement of heat transfer 

and fluid flow." Heat Recovery Systems and CHP 15, no. 5 (1995): 389-423. 

53. Cattide, A., P. Di Marco, and W. Grassi. "Evaluation of the electrical forces acting on a 

detaching bubble." XXV UIT National Conference, Trieste. 2007. 

54. Di Bari, Sergio, and Anthony J. Robinson. "Adiabatic bubble growth in uniform DC 

electric fields." Experimental Thermal and Fluid Science 44 (2013): 114-123. 

55. Di Marco, Paolo, Ryo Kurimoto, Giacomo Saccone, Kosuke Hayashi, and Akio 

Tomiyama. "Bubble shape under the action of electric forces." Experimental Thermal and 

Fluid Science 49 (2013): 160-168. 

56. Di Marco, Paolo. "The use of electric force as a replacement of buoyancy in two-phase 

flow." Microgravity Science and Technology 24.3 (2012): 215-228. 

57. Diao, Y. H., L. Guo, Y. Liu, Y. H. Zhao, and S. Wang. "Electric field effect on the bubble 

behavior and enhanced heat-transfer characteristic of a surface with rectangular 

microgrooves." International Journal of Heat and Mass Transfer 78 (2014): 371-379. 



189 

 

58. Dong, W., R. Y. Li, H. L. Yu, and Y. Y. Yan. "An investigation of behaviours of a single 

bubble in a uniform electric field." Experimental Thermal and Fluid Science 30, no. 6 

(2006): 579-586. 

59. Gao, Ming, Ping Cheng, and Xiaojun Quan. "An experimental investigation on effects of 

an electric field on bubble growth on a small heater in pool boiling."International Journal 

of Heat and Mass Transfer 67 (2013): 984-991. 

60. Hristov, Y., D. Zhao, D. B. R. Kenning, K. Sefiane, and T. G. Karayiannis. "A study of 

nucleate boiling and critical heat flux with EHD enhancement." Heat and mass transfer 45, 

no. 7 (2009): 999-1017. 

61. Kweon, Y. C., and M. H. Kim. "Experimental study on nucleate boiling enhancement and 

bubble dynamic behavior in saturated pool boiling using a nonuniform dc electric 

field." International Journal of Multiphase Flow 26, no. 8 (2000): 1351-1368. 

62. Kweon, Y. C., et al. "Study on the deformation and departure of a bubble attached to a wall 

in dc/ac electric fields." International Journal of Multiphase Flow 24.1 (1998): 145-162. 

63. Liu, Z., C. Herman, and D. Mewes. "Visualization of bubble detachment and coalescence 

under the influence of a nonuniform electric field." Experimental thermal and fluid 

science 31, no. 2 (2006): 151-163. 

64. Pearson, Matthew R., and Jamal Seyed-Yagoobi. "Numerical study of dielectric fluid 

bubble behavior within diverging external electric fields."Journal of Heat Transfer 130, 

no. 3 (2008): 032901. 

65. Seyed-Yagoobi, J., J. T. Hardesty, P. Raghupathi, and J. E. Bryan. "Experimental study of 

electrohydrodynamically augmented pool boiling heat transfer on smooth and enhanced 

tubes." Journal of electrostatics 40 (1997): 597-602. 

66. Siedel, Samuel, Serge Cioulachtjian, A. J. Robinson, and Jocelyn Bonjour. "Electric field 

effects during nucleate boiling from an artificial nucleation site."Experimental Thermal 

and Fluid Science 35, no. 5 (2011): 762-771. 

67. Siedel, Samuel, Serge Cioulachtjian, Anthony Robinson, and Jocelyn Bonjour. "Bubble 

Distortion due to EHD Stress." International Journal of Plasma Environmental Science 

and Technology 7, no. 1 (2013): 37-43. 

