
 

 

DISSERTATION 
 
 
 

PREDICTION AND MITIGATION STRATEGIES FOR THE TRANSIENT THERMAL 

PERFORMANCE OF LOW THERMAL RESISTANCE MICROCHANNEL 

EVAPORATORS 

 
 
 

Submitted by 

Caleb Del Anderson 

Department of Mechanical Engineering 

 
 
 

 
 

In partial fulfillment of the requirements 

For the Degree of Doctor of Philosophy 

Colorado State University 

Fort Collins, Colorado 

Summer 2024 

 

 

Doctoral Committee: 
 
 Advisor: Todd M. Bandhauer 
 

Karan Venayagamoorthy 
Bret Windom  
Daniel Wise 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright Caleb Del Anderson 2024 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 



 

ii 
 

ABSTRACT 
 
 
 

PREDICTION AND MITIGATION STRATEGIES FOR THE TRANSIENT THERMAL 

PERFORMANCE OF LOW THERMAL RESISTANCE MICROCHANNEL 

EVAPORATORS 

 
 
 

Microchannel flow boiling heat transfer offers an effective thermal management solution 

for high heat flux microelectronic devices such as laser diodes. The high heat transfer rates, nearly 

isothermal flow conditions, high surface area-to-volume ratios, and lower required pumping 

powers facilitate smaller component systems while more efficiently cooling devices and reducing 

packaging stresses associated with thermal expansion when compared with single-phase cooling 

systems. Although much study has been dedicated to optimizing steady state flow boiling 

performance, the typically highly transient operation of these microelectronic devices leads to 

unsteady spikes in heat flux and, subsequently, in device temperatures and may potentially 

exacerbate flow instabilities present at steady state. The low thermal capacitance of the package 

that often accompanies the low thermal resistance of microchannel evaporators increases the 

potential for device damage and failure since large temperature swings are more likely. Predicting 

and mitigating the transient response of a low thermal resistance microchannel evaporator is 

paramount to practical application as a thermal management technique.  

In this work, temperature, pressure, and flow visualization measurements during stepped 

heat loads on two, low thermal resistance, microchannel evaporators revealed the presence of 

severe vapor backflow, large temperature overshoots, and impacted flow dynamics at the onset of 

nucleate boiling (ONB) despite the stability and high performance of the device under steady state 
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heating conditions. These overshoots were exacerbated with higher heating rates and reduced 

subcooling but were generally improved with higher flow rates. Applying a slower heating rate 

greatly improved the transient thermal response, reducing both peak temperature and vapor 

backflow. Channel and inlet orifice geometry were found to greatly impact the performance, with 

smaller channels and smaller orifice-to-channel restriction ratios resulting in intensified vapor 

backflow and temperature spikes, despite offering improved steady state performance. A 

computational model embedded in a reduced order design tool was created and validated with the 

experiments. Two separate models were created due to the different transient conditions observed 

between the two tested microchannel evaporators. The models allow predictive modeling of these 

evaporators to determine the impact of the transient heating behavior on microchannel evaporator 

devices.  

The effect of incorporating gallium-based, solid-liquid Phase Change Materials (PCMs) 

was studied semi-empirically by simulating the performance of a virtual test section with predicted 

properties of a microchannel evaporator combined with gallium and gallium-composite foam 

PCMs. Properties of the PCMs were estimated and used to predict the test section thermal response 

under a range of PCM volumes. Models assuming single phase performance were conducted 

initially and the resulting predicted heat rate to the fluid applied experimentally to the test section 

heater to determine the temperature response. It was found that the simulated addition of the PCM 

slightly reduced the ONB temperatures but did not affect the peak temperature experienced by the 

device. The applied heating rate, however, did not consider the increased thermal resistance to the 

refrigerant fluid during the transient vapor backflow regime. The effect was most pronounced in 

the PCMs with the largest exposed surface area and with thermal conductivity-enhanced PCM 

composites comprised of gallium infiltrated in a copper foam matrix.  
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Additional PCM models utilizing the transient flow boiling model were subsequently run 

on a series of representative heat load test cases comparing the performance of a gallium-nickel 

and gallium-copper composite with similar dimensions to the earlier simulations. Key assumptions 

included the same ONB temperatures and vapor backflow conditions as the baseline cases without 

PCMs. The models predicted significantly lowered peak device temperatures due to the heat 

absorption into the PCM during the transient vapor backflow phase. The effect was dependent on 

the PCM thickness, latent heat, and thermal conductivity, reflecting trade-offs in material. In 

addition, peak temperature variability observed experimentally across multiple trials at the same 

nominal testing conditions was greatly reduced with the inclusion of a PCM. 
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CHAPTER 1. Introduction 
 
 
 

1.1.   Microchannel Flow Boiling for High Heat Flux Applications 

Electronic device miniaturization increases compactness and facilitates implementation 

into smaller systems with increased functionality and performance. For example, high power laser 

diodes, which are semiconductor devices that transform input electrical energy into a coherent 

beam of optical energy with a narrow wavelength band, are regularly employed across a diverse 

range of applications, including optical pumping of solid state lasers, industrial cutting and 

machining, directed energy applications, medical diagnostics and surgery, telecommunications, 

and inertial confinement fusion [1–5]. However, these devices can experience heat fluxes in excess 

of 1 kW/cm2 (Figure 1-1), with package level volumetric heat loads surpassing 1 kW/cm3, at 

 
Figure 1-1. Comparison of heat fluxes experienced by high power density electronics with that 
of other high heat flux events. Adapted from [8]. 
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required operating temperatures of less than 100°C [6–8]. Laser diodes have highly temperature 

dependent performance metrics, and without sufficient package thermal management, a high heat 

flux device such as a laser diode will suffer from diminished performance, undesirable drifts in 

output, lifetime and reliability reduction, and failure in the most extreme cases [2]. An example of 

this temperature dependent performance is shown in Figure 1-2, where an in-house laser diode was 

characterized, and its power conversion efficiency was found to decrease while the peak 

wavelength was found to increase (at ~0.34 nm/°C) when the device temperature was increased. 

 Embedded or integrated cooling in microchannels utilizes advanced micromachining 

techniques such as Deep Reactive Ion Etching (DRIE) and laser etching to fabricate large aspect 

ratio microchannels directly into semiconductor device substrates [9–11]. As shown in the 

schematic in Figure 1-3, embedded cooling techniques allow for removal of heat spreaders, 

thermal interface materials, and multiple layers in a device stack up, and provides the utility for 

custom fluid routing, channel geometries, and smaller channel hydraulic diameters. These features 

translate into large surface area-to-volume ratios and low thermal resistance packages with greater 

flexibility in design. Combining embedded microchannel heat sinks with flow boiling heat transfer 

 
Figure 1-2. Effect of temperature on power conversion efficiency and peak wavelength for an 
in-house characterized laser diode device. 
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further improves performance due to large heat transfer coefficients which can exceed 100 

kW/m2K, greater device temperature uniformity due to nearly isothermal phase change, and 

smaller required pumping power due to large latent heats of vaporization compared with single-

phase cooling [12–15]. 

These high-performance features are particularly advantageous for cooling high heat flux 

microelectronics and translate into smaller required component cooling systems due to reduced 

pumping power requirements and lower required temperature lift by vapor compression systems. 

Surrogate laser diode devices cooled with microchannel flow boiling with refrigerants have 

reached 1.5 kW/cm2 under steady state testing with previous lab studies (see Figure 1-4) [16,17]. 

Microchannel flow boiling has been studied extensively under steady state operating conditions. 

Many comprehensive correlations have been developed to predict the heat transfer coefficient and 

pressure drop under a variety of fluid properties, flow rates, and heat fluxes [14,15,18]. While 

microchannel flow boiling offers attractive thermal management properties, due to small 

characteristic length scales, molecular forces such as surface tension and capillary effects interact 

more strongly with the flow dynamics and result in flow instabilities. Flow boiling heat transfer is 

 
Figure 1-3. Comparison of a typical “conventional” cooling package with a more embedded 
package, where most layers have been removed, and the cooling channels are packaged directly 
into the device substrate. 



 

4 
 

heat flux dependent; therefore, as the heat flux is changed, so are the heat transfer characteristics. 

The onset of nucleate boiling (ONB) causes rapid changes in flow and heat transfer characteristics 

as the system responds to the generation of vapor.  

Pressure drop and temperature oscillations, parallel channel instability, rapid bubble 

growth/vapor backflow instability, and critical heat flux are prominent flow instabilities which can 

seriously degrade microchannel two-phase cooling performance [19–22]. Techniques have been 

developed to mitigate these challenges and include channel pressure drop elements or inlet 

restrictions [23–26], reentrant cavities [20], diverging channels [27], and surface enhancements 

such as nanotubes or nanowires [28]. While these stabilization techniques can successfully 

mitigate instabilities at steady state, many high heat flux electronics operate under highly unsteady 

and transient heating conditions which may introduce additional instabilities and complexities. 

                        
Figure 1-4. Performance achieved in-lab for previous steady state microchannel flow boiling 
work across a range of channel and fin geometries. 
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1.2.   Challenges for Microchannel Flow Boiling Under Transient Heating 

Many high heat flux devices such as laser diodes and power electronics operate under 

transient heat loads and cold start-ups which can result in rapid device temperature fluctuations. 

Figure 1-5 depicts a representative transient temperature response of a high-power pulsed laser 

diode array, where large temperature swings can be seen at the diode emitter face [29].  

Furthermore, utilizing microchannel embedded cooling exacerbates the transient thermal response 

of the device. While microchannel embedded cooling seeks to minimize thermal resistance, 

concurrent reductions in package thermal resistance also often result from the reduction in the 

mass and volume of the cooling architecture [30]. Since the thermal time constant (τth) is the 

product of thermal resistance (Rth) and thermal capacitance (Cth), reductions in both reduce the 

time to steady state but also increase the potential severity of temperature spikes and fluctuations 

when exposed to transient heating modes. Figure 1-6 compares the impact of increasingly 

 
Figure 1-5. Transient temperature profiles across regions in a high-power laser diode bar under 
200 Hz pulses, from [29].   
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embedded packages on the transient temperature of a representative power electronics chip to a 1 

second period pulse at a 10% duty cycle [30]. The packages with additional thermal capacitance 

effectively buffer the temperature response, while the most embedded package experiences large 

temperature spikes of up to three times the least embedded due to its small time constant. Low 

thermal capacitance in microchannel evaporators under transient heating is expected to exacerbate 

flow instabilities and temperature swings, and result in unexpected behavior compared with steady 

heating conditions due to the change in vapor generation rates associated with increased heat 

fluxes. Insight into the impact of transient heating on low thermal resistance microchannel 

evaporators is paramount to implementation into real devices. 

 
Figure 1-6. Chip cooling architectures with increasing levels of integrated or embedded 
cooling, with their corresponding impact on transient temperature response [30]. 
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1.3.   Transient Thermal Buffering with Phase Change Materials 

One possible solution for improving the embedded cooling transient thermal response is to 

increase thermal capacitance in a way which does not hinder the low thermal resistance pathway 

to the cooling fluid. Solid-solid and solid-liquid phase change materials (PCMs) are materials 

which are used in transient thermal storage applications by utilizing the nearly isothermal phase 

change process to store and retrieve energy. While PCMs have traditionally been considered as a 

thermal energy storage unit when added to the coolant loop (such as a an additional PCM-heat 

exchanger component), PCMs which are added directly to the cooling package in a parallel 

configuration with the cooling fluid can achieve a device-level transient thermal buffering effect 

without sacrificing the low thermal resistance.  

