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gas flow structure and velocity magnitude persist and allow to correlate the optimal 

distance of the ES capillary to the hot spot surface as function of its size.  

One cooling performance indicator which correlates with the average heat and mass 

transfer coefficient is the steady-state hotspot temperature. As the emitter-to-surface 

spacing increases, the heat and mass transfer coefficients increase which for a set heat rate 

yields a reduction of the hotspot temperature (especially, in the mass transfer limited 

evaporation scenario). The steady-state average hotspot temperature predictions are shown 

in Figure 47. Local variations across the hotspot for the rate of heat dissipation, as well as 

the heat and mass transfer coefficient are shown in Figure 48. 

 

Figure 47 – Temperature of a simulated hotspot which is cooled by electrospray of 
450 nL/min (7.5 µg/s) of water with 1.5 µm diameter primary droplets, 2500 V applied 
potential, and emitter-to-surface spacings ranging from 0.4 mm to 1.2 mm. The 
average (total) heat flux dissipated from the surface of the hotspot by both 
evaporation and sensible cooling ranged from 6.8 W/cm2 for 0.4 mm spacing to 7.1 
W/cm2 for 1.2 mm spacing. The increase in overall heat flux at the larger spacing is 
due to the larger average heat transfer coefficient in that case.  

 



 146

 

Figure 48 – Local variations in heat and mass transfer coefficients ([A] and [B]) and 
heat flux dissipated as a function of radial position on the 600 m diameter hotspot 
([C] and [D]) for emitter-to-surface spacing of 1.2 mm ([A] and [C]) and 0.4 mm ([B] 
and [D]). In both cases, heat transfer by evaporation is the dominant means of hotspot 
cooling, and therefore the mass transfer coefficient is the most important 
performance measure. When the emitter is close to the hotspot, the mass transfer 
coefficient becomes slightly higher near the center (within approximately 25 µm 
radially extended zone) of the hotspot, but the mass transfer coefficient is lower 
elsewhere on the hotspot due to the relatively low velocity of the gas approaching the 
hotspot in those outer regions. For [A] and [C], the hotspot temperature is 46.9 °C 
with an average hotspot surface heat flux of 7.1 W/cm2. For [B] and [D], the hotspot 
temperature is 63.5 °C with an average hotspot surface heat flux of 6.8 W/cm2. The 
secondary peaks in heat and mass transfer coefficients and in heat flux dissipation at 
the radial outer edge of the hotspot are due to singularity at the change of the surface 
boundary conditions at the edge of the hotspot where the boundary layer is perturbed 
as the surface temperature and vapor concentration drops substantially beyond the 
hotspot bounds. 

From Figure 47 and Figure 48, one can see that the existence of the induced ES gas jet has 

a significant effect on the heat and mass transfer conditions at the hotspot surface. The heat 

and mass transfer coefficients are increased by at least an order of magnitude. The 
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reduction in hotspot surface temperature can be on the order of tens of degrees Celsius with 

an increase in the ES emitter to surface distance from 0.4 mm to 1.2 mm. Additionally, by 

considering the relative magnitudes of all contributing modes of heat dissipation in Figure 

48, evaporation phase change accounts for ~85% or greater of the ES cooling scheme’s 

thermal transport capability at all locations across the hotspot.  

Because evaporation phase change accounts for the majority of the heat removed, it is 

instructive to consider the limit on the maximum heat dissipation by evaporation cooling. 

In the absence of conduction resistance across the film, the overall resistance to heat 

removal is primarily dictated by the local mass transfer coefficient (hm), the working fluid’s 

latent heat (hfg), and the working fluid’s saturation vapor density at the hotspot surface 

(𝜌ଶ,௦). For a constant surface heat flux, increasing hm yields a reduction in the surface 

temperature, or for a constant surface temperature, increasing hm would increase the rate 

of heat removal.  Because mass transfer coefficient variation can be understood through 

understanding how vapor concentration boundary layer thickness varies, a comparison of 

vapor concentration profiles for two distances between the ES emitter tip and the hotspot 

is shown in Figure 49. 
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Figure 49 – Mass density of the evaporating vapor ([A] and [C]) and gas velocity 
magnitude with streamlines ([B] and [D]) for ES of 450 nL/min (7.5 µg/s) of water 
with 1.5 µm diameter primary droplets, 2500 V applied potential, and emitter-to-
surface distance of 1.2 mm ([A] and [B]) and 0.4 mm ([C] and [D]). Total evaporation 
rate is held constant to match the liquid delivery rate. For [A] and [B], the hotspot 
temperature is 46.9 °C with an average hotspot surface heat flux of 7.1 W/cm2. For 
[C] and [D], the hotspot temperature is 63.5 °C with an average hotspot surface heat 
flux of 6.8 W/cm2. Color map values for gas velocity in [B] and [D] are only for values 
greater than 0.3 m/s to assist in identifying the structure of the gas jet. For the larger 
emitter-to-surface distance, the centerline gas velocity is lower near the hotspot due 
to momentum dissipation but the gas velocity at further radial extents is greater due 
to continued momentum transfer from the droplets, which results in the vapor 
concentration boundary layer being thinned across the entire hotspot rather than 
only near the centerline. Additionally, for the closer positioned emitter, the gas 
mixture in the uptake region (near the tip of the ES emitter) has a high vapor mass 
density due to the emitter tip being so close to the vapor source. This results in 
recirculation of vapor when the emitter tip is very close to the hotspot, reducing the 
effectiveness of the entrained gas jet to enhance evaporation. 

For the simulations described in Figure 47, maximum, minimum, and average hm at the 

hotspot (see Equations 84 and 85) are plotted in Figure 50. 
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Figure 50 – Maximum, average, and minimum mass transfer coefficients at the 
surface of a simulated hotspot which is cooled by electrospray of 450 nL/min (7.5 µg/s) 
of water with 1.5 µm diameter primary droplets, 2500 V applied potential, and 
emitter-to-surface spacings ranging from 0.4 mm to 1.2 mm. As the emitter is moved 
further from the hotspot, the peak mass transfer coefficient decreases slightly while 
the minimum and average mass transfer coefficients approximately double within the 
distance between the ES emitter tip and the surface. 

When considering optimal positioning of the ES emitter, the observations in this section 

must be considered in the context of visualizations and calculations performed in 

CHAPTER 1. While evaporation resistance is minimized by placing the ES emitter further 

from the hotspot, it has been observed that at the relatively low liquid flowrates 

characteristic of nanoelectrospray (~10 nL/sec or less), increasing the emitter distance 

more than about 1 mm from the surface will not yield the film flattening effects necessary 

for reducing conduction resistance across the film. For surface heat fluxes greater than ~10 

W/cm2 this film flattening effect was determined to be crucial for minimizing the 

conduction resistance and reducing the surface temperature. Even for surface heat fluxes 
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below this value where film depression is not critical, it was observed that continuous films 

could not be maintained at emitter-to-surface distance of more than a few millimeters. 

Therefore, an optimal configuration is likely to exist when the emitter is placed at the 

furthest location where the emitted plume impinges upon the surface with sufficient droplet 

velocities, which provide flattening of the liquid film to sub-µm thicknesses, while also 

inducing the gas flow velocity of the entrained stream. The experimental work of 

CHAPTER 1 points to promising configurations, and to comprehensively assess the 

thermal performance, the model presented here would need to be extended to simulate the 

film coverage, shape, and thickness. It should also be noted that since the mass transfer 

coefficient is significantly increased by the presence of high-velocity impinging gas flows, 

best thermal performance is likely achieved by utilizing the methods of increasing the gas 

velocity described in CHAPTER 4 (i.e., decreasing the droplet size by raising the electrical 

conductivity of the working fluid and increasing the liquid mass flowrate).  