68. Sunder, Shyam, and Gaurav Tomar. "Numerical simulations of bubble formation from 

submerged needles under non-uniform direct current electric field." Physics of Fluids 

(1994-present) 25.10 (2013): 102104. 

69. Wang, Ping. “Thermal Bubble Behaviour in Liquid Nitrogren Under Electric Fields”. 

University of Southhampton PhD Thesis, October 2008. 

70. Wang, Xujing, Xiao-Bo Wang, and Peter RC Gascoyne. "General expressions for 

dielectrophoretic force and electrorotational torque derived using the Maxwell stress tensor 

method." Journal of electrostatics 39, no. 4 (1997): 277-295. 

 

DEP Enhanced Nucleate Boiling 

71. Seyed-Yagoobi, J., C. A. Geppert, and L. M. Geppert. "Electrohydrodynamically enhanced 

heat transfer in pool boiling." Journal of heat transfer 118, no. 1 (1996): 233-237. 



190 

 

72. Behnke, E., T. Benjamin, S. J. Brice, D. Broemmelsiek, J. I. Collar, P. S. Cooper, M. Crisler 

et al. "Direct measurement of the bubble-nucleation energy threshold in a CF 3 I bubble 

chamber." Physical Review D 88, no. 2 (2013): 021101. 

73. Di Marco, P., W. Grassi, G. Memoli, T. Takamasa, A. Tomiyama, and S. Hosokawa. 

"Influence of electric field on single gas-bubble growth and detachment in 

microgravity." International Journal of Multiphase Flow 29, no. 4 (2003): 559-578. 

74. Di Marco, Paolo. "The use of electric force as a replacement of buoyancy in two-phase 

flow." Microgravity Science and Technology 24, no. 3 (2012): 215-228. 

75. Forster, Christopher J., and Marc K. Smith. "The Transient Modeling of Bubble Pinch-Off 

Using an ALE Moving Mesh." (2010). 

76. Iacona, Estelle, Cila Herman, Shinan Chang, and Zan Liu. "Electric field effect on bubble 

detachment in reduced gravity environment." Experimental thermal and fluid science 31, 

no. 2 (2006): 121-126. 

77. Kurgan, Eugeniusz. "Stress Calculation in Two-Dimensional DC 

Dielectrophoresis." PRZEGLAD ELEKTROTECHNICZNY 87, no. 12 B (2011): 107-110. 

78. Pachosa, D. M., and J. N. Chung. "Dielectrophoresis-driven nucleate boiling in a simulated 

microgravity environment." Journal of heat transfer 115, no. 2 (1993): 495-498. 

79. Pearson, Matthew R., and Jamal Seyed-Yagoobi. "EHD Conduction-Driven Enhancement 

of Critical Heat Flux in Pool Boiling." Industry Applications, IEEE Transactions on 49, 

no. 4 (2013): 1808-1816. 

80. Pearson, Matthew R., and Jamal Seyed-Yagoobi. "Numerical study of dielectric fluid 

bubble behavior within diverging external electric fields." Journal of Heat Transfer 130, 

no. 3 (2008): 032901. 

81. Rosales, Carlos, and Kian Meng Lim. "Numerical comparison between Maxwell stress 

method and equivalent multipole approach for calculation of the dielectrophoretic force in 

single‐cell traps." Electrophoresis 26, no. 11 (2005): 2057-2065. 

82. Schweizer, Nils, Paolo Di Marco, and Peter Stephan. "Investigation of wall temperature 

and heat flux distribution during nucleate boiling in the presence of an electric field and in 

variable gravity." Experimental Thermal and Fluid Science 44 (2013): 419-430. 

83. Sefiane, Khellil, Y. Hristov, D. B. R. Kenning, Tassos G. Karayiannis, and D. Zhao. 

"MODELLING OF THE GROWTH AND DETACHMENT OF A VAPOUR BUBBLE 

AND THE EFFECT OF AN ELECTRIC FIELD IN THE NUCLEATE BOILING 

REGIME." In International Heat Transfer Conference 13. Begel House Inc., 2006. 