While there are many categories of PCMs, important metrics are melting temperature 

similar to desired maximum device temperature, high thermal conductivity (k) to effectively spread 

 
Figure 1-7. Comparison of cooling FOM versus latent heat for various material types. Adapted 
from [32]. 
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heat into the PCM, and high latent heat of fusion (isl) to promote large heat absorption at constant 

temperature [31]. A key metric in the literature which combines the effect of both these properties 

is the cooling capacity Figure of Merit, defined as 𝑂𝑀𝑞 = √𝑘𝑓𝑖𝑠𝑙 . Metallic PCMs consistently 

have FOMs which are at least an order of magnitude higher than non-metals, and within that 

category, gallium- or Bi/In/Sn-based alloys have particularly advantageous properties (see Figure 

1-7) [32]. Advanced PCM packaging techniques allow for creating composite PCM structures 

which allow higher thermal conductivity metal foams to be impregnated with PCMs of desirable 

melting temperature and volumetric latent heat. McAfee et al. [33] and Yang et al. [34] reported 

on two metal PCM/metal foam composite structures: one with gallium/nickel foam; the other, 

Field’s metal/copper foam. This composite metal/metal foam structure further enhanced the 

viability of these low melting temperature metal PCMs by distributing them inside a much higher 

conductivity metal foam matrix.   

Metallic and composite foam PCMs have demonstrated strong thermal buffering effects to 

highly transient thermal loads in several studies. Figure 1-8 examines two investigations on the 

impact of added PCM on transient thermal responses of high heat flux pulsed devices. The top plot 

compares the effect of several types of PCM, both non-metallic (PureTemp29 and PureTemp58) 

and metallic (Bi/Pb/Sn/In and Fields Metal), on the thermal response of a surrogate power 

electronic package exposed to a stepped heat pulse [35]. The arrow and inset text shows an 80°C 

reduced device temperature with Fields Metal compared with the dielectric gel, demonstrating the 

superior thermal buffering capability of the metallic PCMs for dampening temperature spikes due 

to a stepped heat load. The bottom plot in Figure 4 presents results adapted from a previous 

REACH CoLab study on power electronics packaging with a composite metal foam PCM and 

shows marked reductions in temperature fluctuations in electric vehicle power electronics under 
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an aggressive driving profile [36]. As shown in this figure, the addition of the composite metal 

foam PCM reduced peak temperatures by up to 75°C. Choosing the appropriate metallic or metallic 

composite PCM greatly improves the transient thermal response of a high heat flux device. 

 Evidently, metallic composite PCMs may improve the transient thermal performance of 

low capacitance electronic devices; however, the impact of such a PCM has not been investigated 

with flow boiling in microchannels. Incorporating PCM into a low thermal resistance, low thermal 

capacitance microchannel evaporator could improve the transient thermal response of the 

 
Figure 1-8. Previous studies demonstrating the impact of adding PCMs to high heat flux 
cooling packages. (Top) Comparison of various PCMs to buffering the thermal response of a 
surrogate device to a stepped heat load [35]. (Bottom) A study on a vehicular power electronics 
module with PCM experiencing lessened temperature excursions under an aggressive drive 
cycle [36]. 
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evaporator while simultaneously mitigating the impact of flow instabilities which may be 

exacerbated relative to steady state operating conditions. However, the impact of adding a PCM 

to such an evaporator is poorly understood and warrants investigation for the potential thermal 

buffering effects and possible performance enhancements. 

1.4.   Research Objectives  

Microchannel flow boiling represents an effective thermal management strategy for high 

heat flux microelectronics. While steady state behaviors are well-characterized, the impact of 

transient heating has only been studied relatively recently. The goal of this work is to investigate 

the transient thermal behavior of two different microdevices exposed to transient heating modes 

and develop techniques to predict and mitigate any undesirable behavior. In doing so, this research 

will add to the growing body of research investigating the performance of microchannel flow 

boiling while also adding a practical element towards real device implementation which considers 

the impacts of transient heating on device behaviors.  

In summary, this research study will: 

• Design and fabricate a testing facility for examining microchannel flow boiling 

behavior under transient heating modes. 

• Characterize the transient thermal response of two different low thermal resistance 

microchannel evaporators under a range of heating conditions and flow conditions. 

• Establish predictive models which are embedded in a computational design tool for 

understanding tradeoffs in device behavior with system-level performance. 

• Investigate the impact of integrating metallic phase change materials (PCMs) into 

the microdevice for a potential transient thermal buffering effect on the transient 

flow boiling behaviors. 
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1.5.   Thesis Organization 

 The following chapters detail the study of flow boiling in microchannels under transient 

heating and the development of predictive models and mitigation strategies for the observed 

behavior.  Chapter 2 of the document will provide a synthesis of the relevant literature of boiling 

under transient heating. The literature review will specifically detail both pool boiling and flow 

boiling, which is further broken into non-microchannel and microchannel-specific studies. Chapter 

3 will detail the testing setup, experimental study design, and computational approach, including 

both the initial testing facility along with the redesigned and rebuilt transient-specific testing rig. 

Chapter 4 will present the results of testing the first silicon microchannel geometry along with 

chronicling the development of a computational model for predicting the transient device behavior. 

Chapter 5 will present the results of the second silicon microchannel device with transient testing 

under a more extensive range of conditions. The development of an additional model will also be 

detailed which incorporates the effects of the transient boiling behavior on this second device. 

Chapter 6 will describe the impact of phase change materials on the device behavior using both 

semi-empirical and simulation approaches incorporating the model developed in Chapter 5. 

Chapter 7 will provide closing remarks and offer recommendations for future work. 
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CHAPTER 2. Literature Review 
 
 

 As electronic device packaging has progressed, component size and scale have decreased 

with the development of more compact, higher performance devices. To meet the demands of 

improved performance, device power levels have also been increased to improve operability, 

particularly in the defense and medical sectors where spatially constrained systems are common. 

Concurrent reductions in packaging volume with increased power result in commensurately 

increased heat density dissipation requirements which have necessitated the development of 

advanced thermal management strategies and architectures to keep these devices operable and 

below the upper threshold limits for temperature.  

While single-phase liquid cooling has been a traditional cooling method of choice which 

can be improved further by employing microchannels with large surface area-to-volume ratios, to 

maintain the device temperatures below the cutoff thresholds, large flow rates are required to 

prevent the fluid temperatures from increasing too much. Larger flow rates translate to increased 

pressure drop and subsequently required pumping power, and practical constraints on thermal 

management system size or pumping power limit the effectiveness of such single-phase cooling 

systems. Microchannel flow boiling has emerged as a promising technology for rejecting the large 

heat densities of these devices which can easily exceed 1 kW/cm2 due to its use of latent heat phase 

change as opposed to sensible heating [8]. Additional benefits of flow boiling compared with 

single-phase liquid cooling include increased heat transfer rates, lower flow rates, reduced 

pumping power requirements, smaller fluid inventories, and more isothermal devices with reduced 

spatial temperature gradients [12–15]. 



 

13 
 

While much work has been dedicated to understanding the fundamental mechanisms of 

microchannel flow boiling and optimizing its performance at steady state, real devices operate 

under highly unsteady heating conditions such as pulses or cold-startups. The large change in 

heating conditions and resulting vapor generation rates may result in unanticipated behaviors 

which vary from those observed under steady heating conditions. In addition, flow instabilities 

which were well-controlled at steady state may be exacerbated under transient heating conditions 

due to the change in vapor generation rates. The following sections provide a survey of important 

studies in the literature related to transient boiling. Selected studies on transient pool and flow 

boiling, in both microchannels and macrochannels, will be synthesized in detail, with key gaps 

identified. Finally, the objectives of the current work will be expanded in relation to these gaps. 

2.1.   Transient Pool Boiling 

While pool boiling lacks the forced convective component of flow boiling, the nucleation 

mechanisms are still useful in understanding how transient heating affects the boiling process. 

Many early studies were concerned with the impact of a sudden increase in heat flux which 

initiated boiling in a liquid-cooled nuclear reactor module [37]. These studies examined the 

transient response of thin film ribbon heaters immersed in quiescent water tanks under a variety of 

transient heating conditions. Many of these studies also used exponentially-increasing heat loads 

due to their ease of solving with analytical models and of their practical element which reasonably 

represented a thermal runaway condition in a nuclear reactor. Due to the thinness of the ribbons 

used, there was little thermal lag time in the response, and the transient behaviors observed were 

quite rapid in nature. 

Rosenthal was one of the earliest studies to investigate such a transient boiling response in 

atmospheric pressure water and looked at the effects of initial subcooling, exponential period, and 
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dissolved oxygen concentration [38]. A typical transient temperature contour is shown in Figure 

2-1 , where the heater temperature rapidly increased past the saturation temperature of the water 

and resulted in a temperature overshoot prior to the onset of boiling, which occurred with an 

explosive growth of bubbles along with a concurrent decrease in temperature. They found that this 

overshoot was a decreasing function of exponential period and initial subcooling due to changes 

in required energy supplied to the fluid or differences in necessary superheat prior to boiling. The 

overshoot was nearly zero with saturated initial conditions. Differences in dissolved oxygen 

content did not markedly impact the overshoot. These results were confirmed in a similar study by 

Su et al. [39], who also noted that the larger superheat associated with the increased subcooling 

resulted in more explosive boiling, and that the more rapid heating rates activated many nucleation 

sites which rapidly coalesced to form a vapor layer that quickly established dryout/burnout 

conditions in the device. Yan et al. also performed a similar study with a ribbon heater immersed 

 
Figure 2-1. Typical temperature response for a ribbon heater experiencing an exponential heat 
input in time, from [38]. 



 

15 
 

in quiescent water and also found a temperature overshoot which increased as liquid subcooling 

increased but that vanished at saturated initial conditions [40]. However, they found that a surface 

degassing procedure virtually eliminated the temperature overshoot and thus concluded that the 

overshoot was a direct result of a delay in boiling associated with the departure of non-condensable 

trapped gas bubbles prior to boiling inception. It is possible that Rosenthal’s dissolved gas content 

was not low enough to noticeably impact the nucleation conditions.  

While these studies looked at ribbon heaters immersed in water and under exponential 

heating conditions, others have looked at highly wetting fluids with stepped heat loads. Because 

stepped heat loads are not continuously increasing but are a pointwise increase in heating, the 

behavior may be different than with exponential heating. Giventer and Smith examined transient 

pool boiling on a thin wire immersed in liquid nitrogen under stepped heating and observed a 

temperature overshoot above the steady state which increased with peak heat load [41]. They 

posited that the temperature overshoot may have been due to the activation of additional nucleation 

sites which were necessary to sustain nucleate boiling at a higher heat flux. Duluc et al. also 

investigated pool boiling under stepped heating in liquid nitrogen, but for both a very thin wire 

[42]. The ONB temperatures increased with peak heat flux and were higher than for steady heating 

conditions. The low thermal inertia resulted in extremely rapid heating rates in the fluid, and 

bubble growth appeared to be impeded by an underdeveloped thermal boundary layer. It was 

concluded the kinetics of the liquid-vapor meniscus inside nucleation cavities likely play a key 

role in mediating the nucleation process.  

Larger thermal inertia samples with flat surfaces were also investigated and impacted the 

transient thermal behavior observed. Duluc et al. also studied the transient thermal response of a 

~30 mm diameter x 150 mm deep copper block and found that large superheats of up to 50°C were 
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required to initiate boiling, but that due to the large thermal inertia, these superheats were weakly 

dependent on the peak heat flux [42]. The time and temperature at ONB exhibited stochasticity 

which was dependent on peak heat flux as well, as shown in Figure 2-2. The temperature then 

decreased dramatically as the efficient nucleate boiling mechanism dominated. The ONB was 

thought to be due to pre-existing gas nuclei trapped in cavities as opposed to homogeneous or 

heterogeneous nucleation due to the smoothness of the surface and a nucleation temperature below 

the homogeneous nucleation temperature. Heas also studied transient pool boiling with a similar 

large thermal inertia test fixture but with pentane [43]. They used a preliminary surface priming 

technique to activate nucleation cavities and articulated that a large stochasticity can result without 

this technique. Nevertheless, like in Duluc, a large wall superheat of ~54°C at the ONB and a 

temperature overshoot above the saturation temperature were observed as boiling initiated 

explosively due to the large superheat. The transient ONB superheat was found to be higher than 

 
Figure 2-2. Transient superheat curves showing large superheat and temperature overshoot at 
ONB, with stochasticity and temperatures dependent on peak heat flux [42]. 