5.3 Effect of working fluid on surface cooling 

The reduced order modeling discussed in section 2.3 indicates that up to its boiling point, 

methanol is a better candidate than water as an ES working fluid for evaporation cooling 

schemes due to its relatively high saturated vapor density. This is assessed here by looking 

at the predicted (not just postulated) values of heat and mass transfer coefficient by 

simulating ES of methanol and comparing the results with ES of water, which were 

obtained in section 5.2. Since it was demonstrated in CHAPTER 4 that small ES droplets 

are most effective at entraining gas, and since it is possible to tune the electrical 

conductivity of the working fluid with dopants to yield small ES droplets, the comparison 

between methanol and water ES is made using the same-size small droplets. ES simulations 
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are performed with 1.5 µm diameter primary droplets, 0.42 µm satellite droplets (water 

droplets were charged to 70% of the Rayleigh limit while methanol droplets are charged to 

the full Rayleigh limit for the reasons discussed in section 3.1.9) with a 2500 V applied ES 

potential and a 1 mm distance between the capillary emitter tip and the simulated hotspot. 

The mass density, surface tension, latent heat, and saturated vapor density data are taken 

from Engineering Equation Solver thermophysical property tables. The binary diffusion 

coefficient for methanol vapor in air at 0°C - 30°C is taken from experimental data[56], and 

above 30°C is estimated using as being 𝐷ሺ𝑇ሻ ൌ 𝐷ଷ଴ଷ୏ ቀ
்

ଷ଴ଷ ୏
ቁ
ଵ.଻

 where T is local absolute 

temperature of the gas/vapor mixture and 𝐷ଷ଴ଷ୏ is the binary diffusion coefficient for 

methanol vapor in air at 30°C , i.e., 303 K[57]. The relevant properties are entered as user-

defined temperature-dependent property tables in COMSOL. 

In the following two sections, the purely hydrodynamic behavior of the ES-induced gas 

flows and their performance for heat dissipation using gas-assisted thin film evaporation 

are discussed to compare and contrast the relative capabilities of methanol and water for 

producing an entrained gas jet and their utility for ES spray-cooling application.  

5.3.1 Comparisons of induced gas flow 

A comparison of methanol and water to determine their relative capability for producing 

an entrained gas jet is made for scenarios with equal droplet sizes, equal applied potentials, 

and equal liquid volumetric flowrates for both liquids. Simulating electrospray of methanol 

with a volumetric flowrate equal to that of water in section 5.2 (450 nL/min) yields a gas 

flow profile which is very similar to that of water, as seen in Figure 51. The droplets are of 

the same size and also have nearly identical charge-to-mass ratios. The simulated water 
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spray has an electrospray current of 45 nA, while the methanol spray has an electrospray 

current of 36 nA since methanol has a lower Rayleigh charge limit due to its lower surface 

tension. This means that each methanol droplet has approximately 80% the charge of the 

same-size water droplet. However, methanol has ~79% the mass density of water, so the 

charge-to-mass ratio is nearly the same in either case and therefore the trajectory and 

velocity of the droplets are similar whether using water or methanol as the ES working 

fluid. A potential benefit of using methanol ES to generate an entrained gas jet is that the 

input electrical power requirement (𝐼ௌ𝜑௔௣௣) would be only 80% that required for water 

while achieving the same gas flow outcome. In terms of the total energy efficiency for gas 

jet production (kinetic energy of the gas jet as compared to the input electrical power,  

𝜂௧ ൌ ሺ׬ 𝜌ห𝒗𝒈 ∙ 𝒏ෝหሺ𝑣௚ଶ஺ /2ሻ 𝑑𝐴ሻ/𝐼ௌ𝜑௟,௜) described by Equation 53 in section 4.1.4, methanol 

yields a greater total efficiency than water, on the order of about 25%. 
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Figure 51 – Axially-directed gas velocity along the electrospray plume center line for 
electrospray of water and methanol [A], and axial gas velocity as a function of radial 
position at 200 µm from the counter electrode surface for electrospray of water and 
methanol [B]. All electrosprays are performed at 450 nL/min liquid flowrate, 2500 V 
applied potential, 1.5 µm diameter primary droplets with 0.42 µm satellite droplets, 
and with a 1 mm distance between the capillary emitter and the counter electrode 
surface. Due to very similar charge-to-mass states for the droplets in either case, the 
gas flow profiles are also very similar. 
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5.3.2 Comparisons of evaporation cooling  

When evaluating methanol and water in the context of spray cooling, the comparison is 

made for the case of equal evaporation cooling capacity of both coolants (total rate of heat 

dissipation by evaporation) which is equal to 𝑚ሶ ௟ℎ௙௚. The mass density of methanol being 

less than 80% that of water and ℎ௙௚ being approximately half that of water requires a ~2.5 

times higher volumetric flowrate for methanol than for water, in this case requiring 1140 

nL/min methanol flowrate for equivalence to 450 nL/min of water.  

ES of methanol at the higher liquid flowrate also requires a greater electrospray current, 91 

nA compared to 45 nA for the lower liquid flowrate of water, requiring a ~2x higher input 

power for methanol to yield an equal-to-water evaporation cooling capacity. Energy 

utilization can be quantified via a coefficient of performance (COP, defined as the ratio of 

the dissipated heat load compared to the necessary input power). In this case, where heat 

removal from the hotspot is primarily by evaporation, the COP can be approximated as  

 
𝐶𝑂𝑃 ൌ

𝑚ሶ ௟ℎ௙௚
𝐼ௌ𝜑௔௣௣

 (86) 

Substituting 𝐼ௌ ൌ  𝜌௘,௟𝑉ሶ௟ and 𝑚ሶ ௟ ൌ 𝜌௟𝑉ሶ௟, where 𝜌௘,௟ is the net charge density of the liquid, 

𝜌௟ is the mass density of the liquid, and 𝑉ሶ௟ is the volumetric flowrate of the liquid, Equation 

86 can be rewritten as  

 
𝐶𝑂𝑃 ൌ ቆ

ℎ௙௚
𝜑௔௣௣

ቇ ൬
𝜌௘,௟

𝜌௟
൰
ିଵ

 (87) 
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where 𝜌௘,௟/𝜌௟ is the charge-to-mass ratio of the liquid. 

The larger volumetric flowrate for the methanol ES provides higher velocity gas flow (59 

m/s peak velocity compared to 25 m/s for water) with all the performance benefits 

discussed in section 4.4. This yields an even higher mass transfer coefficient (hm) than 

observed for ES of water at 450 nL/min despite the diffusion coefficient for methanol vapor 

in air being approximately half that of water vapor in air. The higher hm, combined with 

methanol’s high evaporative measure of performance (MOP, the product of ℎ௙௚  and 𝜌ଶ,௦௔௧ 

as discussed in section 2.2) yields a much lower hotspot temperature for methanol (21.8˚C) 

than for water (49.5˚C). The average heat flux dissipated from the surface of the hotspot is 

6.3 W/cm2 for methanol and 7 cm2 for water. The lower average heat flux for the methanol 

case is due to the hotspot temperature being nearly the ambient, which reduces heat transfer 

by gas phase convection and by sensible heating of the liquid. Calculating the per-unit-area 

thermal resistance (𝑅′′௕) at the hotspot surface as 𝑅′′௕ ൌ  ሺ𝑇௕ െ 𝑇ஶሻ /ሺ𝑄ሶ௕𝐴௕ሻ where 𝑄ሶ௕ is 

the total heat rate dissipated through the hotspot-liquid interface and 𝐴௕ is the area of the 

hotspot-liquid interface, 𝑅′′௕ for the methanol case is 0.29 ˚C/(W/cm2) while for water it is 

4.2˚C/(W/cm2). Local variations across the hotspot for the rate of heat dissipation, as well 

as the heat and mass transfer coefficient are shown in Figure 52. 
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Figure 52 - Local variations in heat and mass transfer coefficients ([A] and [B]) and 
heat flux dissipated as a function of radial position for a 600 m diameter hotspot ([C] 
and [D]) for ES of 450 nL/min water ([A] and [C]) and 1140 nL/min methanol ([B] 
and [D]). Methanol, being electrosprayed at ~2.5x the volumetric flowrate of water, 
induces higher velocity gas flows which yield greater heat and mass transfer 
coefficients across the hotspot. For [A] and [C], the hotspot temperature is 21.8 °C 
with an average hotspot surface heat flux of 6.3 W/cm2. For [B] and [D], the hotspot 
temperature is 49.5 °C with an average hotspot surface heat flux of 7 W/cm2.  