84. Seyed-Yagoobi, J., and J. E. Bryan. "Enhancement of heat transfer and mass transport in 

single-phase and two-phase flows with electrohydrodynamics." Advances in Heat Transfer 

33 (1999): 95-186. 

85. Snyder, T. J., and J. N. Chung. "Terrestrial and microgravity boiling heat transfer in a 

dielectrophoretic force field." International journal of heat and mass transfer 43, no. 9 

(2000): 1547-1562. 

86. Snyder, Trevor J., Jacob N. Chung, and John B. Schneider. "Dielectrophoresis with 

application to boiling heat transfer in microgravity. II. Experimental 

investigation." Journal of Applied Physics 89, no. 7 (2001): 4084-4090. 



191 

 

87. Snyder, Trevor J., John B. Schneider, and Jacob N. Chung. "Dielectrophoresis with 

application to boiling heat transfer in microgravity. I. Numerical analysis."Journal of 

Applied Physics 89, no. 7 (2001): 4076-4083. 

88. Stratton, Julius Adams. Electromagnetic theory. John Wiley & Sons, 2007. 

89. Zu, Y. Q., and Y. Y. Yan. "A numerical investigation of electrohydrodynamic (EHD) 

effects on bubble deformation under pseudo-nucleate boiling conditions."International 

Journal of Heat and Fluid Flow 30, no. 4 (2009): 761-767. 

Electrohydrodynamics/DEP 

90. Castellanos, Antonio, ed. Electrohydrodynamics. Vol. 380. Springer, 2014. 

91. Castellanos, Antonio, et al. "Electrohydrodynamics and dielectrophoresis in microsystems: 

scaling laws." Journal of Physics D: Applied Physics 36.20 (2003): 2584. 

92. Melcher, James R. Continuum electromechanics. Vol. 2. Cambridge: MIT press, 1981. 

93. Pohl, Herbert A, Dielectrophoresis: the behavior of neutral matter in nonuniform electric 

fields. Vol. 80. Cambridge: Cambridge university press, 1978. 

94. Pohl, Herbert A. "The motion and precipitation of suspensoids in divergent electric 

fields." Journal of Applied Physics 22.7 (1951): 869-871. 

95. Wall, Staffan, et al. "The History of Electrokinetic Phenomena." Current Opinion in 

Colloid & Interface Science15.3 (2010): 119-24. Web. 

96. Whittaker, Edmund. "History of the Theories of Aether and Electricity." Soil Science 77.5 

(1954): 417. 

 

HFE-7100 Nucleate Boiling 

97. El-Genk, Mohamed S., and Huseyin Bostanci. "Saturation boiling of HFE-7100 from a 

copper surface, simulating a microelectronic chip." International Journal of Heat and 

Mass Transfer 46.10 (2003): 1841-1854. 

98. Gaertner, R. F. "Photographic study of nucleate pool boiling on a horizontal surface." 

Journal of Heat Transfer 87.1 (1965): 17-27. 

99. Kunkelmann, C., Stephan, Peter. “Numerical Simulation of the traisent heat transfer during 

nucleate boiling of refrigerant HFE-7100”. International Journal of Refrigeration. 2010 

100. Liu, J. W., D. J. Lee, and A. Su. "Boiling of methanol and HFE-7100 on heated 

surface covered with a layer of mesh." International journal of heat and mass transfer 44.1 

(2001): 241-246. 

101. Misale, M., G. Guglielmini, and A. Priarone. "HFE-7100 pool boiling heat transfer 

and critical heat flux in inclined narrow spaces." international journal of refrigeration 32.2 

(2009): 235-245. 

 

DEP In Microgravity 

102. Jones, T. B. Application of Electrohydrodynamic Phenomena to Space Processing. 

Tech. no. 75N22345. N.p.: United States, 1975. 



