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Abstract 

An experimental study of alternating current (AC) induced electrohydrodynamic (EHD) flow 

and heat transfer augmentation for boiling inside an annular channel containing working fluid 

refrigerant HFC-134a has been conducted in a single-pass, counter-flow heat exchanger with a 

rod electrode placed concentric to a grounded tube. Experiments were conducted for an inlet 

quality of 0%, a heat flux of 10.2 kW/m
2
, mass fluxes from 100 kg/m

2
s to 500 kg/m

2
s and 

applied voltages from 0 kV to 8 kV DC and 0 kV to 24 kV peak to peak AC. The AC tests were 

conducted for both low frequency (60 Hz) and high frequency (6.6 kHz) near sinusoidal 

waveforms. The results show that there is no apparent difference between the DC and the 6.6 

kHz AC test cases, whereas the 60 Hz AC tests show significantly different behaviour. The flow 

boiling heat transfer results indicate that the averaged heat transfer coefficients can be increased 

by as much as 3-fold for a 24 kV p.p. 60 Hz AC applied voltage. This also incurs a pressure drop 

penalty of 2.6 fold across the heat exchanger.  

 

Keywords Electrohydrodynamic, AC Alternating Current, Heat Transfer, Convective Boiling, 

Flow Pattern, Two-Phase  

http://ees.elsevier.com/etfs/viewRCResults.aspx?pdf=1&docID=2071&rev=1&fileID=81625&msid={30D78C53-FA32-4C9E-A743-023632E68F96}
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1. Introduction 

The subject of heat transfer enhancement has developed into an intense field of study 

over the past 30 years in response to the demands imposed by the military, automotive, space, 

power generation, HVAC and thermal industrial applications for more effective and compact 

heat exchangers. Virtually every heat exchanging device is a potential candidate for enhanced 

heat transfer.  This being the case, a variety of methods have been proposed and implemented for 

the purpose of increasing heat transfer coefficients in heat exchangers. The majority of 

augmentation techniques focus on the disruption and destabilization of the thermal boundary 

layer in single-phase applications and augmented boiling/condensation and flow dynamics near 

the heat transfer surface where two-phase flow is concerned.  Among the many techniques that 

show promise for heat transfer enhancement is electrohydrodynamics (EHD). In the context of 

two-phase flow heat transfer enhancement, the EHD technique utilizes a high voltage to create a 

dynamic electric field to alter the flow regime creating increased mixing of the flow and/or 

phases and improved wetting of the heat transfer surface. 

 Interest in this heat exchange augmentation technique arises largely due to the unique 

benefits that it exhibits. The potential advantages that EHD is envisioned to provide are: 

improved system performance, improved energy efficiency, reduced system weight, volume, 

material and costs.  

Previous research on EHD augmentation of flow boiling and condensation has shown that 

the electric field influences on two-phase systems are due to the addition of electrical body 

forces to the flow. These electric forces imposed on the flow field can be represented by the 

expression [1, 2]: 
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The three terms on the right-hand side of Equation (1) represent the electrophoretic, 

dielectrophoretic and electrostrictive components of the force, respectively. The electrophoretic 

force is due to the net free charge existing within the fluid or which has been injected from the 

electrodes. The dielectrophoretic force is a consequence of inhomogeneity or spatial change in 

the permittivity of the dielectric fluid. This can be caused by non-uniform electric fields, 

temperature gradients, and differences in fluid properties such as those which exist between a 

vapour and liquid. The electrostrictive force is caused by inhomogeneous electric field strength 

and the variation in dielectric constant with temperature and density. 

 In single phase applications where there is not significant temperature difference in the 

working fluid, the electrostriction force which accounts for property gradients is negligible due 

to the small dielectric constant gradient [3,4,5,6,7].  In an attempt to identify the relative 

importance of the other two electrical forces, Cotton et al. [8] performed a dimensional analysis 

and concluded that for the DC applied voltages of their tests the dielectrophoretic component 

was dominant over the electrophoretic. In a two-phase flow the dielectrophoretic component of 

the force can be substantial at vapour-liquid interfacial regions due to a step change in the 

permittivity. This results in a force which draws the liquid phase to regions of high electric field 

strength, referred to as the liquid extraction phenomenon. This may be quite beneficial with 

regard to heat transfer enhancement of stratified or condensing flows as the layer thickness can 

be decreased [9,10,11]. Even still, care must be taken since, depending on the mass flux, some 

studies have shown that the liquid extraction phenomena may promote early partial dryout which 

can have an unfavourable effect on the heat transfer [12, 13]. Regardless, the application of an 

electric field can cause flow regime transitions that positively or negatively influence the heat 
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transfer. This last point is crucial since EHD may afford the opportunity to develop novel active 

control technologies for heat exchangers.  