A major consideration when selecting methanol or water as a working fluid is whether to 

prioritize lowest surface temperature or highest energy efficiency. When comparing ES of 

methanol to water of equal droplet sizes and with equal applied potential, the charge-to-

mass ratio of the liquid is nearly the same but ℎ௙௚ for methanol is half that of water. 

Therefore, although using methanol yields lower surface temperatures, it has a COP 

approximately half that of water and requires twice the input power to cool the same heat 

load, which should be considered depending on requirements of a target application. 
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The COP reduces with an increase of the applied potential as 𝜑௔௣௣ିଵ in Equation 86. On 

the other hand, it was discussed in CHAPTER 1 that appreciable liquid film flattening 

effects only occur at sufficiently strong electric filed driving electrospray, which 

corresponds to a higher applied voltage  𝜑௔௣௣. Flattening of the film reduces the conduction 

resistance through the film, resulting in a beneficial decrease in hotspot temperature for 

heat fluxes above 10 W/cm2. Therefore, there exists a tradeoff between COP and the ability 

to maintain a low hotspot temperature as the function of the applied voltage.  

Following Equation 87, the COP depends inversely on the charge-to-mass density (since 

from Equation 17 the droplet charge scales with 𝑑௣
ଷ/ଶ, and droplet mass scales with 𝑑௣

ଷ, 

charge-to-mass ratio scales with 𝑑௣
ିଷ/ଶ ) which follows the 3/2-power dependence on the 

droplet diameter, 𝑑௣
ଷ/ଶ. Therefore, COP is negatively impacted by decreased droplet 

diameter. However, it is identified in CHAPTER 4 that the ES-induced gas jet velocity has 

strong dependence on 𝑑௣ and increases significantly as 𝑑௣ is decreased. Higher gas 

velocities yield higher values for heat and mass transfer coefficients at the liquid-vapor 

interface, reducing the temperature of the hotspot for a given heat flux. Therefore, for 

droplet diameter, there is also a tradeoff between COP and reduction of the hotspot 

temperature. 

COP is independent of the liquid mass flowrate, and since an increase in 𝑚ሶ ௟ also increases 

the velocity of the entrained gas jet it may seem advisable to increase 𝑚ሶ ௟ to the greatest 

extent. Up to a certain point that may be correct. However, at very large values of 𝑚ሶ ௟ the 

surface of the hot spot would become flooded. A thick liquid film which extends very far 

beyond the hotspot may have little value to increasing heat dissipation from the hotspot, 
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and at this point the COP would be negatively impacted by further increasing 𝑚ሶ ௟. The exact 

transition to a reduction in COP for increasing the liquid flow rate 𝑚ሶ ௟ depends on the 

implementation details, as well as the thermal conductivity of the substrate which would 

permit spreading of heat from the hotspot to regions of film beyond the hotspot.  

Coefficients of performance for methanol and water electrosprayed with an applied 

potential of 2500 V are shown in Figure 53. 

 

Figure 53 – Evaporation coefficient of performance (COP) as a function of primary 
droplet diameter for water and methanol electrosprayed with a 2500 V ES potential. 
The calculation is performed using latent heat of vaporization values at 20˚C. 
Evaporative COP is independent of mass flowrate, scales with 𝝋𝒂𝒑𝒑

ି𝟏 and 𝒅𝒑
𝟑/𝟐. 

Additional heat removal by sensible heating of the liquid and by gas-phase convection 
are not included (but they are relatively small), thus the COP values are 
conservatively calculated.  

5.4 Maximum heat dissipation 

Here, the maximum heat dissipation capabilities are assessed for a system which cools a 

hotspot by ES liquid impingement. In section 2.4, experiments were performed with 
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methanol as the working fluid, and it was determined that the maximum liquid flowrate 

which could be established while maintaining stable electrospray from a 30 μm diameter 

capillary emitter tip is 8 μL/min, with an applied ES potential of 4800 V. These parameters 

for flowrate and applied ES potential are utilized in the simulations of this section. 

At this significant liquid flowrate, the potential drop along the ES jet (∆𝜑௝, Equation 9) 

must be considered: ∆𝜑௝ scales with 𝑣௝௘௧ଶ while 𝑣௝௘௧ scales with volumetric flow rate, and 

here the volumetric flow rate is nearly 20x greater than previously simulated. Attempting 

to implement primary ES droplets of 1.5 μm diameter results in a ∆𝜑௝ which is greater than 

the 4800 V intended to be applied, so droplets of this size cannot possibly be generated, at 

least within our simulation framework. Thus, larger primary droplets are assumed that 

correspond to a liquid jet of larger cross-sectional area which allows for a lower 𝑣௝௘௧ with 

the same volumetric flowrate. For the specified volumetric flow rate,  𝑣௝௘௧ ∝  𝑑௣,ଵ
ିଶ, and 

from Equation 9, ∆𝜑௝ scales with 𝑣௝௘௧ଶ, therefore ∆𝜑௝ ∝  𝑑௣,ଵ
ିସ. Aiming for the small 

enough droplets to produce high-velocity gas flow, 𝑑௣,ଵ is chosen at 3.5 μm, which results 

in an approximately 725 V drop in electric potential along the liquid path from the reservoir 

to the emitted jet for either working fluid. To account for this, ∆𝜑௝ is subtracted from the 

applied at-the-reservoir electric potential of 4800 V to determine the appropriate electric 

potential present at the surface of the liquid jet, resulting in 𝜑௔௣௣ of 4078 V for simulations 

of methanol ES and 4075 V for water ES. 

The simulations are performed in an iterative manner: (1) set a hotspot temperature 5 °C 

below the boiling point of the liquid, (2) incrementally decrease the size of the hotspot to 

reduce the total vapor evaporation rate until it matches the liquid spray flowrate, while also 
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reducing the emitter-to-surface distance to keep droplets of the electrospray plume within 

the lateral extent of the hotspot, (3) make adjustments to the hotspot temperature and repeat 

steps 1-3 until the evaporation rate matched within 1% of the liquid delivery rate. The 

resulting upon-convergence hotspot size, temperatures, and electrospray plume diameter 

on the hot spot are shown in Table 6. 

Table 6 – Hot spot size, surface temperatures, and electrospray plume diameters for 
simulations of electrospray cooling targeting the maximum evaporative cooling. 

Fluid Hotspot 

Diameter 

Plume 

Diameter 

Hotspot 

Temperature 

Emitter-to-surface 

distance 

Methanol 225 µm 195 µm 61.0 °C 0.5 mm 

Water 435 µm 415 µm 95.0 °C 0.79 mm 

Heat flux dissipated at all locations across the hotspot is significantly higher than observed 

at the low surface temperatures and low liquid flowrates in section 5.3. One reason for this 

is that the high liquid volumetric flowrate drives significantly greater gas velocities, so 

both hm and hc are also much higher, diminishing the resistance to vapor removal from the 

evaporating film. Additionally, the higher surface temperature and (most importantly) 

higher vapor density at the hotspot provide a greater driving potential for heat and mass 

transfer.  Plots of local heat flux, and heat and mass transfer coefficients are shown in 

Figure 54. Total heat dissipated from the hotspot by both all modes of heat transfer from 

the film surface and by spreading through the substrate, as well as maximum, minimum, 

and surface-average values for heat flux, and transfer coefficients are tabulated in Table 7. 
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The total power dissipated is higher as the hotspot is larger for ES of water as compared to 

methanol due to the higher water’s mass density and latent heat of vaporization. 