 



 

17 
 

at steady state heating conditions and was attributed to a decreased thermal boundary layer 

thickness during the transient heating events. It was again postulated here that boiling was 

triggered by gas trapped in cavities, and a long waiting period between priming and testing resulted 

in an asymptotic increase in superheat from ~43°C to ~50°C. 

Overall, for pool boiling, the nature of the transient heating mode and the thermal inertia 

of the heating device affected the thermal behavior of the onset of boiling and following boiling 

conditions. In general, large wall superheats and temperature overshoots above the steady state 

temperature were observed. It appears the presence of trapped gases greatly affects the onset of 

boiling conditions, and that a pre-boiling surface priming procedure can reduce ONB temperature 

stochasticity or mitigate the temperature overshoot. In addition, the thermal inertia of the device 

appears to play a role, with lower thermal mass devices resulting in rapid increases in superheat 

which were generally higher than at steady heating conditions. This was surmised to be the result 

of a mismatch in time between thermal boundary layer development and the kinetics of the 

nucleation process, which then impeded boiling until higher superheats were met. Larger thermal 

inertia resulted in ONB conditions which were not as strongly dependent on peak heating rate. 

2.2.   Transient Flow Boiling 

While pool boiling provides clues to nucleation mechanisms under transient heating 

modes, it lacks the forced convective element. Furthermore, most of the studies on pool boiling 

were in large vessels where the convection was not constrained spatially. In flow boiling, the fluid 

is constrained to flow within an enclosed passage, and the dimensions of that passage can greatly 

affect the observed behavior due to the interactions between the fundamental surface tension, 

gravitational, viscous, and inertial forces. Furthermore, the presence of flow affects the thermal 

boundary layer development depending on laminar or turbulent flow conditions and may affect the 
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local boiling behaviors. When the transition between the so-called macroscale and microscale 

occurs is currently a matter of serious debate within the scientific community, and unfortunately 

little consensus exists. Some authors proposed specific dimensional criteria [44,45], while others 

have proposed confinement criteria relating to different nondimensional parameters which 

determine the relative importance of surface tension, gravity, hydraulic diameter, and channel mass 

flux [46–48]. What is clear from these studies is that there is a transition below which surface 

tension and capillary forces become dominant, and that the further the scales reduce, the further 

confinement is experienced by generated vapor. This section is split into macrochannel and 

microchannel subsections, where macrochannel studies were chosen if the characteristics were 

generally far into the conventional size range as discussed in the above studies. The studies were 

considered microchannel either if so-called by the authors or if they fit most of the criteria in the 

above listed studies. 

2.2.1.   Macrochannels 

Much of the research at this scale has been regarding liquid-cooled light water reactors, a 

form of nuclear reactor, where studies of flow boiling in water were conducted to understand if 

cooling could be reasonably maintained under reactor heating spikes. Much of the focus was on 

where the critical heat flux threshold was passed where the temperature increased dramatically 

with further increases in heat flux. Few studies described the conditions surrounding the onset of 

boiling or boiling under heat load perturbations. Su et al. [49] performed an analogous study to 

their transient pool boiling study with fully turbulent flow boiling in water in a 30 mm x 10 mm 

duct and found that, like in the pool boiling study, the temperature at the ONB decreased as the 

exponential period increased. Furthermore, it was found that wall superheat was higher with higher 

flow rate and subcooling, and in all cases the wall superheat-heat flux at ONB was higher than 
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with pool boiling. Temperature overshoots were also observed and followed a similar trend to the 

ONB superheats; however, at very short periods and low subcoolings, overshoots were not 

observed due to the rapid increase of heat generation and insufficient increase of the heat transfer 

coefficient from single-phase to flow boiling.  

Scheiff et al. performed a similar study but with HFE7000 (a lower surface tension fluid 

than water) in a 8.4 mm diameter pipe with a thin film heater subjected to stepped heating [50]. 

Large wall superheats (~40°C) and temperature overshoots (~26°C) above the steady temperature 

at the ONB were again observed, as shown in Figure 2-3. The wall superheat at ONB increased 

with peak heat flux, subcooling, and flow rate like in Su. However, the temperature overshoot and 

time constant of the decay to steady state flow boiling showed no noticeable dependence on flow 

rate, heat flux, or subcooling, contrary to the findings in Su. It is possible that these findings may 

be due to differences in fluid properties and operating conditions across these two studies. 

Visentini supplanted this study by investigating the effects of square or triangle wave pulses on 

 
Figure 2-3. Typical transient temperature time series under a transient heat step from [50]. 
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the same device under the same flow conditions [51]. Again, superheats of up to 40°C at the ONB 

were observed, with temperature overshoots above the steady state temperature of up to 33°C. 

However, they also found that the temperature rise rate during single-phase cooling resulted in an 

asymptotic increase in the ONB superheat, and that there was a minimum amount of energy needed 

to initiate boiling, above which the superheat plateaued around 20°C. In particular, the triangle 

wave pulses at lower linear ramp rates resulted in lower ONB temperatures due to lower 

temperature rise times compared with the square wave stepped heat loads. Thus, it appears that the 

conditions surrounding the ONB temperature are dependent not only on fluid conditions and peak 

heat flux but the rate at which the heat load is increased and possibly indicating rate-limited growth 

of vapor bubbles. 

While the previous three studies were interested in nuclear reactor applications from cold 

start-ups, Van den Bergh et al., motivated by irradiation flareups for concentrated solar power 

applications, instead investigated transient heating perturbations to the flow boiling process on 

flow boiling with R-245fa in a 8.31 mm diameter tube [52]. It was found that during a heat load 

perturbation, the change in heat transfer coefficient did not mirror the change in vapor quality, and 

the heat transfer coefficient dropped significantly upon increasing the heat flux. While flow 

instabilities did not surface during these transients, the reduction of the flow boiling heat transfer 

coefficient with a transient increase in heat load is concerning because it could lead to a rise in 

device temperature over the safe limit. Thus, temperature overshoots and large wall superheats are 

present with cold startup conditions, but transient perturbations to previously boiling flows may 

be detrimental to device performance if the heat transfer coefficient drops dramatically during this 

heat load perturbation. 
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In flow boiling at the macroscale, large wall superheats and temperature overshoots above 

the steady state temperatures were observed like in the pool boiling studies. However, due to the 

convective effects which increased heat transfer coefficient, the observed superheats were higher. 

In general, these effects were more significant with higher flow rates and subcooling, though the 

temperature overshoot was inconsistently affected by flow conditions. This may have been due to 

differences in fluid properties used across these studies or the presence of highly turbulent flow 

conditions. The rate at how quickly the heat flux to the fluid is increased played an important role, 

with higher rates tending to impede the nucleation process and resulting in larger superheats and 

temperature overshoots. Finally, transient perturbations in the heat rate after steady boiling was 

already established appeared to impact the heat transfer coefficient in a way not predictable by 

changes in vapor production rates alone. These results suggest that for devices cooled with flow 

boiling and which experience power transients, large temperature swings could result under cold 

startups or for heat load perturbations and may in turn reduce device longevity or performance. 

2.2.2.   Microchannels 

As mentioned above, microchannels tend to experience higher capillary and surface tension 

forces compared with macrochannels. In addition, unlike with the large-scale channels observed 

above, the small scales of microchannels usually result in laminar flow conditions, which increase 

the thermal boundary layer thickness. Because of this, depending on the channel dimensions, the 

boundary layers may penetrate more deeply into the fluid bulk compared with larger channels in 

which often turbulent flow constrains the boundary layers to nearer the channel walls. This leads 

to relatively larger vapor bubbles which may be confined by the small length scales of the 

microchannel and thus potentially expand both upstream and downstream in the channel, leading 

to flow reversal [46,53]. Finally, many microchannels are typically arrayed parallel to each other 
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in devices to maximize surface area enhancement with connecting plenums at their inlets and 

outlets. This leads to additional interactions between channels not typically seen with single large 

macrochannels or tubes and which may be dependent on the number of channels, plenum design, 

and thickness and specific heat capacity of channel walls (or fins) [19,23,54]. Therefore, due to 

bubble confinement and cross-channel interactions, microchannels tend to be susceptible to 

intensified flow instabilities compared to larger scale channels. Furthermore, as microchannels are 

typically used in embedded cooling strategies, as mentioned in Chapter 1, the thermal capacitance 

is typically low. Transient heating may thus worsen flow instabilities while resulting in rapid 

temperature fluctuations that would not be observed during steady state operating conditions. 

There are limited published studies on the transient impact of microchannel evaporators 

subjected to transient heat loads. Previous studies investigating microchannel flow boiling under 

transient heating are divided between single microchannel and multi-microchannel evaporators. 

Table 2-1 lists relevant experimental studies and their testing conditions to date. Basu et al. [55], 

Chen and Cheng [56], and Kingston et al. [57] studied flow boiling under stepped or pulsed heat 

loads in single microchannel devices without inlet restrictions. Basu et al. noted very large 

Table 2-1. Studies on microchannel flow boiling under transient heating 

Study 

Microchannel Evaporator Parameters Testing Conditions 

Working 

Fluid(s) Material 

Number 

of 

Channels 

Inlet 

Orifice 

Dh 

[µm] 

thbase 

[µm] 

q"max 

[W/cm2 ] 

Gmax 

[kg/m2s2] 

Tsat 

[°C] 

Basu et al. [55] Silicon 1 No 343 0 675 3800 34 HFE-7000 

Chen & Cheng [56] Silicon 1 No 214 0 7200 267 100 Water 

Kingston et al. [57] Pyrex 1 No 500 100 15 400 65 HFE-7100 

Zhuang et al. [58] Copper 1 No 400 19600 62 720 100 Water 

Huang et al. [59] Silicon 67 Yes 100 280 30 2000 31.5, 35, 40 
R236fa, 
R245fa 

Markal & Evcimen [60] Copper 11 No 333 1800 31.25 200 100 Water 
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superheats of up to 110°C and temperature overshoots above the steady state boiling temperature 

of ~20°C at the ONB followed by a drop to steady-state boiling at lower heat fluxes, with a 

representative transient thermal response shown in Figure 2-4. The large superheat and overshoot 

were attributed to the low surface tension HFE-7000 and the smooth surface of the heater with an 

average roughness of less than 30 nm. The wall superheat increased linearly with heat flux until it 

plateaued at ~110°C for heat fluxes greater than 375 W/cm2. Kington et al. also observed a ~20°C 

temperature overshoot and a ~50°C wall superheat at the ONB [57]. In addition, vapor backflow 

occurred into the inlet plenum due to rapid bubble growth at the ONB and mass flow/pressure drop 

oscillations after the ONB, characteristic of microchannel evaporators without inlet orifices. Chen 

and Chen did not observe a temperature overshoot at the onset of boiling, though wall superheats 

did increase with heat flux but were much lower overall (<30°C) [56]. While they also used a thin 

film heater which likely also had a very smooth surface, the use of a higher surface tension fluid, 

water, may have been responsible for these differences. 

 
Figure 2-4. Typical transient temperature response under a transient heat step from [54]. 
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 At higher heat fluxes, Basu et al. and Chen and Cheng commented on a near immediate 

transition to film boiling with a continuously increasing heater temperature even after the ONB as 

the vapor fraction increased and insulated the wall from the liquid [55,56]. The time to boiling 

inception (defined as the growth and detachment of a vapor bubble) also decreased as heat flux 

increased due to more active nucleation sites which increased the rate of bubble growth and 

departure. It was suggested that at the higher heat fluxes and heating rates, the surface temperature 

may have risen quicker than boiling could initiate, and thus boiling was delayed until higher 

superheats were met. Contrary to the results observed in Kingston, flow instabilities due to the 

transient heating were not observed (or were simply not reported). Nevertheless, the immediate 

shift to film boiling at the onset of boiling for these higher heat fluxes due to the vigorous 

generation of rapidly coalescing vapor bubbles could lead to catastrophic effects on a device such 

as thermal runaway or dryout, given that the temperatures of the devices in these studies did not 

reach a steady state after film boiling was initiated. 