There have been several studies on EHD heat transfer enhancement and reviews are 

given by Jones [3], Allen and Karayiannis [15], Seyed-Yagoobi and Bryan [16] and 

Laohalertdecha et al. [17]. The preponderance of the previous studies considered the influence of 

DC electric fields on to two-phase convective boiling and condensation.  Experiments involving 

EHD augmented heat transfer in horizontal tube-side flow boiling have been conducted by Yabe 

et al. [18], Singh et al. [12,19], Salehi et al. [20], Norris et al. [13], Seyed-Yagoobi and Bryan 

[15],  Bryan and Seyed-Yagoobi [21], and Cotton et al. [8, 9]. Even though previous 

investigations are in qualitative agreement, the level of time averaged heat transfer coefficient 

enhancement depends on test-specific factors such as the experimental facility and working 

fluids used, the range of mass fluxes tested, the electrode configurations etc. It can generally be 

said that enhancement levels range between 1.6 fold [9] to as high as 5.5 fold [12,19]. However, 

no comprehensive investigation on the influence of AC electric fields on the thermal-hydraulics 

of EHD augmented convective boiling has been reported. Work has been conducted on the effect 

of AC applied voltages on pool boiling by some investigators [2,3,22,23] and bubble 

synchronization with varying AC frequencies was observed with heat transfer enhancement. A 

similar synchronization of frequency and heat transfer coefficient has been observed in single 

phase natural convection [24]. Carrying on from the DC work with condensing two-phase flow 

[25], Sadek et al. [11] and Cotton [26] have shown that the flow regime and the interaction 

between the stratum of liquid and the electrode can be very dependent on the magnitude and 

frequency of the applied voltage. Recently, AC high voltage sine and square waves were applied 

http://www.engineeringvillage2.com/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bBryan%2C+James+E.%7d&section1=AU&database=1&startYear=1884&endYear=2005&yearselect=yearrange&sort=yr
http://www.engineeringvillage2.com/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bSeyed-Yagoobi%2C+Jamal%7d&section1=AU&database=1&startYear=1884&endYear=2005&yearselect=yearrange&sort=yr


  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

for tube-side condensation of flowing refrigerant HFC-134a and the effects on the heat transfer 

and pressure drop were investigated [27].  

 This experimental investigation considers AC voltages applied to convective boiling in a 

horizontal tube with a concentric electrode.  Both quasi-local and overall average heat transfer 

coefficients are measured along with the pressure drop across the channel. Comparisons of the 

heat transfer and pressure drop are made between the field-free baseline tests and both DC and 

AC applied voltage tests for a range of test conditions. 

 

2. Experimental Facility and Data Reduction 

2.1 The Experimental Two-Phase Flow Facility 

Fig. 1 illustrates a schematic of the instrumented test facility used in this investigation. 

The facility utilizes refrigerant HFC-134a (R134a) as the working fluid which is circulated by a 

gear pump in a closed loop. The test facility consists of three main sections: the preheater, the 

test section and the condenser. The preheat stage uses an electrical heater to increase the 

refrigerant temperature to slightly below that of the saturation temperature corresponding with 

the system pressure to ensure that local dryout does not occur. The flow is then routed to a flat 

plate fluid-fluid heat exchanger which raises the refrigerant to the saturation temperature and, if 

required, boils the working fluid generating a quality in excess of unity at the entrance of the test 

section. Knowing the thermodynamic state of the refrigerant at the exit of the pump together with 

the total heat input from the two preheat stages allows for the determination of its 

thermodynamic state at the entrance of the test section. In this way, the inlet refrigerant quality 

can be monitored and controlled. The refrigerant is then routed to the test section preceded by a 
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1.0 m (90-diameters) long adiabatic developing section to ensure fully developed flow at the 

entrance of the test section.  

The test section is a horizontally mounted counter-flow tube-and-shell heat exchanger. 

The two-phase refrigerant flows within the tube-side and is heated by hot water flowing in the 

annular shell of the heat exchanger. The two-phase refrigerant then exits the test section and is 

returned to its original subcooled state using a water-cooled condensing heat exchanger. 

Subcooling the refrigerant ensures that vapour does not enter the gear pump.  

Of principal importance for this investigation are the measurements of water and 

refrigerant mass flow rates, the pressure drop across the test section as well as temperature 

measurements as indicated in Fig. 1. The calibrated uncertainty of the thermocouples was 

±0.1
o
C. To guarantee adequate accuracy of the refrigerant mass flux up to 500 kg/m

2
s, a low 

range (0 - 0.02 kg/s ± 0.00004 kg/s) and a  high range (0.028 - 0.28 kg/s ± 0.0001 kg/s) turbine 

flow meter was used. The differential pressure transducer was calibrated to an accuracy of ± 8Pa.  

 

2.2 The Test Section 

A more detailed view of the test section is given in Fig. 2. The test section consisted of 

concentric tubes arranged so as to create a 1.5 m long single-pass counter-flow heat exchanger. 

The inner tube contained the two-phase R134a mixture and was fabricated from a 1.8 m long 

stainless steel tube of 12.7 mm outside diameter and 10.92 mm inside diameter. The outer jacket 

contained a measured flow of heated water as the heat source for evaporating the refrigerant. The 

outer tube was 1.5 m in length, with an inner diameter of 20.8 mm and an outside diameter of 

26.7 mm. The water-side of the heat exchanger was treated as 6 discrete sections, each 250 mm 

in length. Each section had thermocouples at the entrance and exit of the water and centrally 
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located wall mounted thermocouples on the refrigerant-side tube wall. Each individual section 

was then divided into top and bottom sections, in the sense that inlet and outlet water and wall 

temperatures were monitored for each the top and bottom sections. This resulted in a total of 12 

discrete sections, 6 top and 6 bottom, where the heat transfer and wall temperatures are measured 

and were used to estimate quasi-local time averaged heat transfer coefficients as well as give an 

indication of transient flow regime behavior through assessment of the wall superheat.  The local 

wall temperature measurements were facilitated by 0.5 mm diameter sheathed type T 

thermocouple probes which were inserted into 25 mm × 0.5 mm grooves, cut to a depth of 

0.5 mm along the length of the test section. The thermocouples were silver-soldered in place.  