 

Figure 54 - Local variations in heat and mass transfer coefficients ([A] and [B]) and 
heat flux dissipation ([C] and [D]) for ES of water with emitter-to-surface distance of 
0.79 mm and with a hotspot temperature of 95°C ([A] and [C]) and ES of methanol 
with emitter-to-surface distance of 0.5 mm and with a hotspot temperature of 61°C 
([B] and [D]). In both cases, the volumetric flowrate of liquid is 8 µL/min and the 
electric potential at the liquid jet surface is ~ 4075 V. As discussed in section 5.3.1, ES 
of water and methanol at the same volumetric flowrate and applied potential yield 
similar outcomes for induced gas flow, which here corresponds to similar outcomes 
for heat and mass transfer coefficients. Deviations in the relative radial profiles of the 
heat and mass transfer coefficient within each simulation are due to the effect of the 
high evaporating mass flux that induces the bulk advective flow normal to the 
interface, which acts to enhance vapor removal by advection but degrades convection 
heat transfer by thickening the thermal boundary layer. Maximum gas velocity at the 
evaporating interface is 7.1 m/s for [A] and [C], 9 m/s for [B] and [D], and scales 
across the hotspot proportionally to the evaporation heat fluxes shown in [C] and [D]. 
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Table 7 – Summary data for ES cooling simulations targeting the maximum 
evaporative cooling. Total heat dissipated from the hotspot surface through the 
evaporating liquid film and by substrate spreading, as well as maximum, minimum, 
and surface-average values for total heat flux, and heat and mass transfer coefficients. 

 Water Methanol 

Hotspot temperature [°C] 95 61 

Liquid volumetric flowrate (μL/min) 8 8 

Liquid mass flowrate (μg/s) 133 105 

Maximum gas velocity in domain [m/s] 77.3 76.6 

Maximum hm [m/s] 10 10.2 

Average hm [m/s] 1.85 2.53 

Minimum hm [m/s] 0.95 1.37 

Maximum hc [W/m2K] 1200 1360 

Average hc [W/m2K] 194 265 

Minimum hc [W/m2K] 98 143 

Maximum surface heat flux [W/cm2] 1260 1300 

Average surface heat flux [W/cm2] 233 324 

Minimum surface heat flux [W/cm2] 119 175 

Hotspot surface heat rate [mW] 346 129 

Spreading heat rate [mW] 33 13 

Total dissipated heat rate [mW] 379 142 
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The heat fluxes dissipated from the hotspot surface which are shown in Figure 54 and Table 

7 were determined for the case where there is vanishing conduction resistance across the 

liquid film. However, in reality a film of finite thickness is formed on the hotspot surface 

and conduction resistance across such a film would either increase the hotspot temperature 

(which could result in film boiling, which is out of scope of this work) or would limit the 

surface heat flux allowable while maintaining a subcooled liquid film. A steady-state one-

dimensional model presented in section 1.2.3 is simplified to incorporate the film 

conduction and is applied here with the input on the heat and mass transfer coefficient from 

the ES simulations to assess the range of heat fluxes which may be dissipated while 

maintaining the hotspot surface below the boiling point of the working fluid. A schematic 

of the modeled system is shown in Figure 55. 

                         

Figure 55 – Diagram of the modeled system. A liquid film of a variable thickness is of 
the size of a hotspot. Heat flux from the hotspot is conducted through the liquid film, 
then dissipated at the surface of the liquid-gas interface by evaporation of the liquid 
film. 
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The temperature of the hotspot surface (Tb) is prescribed as being just below (0.1°C less 

than) the boiling point of the working fluid. Spreading into the substrate is ignored, and it 

is assumed that a constant-thickness liquid layer fully covers the isothermal hotspot that 

can be analyzed a simplified one-dimensional heat transfer problem. It is determined from 

simulations that evaporation is the dominant mode of heat transfer from the liquid-vapor 

interface, accounting for 85% or more of the total heat flux at all locations across the 

hotspot, therefore convection and sensible heating of the liquid are ignored in this 

approximate analysis. The far-field gas is treated as “dry” (zero vapor content). The heat 

flux being dissipated from the hotspot (𝑞′′ௗ௜௦௦) is equal to the heat flux conducted across 

the liquid film (𝑞′′௟). 

 𝑞′′ௗ௜௦௦ ൌ 𝑘௟ሺ𝑇௕ െ 𝑇ஶሻ/𝛿 (88) 

where 𝑘௟ is the thermal conductivity of the liquid film (assumed constant at the average 

film temperature) and 𝛿 is the thickness of the film.  

Ignoring convection and sensible heating of the liquid due to their relatively small 

contributions, the heat flux from the hotspot is ultimately dissipated at the surface of the 

liquid-gas interface by evaporation of the liquid.  

 𝑞′′ௗ௜௦௦ ൌ 𝑞′′௘௩௔௣ (89) 

where 𝑞′′௘௩௔௣ is the heat flux dissipated at the liquid-gas interface by evaporation of the 

working fluid, which is  



 166

 𝑞′′௘௩௔௣ ൌ ℎ௙௚ℎ௠ 𝜌 ଶ,௦௔௧ሺ𝑇௦ሻ (90) 

Maximum, average, and minimum heat fluxes, which may be possible to dissipate by each 

liquid are computed by using the maximum, average, and minimum ℎ௠ values, which were 

determined from the detailed ES simulations. The film is treated as a disk of constant 

thickness ranging from 100 nm to 10 µm. Equations 88 - 90 are solved in Engineering 

Equation Solver (see Appendix H) to determine the total rate of heat transfer. Results are 

shown for a range of film thicknesses in Figure 56. 
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Figure 56 – Heat dissipation from a hotspot cooled by ES impingement as a function 
of the working fluid film thickness (film thickness 𝜹 is a parameter ranging from 100 
nm to 10 µm) covering the hotspot. The temperature of the hotspot is 0.1°C below the 
boiling point of the working fluid, approximately 100°C for water ([A], [C], and [E]) 
and 65°C for methanol ([B], [D], and [F]). Equations 88 - 90 are solved in Engineering 
Equation solver to determine maximum ([A] and [B]), average ([C] and [D]), and 
minimum ([E] and [F]) heat fluxes which can be dissipated based on maximum, 
average, and minimum mass transfer coefficients obtained in ES simulations, as 
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tabulated in Table 7. [A] and [B] are obtained at the center of the hotspot and would 
have little dependence on hotspot size. However average and minimum values in [C] 
- [F] are dependent on the spatial distribution of local 𝒉𝒎 across the hotspot, which 
diminishes with radial extent (especially for small emitter-to-surface distance). For 
both working fluids, 𝒉𝒎 is obtained by simulating ES of 8 µL/min of working fluid 
with an applied ES potential of ~ 4075 V. Methanol simulations are performed for a 
225 µm diameter hotspot and 0.5 mm emitter-to-surface distance, while water 
simulations are performed for a 435 µm diameter hotspot and 0.79 mm emitter-to-
surface distance, which yields mass evaporation rates to match ES liquid delivery 
rates. 

This analysis yields some useful insights. Water, in addition to having greater total cooling 

capacity (product of density and the latent heat) and therefore an ability to dissipate the 

greater total power, as discussed in section 5.3, also can dissipate a greater peak heat flux 

directly under the impinging spray than is possible with methanol. However, this higher 

heat flux dissipation requires ~35°C greater surface temperature than is the case for 

methanol, so one must take this tradeoff into consideration when implementing ES for 

surface cooling. Additionally, to dissipate high heat fluxes for either working fluid it 

becomes crucial to minimize the thickness of the film. Resistance to heat transfer is 

conduction-limited throughout the tested range of film thicknesses with best achievable 

performance at the thinnest films. Water, having a greater thermal conductivity, is less 

sensitive to film thickness than is the case for methanol. However even for water, the 

maximum heat flux that can be dissipated at the center of the hotspot diminishes by 35% 

as the film thickness grows from 100 nm to 1 µm. For methanol, that same thickness 

increase diminishes the maximum heat flux by 57%. Therefore, it is necessary in high heat 

flux applications to take advantage of the film-flattening which can be achieved by ES 

through the combination of the liquid and gas jet impingement onto the film. Thin films 

with the thicknesses of less than 300 nm were observed in the ES experiments of 

CHAPTER 1. This occurs when the applied ES potential is sufficiently high and the 
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emitter-to-surface distance is sufficiently small such that the droplets impinge at high 

velocity onto a small region of the film on the heated surface.  