While the single channel studies examined the effect of stepped changes in heat load that 

initiated boiling had on the microchannel behavior, Zhuang et al. examined perturbations in heat 

load after boiling had already been initiated and the influence of subcooling and flow rate on the 

following transient flow behaviors [58]. Because boiling had already been initiated, upon a sudden 

additional increase in heat flux, no overshoot was observed. However, the increase in vapor 

production resulted in a temporarily unsteady boiling regime where the pressure drop and flow 

within the channel experienced large oscillations. Due to the large thermal mass of the device, the 

temperature did not fluctuate more than 0.5°C. Increasing the inlet subcooling or increasing the 

mass flux reduced the transient spike in pressure drop as well as the intensity of pressure drop 

oscillations due to a reduced vapor quality. The results of this study are similar to the results of 



 

25 
 

Van den Bergh [52] discussed earlier despite differences in channel dimensions and show that 

even once boiling has occurred, transient heat fluxes may result in flow instabilities. 

These previous observations for single channel evaporators indicate the presence of flow 

instabilities and temperature excursions at the ONB under transient heating or upon increasing the 

heat flux after a steady boiling regime had already been attained, particularly at higher heat fluxes 

and in channels without inlet restrictions. Multi-channel devices have additional considerations 

due to cross-channel interactions such as the parallel channel instability mentioned earlier. Huang 

et al. studied a silicon, multi-microchannel evaporator with two different sizes of channel inlet 

restriction ratios of 2:1 and 4:1 subjected to stepped heat loads [59]. As shown in Figure 2-5, large 

wall superheats of up to 34°C and temperature overshoots above the steady state temperature of 

up to 36°C were seen before a sharp drop to steady state occurred after the ONB. Like in Kingston 

et al., vapor backflow out of the channel was seen at the ONB but was significantly reduced with 

 
Figure 2-5. Transient flow boiling temperature response compared across test sections with 
2:1 and 4:1 inlet restriction ratios from [59]. 
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the increased 4:1 inlet restriction ratio. In addition, reductions in heat flux, inlet restriction 

dimensions, subcooling, saturation temperature, and increasing mass flux all reduced peak 

temperatures, while nucleation time was inversely proportional to heat flux as observed by the 

single channel studies. Markal and Evcimen also investigated stepped heating but on a copper 

multi-microchannel evaporator with water [60]. At the highest heat fluxes, again large wall 

superheats of up to 52°C and temperature overshoots of up to 44°C were observed prior to the 

ONB, which then rapidly reduced the heater temperature. Oscillating flow reversal was also 

observed, though this device did not have inlet orifices. In both of these studies, the high superheats 

were attributed to either a smooth surface which reduced nucleation site density, fluid surface 

tension, or a delayed start of nucleation due to the transient heating and quenching of bubbles.  

2.3.    Specific Aims of this Study  

It is clear from these previous studies that boiling under transient heating can result in large 

wall superheats and temperature overshoots prior to the onset of boiling [42,43,50,59–61]. Fluid 

properties, peak heat loads and heating rates, flow conditions, and surface finish generally 

influenced the resulting peak temperatures or temperature overshoot conditions observed. 

Furthermore, the transient superheats required for boiling initiation were found to be higher than 

at the equivalent conditions under steady state heating [41–43]. At least one study found that 

thermal mass impacted the superheat necessary for boiling initiation and the overshoot above the 

steady state temperature [42]. Pre-priming nucleation sites also played a major role in the observed 

behavior in many of these studies [40,42,43]. In some cases, due to the high heating rates, film 

boiling was quickly reached after ONB, and a quasi-thermal runaway condition followed [56,61]. 

In several of the microchannel studies, due to bubble confinement and the large wall superheats at 
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the ONB, vapor backflow and flow reversal were observed along with other flow instabilities 

[57,59,60]. 

In the microchannel studies, vapor backflow, flow reversal, and other flow instabilities also 

resulted from step changes in heat load [55,57–60]. The low thermal mass of most microchannel 

evaporators exacerbates the transient thermal response from high wall superheats and temperature 

overshoots [30]. The resulting flow instabilities alongside the rapidly fluctuating device 

temperatures could quickly result in device damage or failure. However, only a step or pulsating 

function in heat load was investigated. Only one study used an inlet restriction which partially 

mitigated peak temperatures and reduced the occurrence of flow instabilities [59]. No study 

investigated hydraulic diameters smaller than 100 µm, which would further improve device 

compactness and steady state performance due to the additional surface area and heat transfer 

coefficient enhancement but may result in even more intensified transient behavior. Furthermore, 

no study investigated measures such as modulating how quickly heat flux is applied to the fluid, 

to mitigate the peak temperature before the ONB or the transient vapor backflow with a given set 

of fluid conditions. A more gradually applied transient heat load could act similar to additional 

thermal mass which would buffer the rate in which heat is added to the fluid and potentially 

improve the transient response as was seen in at least one study [51].  

While steady state performance of microchannel evaporators may result in optimal thermal 

management conditions, the transient response may result in unexpected behaviors which could 

quickly damage or destroy the device due to reaching a dryout-like condition under a transient 

power or heating spike. Holistic design approaches should incorporate both transient and steady 

state performance to most accurately access the usefulness of a given cooling strategy. Predicting 

and mitigating the impact of transient operation on low thermal resistance microchannel 
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evaporators is paramount to practical implementation into such embedded cooling thermal 

management techniques. No study to date has attempted to create a model for the transient 

temperature response of a microchannel evaporator under transient heat loads. Predictive methods 

must be developed to understand the tradeoffs of incorporating microchannel evaporators into the 

thermal management systems of pulsed high heat flux devices since the transient response of 

microchannel evaporators can produce unexpected behavior such as temperature overshoots and 

flow instabilities [57–59,61]. In addition, given the desirable thermal buffering effects of improved 

thermal capacity and the inclusion of a PCM as mentioned in Refs [30,35,36], understanding the 

potential impact of incorporating PCM into the evaporator to improve the device-level thermal 

capacitance is key to potentially buffering the transient thermal response and reducing the observed 

flow instabilities and temperature spikes. To date, no study has investigated the impact of including 

PCM despite the potential for buffering the transient response of a microchannel evaporator. 

This work seeks to address these literature gaps by contributing additional experimental 

microchannel evaporator device studies with transient heating on sub-100 µm hydraulic diameter 

devices. In addition, a predictive computational model for microchannel evaporators under 

transient heat loads will be developed and embedded within a thermal management system design 

suite. The model will provide a useful tool for tradeoff and design studies for thermal management 

systems which incorporate microchannel embedded two-phase cooling techniques. In addition, the 

impact of incorporating a metallic PCM into a microchannel evaporator will be studied and 

quantified to understand any potential benefits for inclusion into future transient thermal 

management strategies.  
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CHAPTER 3. Experimental and Computational Methods 
 
 
 

This chapter will detail the experimental and computational methods which were used to 

collect the data and develop the models discussed in this dissertation work. Two different test 

sections were used with distinct geometries. Two testing facilities were also used to collect data. 

The first test facility was designed for steady state testing but with several modifications for 

transient testing on the initial device, though it still proved difficult to control the system 

responses. Therefore, another test facility was designed and built to accommodate an improved 

transient response and was used for testing the second test section. The testing plan for each test 

piece is also included in this section. Finally, the NavyHHF-ParaPower software used in 

developing the computational models will also be discussed, and the PCM properties used to 

develop the semi-empirical PCM model in Chapter 6 will also be detailed. 

3.1.   Experimental Setup 

The experimental test sections, testing facilities, and testing approaches used in this effort 

will be described in this section.  

3.1.1.   Test Sections 

The testing was conducted on custom microchannel evaporator etched from a 300 µm thick 

silicon wafer with a Deep Reactive Ion Etching (DRIE) fabrication process by Lawrence 

Livermore National Lab (LLNL) which is discussed in detail in Bevis [12]. Extensive steady-state 

testing of similar evaporators with different channel geometries operating under different mass 

fluxes and saturation pressures was performed in this previous study and influenced the choice of 
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test conditions and test section geometry in this effort. R134a refrigerant was used as the working 

fluid since this was the fluid tested in the steady state studies and has well-characterized 

thermophysical properties. 

3.1.1.1.   52 µm Hydraulic Diameter Microchannel Evaporator 

Figure 3-1 shows the first test section used in this work. The refrigerant enters the device 

and is distributed throughout an inlet plenum by supporting silicon features. Prior to entering the 

channels, the refrigerant flows through restrictions etched at the inlet of each channel which 

stabilized the flow at steady state. The inlet orifices are nominally 15 µm wide and 150 µm long. 

The orifice to channel restriction ratio is ~2:1. Upon exiting the inlet restrictions, the fluid flows 

 
Figure 3-1. Detailed dimensions of 52 µm hydraulic diameter, silicon, microchannel 
evaporator investigated in this work. 
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through the 142 channels which are 2 mm long, 30 µm wide, and 200 µm deep. The channel 

hydraulic diameter is 52 µm. The fins separating the channels are 40 µm wide. A 500 μm-thick 

sheet of borosilicate glass was anodically bonded to the top of the silicon channels to provide a 

hermetic fluid seal. A 10 mm-by-1 mm thin film platinum resistive heater was deposited over the 

center of the channels on the backside of the test section to act as a surrogate laser diode bar. 

Current is passed through the heater to produce Joule heating. The base thickness between the 

heater and the bottom of the channels is 100 μm. Since the heater only spans half the length of the 

channels, axial conduction, or heat spreading, is expected to play a larger role than previous 

transient boiling studies with uniform heat distributions. The test section interfaced with the fluidic 

test facility with a low thermal conductivity (~0.25 W/m-K) poly-ether-ether-ketone (PEEK) 

plastic manifold structure shown in exploded view in Figure 3-2 [12]. 

 
Figure 3-2. Fluidic manifold for 52 µm hydraulic diameter microchannel test section which 
interfaces to two-phase pumped loop [12]. 
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3.1.1.2.   38 µm Hydraulic Diameter Microchannel Evaporator 

Figure 3-3 shows the salient details of the second test section investigated. The heater 

element and plenum regions are the same, but the channel geometry is different. In particular, the 

channels are 22 μm wide x 141 μm deep, with 250 channels as opposed to 142 in the other test 

section. The fins are 18 μm wide with the same depth. The inlet orifices are ~17.5 μm wide, which 

provides a 1.26:1 restriction ratio that is noticeably smaller than for the larger channel test section. 

For this test section, an improved manifold was designed and fabricated to bring the pressure and 

temperature measurements closer to the inlet and outlet of the test section. This manifold is shown 

in an exploded view in Figure 3-4. For both evaporators and manifolds, the test section was 

 
Figure 3-3. Detailed dimensions of 38 µm hydraulic diameter, silicon, microchannel 
evaporator investigated in this effort. 
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electrically interfaced using the same electrical harness designed and fabricated by Bevis [12]. 

This electrical harness made it simple to determine the electrical resistance-temperature 

relationship of the second test section heater which was used to measure the temperature of that 

device. The details of that method will be discussed later in this chapter. 

3.1.2.   Testing Facilities 

Two test facilities were used in this work. The first one was the legacy two-phase pumped 

loop facility built in Bevis [12] and updated in Richey [17] to accommodate transient testing on 

the 52 µm microchannel test section. However, based off the observed transient behaviors, a new 

test facility was designed and built to better accommodate the transient perturbations to the system, 

streamline the data collection process, and improve the overall operability of the system. Both 

testing facilities will be discussed here. 