The axial water temperature distribution was measured at five top and bottom locations in 

addition to both inlet and outlet, as depicted in Fig. 2.  

The coaxial electrode was fabricated from a 3.175 mm diameter stainless steel rod. 

Concentric alignment of the electrode was maintained by using five non-conducting spacers 

strategically placed to minimize interference with the surface temperature thermocouples. The 

pressure drop across the test section was measured by a Validyne differential pressure transducer 

with a 34.47 kPa (5 psi) diaphragm. High speed video imagining of the flow regime at the exit of 

the test section was performed at 1000 frames/s by a high speed camera.  

 

2.3 Electrical Characteristics of R-134a 

Table 1 presents the relevant electrical properties of R-134a reported in the published 

literature. 

The discrepancies between the various studies are believed to be due to the level of 

impurities in the sample tested. As discussed by Meurer et al. [30] and Richard [34], the 
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resistivity may be dependent on the absorbed water content and other impurities in HFC’s and 

such deviations are a possible consequence. In the current study, the dielectric constant of εl = 

9.42 was adopted based on the data available and capacitance measurements conducted in the 

test section. The volume electrical resistance presented by Sekiya and Misaki [32] was used 

based on the test conditions (22ºC at 1.57MPa) and as their data was the reference benchmark by 

Spatz and Minor [35]. 

 

2.4 AC Waveforms 

The voltage potential for the DC experiments was supplied by a Glassman high voltage 

power supply; Series EL model EL30R1.5, with reversible polarity up to 30 kV. The voltage was 

set to the target voltage by means of a potentiometer.  The accuracy was 1% of rated load + 1% 

of setting with a ripple better than 0.03% RMS of rated voltage at full load.  For the low and high 

frequency AC experiments performed, the electric field was generated by a 60 Hz (0 - 25 kV 

peak to peak) Kyoto Denkiki (HV - 10A) power supply and a Jefferson Magnetek 6.6 kHz (9 kV 

peak to peak) transformer in series with a 120 V variable transformer. 

Current measurements were performed by either an Armaco® 0 - 25 µA analog current 

meter or an IPC® wide band current transformer 1mA (CM-01-L) for the DC and AC 

experiments, respectively.  The voltage and current waveforms were recorded with a Tektronix 

200 MHz digital oscilloscope (TDS 420A) via a high voltage probe.  Fig. 3 presents typical low 

and high frequency AC waveforms. It is evident that the applied voltage waveforms are distorted 

sinusoidal waveforms and result in some displacement current based on the present electrode 

arrangement and phase distributions. No conduction current was observed based on the analog 

current meter used. 
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3. Data Reduction and Uncertainty 

3.1 Time Averaged Heat Transfer Coefficient 

As mentioned, the test section was discretized into 12 sections; 6 along the top and 6 along the 

bottom. To provide more detail with regard to the influence of EHD on the flow regime and 

subsequent heat transfer, each section was treated individually. For each section it was assumed 

that the wall heat flux was uniform along its surface and could be determined by the total heat 

transfer to the refrigerant along that section, determined by: 
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where Li is the length of the individual section, Do is the outer diameter of the inner stainless 

steel tube and the temperature difference is determined by taking the mean of the time averaged 

top and bottom water temperatures at the outlet and inlet of each section and subtracting them. 

With the local heat flux approximated for each section, the local refrigerant-side heat transfer 

coefficients for each the top and bottom portions of the section were approximated by the 

following: 
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where the temperature differences on the denominators represent the difference between the 

measured local top (Ti-St) and bottom (Ti-Sb) wall temperature and the saturation temperature (Tsat) 

of the refrigerant.  The overall heat transfer coefficient is then determined by averaging all of the 

12 top and bottom heat transfer coefficients: 
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3.2 Dimensionless Parameters of the System 

To understand the relative importance of the various time scales and forces involved, the 

dimensionless parameters of the system are presented. The Nusselt number is calculated based 

upon the overall heat transfer coefficient and hydraulic diameter of the annular gap between the 

electrode and the inside of the stainless steel heat exchanger tube, Dh = Di -De, such that, 

L

hi
D

k

Dh
Nu

h
           (5) 

where De is the electrode diameter and kL is the saturated liquid refrigerant thermal conductivity. 

In a like manner, the Reynolds number is defined according to: 

Li

h
D

A
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Re           (6) 

where m is the refrigerant mass flow rate and Ai is the tube-electrode annular cross section area.  

The charge relaxation time, τ, is a measure of the rate at which free charges relax from 

the bulk of the fluid to the outer boundaries of a dielectric mass. In the context of this AC 

investigation it is an important time scale because it gives a sense of the fluids free charge 

responsiveness when subject changes in the electric field environment, for a fluid of continuous 

properties it is defined as τ = ε/σe-. For an AC voltage at a prescribed frequency, f, the 

comparison of the inverse of the electric field frequency (twice the applied voltage frequency) 

against the charge relaxation time leads to the ratio of time scales given as, 

f
f

Tr 



/1

         (7) 

The time scale ratio provides an order of magnitude estimate of the relative importance of the 

first two force terms of electrical origin in Equation (1). That is, if the ratio is much larger than 
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unity, f>>1/τ, free charge does not have sufficient time to build up in the fluid and therefore 

cannot be acted upon by the electric field. Thus the electrophoretic force may be negligible 

compared to the dielectrophoretic force within the liquid phase [3]. 