It can also be concluded that if the ES cooling scheme is employed with the sub-micrometer 

film thicknesses as observed in CHAPTER 1, heat fluxes approaching or even exceeding 

1 kW/cm2 can be removed from small hotspots 40-50 µm in diameter. For larger hotspots 

on the order of a few hundreds of micrometers in diameter, the heat dissipation capability 

for single-jet ES would be on the order of a few hundreds of W/cm2. 
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CHAPTER 6. ELECTROSPRAY FOR ELECTRONICS THERMAL 

MANAGEMENT 

Thermal management is becoming a limiting factor for the advancement of electronics. In 

addition to the necessity for dissipating the background heat loads of over 100 W/cm2 over  

large areas of the microprocessor[58], small “hotspots” (regions of high power density) 

impose a requirement to remove local heat fluxes on the order of several 100s to even 1,000 

W/cm2, and cooling of these hotspots becomes the limiting factor which may cap the 

performance of the processor.[59] High temperature also negatively impacts reliability of 

microprocessors, and failure rates can be directly tied to the operating temperature.[58] 

Therefore, the generated heat flux is ideally dissipated while keeping the lowest possible 

junction temperature. If the cooling system cannot dissipate the required heat load, then 

when the maximum safe temperature is reached (usually on the order of 90oC for 

conventional electronics and 150oC for power electronics) the processor must be throttled 

or idled to cool, reducing the computational throughput. When heat dissipation strategies 

cannot sustainably dissipate the required hotspot maximum heat loads, the goal may shift 

to increasing the available continuous operating time using “capacitive thermal buffers” at 

the hotspot, such as phase change materials.[60] However it would be ideal to permit 

continuous use rather than rely on idling or core hopping as a thermal management strategy. 

Table 8 shows a summary of some relevant existing technologies demonstrated in the 

literature, which aim to meet the thermal demand imposed by the local hotspots. 
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Table 8 – Cooling technologies relevant to microelectronics cooling. Tsurf is the 
temperature of the hotspot surface as stated by the cited author(s) where provided. 
Tsurf – Tfluid is the temperature rise from the bulk working fluid to the heated surface. 

Mechanism Heat Flux Temperature Working Fluid 

Two-phase flow in 

microchannels[61] 

1500 W/cm2 Tsurf = 51˚C R-134a 

Gas-assisted evaporation 

from porous alumina[62] 

600 W/cm2 Tsurf = 95˚C water 

Single-phase flow in 

porous steel media[63] 

600 W/cm2 Tsurf – Tfluid = 55 ˚C water 

Single-phase flow in 

microchannels[64] 

428 W/cm2 Tsurf = 55˚C water 

Two-phase flow in 

microchannels[65] 

275 W/cm2 Tsurf = 125 ˚C water 

There are some potential advantages which ES spray cooling may present over the existing 

technologies that could be attractive for particular applications.  

1. Compact and lightweight 

ES being an evaporation cooling scheme, the coolant is carried away in the gas 

phase, so recovery and re-cooling of the working fluid is not necessarily required. 

Such an open-loop system which rejects the vapor to the atmosphere would likely 

have a greater COP and smaller size than closed-loop systems which must employ 
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additional components such as heat exchangers, refrigeration units, or radiators to 

reject the working fluid heat. By comparison, most of the cooling schemes in Table 

8 (with the exception of gas-assisted evaporation) are likely restricted to closed-

loop configurations. 

2. Can be retrofit to existing electronics systems 

When used to cool an accessible surface, ES would require no direct connection to 

or mating with the impinged-upon surface. Therefore, the packaging is simplified, 

and electronics systems and ES cooling systems do not need to be developed in 

conjunction. It could even be possible to retro-fit ES spray cooling to existing 

electronics systems. By comparison, all technologies in Table 8 require that solid 

components of the cooling system be integrated with or at least be in contact with 

the die or the package, which may limit interchangeability of cooling systems 

across various electronics hardware. 

3. Low power requirement, energy efficiency 

The overall power requirement for ES can be very low when the cooling system is 

implemented in an open-loop configuration (for the closed loop, vapor separation 

and recovery through condensation would be the dominant energy input required 

for the system operation). Liquid flowrates are on the order of μL/min, so little 

power is required to supply the working fluid to the reservoir. From the reservoir 

to the emitter, ES can be performed “passively” without the use of a liquid pump. 

While a bulk external airflow source such as a fan may be necessary for sweeping 

away the evaporating vapor from the electronics housing, local high-velocity gas 

impingement is provided by ES droplet entrainment so there exists no need for gas 



 173

compressors to produce local gas jets onto the surface. Total energy expenditure 

could therefore be minimized to only that necessary to supply liquid to the 

reservoir, advect vapor in bulk, and provide the electrical power for emitting the 

spray. 

4. Scalable, useful for both hotspots or general cooling as a single nozzle and arrays 

ES cooling is scalable by using multiple sprays arranged in an array format over 

the areas that need to be cooled. The ES array could be operated with all nozzles 

spraying at the same time or in a multiplexed manner, thus enabling dynamically 

reconfigurable cooling of the power generation devices with the transient 

heterogeneous power dissipation profile. While it is suitable for hotspot cooling, it 

also could be utilized for cooling across a larger heated surface. 

5. Low temperature, even below ambient 

Evaporation cooling can provide cooling to temperatures below ambient, although 

only relatively low heat fluxes. Thermo-electric cooling also shares this benefit, but 

typically suffers from poor efficiency. 

6. No critical heat flux (burnout) risk 

In the purely thin-film evaporation (no boiling) regime where temperatures are 

maintained below the saturation temperature of the working fluid, there exists no 

risk of boiling crisis with the temperature runaway when the heat flux exceeds the 

critical heat flux. 
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However, implementation of ES spray cooling presents some challenges. 

1. High electric field requirement for electrospray 

ES is only produced in the presence of a sufficiently strong electric field. Even if 

the ES emitter is placed quite close to the heated surface (the proximity is limited 

by the existence of the ES liquid jet which should not be permitted “bridge” to the 

surface if a droplet plume is to be generated, and also limited by the avoidance of 

electric discharge through the gas), an electric potential difference of at least a few 

hundred volts would be required. This may require the power source capable of 

applying the higher voltages, which would require proper electric isolation for 

microelectronics components.  

2. Direct on-chip cooling is problematic 

Significant electric fields and the transmission of charge by ES droplets into the 

surface are likely to prohibit direct on-chip cooling. The use of non-polar dielectrics 

such as FC72 would avoid issues of charge deposition and the creation of short 

circuits on the chip, although it is a challenge to stably electrospray an undoped 

dielectric fluid because of its low electrical conductivity. Thus, ES spray-cooling 

may be restricted to being applied at the package level with proper electric isolation, 

or to other secondary roles at the system level, such as cooling the condenser end 

of a heat pipe system away from the active electronic components. 

3. Ill-suited for direct interlayer cooling of stacked 3D dies 

Electrospray is not a candidate for direct cooling underneath the top layer of a 

stacked 3D die. Even if appropriate barriers were in place to keep the working fluid 

from contacting any circuitry directly, the space in-between die layers on the order 
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of tens of µm which is too confined for emission and expansion of an ES droplet 

plume as well as for the proper electric shielding of the applied electric potential 

that drives electrospray. ES may be able to act as the primary heat removal 

technology, however, if heat from between the dies can be transferred to the outer 

(exposed) surface of the stack via thermal vias. For example, a method has been 

proposed for transferring heat from between the dies to the exterior surface of the 

stack by using thin-film solid state coolers[60]. The transferred heat must then be 

removed from the hot cathode at the stack surface, which ES cooling should be 

capable of performing. This method would require further analysis, and until this 

or a similar means of shifting the heat to the surface of stacked die can be reliably 

implemented, ES access to cool interior hotspots is limited. 

Some examples of applications which may benefit from high heat flux dissipation at low 

temperature and with a high coefficient of performance include (1) cooling high power 

laser diode arrays, which experience a reduced life span when operated at high 

temperatures and which can produce heat fluxes up to 1 kW/cm2 across the entire array 

when operated at high brightness,[66] (2) hotspot mitigation on silicon microprocessors in 

servers, which are expected to reliably and continuously operate under high computational 

loads while being limited to a maximum temperature of ~85-90°C, and (3) radar antenna 

transmit-receive (TR) modules, which are next discussed at some length as the most 

compelling application case study. 