3.1.2.1.   Legacy Two-Phase Pumped Loop Test Facility 

The testing facility used for the 52 µm microchannel test section was based on the work of 

Bevis [12], with updates for transient testing provided by Richey [17]. A detailed schematic along 

 
Figure 3-4. Exploded schematic of fluidic interface manifold for 38 µm test section. 
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with the equipment is contained within Bevis, but a simplified schematic which was published in 

Anderson et al. [62] with the important updates and is shown in Figure 3-5 will be described here 

to highlight the changes made. Prior to testing, the facility was evacuated to remove air bubbles 

and then was filled with liquid R134a. A positive displacement pump (GA-T23, Micropump Inc, 

WA) circulated the fluid while the mass flow rate was monitored by a Coriolis flow meter 

(RHM015L, Rheonik, Germany) just upstream of the test section. The refrigerant was condensed 

and subcooled below the inlet saturation temperature to the appropriate degree using two plate heat 

exchangers (HXP-193 Rev. 2, Koolance, WA) and monitored using a calibrated K-type 

thermocouple. The test section inlet pressure (and subsequently saturation temperature) was set 

using a bladder accumulator (A1QT3100B, Accumulators Inc, TX) by adjusting the compressed 

nitrogen side and was monitored by an upstream pressure transducer, while pressure drop through 

the test section was measured using a differential pressure transmitter (all pressure transmitters: 

PX409 series, Omegadyne Inc, OH). The heat load was applied by varying the electrical voltage 

 
Figure 3-5. Simplified schematic of legacy testing facility from [62]. 
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with a programmable power supply (N8735A, Keysight, CO). The test section temperature was 

measured at a frame rate of 120 Hz using a calibrated infrared (IR) camera (TIM160, Micro-

Epsilon, Germany). To monitor flow conditions, a microscopic camera (AF7915MZT, Dino-Lite, 

CA) synchronized to start simultaneously with the IR camera, was used to view the channels 

through the borosilicate glass at a rate of 20 Hz and a resolution of 640 x 480 pixels with an on-

axis LED ring light. Temperature, pressure, mass flow rate, and power measurements were 

obtained using a cDAQ-9174 with appropriate measurement modules (National Instruments Inc, 

TX). A custom LABVIEW program collected data from the DAQ at a frequency of 5 Hz. 

3.1.2.2.   Transient Two-Phase Pumped Loop Test Facility 

As mentioned above, because the first test facility was difficult to maintain at the desired 

testing conditions and had a sluggish response, an updated facility was designed and built with 

 
Figure 3-6. Schematic of updated transient two-phase pumped loop testing facility. 
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active feedback control to improve transient performance and workflow. Active control was 

achieved using the tuning approach described in Shamssuzzoha [63]. The test facility is shown 

schematically in Figure 3-6 and as-built in Figure 3-7. A gear pump (GA-V21, Micropump, WA) 

 
Figure 3-7. Updated transient two-phase pumped loop testing facility and associated controls. 
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with an EagleDrive motor (DEMSE, Micropump, WA) was used to circulate the refrigerant. A 

Coriolis flow meter (RHM015L, Rheonik, Germany) measured the mass flow rate and provided 

feedback to an Omega Platinum controller (CN32PT-305, Omegadyne, OH) which controlled the 

pump speed to maintain the mass flow rate at the desired setpoint. The degree of refrigerant 

subcooling below the saturation temperature was controlled with an inline fluid preheater 

(FLUENT FLC-2, WATLOW, MO) and another Omega Platinum controller using feedback from 

a T-type thermocouple probe installed at the inlet of the test section.  

A refrigerant filter-drier and a 2 µm stainless steel mesh filter were installed upstream of 

the test section to remove contaminants and moisture from the fluid. There were upstream and 

downstream T- and K-type temperature and pressure sensors as well as a differential pressure 

transmitter at the inlet and outlet of the test section (all sensors same models as used in legacy 

facility). A video camera (PL-D753, Pixelink, NY) with a Navitar modular microscope lens and a 

thermal camera (PI640i, Optris, Germany) with microscope optics were used to simultaneously 

record test section temperature and observe the fluid dynamics in the channel at a rate of 125 Hz 

(the maximum frame rate of the thermal camera). Synchronicity between the cameras and power 

supply was achieved using an Arduino-based switch with an N-channel MOSFET and is detailed 

in APPENDIX A. The boiling fluid was then condensed and subcooled via a single, large, plate 

heat exchanger (GBS400H-10, Kelvion, KY).  

The system pressure was maintained using a bladder accumulator (A1QT3100B, 

Accumulators Inc, TX). The air-side pressure of the accumulator was set at a baseline using 

regulated shop air. Then, an Equilibar backpressure regulator (LF2, Equilibar, NC) loaded via an 

electronic pressure regulator (QPV2, Equilibar, NC) was teed in at the inlet of the accumulator air-

side. The QPV2 was controlled by another Omega Platinum controller with feedback from the test 
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section inlet pressure transducer and exhausted air from the regulated shop air line using the 

backpressure regulator as necessary to control the inlet pressure to the test section. Power to the 

test section heater was delivered via a high-accuracy (<0.1%), programmable DC power supply 

(N7953A, Keysight, CO). A National Instruments cDAQ-9174 was used to collect measurements 

from the system sensors. The system was controlled and monitored with a custom LabVIEW 

program running at 125 Hz, the same frequency as the thermal camera and the microscope camera. 

3.1.3.   Experimental Testing Procedure and Test Matrix 

3.1.3.1.   Testing Procedure and Test Matrix for 52 µm Test Section 

For the legacy test facility, the system chiller was first turned on to allow fluid to condense. 

Once enough fluid was condensed to liquid as indicated by the sight glass between the subcooler 

and pump suction line, the pump was powered on, and the potentiometer dial on the motor was 

adjusted until the flow rate met the nominal value. The relative proportion of flow through both 

heat exchangers was adjusted using a fine needle valve along with the chiller temperature to set 

Table 3-1. Transient heat load test matrix for 52 µm microchannel evaporator 

Condition Value 

Pin [kPa] 572 

Tsat,in [°C] 20 

Tf,in [°C] 15 

ΔTsub,in [°C] 5 𝒎̇ [g/min] 50 

q [W] 

15 
25 
36 
39 
43 

Ramp rate [W/s] 

4 
9.5 
29 
50 
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the inlet fluid temperature to the test section. Then, the system pressure was set by adjusting the 

shop air-line pressure to the accumulator using the wall pressure regulator. The fluid conditions 

were considered to have reached steady state when they varied by no more than their uncertainty 

estimate over a one-minute period. Once steady state conditions were reached, transient testing 

commenced. Heat was applied in two ways: in a stepped heat load from 0 to the max value, and in 

a linearly ramped profile with different ramping rates applied as a sequence of small steps. The 

test matrix is shown in Table 3-1. 

3.1.3.2.   Testing Procedure and Test Matrix for 38 µm Test Section 

The 38 µm microchannel evaporator was tested in the new transient test facility. The chiller 

was first powered up to condense and subcool liquid upstream of the pump suction. Once the 

entirety of the fluid in this line was liquid, the flow rate setpoint was set, and the pump was turned 

on. After the flow rate stabilized, the accumulator control was initiated by opening the shop air 

line and then setting the inlet pressure setpoint to the desired value. Once stabilization was reached 

with the pressure control, the preheater temperature was set, and the preheater control was initiated 

to hit the target inlet subcooling. Then, once the system was stabilized and reached a steady state, 

Table 3-2. Stepped heat load test matrix for 38 µm microchannel evaporator 

Condition Value 

Pin.ch [kPa] 572 

Tsat,in [°C] 20 

Tf,in [°C] 10,15,17.5 

ΔTsub,in [°C] 2.5,5,10 𝒎̇ [g/min] 50,75,100 

q [W] 
24,26,29,31,33,35, 

40,45,50,55,60,65,70 
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once again defined as values changing less than their uncertainty estimates (or within the margin 

of error of the system controllers), the transient testing was initiated. Heat loads were initiated as 

a step function from 0 to maximum heat duty by varying the voltage of the power supply. The test 

matrix shown in Table 3-2 was run based on heating conditions which resulted in two-phase 

conditions for the given subcooling and flow rate, so not all combinations of conditions were 

tested. For testing variations in flow rate, a subcooling of 5°C was maintained, while for testing 

variations in inlet subcooling, a flow rate of 50 g/min was used.  

3.1.3.3.   Inlet Pressure Correction for 38 µm Test Section 

Because flow rate and subcooling were parametrized for this device, there was a change in 

pressure drop from the inlet pressure measurement spot and the actual inlet of the channel due to 

the orifice and complex fluid routing through the inlet plenums. Therefore, to keep inlet conditions 

to the channel consistent, the pressure drop was estimated through this inlet region, and the actual 

inlet pressure was set by adding the pressure drop to the 572 kPa which resulted in a 20°C 

saturation temperature at the inlet of the channel: 

 𝑃𝑖𝑛 = 𝛥𝑃𝑢𝑝𝑠𝑡𝑟 + 𝑃𝑖𝑛,𝑐ℎ(𝑇𝑠𝑎𝑡 = 20°𝐶). (3-1) 

To calculate the pressure drop in the complex plenum and inlet restrictor region, the following 

approach was used. There is a short section of the inlet tube from the inlet pressure transducer to 

the inlet hole of the test section. The fluid makes a 90-degree bend and is contracted from 4 mm 

to ~190 µm. Then, the fluid is split into 5 channels due to the silicon rib features. Finally, fluid is 

recombined in a ~191 µm deep by 10 mm wide region before entering the channels. This entire 

plenum and tube region was modeled in COMSOL MultiPhysics v5.6 using computational fluid 

dynamics (CFD) to determine the pressure drop at the range of flow rates and inlet temperatures 

used experimentally, and a representative SolidWorks model of this region is shown in Figure 3-8.  
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In addition, there is pressure drop in the inlet restrictor due to contraction into the restrictor, 

frictional losses, and then further expansion into the channel. However, the inlet restriction has a 

complex depth profile due to gas dynamics behaviors experienced in etching different width 

features and is discussed in Ref [12]. The only way to measure this depth profile was to destroy 

the device, so a similar device with the same nominal dimensions was cut down the length of a 

channel, and the restrictor profile was characterized. The profile as seen by optical microscopy is 

shown in Figure 3-9. Then, another separate model was created in COMSOL consisting of the 

restrictor and the channel, and the combined pressure drop through the inlet restrictor was 

 
Figure 3-8. SolidWorks model used to calculate inlet plenum pressure drop. 

Table 3-3. Inlet pressure transducer setpoints (in kPa) to maintain 20°C channel inlet saturation 
temperature (572 kPa). 

Mass Flow Rate [g/min] Inlet Temperature [°C] 

 10 15 17.5 

50 576.1 576 575.97 

75 579.7 N/A N/A 

100 584.4 N/A N/A 
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calculated for the same inlet flow and temperature conditions. The plenum and inlet restrictor 

pressure drop were then summed to determine the necessary inlet pressure transducer pressure 

setpoint for the channel inlet to result in a 20°C saturation temperature. The details of the models, 

including the CFD approach, the mesh sensitivity study, and representative profiles are found in 

Appendix C. The calculated inlet pressures for the given flow and inlet temperature conditions are 

given in Table 3-3. When uncertainties are propagated, a 20% uncertainty was enforced on these 

pressure drop corrections due to the potential for geometric uncertainty. 

3.1.4.   Uncertainties and Calibrations 

Uncertainties are inherent in any experimental setup and are quantified here. In addition, 

calibration procedures used for the heater temperature measurements are also discussed. 