192 

 

103. Jones, Thomas B. "On the relationship of dielectrophoresis and electrowetting." 

Langmuir 18.11 (2002): 4437-4443. 

 

Introductory Concepts 

104.  Bergman, Theodore L., Frank P. Incropera, and Adrienne S. Lavine.Fundamentals 

of heat and mass transfer. John Wiley & Sons, 2011. 

105.  “Five Strategies for Cutting Data Center Energy Costs Through Enhanced Cooling 

Efficiency” Emerson Network Power. 2007. 

http://www.emersonnetworkpower.com/documentation/en-

us/brands/liebert/documents/white%20papers/data-center-energy-efficiency_151-47.pdf  

106. Bejan, Adrian and Kraus, Allan D. Heat Transfer Handbook, Volume 1. John Wiley 

& Sons, 2003. 

107.  Azar, Kaveh. "The History of Power Dissipation." The History of Power 

Dissipation. Electronics Cooling, 20 Jan. 2000. Web. 08 Jan. 2016. 

108.  Kakac, Sadk, et al., eds. Microscale Heat Transfer-Fundamentals and 

Applications: Proceedings of the NATO Advanced Study Institute on Microscale Heat 

Transfer-Fundamentals and Applications in Biological and Microelectromechanical 

Systems, Cesme-Izmir, Turkey, 18-30 July, 2004. Vol. 193. Springer Science & Business 

Media, 2006. 

109.  Lakshminarayanan, V., and N. Sriraam. "The effect of temperature on the 

reliability of electronic components." Electronics, Computing and Communication 

Technologies (IEEE CONECCT), 2014 IEEE International Conference on. IEEE, 2014. 

110. Moore, Gordon E. "Cramming more components onto integrated circuits, 

Electronics, 38: 8 (1965)." URL: ftp://download. intel. com/research/silicon/moorespaper. 

pdf 16 (2005). 

111.  Wirth, Eric. Thermal management in embedded systems. Diss. University of 

Virginia, 2004. 

 

Two Phase Modeling and Flow 

112. "COMSOL Main Page." COMSOL Multiphysics® Modeling Software. N.p., n.d. 

Web. 21 Sept. 2016. <http://www.comsol.com/>  

113. COMSOL (2015). CFD Module User’s Guide (COMSOL version 5.2). Included 

with COMSOL software package, Retrieved 10/1/16. 

114. Cheung, Sherman CP, G. H. Yeoh, and J. Y. Tu. "On the modelling of population 

balance in isothermal vertical bubbly flows—average bubble number density approach." 

Chemical Engineering and Processing: Process Intensification 46.8 (2007): 742-756. 

115. Jackson, John David. Classical electrodynamics. Wiley, 1999. 

116. Jamet, Didier. "Diffuse interface models in fluid mechanics." GdR CNRS 

documentation, see pmc. polytechnique. fr/mp/GDR/docu/Jamet. pdf (2010). 

117.  Schlegel, Fabrice. "Which Multiphase Flow Interface Should I Use?" COMSOL 

Blog Which Multiphase Flow Interface Should I Use Comments. COMSOL, 26 Jan. 2015. 

http://www.emersonnetworkpower.com/documentation/en-us/brands/liebert/documents/white%20papers/data-center-energy-efficiency_151-47.pdf
http://www.emersonnetworkpower.com/documentation/en-us/brands/liebert/documents/white%20papers/data-center-energy-efficiency_151-47.pdf


193 

 

Web. 27 Jan. 2016. <http://www.comsol.com/blogs/which-multiphase-flow-interface-

should-i-use/>. 

118. Son, Gihun, and Vijay K. Dhir. "A level set method for analysis of film boiling on 

an immersed solid surface." Numerical Heat Transfer, Part B: Fundamentals 52.2 (2007): 

153-177. 