ES evaporation cooling may be especially well suited in application to radar TR modules. 

Many of the backend radar antenna electronics (power supply printed wiring boards, 

waveform generator, array driver) produce heat loads which can be cooled through 
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convection to the air, but the TR module for radar within the defense industry produce the 

background heat fluxes of ~150 W/cm2 with hotspots on the order of 800 W/cm2, 

increasing with each new generation of radar design.[67] An especially compelling 

application case for ES would be for military defense ship radar for the following reasons: 

1. Existing working fluid supply 

Many defense ships already have systems in-place which produce distilled or 

deionized water, which can be used as the source of ES working fluid. 

2. Existing or readily modifiable electrical supply 

Electrical distribution on smaller ships operates at ~450 V, which can be increased 

with a step-up transformer. Many aircraft carriers already have power supplies at 

sufficient electric potential to drive ES. For example, Nimitz class aircraft carriers 

have distributions from 110 V to 4 kV and Ford class aircraft carriers have power 

distribution systems from 110V to nearly 14 kV. ES can be performed in AC 

directly using the existing high voltage systems, or in DC by rectifying the existing 

AC power supply. 

3. The shipboard application requires low-weight cooling system 

Ship stability is negatively impacted by the placement of masses far above the 

waterline, such as at the location of radar antennae. ES requires a relatively small 

reserve of working fluid for operation and a low flowrate for replenishment, which 

minimizes the overall system weight. In addition to being more massive, closed-

loop cooling systems on ships typically reject the working fluid heat to seawater 

via heat exchangers which commonly experience fouling and biological growth, 

reducing system performance and requiring frequent maintenance. 
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A schematic demonstrating a possible open-loop ES cooling configuration for radar 

antenna cooling is shown in Figure 57.  

 

Figure 57 – A concept of the ES-driven open-loop cooling system. In a radar antenna, 
the transmit-receive (TR) module which presents the greatest heat dissipation 
challenge is cooled by ES of distilled water. The applied ES potential is provided to 
the reservoir via a fuse and a resistor to prevent high electric current from flowing in 
the event of an electrical short within the system. The working fluid is supplied into a 
reservoir, and the reservoir is either vented to ambient or attached to a low-pressure 
air supply to ensure that the ES working fluid is able to flow freely through the ES 
emitters. A filtered air supply provides convective cooling to the other electronics (not 
shown) within the antenna housing and purges the evaporated ES working fluid 
vapor to ambient.  
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

In this thesis, fundamental insights into the phenomena which govern the performance of 

electrospray-based thermal management technologies are gained through synergistic 

experiments and first-principle modeling. The predictions of the cooling system 

performance based on the electrospray-driven gas-assisted evaporative cooling are made, 

including identification of operating trade-offs and optimal conditions for electronics 

thermal management applications. The following original contributions are made: 

1. Topology and behavior of electrosprayed liquid films  

Visualizations and quantification of the film sizes and morphologies which may be 

produced by electrospray are provided in CHAPTER 1. It is discovered that films 

may be thinned significantly using the impact of the high velocity electrospray 

droplets when the ES emitter tip is positioned sufficiently close to impinged-upon 

surface and when the applied electrospray potential is sufficiently high. In 

visualization experiments at 450 nL/min ES of 0.1% (by volume) acetic-acid doped 

water, a 1 mm emitter-to-surface distance and applied potential of 2500 V yielded 

films thinning down to less than 300 nm. 

2. Fully coupled multiphysics modeling of electrospray two-phase gas-liquid 

interactions  

In CHAPTER 3 and CHAPTER 4, a fully coupled electrospray model is developed 

and implemented in commercially available software (COMSOL), which fully 

couples and accounts for interactions due to (1) electric force driven transport of ES 
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droplets with concurrent effects of space charge, (2) bidirectional momentum 

exchange between liquid and gas phases with the inclusion of rarefication effects, 

evaporating vapor transport, and thermal expansion of the gas phase, and (3) 

multimode heat and mass transfer of a simulated hotspot by convection, evaporation, 

and conductive spreading. 

3. Discovery and behavior characterization of electrospray-induced gas flows 

In CHAPTER 3, using the computational modeling and complimentary schlieren 

visualization and hot-thermistor anemometry experiments, it is discovered that the 

ES entrains surrounding air and produces a gas jet which travels coaxially with the 

ES liquid jet. This gas jet is characterized by a high velocity core produced in the 

liquid jet breakup region where the number-density of droplets is largest; this gas is 

drawn from an “uptake” region near and behind the ES emitter tip. The accelerating 

droplets transfer momentum to the gas as they radially expand and transit toward the 

counter electrode under the influence of the applied electric field and the space-

charge effects, which yields a radially expanded low-velocity region of gas flow 

around the high-velocity central core. Upon gas jet impingement onto the 

counterelectrode surface, a wall-jet is formed with the velocity and structure that are 

strongly influenced by the distance between the ES emitter and the surface.  

4. Identification of ES-induced gas jet scaling laws  

In CHAPTER 4, a comprehensive thermodynamic model is developed and used for 

analyzing the behavior of the droplets and the entrained gas jet as function of ES 

parameters. It is determined that increasing the applied ES potential narrows the 

droplet spray and increases the velocity of the droplets, but has only a moderate effect 
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for increasing the gas velocity and the kinetic energy of the gas jet while requiring a 

much greater electric input power. Decreasing the droplet size has a significant 

impact on the liquid-gas interactions. Due to the improved momentum coupling from 

drag by many smaller low-mass droplets with a larger total interaction surface area, 

decreasing the droplet size yields a much greater gas velocity and kinetic energy gas 

jet than in the case of large ES droplets. It is determined that the kinetic energy scales 

with 𝑑௣
ି଻/ଶ where 𝑑௣ is the primary droplet diameter. It is also determined that total 

energy efficiency (kinetic energy of the gas jet as compared to the electrical energy 

input for ES) scales with 𝑑௣
ିଶ. It is further determined that as the liquid mass flowrate 

is changed, the gas jet thrust (momentum rate) and the gas jet velocity scale linearly 

with liquid mass flowrate (𝑚ሶ ௟), and the gas jet kinetic energy scales with ~ 𝑚ሶ ௟
ଵ.ଽ. It 

is determined that while increasing the applied ES potential does increase the peak 

velocity, kinetic energy, and the momentum of the gas jet, doing so has a negative 

impact on the energy efficiency of the system. Effective ways of enhancing the 

entrained gas jet are realized through increasing the liquid mass flowrate and/or by 

adding dopants to the working fluid to increase its electrical conductivity for 

production of smaller droplets. 

5. Electrospray working fluids assessed for evaporation cooling 

In CHAPTER 2, a comparison is made between four candidate working fluids, water, 

methanol, ethanol, and FC72, using a measure of performance (MOP) for evaporation 

cooling effectiveness given by the product of a fluid’s latent heat of vaporization 

(ℎ௙௚) and its saturated vapor density (𝜌௦௔௧). FC72 is ruled out due to difficulty 

performing stable ES owing its low electrical conductivity. Methanol is identified as 
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having the highest MOP up to its boiling point (~65°C), making it a good candidate 

for low-surface-temperature evaporation cooling. 

6. Relevant thermal resistances identified 

Using a reduced-order model in CHAPTER 1, it is identified that at heat fluxes 

greater than 10 W/cm2, the temperature of a hotspot is strongly affected by the 3D 

morphology of the liquid film formed by electrospray impingement on the surface. 

Films with flattening and thinning by ES impinging droplets reduce conduction 

resistance through the film sufficiently to cause a significant reduction of the hotspot 

temperature, which is an important benefit to cooling applications. It is also identified 

that at any applied heat flux and within the relevant temperature range (up to the 

boiling point of water), the resistance for mass transfer of the evaporating vapor is 

limiting the system performance. Increasing the mass transfer coefficient yields 

significantly lower temperature for a constant hotspot heat flux or yields much higher 

heat flux dissipation capability for a constant surface temperature. 