Experimental uncertainties generally consisted of measurement uncertainties, and when multiple 

 
Figure 3-9. Magnified optical microscopy image of inlet restrictor complex depth profile. 
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measurements were made, also included statistical uncertainties, which were summed together 

using the root-sum-square method for an average measurement 𝑋̅: 

 𝛿𝑋̅ = √𝛿𝑚𝑒𝑎𝑠2 + 𝛿𝑠𝑡𝑎𝑡2 . (3-2) 

Measurement errors included device uncertainties given by either the manufacturer or from a 

calibration procedure. When functional relationships between variables were used, the error is 

propagated according to the root-sum-square truncated Taylor series approach [64] 

 𝛿𝑋̅ = √∑(𝜕𝑋̅𝜕𝑥𝑖 𝛿𝑥𝑖)2
𝑖 . (3-3) 

When statistical uncertainties were appropriate, the statistical uncertainty was calculated according 

to 

 𝛿𝑠𝑡𝑎𝑡 = 𝑡𝑠𝑡𝑎𝑡𝑆√𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑠, (3-4) 

where t0.005 corresponds to a two-tailed t-statistic for a 99% confidence interval and S is the sample 

standard deviation. The sample standard deviation is normalized by the number of samples and is 

also known as the standard error. 

3.1.4.1.   Uncertainties for 52 µm Test Section and Legacy Test Facility 

For the legacy test facility and the 52 µm test section, equipment was calibrated and 

uncertainties in the equipment were detailed in Ref [12]. The infrared camera, which was the 

upgraded measurement device for the heater temperature, was calibrated in the range of 15-80°C 

on an area averaged basis against a high-accuracy (±0.012°C), reference resistive temperature 

detector (RTD) and had a calibrated full-scale temperature accuracy of ±0.3°C [17]. The calculated 

uncertainties for both measured and derived quantities under the testing conditions in this study 

are shown in Table 3-4. 
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3.1.4.2.   Uncertainties for 38 µm Test Section and Transient Test Facility 

The new testing facility used new data acquisition modules and additional or new sensors. 

Therefore, temperature and pressure sensors were recalibrated against high accuracy reference 

standards, with temperature sensors against the ±0.012°C platinum RTD and pressure sensors 

against a ±0.025 psi (±0.17 kPa) pressure gauge. In addition, the test section heater electrical 

resistance was calibrated against the same high-accuracy RTD in a convection oven from 20-90°C. 

A linearly increasing resistance with temperature was observed, which resulted in the following 

curve fit 

 𝑇ℎ (°𝐶) = 49.544𝑅ℎ(Ω) − 404.090, (3-5) 

with a highly linear relationship defined by a correlation coefficient of 0.99992. A linearly 

increasing electrical resistance with temperature is consistent with the behavior of commercial 

platinum RTDs [65]. The resulting temperature uncertainty using a 99% confidence interval of the 

curve fit root-mean-square error was ±0.34°C. While an infrared camera was also available, 

measurements with the resistance method were more convenient due to ease of processing and 

data analysis. The resistance-temperature approach was thus the method of choice for measuring 

Table 3-4. Experimental uncertainties for 52 µm test section and legacy test facility. 

Condition Uncertainty 

Pin ±0.6 kPa 

ΔP ±0.3 kPa 

Tsat,in ±0.03°C 

Tf,in ±0.5°C 

ΔTsub,in ±0.5°C 

Th ±0.3°C 𝒎̇ <±0.2% 

q ±2.6-4.1%  
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the heater temperature for this test section, as the electrical resistance could be easily calculated 

from the test section voltage and current using Ohm’s Law during testing. Thus, this curve fit was 

programmed into the LabVIEW code to directly calculate and log the test section temperature. The 

resulting uncertainties for the 38 µm test section and transient test facility are given in Table 3-5. 

3.1.5.   Heat Losses 

Heat exchange with the ambient is unavoidable in any experimental setting, though 

attempts may be made to minimize its effect. Due to the small scale of the test device and its 

containment in a highly-insulating, plastic manifold, heat losses were expected to be small. 

Nevertheless, the heat losses will be estimated based off the geometry and literature correlations 

for convective and radiative heat loss to fully encompass the experimental approach. Due to 

differences in peak temperatures and the test section geometries across the two different devices, 

heat losses will be calculated separately for each device.  

Convective and radiative heat losses were calculated for both the heater side as well as the 

exposed fluid side of the device and then summed to get a net heat transfer to the ambient for each 

device. The heater was treated as an isothermal, vertical plate for literature correlation purposes. 

On the fluid side, the area used was the exposed fluid area in the channels, with the fins assumed 

Table 3-5. Experimental uncertainties for 38 µm test section and transient test facility. 

Condition Uncertainty 

Pin,ch ±0.9-2.5 kPa 

ΔP ±0.2 kPa 

Tsat,in ±0.05-0.14°C 

Tf,in ±0.2°C 

ΔTsub,in ±0.2-0.25°C 

Th ±0.3°C 𝒎̇ <±0.2% 

q ±0.1-0.2% 
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insulated. There was a 500 µm thick borosilicate glass cap on this side, so conductive heat transfer 

was also considered. A quasi-steady 1D thermal resistance network as shown in Figure 3-10(a) 

and (b) was used to estimate the losses. Due to the small channel geometries and large area 

enhancement, the inner fluid convective thermal resistance was neglected. The glass outer surface 

temperature was unknown, so an additional thermal resistance energy balance was used to solve  

for it. The peak temperature measured for each device was used to provide an upper bound for the 

losses, which from the above thermal resistance networks were calculated according to the 

following equations, defining heat flow to be away from the test section 

 𝑞𝑙𝑜𝑠𝑠,𝑔𝑙𝑎𝑠𝑠 = 𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏𝑡ℎ𝑔𝑙𝑎𝑠𝑠𝑘𝑔𝑙𝑎𝑠𝑠𝐴𝑔𝑙𝑎𝑠𝑠 + 1(ℎ𝑐𝑜𝑛𝑣,𝑔𝑙𝑎𝑠𝑠 + ℎ𝑟𝑎𝑑,𝑔𝑙𝑎𝑠𝑠)𝐴𝑔𝑙𝑎𝑠𝑠
 

(3-6) 

 𝑇𝑓,𝑖𝑛 − 𝑇𝑔𝑙𝑎𝑠𝑠𝑡ℎ𝑔𝑙𝑎𝑠𝑠𝑘𝑔𝑙𝑎𝑠𝑠𝐴𝑔𝑙𝑎𝑠𝑠
= 𝑇𝑔𝑙𝑎𝑠𝑠 − 𝑇𝑎𝑚𝑏1(ℎ𝑐𝑜𝑛𝑣,𝑔𝑙𝑎𝑠𝑠 + ℎ𝑟𝑎𝑑,𝑔𝑙𝑎𝑠𝑠)𝐴𝑔𝑙𝑎𝑠𝑠  

(3-7) 

 
Figure 3-10. 1D thermal resistance loss networks from (a) the fluid side and (b) the heater side. 
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 𝑞𝑙𝑜𝑠𝑠,ℎ = (ℎ𝑐𝑜𝑛𝑣,ℎ + ℎ𝑟𝑎𝑑,ℎ)𝐴ℎ(𝑇ℎ − 𝑇𝑎𝑚𝑏) (3-8) 

 𝑞𝑙𝑜𝑠𝑠,𝑛𝑒𝑡 = 𝑞𝑙𝑜𝑠𝑠,𝑔𝑙𝑎𝑠𝑠 + 𝑞𝑙𝑜𝑠𝑠,ℎ. (3-9) 

The convective and radiative heat transfer coefficients were calculated according to [66]  

 ℎ𝑐𝑜𝑛𝑣,𝑥 = [0.68 + 0.67𝑅𝑎𝑥1/4(1 + (0.492/𝑃𝑟𝑥)9/16)4/9] 𝑘𝑎𝑖𝑟,𝑥𝐿ℎ    (3-10) 

 ℎ𝑟𝑎𝑑,𝑖 = 𝜀𝜎(𝑇𝑥2 + 𝑇𝑎𝑚𝑏2 )(𝑇𝑥 + 𝑇𝑎𝑚𝑏),   (3-11) 

where Ra is the Raleigh number, Pr is the fluid Prandtl number, ε is the surface emissivity (set to 

1 to overestimate losses), and σ is the Stefan-Boltzmann constant. All fluid properties of the air 

were evaluated at the film temperature 𝑇𝑓𝑖𝑙𝑚 = (𝑇𝑥 + 𝑇𝑎𝑚𝑏)/2, where x corresponds to either the 

glass or heater surface temperature. Table 3-6 lists the values for the inputs and resulting outputs. 

The negative heat loss values reflect heat gain from the ambient due to the convention in which 

Table 3-6. Heat loss parameters for both test sections. 

Parameter 38 µm 52 µm 𝑻𝒇,𝒊𝒏 [K] 283 288 𝑻𝒂𝒎𝒃 [K] 294 294 𝑻𝒉 [K] 391 344 𝑻𝒈𝒍𝒂𝒔𝒔 [K] 289 288 𝒕𝒉𝒈𝒍𝒂𝒔𝒔 [m] 5.00x10-4 5.00x10-4 𝒌𝒈𝒍𝒂𝒔𝒔 [W/m-K] 1.20 1.20 𝑨𝒈𝒍𝒂𝒔𝒔 [m2] 1.10x10-5 8.52x10-6 𝑨𝒉 [m2] 1.00x10-5 1.00x10-5 𝒉𝒄𝒐𝒏𝒗,𝒈𝒍𝒂𝒔𝒔 [W/m2-K] 4.00 3.53 𝒉𝒄𝒐𝒏𝒗,𝒉 [W/m2-K] 6.71 5.83 𝒉𝒓𝒂𝒅,𝒈𝒍𝒂𝒔𝒔 [W/m2-K] 5.46 5.60 𝒉𝒓𝒂𝒅,𝒉 [W/m2-K] 9.31 7.42 𝒒𝒍𝒐𝒔𝒔,𝒉 [W] 1.56x10-2 6.61x10-3 𝒒𝒍𝒐𝒔𝒔,𝒈𝒍𝒂𝒔𝒔 [W] -1.15x10-3 -4.74x10-4 𝒒𝒍𝒐𝒔𝒔,𝒏𝒆𝒕 [W] 1.44x10-2 6.14x10-3 
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heat flow was defined. The net heat loss from the test sections was smaller than or comparable to 

the uncertainty of the measurement equipment and was thus neglected in this study. In addition, 

the small heat gain from the ambient on the fluid side due to the glass cap justified the insulated 

tip fin assumption. 

3.2.   Computational Methods and Setup 

This section details the computational tools used in the current investigation to develop the 

transient, microchannel, flow boiling models in Chapters 5 and 6. In addition, the PCM model 

setup and semi-empirical approach used to apply the simulated PCM heating effect will also be 

discussed. 

3.2.1.   ParaPower-NavyHHF Computational Design Tool 

Two separate computational design tools were developed and combined to take advantage 

of the specific features of each. ParaPower is a 3D centered finite difference software, shown in 

 
Figure 3-11. ParaPower thermal resistance network in matrix form from [66–68]. 
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Figure 3-11, developed in a collaboration by the DEVCOM Army Research Lab and Texas A&M 

University for rapid parametric analysis of heat transfer in power electronics packages [67–69]. 

ParaPower includes a validated phase change material (PCM) modeling component to evaluate the 

impact of including such materials into power electronics packaging architectures. The tool offers 

the flexibility of defining geometry, materials, and custom boundary conditions from either a 

graphical user interface or at the script level and was built in MATLAB.  

The second computational tool used was NavyHHF which was originally a subcomponent 

library in a broader system analysis tool called ATTMOsphere, developed by PC Krause and 

Associates for dynamic system-level Size, Weight, and Power (SWaP) analysis studies [70]. The 

software was built in a Simulink-MATLAB interface to take advantage of the block-based 

programming architecture along with MATLAB’s built-in ordinary differential equations solvers. 