The electric body force may be represented by two dimensionless numbers [2,8]; 
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Scaling arguments show that the combined effects of electrically induced flow and forced 

convection must be considered when Ehd/ReL
2
~1 and/or Md/ReL

2
 ~1, which are analogous to the 

Richardson number for mixed forced and natural convective flows. In Eqs. 8 and 9 the reference 

electric field is taken to be the electrode surface, the reference length is annular gap of the 

concentric electrodes and the gradient of the specific dielectric constant is approximated as the 

slope of the Gurova et al. [36] correlation. 

 

3.3 Uncertainty Analysis 

Table 2 lists the measurement uncertainty associated with the various measurement devices. For 

accurate determination of the heat transfer coefficient quite accurate temperature measurements 

are required. To avoid unwanted interference between the high voltage system and the 

thermocouple measurement system, as well as additional cold junction compensation errors, a 

specialized ice bath was constructed to the specifications outlined in ASTMSTP 470 (1970). The 

bath is known to be isothermal and maintain a constant temperature of 0.01 °C, as the standard 

specifies. The total emf was then converted to a temperature measurement using individual 
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system calibration curves for each thermocouple. The calibrated accuracy was within ±0.1°C as 

shown in Table 3. 

 For the purpose of uncertainty calculation, each measurement is denoted by xi and the 

uncertainty in the measurement wi. The result of a calculation using these measurements is 

denoted Z and the uncertainty in the calculated result is denoted by wz. The uncertainty wz is 

calculated using the method of Kline and McClintock [37] using the following equation: 
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The maximum experimental uncertainties are summarized in Table 3. 

 

4.0 Results and Discussion 

4.1 The Overall Influence of an AC Applied Voltage 

 The primary aim of this study is to gain a better understanding of the interaction between 

EHD forces and a two phase flow. In particular, how the EHD forces alter the flow regime and 

cause changes in the heat transfer characteristics of the heat exchanger. To do so, the interactions 

are examined by considering the effect of the flow regime on both the quasi-local and overall 

averaged heat transfer characteristics of the heat exchanger, as well as the overall pressure drop. 

 Resolving the equations of electrohydrodynamics through dimensional analysis was used 

to elucidate flow behaviour that could not be directly derived or simulated. Quantifying the 

importance of each component has not been possible because of the complicated nature of 

convective boiling. The dimensionless analysis performed in a previous study included such an 

analysis for DC applied voltages [8] which provide an indication of the condition where 

significant EHD influences on the base flow may be expected.  An order of magnitude 
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comparison of the electric field induced forces and the inertial forces suggest that EHD 

influences on the flow of liquid in the channel may be expected for the case when Ehd/ReL
2
 ≥0.1 

and/or Md/ReL
2 
≥ 0.1 due to an electric field. The ratios suggest that the EHD forces will 

dominate over inertial ones for low flow rates, well into the laminar regime, with an applied 

voltage greater than about 6.0 kV. In addition, it also suggests that for ReL > 20,000 or Vi ≥ 2 kV 

the nature of the flow will be determined primarily by inertial forces within the fluid and EHD 

forces will not be strong enough to alter the flow. Further, the study suggested that for the DC 

conditions considered, Ehd, thus the electrophoretic force, is unlikely to play a significant role in 

augmenting the flow. 

This work studies both low frequency (60 Hz) and high frequency (6.6 kHz) AC voltages 

(i) in order to investigate the dimensional analysis prediction that the dominant force was 

dielectrophoretic in nature and (ii) to explore an underdeveloped field of AC 

electrohydrodynamics in two-phase heat transfer applications.  

For this AC study, applying the concept of electrical charge relaxation time, τ=ε/σe, 

provides insight into the mechanisms of electrically induced motion in the liquid-phase [3,7,38] 

and is used to indicate whether the dielectrophoretic force dominates the electrically induced 

flow. Unfortunately, limited electrical characterization data is available and it is thus difficult to 

establish the charge relaxation time over a large range of frequencies. Considering the time ratio 

at 1000Hz (the only frequency data available Table 1), the relaxation time is estimated to be 

τ~0.2ms and a time scales ratio of approximately Tr~0.4. As electrical resistance decreases 

significantly with frequency for R134a, as the frequency is increased to 6.6kHz, the range tested 

in the current investigation, a reduction Tr and thus the intensity of the electrophoretic force 
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component is expected. Thus for electrically induced motion to exist, other body forces must be 

dominant.  

Fig. 4 shows a comparison of the experimental heat transfer and pressure drop data for 

both the DC and AC tests. The Masuda numbers for the AC tests are based on the voltage 

amplitude, not the RMS voltage, because the oscillating voltage results in unique dynamic two-

phase flow patterns.  

Fig. 4 shows that for the 60 Hz AC case the heat transfer and pressure drop levels are 

notably lower compared to the DC and high frequency AC conditions. Consistent with the 

observations discussed in Cotton et al. [39] high speed photography at the exit revealed an 

oscillatory flow, where droplets as large as 2 mm in diameter were entrained in a vapour core 

surrounded by annular liquid films covering both the tube and electrode surfaces; similar to a 

multi-layered annular flow. The suspended droplets moved axially along the lower portion of the 

annulus with the main flow whilst oscillating vertically at a frequency of approximately 120 Hz. 

The droplets were occasionally absorbed by the inner or outer annular films. In addition to the 

droplet formation, small conical spouts, resembling jets of liquid, appeared on the upper half of 

the annular film of the electrode. The spouts were observed to form randomly on wave crests 

created by interfacial instabilities and would spray a fine mist into the upper portion of the 

vapour core. It is possible that these structures are similar in nature to the classic Taylor cone 

with the mist being the resulting atomized electrospray [40]. 