7. Electrospray impingement cooling experimentally determined to reduce heat and 

mass transfer resistance 

By analysis of experiments in CHAPTER 2, wherein a 250 µm x 250 µm platinum 

RTD hotspot is cooled by ES of 300 nL/min of methanol, it is determined that the gas 

flow generated by electrospray at the hotspot reduces the temperature of the hotspot 

when compared to the surface temperature for film evaporation into a quiescent air. 

Furthermore, the temperature of the hotspot is reduced as the ES applied potential is 

increased. Using the reduced-order model from CHAPTER 1, it is determined that 

mass transfer coefficients are on the order of a few hundred W/m2K, which 
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corresponds to an impinging gas jet velocity on the order of a few meters per second. 

Further increase in the applied potential to 4800 V and the ES liquid flowrate to 8 

µL/min, a hotspot heat flux of 245 W/cm2 is dissipated using methanol as the coolant 

at a surface temperature under 100°C, which corresponds to a thermal resistance of 

approximately 0.31 °C/(W/cm2). 

8. Electrospray evaporation cooling performance  

Using the simulation model in CHAPTER 5, it is found that the position of the ES 

emitter relative to the hotspot has significant effect on the heat and mass transfer 

coefficients at the hotspot. Having the emitter closer to the surface can slightly 

increase the heat and mass transfer coefficients directly on the gas jet centerline, but 

across the remainder of the hotspot performance the heat dissipation is diminished 

due to the liquid droplets not having the opportunity to expand radially and transfer 

their momentum to the gas. It is concluded that maintaining the ES emitter at the 

greatest distance which still permits droplets to thin the film by impingement is a 

likely optimum from the heat dissipation perspective. Simulations comparing ES 

spray cooling by methanol to that of water indicate that methanol is capable of 

reducing the hotspot surface temperatures tens of degrees below the level possible 

with water when dissipating the same heat flux; however, the use of methanol 

requires a greater electric power input for electrospray as compared to water. 

9. Predictions of maximum heat dissipation with electrospray 

Simulations in CHAPTER 5 predict that mass transfer coefficients as high as 10 m/s 

can be realized in the small area directly under the spray impingement. In 

combination with a simplified reduced-order steady state heat transfer model, it is 
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determined that for very thin sub-µm thickness films observed in CHAPTER 1 are 

achieved, heat fluxes beyond 1000 W/cm2 can be removed from very small hotspots 

40-50 µm in diameter; from larger hotspots on the order of a few hundreds of 

micrometers in diameter the heat dissipation capability for single-jet ES would be on 

the order of a few hundreds of W/cm2. Comparing the predictions for ES of water 

with ES of methanol, water can dissipate a greater peak heat flux directly under the 

impinging spray than is possible with methanol. However, this higher heat flux 

dissipation requires ~35°C greater surface temperature than is the case for methanol, 

which could be an important consideration for some applications of ES for surface 

cooling. Additionally, it is determined that at high heat flux, the film thickness 

becomes a critical limitation for cooling performance so must be minimized to the 

greatest extent. For water, the maximum heat flux that can be dissipated at the center 

of the hotspot diminishes by 35% as the film thickness grows from 100 nm to 1 µm, 

and for methanol, that same thickness increase diminishes the maximum heat flux 

removal capability by about 60%.   

The following studies are recommended as future work: 

1. The computational model developed in this thesis does not simulate the formation 

of a liquid film on the hotspot surface. Further development in this area is 

recommended. To simulate the formation, growth, evaporation, and reshaping of 

the liquid film would permit study of how ES parameters such as droplet diameter 

affect the film thinning which is beneficial for cooling performance. It would likely 

also permit more accurate modeling of heat dissipation from the hotspot when 

compared to the idealized quasi-static representation of the liquid film.   
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2. Further improvements can be made to the simulation of electrospray droplet 

emission. Modeling electrospray as time-dependent with droplets being emitted 

individually in succession and traveling their unique paths is a better representation 

than treating electrospray droplets as the time-averaged streams with droplets only 

traveling along one of a few hundred possible paths. Comprehensive modeling of 

the liquid jet and its breakup into droplets would be much desired if it can be 

performed accurately to capture the full complexity of the underlying physics. 

3. In simulations, in-flight evaporation and droplet fission were ignored. Modeling 

these effects, most likely evaporation in particular, would improve the accuracy of 

simulations which would improve predictions of gas flow and of heat and mass 

transfer coefficients at the hotspot surface. 

4. In simulations, droplets were treated as solid spheres. Modeling them as deformable 

liquid is likely to yield more physically accurate results, especially for larger 

simulated droplets which can deviate more significantly from being spherical. 

5. Experiments which allow simultaneous surface heating, hotspot thermometry, and 

visualization of the liquid film that is being sprayed onto the surface should be 

developed and performed for comprehensive quantitative understanding of the heat 

and mass transfer processes that underline the ES cooling performance.    

6. On the application end, the cooling system design based on the ES liquid delivery 

along with performance characterization experiments would be of interest to assess 

and advance the use of ES for targeted cooling applications, which includes a 

hotspot on a thermally conductive substrate and adjacent to other heat sources on 
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the chip. This would enable the translation of fundamental findings of this thesis 

work to the engineering practice. 
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APPENDIX A.  FILM CHARACTERISTICS FOR REDUCED 

ORDER MODEL ANALYSIS OF CHAPTER 1 

Table 9 – Film dimensions and resulting film conduction resistance 

Description 
 

Size Rcond 
[K/W] 

Domed film R = 450 µm 
 H = 260 µm  

78 

Large torus 
with film at 
center 

R = 550 µm  
r/R = 0.25 
H=108 µm 
δ = 350 nm 

12 

Small torus 
with film at 
center 

R = 175 µm  
r/R = 0.8 
H = 10 µm 
δ = 350 nm 

9 

Thin disk film  r = 140 µm  
δ = 350 nm 

10 
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APPENDIX B. EES CODE FOR REDUCED ORDER ANALYSIS 

UTILIZED IN CHAPTERS 1 AND 2 

Example, as shown, is for analysis of heat transfer experiments in Chapter 2. 
 
liquid$='Methanol' 
gas$='Air' 
T_b=39.599 [C] 
Q_diss=0.0196 [W] 
R_device=1800 [C/W] 
A_htd=(250*10^(-6))^2   
flowrate=5*10^(-9) 
r_i=100E-6 
t=100e-9 
H=800*10^(-6) 
Potential=2000 
A_s=pi*r_i^2 "area of film" 
P=Po# 
T_inf=23 [C] 
rho_inf=0 
D_lg=1.5E-5 
Le=alpha_g/D_lg 
alpha_g=thermaldiffusivity(gas$,T=T_inf,P=P) 
k_g=conductivity(gas$,T=T_inf) 
nu_g=kinematicviscosity(Air, T=T_inf, P=P) 
Pr_g=prandtl(gas$, T=T_inf) 
rho_liq=density(liquid$,T=T_inf,P=P) 
h_fg=enthalpy_vaporization(liquid$, T=T_inf) 
k_liq=conductivity(liquid$,T=T_inf,P=P)  
rho_s=density(liquid$, T=T_s, x=1) 
flow_conv=0.001 [m^3/L] 
m_dot_MeOH=flowrate*flow_conv*rho_liq 
  
Q_spread=(T_b-T_inf)/R_device 
Q_diss=Q_evap+Q_spread+Q_convd+Q_convL 
Q_evap=m_dot_MeOH*h_fg 
Q_evap=h_fg*A_s*h_m*(rho_s-rho_inf) 
Q_convd=h_c*A_dry*(T_b-T_inf) 
Q_convL=h_c*A_s*(T_s-T_inf) 
Q_evap+Q_convL=(T_b-T_s)/R_cond 
R_cond=t/(k_liq*A_s)  
h_m=h_c*D_lg/k_g*(Le^(1/3))  
Efield=Potential/H 
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D=20*10^(-6) 
r=r_i 
Nusselt=0.422*Re_g^(0.696)*Pr_g^(1/3)*(H/D)^(-0.2)*(r/D)^(-0.41) 
h_c=Nusselt*k_g/D 
Re_g=V*D/nu_g 
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APPENDIX C. RTD MICROFABRICATION PROCESS 

 

Figure 58 - Test device fabrication workflow. Red represents photoresist, grey is 
platinum, yellow is gold, and green represents silicon dioxide.  The glass substrate is 
shown as light blue. 