NavyHHF offered component level thermal analysis using a 1D, finite volume-based, reduced-

order, fluid solver to calculate fluid state points such as temperature, pressure, and heat transfer 

over a wide range of possible fluids and conditions. While full systems could be modeled, for the 

purposes of this work, only the two-phase cold plate was modeled with appropriate flow boundary 

conditions (inlet temperature, mass flow rate, outlet pressure) imported from the experiments to 

 
Figure 3-12. Sample simplified block diagram for NavyHHF-ParaPower two-phase cold plate 
and boundary conditions. 
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simplify the computational effort. Figure 3-12 displays a sample block-system of the modeled two-

phase cold plate. 

Because ParaPower provides in-depth solid heat transfer and PCM modeling, and 

NavyHHF provides in-depth fluid state modeling, both softwares were combined to create the 

ParaPower-NavyHHF tool which was utilized in this work. The computational approach for these 

models is described in detail below for a discretized network in the flow direction and shown 

schematically in Figure 3-13. The reduced order mass, momentum, and enthalpy balances were 

given for each discrete control volume N as 

 
𝑑𝑚̇𝑑𝑡 = 𝑚̇𝑖𝑛𝑣𝑖𝑛 − 𝑚̇𝑜𝑢𝑡𝑣𝑜𝑢𝑡Δ𝑁 + 𝐴𝑐(𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡)Δ𝑁 − 𝑓𝑓𝑚̇𝑜𝑢𝑡𝑣𝑜𝑢𝑡2𝐷ℎ  (3-12) 

 Ɐ [𝜕𝜌𝜕𝑃 𝑑𝑃𝑑𝑡 +  𝜕𝜌𝜕𝑖 𝑑𝑖𝑑𝑡] =  𝑚̇𝑖𝑛 − 𝑚̇𝑜𝑢𝑡 (3-13) 

 
Figure 3-13. Schematic for discretized solid and fluid with energy balance at interface and fin 
efficiency approach. 
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 Ɐ [(𝑖 𝜕𝜌𝜕𝑃 − 1) 𝑑𝑃𝑑𝑡 +  (𝑖 𝜕𝜌𝜕𝑖 + 𝜌) 𝑑𝑖𝑑𝑡] =  𝑚̇𝑖𝑛𝑖𝑖𝑛 − 𝑚̇𝑜𝑢𝑡𝑖𝑜𝑢𝑡 − 𝑞𝑓 , (3-14) 

where the heat transfer to the fluid qf was calculated according to an energy balance at the solid-

fluid interface at each volume N as  

 𝑞𝑓 = −𝑞𝑤 = ℎ𝐴𝑠𝑢𝑟𝑓(𝑇𝑓 − 𝑇𝑤) (3-15) 

This energy balance was also used as the boundary condition for the solid heat transfer on the 

ParaPower side of the model to determine the equivalent wall temperature at the given boundary. 

Fins were modeled implicitly using a fin efficiency approach with insulated tip fin which was 

justified in Section 3.1.5: 

 𝐴𝑠𝑢𝑟𝑓 = 𝑁𝑐ℎ𝐿𝑐ℎ(𝑊𝑐ℎ + 2𝜂𝑓𝑖𝑛𝐻𝑐ℎ) (3-16) 

 𝜂𝑓𝑖𝑛 = tanh(𝑚𝑓𝑖𝑛𝐻𝑐ℎ)𝑚𝑓𝑖𝑛𝐻𝑐ℎ  (3-17) 

 𝑚𝑓𝑖𝑛 = √ 2ℎ𝑘𝑓𝑖𝑛𝑡ℎ𝑓𝑖𝑛. (3-18) 

The heat transfer coefficient was calculated using literature correlations for fully-developed, 

laminar flow in rectangular ducts [71] 

 ℎ𝑠𝑝 = 8.235(1 − 1.833𝛽 + 3.767𝛽2 − 5.814𝛽3 + 5.361𝛽4 − 2𝛽5) 𝑘𝑓𝐷ℎ  (3-19) 

The two-phase heat transfer coefficient is calculated using the Kim and Mudawar correlation [14] ℎ𝑡𝑝,𝑘𝑚 = (ℎ𝑛𝑏2 + ℎ𝑐𝑏2 )0.5 (3-20) 

ℎ𝑛𝑏 = [2345 (𝐵𝑜 𝑃𝐻𝑃𝑊)0.7 ( 𝑃𝑃𝑐𝑟𝑖𝑡)0.38 (1 − 𝜒)−0.51] ℎ𝐷𝐵,𝑙 (3-21) 

ℎ𝑐𝑏 = [5.2 (𝐵𝑜 𝑃𝐻𝑃𝑊)0.08 𝑊𝑒𝑙𝑜−0.54 + 3.5 ( 1𝑋𝑡𝑡)0.94 (𝜌𝑙𝜌𝑣)0.25] ℎ𝐷𝐵,𝑙  (3-22) 
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ℎ𝐷𝐵,𝑙 = 0.023𝑅𝑒𝑙0.8𝑃𝑟𝑙0.4 𝑘𝑙𝐷ℎ (3-23) 

𝐵𝑜 = 𝑞𝑤′′𝐺𝑐ℎ𝑖𝑙𝑣 , 𝑅𝑒𝑙 = (1 − 𝜒)𝐺𝑐ℎ𝐷ℎ𝜇𝑙 , 𝑊𝑒𝑙𝑜 = 𝐺𝑐ℎ2 𝐷ℎ𝜌𝑙𝜎 , 𝑋𝑡𝑡 = (𝜇𝑙𝜇𝑣)0.1 (1 − 𝜒𝜒 )0.9 (𝜌𝑣𝜌𝑙)0.5. (3-24) 

Because this correlation is dependent on the local wall heat flux which is in turn dependent on the 

heat transfer coefficient, an iterative approach is needed to determine the final heat transfer 

coefficient. A modified bisection method was used in the software to guarantee iterative 

convergence. 

3.2.2.   Model Setup and Configuration 

The model domain was created using the silicon substrate base with fluid domain and 

embedded fins, a 1 µm thick layer of silicon dioxide electrically passivating the silicon surface, 

and the ~0.2 µm thick heater. An example of the computational domain is shown in Figure 3-14. 

The fluid domain is shown in blue while the silicon is shown in purple, and the heater is shown in 

red. Solid properties for these materials are shown in Table 3-7, where the thermal conductivity of 

silicon was obtained from Ref [72] and other properties were obtained from Engineering Equation 

Solver [73].  

Boundary conditions were needed for each model and were determined from the 

experimental operating conditions. The heat load from the experiment for the nominal testing 

conditions was applied to the test section heater as a step heat load. To correct for the finite power 

supply switch-on time and differences in how Simulink applies a step function, a low pass filter 

Table 3-7. Material properties of solids used in NavyHHF models. 

Material 
k 

[W/m-K] 

cp 

[J/kg-K] 

ρ 

[kg/m3] 

Silicon 0.00141T2-0.676T+160 9.38E-5T3-0.0188T2+1.96T+669 2329 

Silica (SiO2) 1.3 680 2170 

Platinum 72.7 134 21424 
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time constant was applied to the heat load and was adjusted as needed based on the power supply 

used and heat load level. Heater time constants ranged from about 1/(4π) to 1/(22π) but would 

need to be adjusted manually for a given test section, power supply, and power level. For the 38 

µm test section, because the temperature-resistance relationship had been characterized, the 

stepped heat load to that test section was applied using Ohm’s Law with the experimental measured 

voltage to the test section and with the calculated electrical resistance from the average heater 

temperature for that time step. A mass flow inlet and pressure outlet were provided to the model 

using built-in blocks as shown in Figure 3-15.  The inlet temperature was also set here. For the 38 

µm test section, like with the inlet pressure, due to the downstream plenum region between the 

channel outlet and the pressure transducer, a pressure drop correction was calculated using another 

similar plenum model in COMSOL and a literature correlation for expansion pressure drop out of 

microchannels into a plenum [74]. This is also detailed in APPENDIX B. Finally, MATLAB’s 

built-in, adaptive time step, differential equation solver ode23tb was used to integrate all equations 

in time due to its guaranteed convergence for computationally stiff problems where the solution 

 
Figure 3-14. Model computational domain in NavyHHF-ParaPower showing fluid and solid 
regions and select dimensions. 
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changes quickly and would otherwise force the time step to tiny values with other solvers. Mesh 

Sensitivity Study 

Mesh sensitivity studies were necessary to determine the effect of discretization error on 

the solution temperatures. A separate sensitivity study was conducted for each test section. 

 
Figure 3-15. Inlet and outlet boundary condition block dialog boxes for model fluid domain. 
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3.2.2.1.   Mesh Sensitivity for 52 µm Test Section 

 The mesh sensitivity study for this device was determined using the steady state two-phase 

flow boiling heater temperature for the highest heat load tested which was 43 W. The mesh study 

was conducted by modifying the number of nodes in the x, y, and z-directions. As seen in Figure 

3-14, the y-direction corresponded to number of flow control volumes (CVs), while in the x- and 

z-directions corresponded to number of in-plane lateral and vertical nodes in the silicon substrate 

The bolded numbers in Table 3-8 were the final values used due to balance between computational 

Table 3-8. Mesh sensitivity study for 52 µm evaporator at 43 W. 

Nz Nx Ny (flow CVs) Th,ss % Diff from Finest 

3 1 20 33.38 1.213 

6 1 20 33.57 0.651 

9 1 20 33.64 0.444 

6 2 20 33.58 0.621 

9 2 20 33.65 0.414 

6 3 20 33.58 0.621 

6 2 12 33.25 1.598 

6 2 30 33.72 0.207 

9 3 30 33.79 -- 

 

Table 3-9. Mesh sensitivity study for 38 µm evaporator at 55 W. 

Nz Nx Ny (flow CVs) Th,ss % Diff from Finest 

5 1 20 36.62 1.427 

10 1 20 36.85 0.808 

15 1 20 36.93 0.592 

10 2 20 36.86 0.781 

15 2 20 36.94 0.565 

10 3 20 36.86 0.781 

10 2 12 36.78 0.996 

10 2 30 37.07 0.215 

15 3 30 37.15 -- 
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accuracy and solution time. The temperature difference from the most refined mesh is still less 

than the uncertainty of the heater temperature.  

3.2.2.2.   Mesh Sensitivity for 38 µm Test Section 

Just like with the other test section, a mesh sensitivity study was also conducted for this 

device but at 55 W using the steady state, flow boiling heater temperature. The bold data in Table 

3-9 are the values used balancing the computational time and the device temperature accuracy, 

which was still within 0.3°C of the densest mesh and was within the uncertainty of the 

experimental heater temperature measurement.  

3.2.3.   PCM Model Configuration and Setup 

PCM was modeled in NavyHHF-ParaPower by placing it directly on top of the test section 

heater and modifying both the material and the geometry. Because the heater was 10 mm wide 

transverse to the flow direction, the PCM was kept 10 mm wide in this direction. An example PCM 

with dimensions highlighted is shown in Figure 3-16. In the naming convention for the PCM 

geometry, the first number represents the thickness of the PCM in the z-direction (in Z mm), the 

second number represents the length of the PCM in the flow direction (the y-axis) centered on the 

heater (in Y mm), and the transverse x-direction was not included because this was kept at the 

 
Figure 3-16. Example computational domain and naming convention for PCM study. 
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constant 10 mm. The PCM Z and Y dimensions were parametrized from 0.4 to 3 mm and from 1 

to 3 mm, respectively. 