 The size of the droplets, intensity of motion, rate of deposition and the occurrence of 

spouts were highly dependent on the amplitude of the 60 Hz applied voltage and the Reynolds 

number. For high voltage amplitudes, the suspended droplets tended to be much smaller creating 

a significant level of mixing at the heat transfer surface. The interaction between the phases, the 
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extremely high interfacial area created and the increased mixing caused by the oscillatory motion 

of the flow led to significant increases in the Nusselt number (~3 fold) for the lowest flow rate 

(ReL=3500) with a similar increase in the overall pressure drop, as seen in Fig. 4. As will be 

discussed, the heat transfer enhancement is not as pronounced for the higher Reynolds number 

case due to the increased relative influence of inertial forces over the EHD forces. 

 For the DC tests [8, 9], the heat transfer coefficient and pressure drop both increase with 

increasing voltage levels and the trend is well approximated by dMNu   and dMP , 

respectively. The 6.6kHz tests show a similar trend and are in quantitative agreement with the 

DC results suggesting that this high frequency AC scenario is electrically equivalent to DC, 

albeit the range of Md is limited for the high frequency AC tests. For the 60 Hz tests, the 

dependence of Nu on Md is not linear and the exponent for the functional relationship n

dMNu   

depends on Re, with n>1 for Re=3500 and n<1 for Re=11200.  

The 60 Hz heat transfer results are consistently lower than the DC results, when 

compared using the voltage amplitude of the AC waveforms in the calculation of the Masuda 

number. This would suggest that the flow regime consisting of the suspended oscillating droplets 

is not as effective with regard to improving the heat transfer. This is likely due to the short 

duration of the applied voltage being less able to extract liquid from the stratified layer thus 

resulting in a thicker stratified layer at the bottom of the tube. 

The frequency of the vertical droplet fluctuations, determined through high speed video 

imaging, was approximately 120 Hz. This corresponds to twice the frequency of the applied 

voltage frequency of f ~ 60 Hz. This is roughly the frequency of the "on" and "off" 

dielectrophoretic body force that is developed at this voltage frequency, as fE   E
2
.  This pattern 

suggests that the fluctuations in the flow pattern are actually the continuous transition between 
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flow regimes due to the oscillation of the electric field.  It is postulated that the resultant flow 

regime is the continuous construction and destruction of two separate flow regimes. For 

example, at ReL=3500 the flow pattern in the absence of the electric field is dominantly stratified 

flow which changes to intermittent annular with entrained droplets as the DC voltage level is 

increased. In addition, for high voltage amplitudes (>10kV) additional instabilities lead to droplet 

break up and significant agitation of the annular film resulting in an increase in the rate at which 

both the heat transfer and pressure drop increase.  

 Fig. 4 also compares the effect of increasing the applied voltage level at different 

Reynolds numbers. Similar to the DC experiments detailed in [8], under the influence of a 60 Hz 

AC electric field, the EHD forces must overcome inertial, surface tension and gravity forces in 

order to produce a migration of the liquid. As the Reynolds number increases, the relative 

influence of the inertial forces will increase disproportionately considering the scale of the ratio 

Md/ReL
2
. As a result, the 60 Hz AC EHD forces did not dominate the flow at ReL=11200 and the 

oscillatory motion observed at ReL=3500 was not observed at the exit of the channel. The result 

is an asymptotic trend in the heat transfer with a relatively low level of enhancement. The 

pressure drop across the channel increases linearly and at a lower rate compared with the DC 

tests. 

In summary, for the range of parameters tested the 60 Hz AC tests resulted in a 3-fold 

increases in the Nusselt number and overall pressure drop for ReL=3500. Furthermore, for the 

lower Reynolds number tests the use of 60Hz AC resulted in a 25% higher Nusselt number 

compared to the maximum DC voltage case. For the ReL=11200 tests, Fig. 4a shows that for the 

60Hz AC tests the Nusselt number results initially increase with Md up to an enhancement in the 

region of 1.5-fold where it tends to plateau. Conversely, the Nusselt number increases nearly 
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linearly with increased DC voltage to a maximum of 2-fold, though tests were not performed 

beyond this point as the breakdown voltage of the working fluid was being approached. 

Interestingly, for this higher Reynolds number the pressure drop curves follow nearly the same 

profile indicating that, compared with the AC tests, DC produces better enhancement for the 

same or smaller pressure drop penalty. 

 

4.2 The Local Influence of an AC Applied Voltage 

 Both local and transient analyses are presented in this section for the following 

conditions: ReL=3500, xin=0%, and q"=10.2 kW/m
2
 for different AC voltage amplitudes. Fig. 5 

shows the heat transfer coefficient distribution along the top and bottom sections of the tube for 

the DC and 6.6 kHz AC tests, whilst Fig. 6 shows the same data but for the 60 Hz AC tests.  

Considering the 6.6 kHz AC experimental results shown in Fig. 5, the similarity between 

DC and high frequency applied voltages is evident. Comparing these to the results of the 60 Hz 

AC quasi-local data in Fig. 6, considerably improved heat transfer enhancement is apparent, 

especially at the 12.4 kV voltage amplitude case. Compared with the field-free case, the overall 

enhancement with 12.4 kV applied voltage is approximately 3-fold, with local heat transfer 

enhancements exceeding 4-fold near the outlet of the channel. 