119.  Osher, Stanley, and James A. Sethian. "Fronts propagating with curvature-

dependent speed: algorithms based on Hamilton-Jacobi formulations."Journal of 

computational physics 79.1 (1988): 12-49. 

120.  Yue, Pengtao, et al. "A diffuse-interface method for simulating two-phase flows of 

complex fluids." Journal of Fluid Mechanics 515 (2004): 293-317. 

121.  Kandlikar, Satish G. Handbook of phase change: boiling and condensation. CRC 

Press, 1999. 

122. Hartmann, William M. Signals, sound, and sensation. Springer Science & Business 

Media, 1997.   

123. Phan-Thien, Nhan. Understanding viscoelasticity: basics of rheology. Springer 

Science & Business Media, 2013 

124. Dunec, John. Heat Transfer Simulations [webinar] 9 August 2012. 

http://video.webcasts.com/events/pmny001/viewer/index.jsp?eventid=43397 

 

Minichannels 

125. Sturgis, J. Christopher, and Issam Mudawar. "Critical heat flux in a long, 

rectangular channel subjected to one-sided heating—I. Flow visualization."International 

journal of heat and mass transfer 42.10 (1999): 1835-1847.l 

126. Galloway, J. E., and I. Mudawar. "CHF mechanism in flow boiling from a short 

heated wall—I. Examination of near-wall conditions with the aid of photomicrography and 

high-speed video imaging." International Journal of Heat and Mass Transfer 36.10 (1993): 

2511-2526. 

127. Kandlikar, Satish G. "Fundamental issues related to flow boiling in minichannels 

and microchannels." Experimental Thermal and Fluid Science26.2 (2002): 389-407. 

128. Kandlikar, Satish G. "Nucleation characteristics and stability considerations during 

flow boiling in microchannels." Experimental Thermal and Fluid Science 30.5 (2006): 

441-447. 

129. Kandlikar, Satish G., et al. "Stabilization of flow boiling in microchannels using 

pressure drop elements and fabricated nucleation sites." Journal of Heat Transfer 128.4 

(2006): 389-396. 

130. Cubaud, Thomas, Umberto Ulmanella, and Chih-Ming Ho. "Two-phase flow in 

microchannels with surface modifications." Fluid Dynamics Research 38.11 (2006): 772-

786. 

131. Moghanlou, Farhad Sadegh, et al. "Experimental study on electrohydrodynamically 

induced heat transfer enhancement in a minichannel." Experimental Thermal and Fluid 

Science 59 (2014): 24-31. 

http://video.webcasts.com/events/pmny001/viewer/index.jsp?eventid=43397


194 

 

132.  Brutin, David, F. Topin, and L. Tadrist. "Experimental study of unsteady 

convective boiling in heated minichannels." International Journal of Heat and Mass 

Transfer 46.16 (2003): 2957-2965. 

133. Pak, Bockchoon, Young I. Cho, and Stephen US Choi. "Separation and 

reattachment of non-Newtonian fluid flows in a sudden expansion pipe." Journal of Non-

Newtonian Fluid Mechanics 37.2 (1990): 175-199. 

134. Schetz, Joseph A., and Allen E. Fuhs. Fundamentals of fluid mechanics. John Wiley 

& Sons, 1999. 

 

Embedded Systems 

135. Zurawski, Richard, ed. Embedded Systems Handbook: Embedded Systems Design 

and Verification. Vol. 6. CRC Press, 2009. 

136. Zurawski, Richard, ed. Embedded systems handbook. CRC Press, 2005. 

137. Kakaç, Sadik, et al., eds. Microscale Heat Transfer-Fundamentals and 

Applications: Proceedings of the NATO Advanced Study Institute on Microscale Heat 

Transfer-Fundamentals and Applications in Biological and Microelectromechanical 

Systems, Cesme-Izmir, Turkey, 18-30 July, 2004. Vol. 193. Springer Science & Business 

Media, 2006. 

  



195 

 

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) 
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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)  