Microfabrication process (“recipe”): 
1.  Prep 4-inch borosilicate (Borofloat 33 DSP from University Wafer) in 125C 96% 
sulfuric acid for 15 minutes, rinse, dry. 
2.  Spin NR9-1500PY on SCS G3P8 at 1000 RPM with 4 second ramp up, 4 second ramp 
down for target 2.5 µm thickness. 
3.  150C hotplate bake for 2 min. 
4.  Expose 365 nm on Karl Suss MA-6 TSA.  Exposure time=2.5*190/(Intensity-1) 
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5.  Post-bake at 100C for 2 min. 
6.  15+ seconds of development in RD6, rinse, dry with nitrogen jet. 
7.   Descum in Vision RIE 2 for 30 seconds (perform 45 minute pre-clean of tool and 45 
minute post-clean of tool). 
8.  Sputter 300A of Ti at 300A/min and 2000A of Pt at 1000A/min in Unifilm Sputterer. 
9.  Overnight liftoff in Acetone. 
10.  Approx 10 seconds of sonication in short pulses to complete liftoff, rinse, dry with 
nitrogen jet. 
11.  Spin NR9-1500PY on SCS G3P8 at 800 RPM with 4 second ramp up, 4 second ramp 
down for target 3 µm thickness. 
12.  150C hotplate bake for 2 min. 
13.  Expose 365 nm on Karl Suss MA-6 TSA.  Exposure time=3*190/(Intensity-1). 
14.  Post-bake at 100C for 2 min. 
15.  20+ seconds of development in RD6, rinse, dry with nitrogen jet. 
16.  Sputter 300A of Ti at 300A/min, 3000A of Copper at 1000A/min, and 2000A of 
Gold at 1000A/min in Unifilm Sputterer. 
17.  Overnight liftoff in Acetone. 
18.  Approx 10 seconds of sonication in short pulses to complete liftoff, rinse, dry with 
nitrogen jet. 
19.  Spin NR9-1500PY on SCS G3P8 at 1000 RPM with 4 second ramp up, 4 second 
ramp down for target 2.5 µm thickness. 
20.  150C hotplate bake for 2 min. 
21.  Expose 365 nm on Karl Suss MA-6 TSA.  Exposure time=2.5*190/(Intensity-1) 
22.  Post-bake at 100C for 2 min. 
23.  15+ seconds of development in RD6, rinse, dry. 
24.  Evaporate 1000A of SiO2 in Denton Explorer at 3A/sec  
25.  5 minutes in Acetone, 5 seconds of sonication in short pulses, rinse, dry (this SiO2 
window feature was large, so an overnight acetone soak was not necessary). 
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APPENDIX D. RTD CALIBRATION DATA FOR EXPERIMENTS OF 

CHAPTER 2. 

 

Figure 59 – RTD calibration data with line-fit. 
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APPENDIX E. HEAT SPREADING DETERMINATION FOR 

EXPERIMENTS OF CHAPTER 2 

 

Figure 60 – Calibration to determine heat spreading through test device substrate.  
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APPENDIX F. FLOW VISUALIZATION OF ELECTROSPRAY-

INDUCED GAS JET FORMATION 

A key to understanding basic flow physics of the air entrainment by the expanding 

electrically charged jet/aerosol plume, the streaming gas behavior, and the impact of the 

entrained jet on the surrounding gas medium is the ability to directly observe gas movement 

and entrainment flow during the nES jetting. Direct observation of airflow can be made by 

performing schlieren visualization.  A diagram of the schlieren imaging configuration used 

for visualization of gas flows in nES is shown in Figure 61.  

 

Figure 61 - Z-type 2-mirror schlieren visualization setup. A light source is passed 
through an aperture to create a point-source of light. The aperture is placed at the 
focal distance of the primary mirror, such that the light incident on the primary 
mirror is collimated. A secondary mirror refocuses the collimated beam onto a knife 
edge. Local imperfections in collimation within the test region (such as by refraction 
due to density inhomogeneity of air within the test region) will ultimately cause light 
to either strike the knife edge and be blocked or to otherwise circumvent the knife-
edge and pass to the camera. Thus, regions of dissimilar gas within the active test 
region appear as either light or dark regions within the image captured by the 
camera. The active test region is within the length of the collimated light beam, with 
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a diameter limited by the primary mirror, secondary mirror, or camera field of view 
(whichever is smallest). 

The nES is performed within the test region shown in Figure 61. Schlieren visualization 

functions by visually amplifying the effect of refractory index mismatches within the test 

region. However, the gas which is entrained by nES is simply the ambient air operating 

within an flow regime which results in no discernible change in gas properties as the gas 

is accelerated. Therefore, this visualization method does not provide the ability to directly 

observe the entrainment of ambient gas flows in nES. Rather, by injecting a source of 

dissimilar gas (a stream of heated air or a stream of R-152a vapor are used in these 

experiments) into the test region near the nES spray, the gas evolution is visualized to 

provide insights into the structure of the entrained flows. Intensity and sensitivity are 

further enhanced by performing a “background subtraction” technique (Figure 62). 
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Figure 62 – Schlieren image production and processing. (Top) A background image 
is taken when nES is not being performed and no tracer gas is being injected. (Middle) 
Experiment image is taken during active nES and tracer gas injection. (Bottom) 
Image sensitivity and contrast are improved by subtracting the background image 
from the experiment image, and then multiplying the intensity of all pixels by a 
multiple of 10. Image processing, including normalization and background-image 
subtraction, was performed using FIJI/ImageJ[50, 51] with RAW files imported using 
the DCRAW Reader plugin. Images here are taken at 400mm focal length, ISO 1250, 
f5.6 aperture, 1/80s exposure time with Sony A7RIII camera and Sony 100-400mm 
f4.5-5.6 OSS “G” lens. Combined with secondary mirror magnification, an effective 
reproduction ratio of 1.646:1 is achieved.  

The nES plume is not visible during shadowgraph or schlieren imaging. Scattering of a 

visible laser permitted separate tracking of nES plume geometry as shown in Figure 63. 
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Figure 63 – The nES plume shape is tracked by standard photography (magnified by 
the shadowgraph secondary mirror) with the nES plume illuminated by a 532nm-
wavelegth laser.  
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APPENDIX G. INFORMATION FLOW IN SIMULATIONS OF 

CHAPTER 5 

The Laminar Flow (SPF) module solves Equations 10 and 11. The Heat Transfer (HT) 

module solves Equations 65 and 79-81 with input from the Non-Isothermal Flow (NITF) 

Multiphysics module which couples the SPF, HT, and Transport of Concentrated Species 

(TCS) modules for proper updating of gas thermophysical properties. The Particle Tracing 

for Fluid Flow (FPT) module solves Equations 15 through 24, with the Fluid-Particle 

Interaction Multiphysics (FPI) module solving Equation 25 and bidirectionally coupling 

SPF and FPT modules via the drag/body-force interaction.  

The Transport of Concentrated Species (TCS) module solves Equations 67-75. TCS also 

determines the gas density based on TCS-determined mixture composition and the NITF-

determined temperature, then provides gas density data directly to the SPF module and to 

the FPT module. TCS also provides hotspot vapor flux data to SPF for simulation of the 

perspiring wall as described in Equation 76, and additionally to the HT module for the 

evaporation cooling effect as described in Equation 79.  

The Electrostatics (ES) module solves Equations 13 and 14. Space-charge source (Equation 

18) due to charged droplet presence impacts those equations, which then requires coupling 

of the FPT and ES modules. The space-charge coupling is programmed in the software’s 

user defined function using an “accumulator” node in the FPT module to track charge 

density, then adding a space charge density node in the ES module which uses the FPT 
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charge density accumulator as its input. This implementation scheme is thus fully coupled, 

with each physics module interdependent with the other four.  

 

 

  



 199

APPENDIX H. EES CODE AND EXAMPLE FOR ANALYSIS OF 

SECTION 5.4 

 

Figure 64 – Engineering equation solver code for solving the model of section 5.4. 
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