 For these test conditions, dynamic measurements and flow mapping suggest that the 

dominant flow pattern for the field-free case is stratified wavy. One would thus expect a 

significant difference in heat transfer coefficients between the top to the bottom of the tube. This 

is in fact what is observed in Fig 5. For the DC and 6.6 kHz AC the local heat transfer 

coefficients increase with increased applied voltage for both the top and bottom sections, except 

at the tube entrance. For the 60 Hz AC tests and V ≤ 9.2 kV, Fig. 5 shows a similar trend for the 
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bottom section. The heat transfer coefficients at the top of the tube, however, are not notably 

influenced by increasing the applied voltage until V ≤ 9.2 kV where there is an increase at the 

end portion of the tube. Again, by considering the interfacial forces as EHD is applied to the 

flow, the dielectrophoretic force can create instabilities on the interface resulting in a 

significantly more disturbed flow with larger more frequent waves, which are expected to be 

amplified by the fluctuating AC electric field.  If the EHD effect becomes significant, then 

migration of the liquid may occur. Therefore, when the liquid is attracted away from the 

stratified liquid layer towards the electrode against gravity, the result is a reduction in the liquid 

thickness and thermal resistance on the bottom of the tube which is considered to be the 

mechanism of enhancement for the bottom heat transfer coefficients. However, the liquid 

extracted from the bottom layer is observed to be suspended in the vapour core, thus not wetting 

the top surface, which may account for the lack of enhancement for the top section. 

 For the 12.4 kV case the heat transfer coefficient distribution changes considerably. For 

the bottom section there is a great deal of enhancement at the tube entrance which was not 

observed for the lower voltage levels. The top section shows a similar distribution in the heat 

transfer coefficient so that overall, the local heat transfer around the tube is much more 

symmetric and considerably enhanced compared with the field-free case. The predominant flow 

regime is now believed to be a destabilized oscillatory-entrained droplet flow discussed above.  

This flow pattern is more complex and transitional than traditional two-phase flow regimes, 

involving considerable phase interaction and interfacial area due to the vertical flow oscillations, 

large droplet entrainment and a liquid film encompassing the electrode.  The end result being 

significant heat transfer enhancement and more uniform heat transfer around the tube 
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circumference. To gain deeper insight into the apparent flow regime transitions, the transient 

local temperature measurements are examined in more detail in the following section.  

 

4.3 Wall Surface Temperature Profiles in the Presence of a 60 Hz Applied Voltage 

 Fig. 7a shows the time averaged axial wall superheat profiles for the same flow 

conditions as the DC cases considered in [8] for three 60 Hz AC voltage amplitudes (6.2 kV, 9.2 

kV and 12.4 kV) and the 0 kV case.  Fig. 7b shows the corresponding standard deviations of the 

superheat fluctuations. A higher standard deviation indicates that the temperature at that point 

fluctuated more about the corresponding time-averaged value over the course of the sampling 

period. Standard deviations in the range of ± 0.05 ~ 0.08C may be assumed to represent a 

constant temperature reading since this variation in temperature is in the order typical of white 

noise fluctuation.  

 The wall superheat plots at locations 1 through 6 in Fig. 7a show that the application of a 

60 Hz AC voltage decreases the wall superheat on both the top and bottom of the channel, 

though the effect is more pronounced for the top surface region. Fig. 7b shows that wall 

superheat fluctuations for the bottom of the tube are low enough to be considered constant, and 

this does not change with the application of an applied voltage. This suggests a continually 

wetted bottom surface along the entire channel which is confirmed with the visual observations 

from the high speed videos at the outlet. The top surface shows notably higher temperature 

fluctuations, indicating intermittent wetting, as well as a stronger sensitivity to the applied 

voltage level. For the 0 kV case the top wall superheat fluctuations are negligibly small between 

the entrance and mid region (location 1 and 2) and then increases with axial distance from the 

centre to the tube exit region. With increased voltage potential the fluctuations in the mid to exit 
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region become progressively less, indicating that there is improved wetting of the top surface, to 

the extent that for 12.4 kV there are no apparent fluctuations and the top surface can be 

considered wetted over this region. In fact, for the 12.4 kV case the entire top and bottom 

sections of the tube are continually wetted. Interestingly, the intermediate voltage potentials 

(Vi=6.2 kV and Vi=9.2 kV) show an increase in the superheat fluctuations on the upper surface 

with increasing voltage at the entrance (location 1).  

Similar to observed DC influences that tend to increase the upper temperature variation at 

location 1, the migration, deformation and breaking of vapour bubbles in the flow are the main 

contributing factors augmenting bubble dynamics and as a consequence the wall temperature 

variation in this region. By combining the dynamic effects of the 60 Hz electric field strength 

variation with the various EHD effects on nucleate boiling, these influences are expected to be 

accentuated, thereby increasing the temperature variations accordingly. This is corroborated by 

the recent work of Liu et al [39] and Siedel et al [40] who have shown, respectively, that EHD 

can significantly augment the heat transfer and bubble dynamics during nucleate pool boiling. 

 Downstream of the entrance where there is significant void in the channel (i.e. locations 2 

to 6), the electric field creates a force at the vapour-liquid interface enhancing the momentum 

suction pressure effect, thereby attracting the liquid upwards towards the electrode. The liquid 

layer at the bottom thus becomes thinner which decreases the thermal resistance at the bottom 

surface, causing the temperature of the wall to drop and the heat flux to increase. This effect is 

apparent from the measured increase of the heat transfer coefficients and the lower wall 

superheats along the lower half of the tube, as shown in Figs. 6b and 7a, respectively. As 

discussed, increasing the 60 Hz voltage amplitude causes both the upper wall superheats and the 

fluctuations to decrease, to the point of the fluctuations being negligible for the highest voltage 
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tested. This is contrary to the effect of the DC voltage potentials, where the flow changes to large 

amplitude wave flow or slug flow with significant superheat fluctuations. For the current 

scenario, the flow is more likely a considerably agitated stratified wavy flow, where the liquid is 

attracted as high as the electrode when the electric field is "on" and drops back when the field is 

"off" during a period associated with the electric field strength squared (i.e. E
2
 frequency ~120 

Hz as shown in Fig. 4). The decrease in the top temperature is postulated to be either from an 

increased vapour circulation slightly increasing the heat transfer coefficient, Fig. 6, or more 

likely from the entrainment of small liquid droplets from the agitated waves creating a fine mist 

that continuously impinges the upper surface.  

 As mentioned, the top and bottom wall temperature measurements are almost identical at 

the tube exit region (location 6) for the 9.2 kV case. This is the case for the entire tube length for 

the 12.4 kV applied voltage tests. Consequently, the quasi-local heat transfer values are relatively 

uniform around the circumference of the tube at these locations. This implies a circumferentially 

uniform flow regime has developed because of the fluctuating electric field. 

 

4.4 Flow Pattern Reconstruction 

 The flow pattern reconstruction for the DC electric field tests is detailed by Cotton et al 

[8] and will only be summarized here. For the 0 kV base case and 0% inlet quality (same as top 

schematic in Fig. 8) the dominant flow pattern is stratified wavy flow with large amplitude 

waves forming closer to the exit. This creates a stratified wavy/slug flow regime with large 

amplitude waves in this region. With intermediate applied DC voltage the onset of this flow 

regime moves closer to the inlet with significant droplet entrainment in the vapour core. 

Increasing the DC voltage further causes a higher concentration of entrained droplets in the 
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vapour core. This reduces the liquid volume and thickness on the bottom layer returning it to a 

stratified wavy regime. The increased evaporation coupled with the more rigorous liquid 

extraction tends to almost completely consume the bottom liquid layer by the test section exit 

and a dispersed droplet/annular flow exists in this region.  

 For the intermediate AC voltage amplitudes of 6.2 kV and 9.2 kV the wall superheats 

were observed to decrease moderately from the field-free case.  Therefore, it is presumed that a 

major flow regime transition had not yet occurred. The moderate superheat reductions and 

differences in their standard deviation are likely due to increased amounts of entrained droplets. 

The only significant difference is at the exit region (location 6) for the 9.2 kV test, where the top 

wall temperature decreased significantly to approximately that of the diametrically opposed 

bottom wall superheat. This being the case, the flow pattern is believed to be circumferentially 

uniform around the tube and, with the support of high speed video imaging at the exit viewing 

window, this regime was identified as an oscillatory-entrained droplet flow pattern. 

 Increasing the voltage amplitude to 12.4 kV results in a significant change in the 

behaviour of the wall superheats, as shown in Fig. 7. Here, the wall superheats drop to a point 

where they are almost uniform, both axially and circumferentially. The upper half of the channel 

decreased by approximately 5 °C and the lower half of the channel by about 2 °C below the 

field-free case. Further, the superheat fluctuations are all within the band of white noise which 

signifies that the tube wall is continuously wetted. Similar to the 9.2 kV case, the exit flow 

regime observed visually was an oscillatory-entrained droplet flow pattern. Based on the 

homogeneity of the surface temperatures, the oscillatory-entrained droplet flow has likely 

developed throughout the entire heat exchanger, with the exception of possibly location 1, where 
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the quality is quite low at x ~ 4%. At the entrance region, the flow is similar to that observed for 

the highest DC voltage cases, dispersed bubbly flow, as discussed in [8].  

The complex nature of the oscillatory flow pattern results in an augmentation in both 

phase interaction and interfacial area due to the vertical flow oscillations, the high level of 

droplet entrainment and the liquid film encompassing the electrode. A uniform rate of heat 

transfer is evident in Fig. 6 because of the apparent symmetry in the prevailing flow pattern, 

confirmed with the high speed video footage. The schematics of the proposed flow pattern 

reconstruction both in the absence of an electric field and at increasing 60 Hz AC applied 

voltages are presented in Fig. 8. 

 

5. Conclusion 

Agreement between the DC and 6.6 kHz AC results at a duty cycle of approximately 90% 

suggests that the electrophoretic component of the electric body force may not be significant. 

Therefore, for electrically induced motion to exist, other body forces must be dominant and has 

been deduced to be the dielectrophoretic force for the DC and high frequency AC cases. 

The EHD forces created by the application of the 60 Hz AC voltage created an oscillatory 

flow regime as observed in the outlet section of the test section. Based on visual observation, the 

oscillations of the flow pattern are suspected to be the continuous transition between flow 

regimes due to the approximate "on/off" electric field applied to the electrode. The resultant flow 

regime is quite unique and is postulated to be due to the continuous construction and destruction 

of two limiting flow regimes. The interaction between the phases and the resulting interfacial 

area was extremely high, which, when coupled with the increased mixing created by the 

oscillatory motion of the flow, in some cases led to significant local enhancements in heat 
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transfer. For these moderate frequencies, it is yet difficult to identify the dominant electric 

forces, partially due to the limited electrical properties available.  
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Nomenclature 

A surface area (m
2
) 

Cp specific heat (J/kg·K) 

dP pressure drop (Pa) 

D diameter (m) 

Dh hydraulic diameter (m) 

E electric field strength (V/m) 

Ehd EHD number (-) 

f frequency (Hz) 

fE electric force (N) 

h heat transfer coefficient (W/m
2
·K) 

I current (A) 

k thermal conductivity (W/m·K) 

L length (m) 

m  mass flow rate (kg/s) 

Md Masuda number (-) 

Nu Nusselt number (-) 

P pressure (Pa) 

q power (W) 

q
//
 heat flux (W/m

2
) 

Re Reynolds number (-) 

T temperature (K) 

Tr time scale ratio (-) 

Vi voltage applied to electrode (V) 
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46 
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48 
49 
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51 
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54 
55 
56 
57 
58 
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61 
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wi uncertainty in measurement 

wz uncertainty in calculated result 

x vapour quality 

xi measurement 

Z calculated variable 

Greek 

  permittivity (N/V
2
)  

µ viscosity (kg/m·s) 

µc ion mobility (m
2
/V·s) 

 mass density (kg/m
3
) 

ei charge density (C/m
3
) 

τ relaxation time (s) 

 kinematic viscosity (m
2
/s) 

e electrical conductivity (S/m) 

Subscripts 

a average 

b bottom 

e electrode 

E electric 

i inner 

in inlet 

L liquid 

o reference 

pp peak to peak 

S surface 

sat saturation 

t top 
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T temperature 

V vapour 

W  water 
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Table 1: Electrical Properties of R-134a 

 

 Electrical Property Data Reference 

Dielectric Breakdown 

(kV/mm) 

2.55 

2.6 

2.44 

McAllister [28] 

Fellows et al. [29] 

Meurer et al. [30] 

Liquid Dielectric Constant  

@ ~20 ºC to 26 ºC 

9.51 

9.46 

9.0 

9.2 

9.8 

Fellows et al. [29] 

Barao et al. [31] 

Sekiya & Misaki [32] 

Meurer et al. [30] 

Spatz & Minor [33] 

DC Resistivity (MΩ.m) 7.3 

9.6 

Sekiya & Misaki [32]  

Spatz & Minor [33] 

AC Resistivity (MΩ.m)  

@ 1 kHz 

1.77 

2.5 

1.09 

Fellows et al. [29] 

Sekiya & Misaki [32] 

Meurer et al. [30] 

 



  

Table 2: Measurement error 

 

Parameter 

(Make, Type) 

Error 

Temperature (calibrated) 

(Type-T, Omega thermocouple) 

± 0.1 °C 

Refrigerant Mass Flow Rate, high side 

(FTB-101, Omega turbine flow meter) 

0.0313 ± 0.0002 kg/s (min) 

0.1428 ± 0.0007 kg/s (max) 

Refrigerant Mass Flow Rate, low side 

(FTB-101, Omega turbine flow meter) 

0.00081 ± 0.00004 kg/s (min) 

0.0183 ± 0.0001 kg/s (max) 

Condensing Water Flow Rate 

(F. & P. Rotameter) 

3.07± 0.06 kg/s (min) 

10.2± 0.2 kg/s (min) 

Heating Water Mass Flow Rate 

(FTB-101, Omega turbine flow meter) 

0.03744 ± 0.0002 kg/s (min) 

0.09871 ± 0.0005 kg/s (max) 

Pressure Drop 

(8.618 kPa, Validyne transducer) 

71.5 ± 0.1 Pa (min) 

7639 ± 8 Pa (max) 

Refrigerant Pressure 

(Heise pressure sensor) 

620 ± 1 kPa (min) 

680 ± 1 kPa (max) 

Applied Voltage – DC (EHD) 

(EL30R1.5, Glassman DC power supply)  

2.0 ± 0.2 kV (min) 

8.0 ± 0.3 kV (max) 

DC Current (EHD) 0.5 ± 0.1 μA 

 



  

Table 3: Error of calculated result 

 

 

Parameter Maximum Percentage Error 

Heat Flux (W/m
2
) ± 10 % 

Quality ± 3 % 

Heat Transfer Coefficient (W/m
2
°C) ± 14 % 
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Fig. 1: Schematic Diagram of Test Facility. 
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Fig. 2: Schematic Diagram of Test Section: The Electrohydrodynamic Heat Exchanger. 
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Fig. 3: Typical Current and Voltage Waveforms of the a) 60 Hz and b) the 6.6 kHz Transformer. 
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Fig. 4: The Effect of the DC & AC Masuda Numbers in liquid phase(based on the AC voltage amplitude) on the a) time-average a) Overall Nusselt Number and 

b) Overall Pressure Drop at a Fixed Heat Flux and Inlet Quality for two different Reynolds Numbers. 
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Fig. 5: A Comparison of the time and section averaged heat transfer coefficients along the axial direction for various  DC and 6.6 kHz AC applied voltages (z=0 

at inlet of heat exchanger). 
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Fig. 6: A Comparison of the time and section averaged heat transfer coefficients along the axial direction for various 60 Hz AC applied voltages (z=0 at inlet of 

heat exchanger). 
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Fig. 7: Time-averaged axial surface superheat temperature and standard deviation profiles of the concentric electrode for various 60 Hz AC applied voltages. 
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Fig. 8: Proposed Reconstructed Flow Pattern from Surface Temperature and Pressure Drop Traces and Inlet and Outlet Flow Regime Observations  for 

Increasing 60 Hz AC Voltage Amplitudes ( m = 100 kg/m
2
s, q" = 10.2 kW/m

2
 and  xin = 0%). 