The PCMs used were gallium-based due to gallium’s desirably low melting temperature, 

high latent heat, and relatively high thermal conductivity for a phase change material. Pure gallium 

(Ga) was compared with selected composite metal foam structures filled with Ga for boosting the 

thermal conductivity of the material. Copper (Cu) and nickel (Ni) were both considered since 

copper has a high thermal conductivity (~400 W/m-K), and nickel has been experimentally proven 

as a practical foam material [33]. Properties of the composite foam structures were calculated using 

rule of mixture laws or pulled directly from the experimentally measured values, in the case of the 

Ga/Ni-based foams. Effective density, specific heat, and latent heat of fusion were calculated as 

follows 𝜌𝑒𝑓𝑓 = 𝜙𝜌𝐺𝑎 + (1 − 𝜙)𝜌𝑓𝑜𝑎𝑚 (3-25) 

𝑐𝑝,𝑒𝑓𝑓 = 𝜙 𝜌𝐺𝑎𝜌𝑒𝑓𝑓 𝑐𝑝,𝐺𝑎 + (1 − 𝜙) 𝜌𝑓𝑜𝑎𝑚𝜌𝑒𝑓𝑓 𝑐𝑝,𝑓𝑜𝑎𝑚 (3-26) 

𝑖𝑠𝑙,𝑒𝑓𝑓 = 𝜙 𝜌𝐺𝑎𝜌𝑒𝑓𝑓 𝑖𝑠𝑙,𝐺𝑎. (3-27) 

where for the latent heat equation the term associated with the metal foam was zero since the metal 

foam did not reach its melting temperature in these simulations. While the above properties can be 

easily calculated with a parallel configuration, thermal conductivity is less straightforward since 

the materials used and the porous structure may uniquely influence the heat flow behavior and may 

not result in entirely series or parallel configurations. Theoretically, a series configuration will 

result in the lowest conductivity, while a parallel configuration will result in the highest, for high 

porosity foams with much higher thermal conductivity than the filling material. To address this, 

selected formulations for effective porous media thermal conductivity were taken from the 
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literature, and an average value was calculated. The three general mixture rules are parallel, series, 

and geometric 𝑘𝑝𝑎𝑟 = 𝜙𝑘𝐺𝑎 + (1 − 𝜙)𝑘𝑓𝑜𝑎𝑚 (3-28) 

𝑘𝑠𝑒𝑟 = ( 𝜙𝑘𝐺𝑎 + (1 − 𝜙)𝑘𝑓𝑜𝑎𝑚 )−1
 (3-29) 

𝑘𝑔𝑒𝑜 = 𝑘𝐺𝑎𝜙 𝑘𝑓𝑜𝑎𝑚1−𝜙 . (3-30) 

The following four methods have also been proposed in the literature, the Maxwell-Eucken model 

[75], effective medium theory (EMT) [76], biphasic model [77], and a high porosity, metal foam-

specific model weighting parallel and series formulations [78] 

𝑘𝑀𝐸 = 𝑘𝑓𝑜𝑎𝑚 [𝑘𝐺𝑎 + 2𝑘𝑓𝑜𝑎𝑚 + 2𝜙(𝑘𝐺𝑎 − 𝑘𝑓𝑜𝑎𝑚)𝑘𝐺𝑎 + 2𝑘𝑓𝑜𝑎𝑚 − 𝜙(𝑘𝐺𝑎 − 𝑘𝑓𝑜𝑎𝑚) ] (3-31) 

(1 − 𝜙) ( 𝑘𝑓𝑜𝑎𝑚 − 𝑘𝐸𝑀𝑇𝑘𝑓𝑜𝑎𝑚 + 2𝑘𝐸𝑀𝑇) + 𝜙 ( 𝑘𝐺𝑎 − 𝑘𝐸𝑀𝑇𝑘𝐺𝑎 + 2𝑘𝐸𝑀𝑇) = 0 (3-32) 

( 𝑘𝑏𝑝 − 𝑘𝐺𝑎𝑘𝑓𝑜𝑎𝑚 − 𝑘𝐺𝑎)(𝑘𝑓𝑜𝑎𝑚𝑘𝑏𝑝 )13 = 1 − 𝜙 (3-33) 

𝑘𝑤𝑒𝑖𝑔ℎ𝑡 = 0.35(𝜀𝑘𝐺𝑎 + (1 − 𝜀)𝑘𝑓𝑜𝑎𝑚) + (1 − 0.35) ( 𝜀𝑘𝐺𝑎 + (1 − 𝜀)𝑘𝑓𝑜𝑎𝑚 )−1. (3-34) 

 Because there are variations in effective thermal conductivity and latent heat as the porosity 

of the foam is changed, several different porosities from 60% to 95% were used to explore potential 

tradeoffs in buffering effect. The effective properties for the simulations are given in Table 3-10, 

where the naming convention for composite PCMs uses the material name followed by its 

percentage of the composition. 
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3.2.4.   PCM Model Mesh Sensitivity 

For the initial PCM simulations, a 35.4 W peak heat load was applied using single phase 

heat transfer in the fluid. The number of layers used in the vertical Z-dimension of the PCM will 

influence the transient melting behavior.  Due to the adaptive time step solver used, the PCM 

transient effect was not strongly sensitive to the number of Z-nodes used. Nevertheless, a mesh 

 
Figure 3-17. Sensitivity effect of number of vertical nodes on 35.4 W heat load and 2 mm 
thick gallium PCM during initial fast transient temperature rise. 

 

Table 3-10. Properties of PCM materials investigated in this work. 

Property Ga Ga80/Cu20 Ga60/Cu40 Ga95/Ni5 

ks (W/m-K) 33.7 70.6 119.7 37.4 

kl (W/m-K) 29.4 65.8 114.7 39.1 

cp,s (J/kg-K) 370 375 379.5 371 

cp,l (J/kg-K) 397 394 392.5 440 

ρs (kg/m3) 5910 6519 7128 6059 

ρl (kg/m3) 6095 6638 7239 6233 

Tmelt (°C) 30.2 30.2 30.2 30.2 

isl (J/kg) 80000 58200 39797 72460 
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sensitivity was thus undertaken for each PCM thickness to determine the optimal number of nodes 

which changed the solution insignificantly relative to the computational demand of the simulation. 

This study was undertaken for each PCM thickness, and an example is shown here in Figure 3-17 

for the 2 mm thick Ga PCM. This figure is magnified to the point where the PCM starts melting. 

During this transient, the largest differences of ~0.5°C are seen between the 20 and 30 node 

simulations. Therefore, 30 nodes were used for this thickness. Table 3-11 presents the number of 

vertical nodes (Nz) for each of the different PCM thicknesses studied here. The number sufficient 

nodes did not vary significantly with PCM area, so only the thickness was considered here.  

3.2.5.   Semi-Empirical Parametric PCM Study at 35.4 W 

After the mesh sensitivity study was completed, simulations were run for all the considered 

PCMs at the 35.4 W peak heat load. The predicted transient heat rate to the fluid was extracted 

from NavyHHF-ParaPower for all the PCM cases and then applied experimentally to the 

microchannel evaporator as an arbitrary voltage waveform, with resulting transient heat rates 

shown in Figure 3-18. The black dashed line in Fig. 2 shows the baseline step heat load profile. 

Since the thermal capacitance of the silicon substrate is extremely low, without a PCM, heat 

transfer to the fluid is nearly immediate. Thus, using the predicted transient heat rates as the 

experimentally applied heat load simulates the heating rate experienced by the fluid with the 

additional thermal capacitance added by a PCM. It should be noted that because the simulations 

Table 3-11. Mesh sensitivity for number of PCM vertical nodes by thickness. 
PCM Thickness  

[mm] 

Number of Vertical Nodes 

Nz 

0.4 6 

0.6 8 

0.8 10 

1 15 

2 30 

3 40 
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were conducted for single phase only, the heat rate will only be valid prior to boiling. However, 

any effect the PCM has on the time and temperature for which boiling occurs will be captured and 

will give insights into possible benefits the PCM may offer at the onset of boiling conditions. It is 

also apparent that the two cases with the 3 mm long PCM result in strongest amount of thermal 

buffering. Therefore, it is expected that these two cases will offer the strongest thermal buffering 

effect. 

  

 
Figure 3-18. Effect of different PCM material and volumes on the effective heat load to the 
fluid in the 35.4 W peak heat load simulations. 
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CHAPTER 4. Preliminary Work Investigating a 52 µm Hydraulic 

Diameter Silicon Microchannel Evaporator  
 
 
 

This chapter details the preliminary work which investigated transient heating and 

developed a transient boiling model for a 52 µm hydraulic diameter, low thermal resistance, silicon 

microchannel evaporator. This work was conducted using a testing facility which was originally 

developed for steady state testing but was modified slightly to accommodate transient heat load 

testing. Stepped heating and ramped heating results at different power levels will be discussed 

alongside flow visualization and proposed hypotheses on the observed boiling behavior. The 

experimental portion of this chapter was published in the ASME Journal of Electronic Packaging 

in Anderson et al. [62] and most of the images are from that paper. A model using the NavyHHF-

ParaPower tool was developed to predict the observed transient behavior for stepped heat loads 

under the current testing conditions. 

4.1.   Stepped Heating Results 

Stepped heat load experiments were conducted to represent a cold start up on an electronic 

device. This section describes the transient temperature response along with synchronized flow 

visualization to a variety of stepped heat loads. 

4.1.1.   Transient Thermal Response with Flow Visualization 

A typical time series of the transient heater temperature exposed to a stepped heat load is 

shown in Figure 4-1. The heat load was applied as a step function at 0.5 s from 0 to a maximum 

value of 43 W. The heater temperature rose rapidly due to the step as the liquid R134a underwent 

sensible heating and reached a maximum of 70.6°C approximately 117 ms later. At this peak, there 

is a point of inflection, represented by the Onset of Nucleate Boiling (ONB), where the temperature 
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decreased sharply as the heat transfer coefficient increased drastically due to boiling heat transfer 

in a developing boiling dynamics region. Finally, a steady state boiling temperature was reached 

at 36.4°C and at ~1.5 seconds after heat was applied. 

Flow visualization in the channels was employed to understand the two-phase flow 

dynamics and is chronicled at the states of interest marked in Figure 4-2. For reference, adiabatic 

single-phase steady state flow is shown prior to a heat load (state 1). At the ONB (state 2), rapid 

generation of vapor resulted in vapor expansion both downstream and upstream. Vaporization in 

the inlet plenum, marked by the white dotted lines in Figure 4-2, was unexpected considering the 

inlet restrictions. The large superheat temperature (~50°C) before the ONB provoked extremely 

rapid vapor generation at the ONB, producing a large, localized pressure in the channels which 

 
Figure 4-1. Transient heater temperature response to a stepped heat load, where numbers 
correspond to different flow visualization states. 
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overcame both the pressure drop due to the inlet orifice and the upstream flow inertia. From states 

3-4, the inlet flow began to overcome the large pressure gradient from the ONB and vapor was 

pushed downstream through the channels which precipitated a gradual reduction in test section 

temperature.  At state 5, the majority of vapor was pushed downstream, and more two-phase flow 

was entering the outlet. At this point, the flow approached steady state boiling, and the rate of 

change in temperature decreased. Finally, at point 6, no more vapor was present at the inlet, and 

steady state boiling was reached. 

The large temperature overshoot (34.2°C) and subsequent vapor backflow are supposed to 

be attributed to two factors. Steady state correlations specify the minimum wall superheat required 

to sustain nucleation given a specified heat flux [79]. However, there may be a limit on the rate 

under which nucleation conditions occur due to the growth rate of the thermal boundary layer. 

 
Figure 4-2. Images from a 43 W stepped heat load. Flow is from left to right, and the white 
dotted line denotes the two-phase mixture/liquid interface in the upstream manifold: (1) Steady 
state single-phase. (2) Onset of boiling. (3) 0.1 seconds after ONB. (4) 0.2 seconds after ONB. 
(5) 0.4 seconds after ONB.  (6) Steady state flow boiling. 
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Hsu’s work showed that an underdeveloped thermal boundary layer impeded nucleation site 

activation due to the suppression of bubble growth by the subcooled bulk liquid [79]. In addition, 

as discussed in Steiner et al. [80], even within the thermal boundary layer, there is only a small 

region where the liquid is superheated enough to facilitate bubble growth, and bubbles may be 

quenched if this region is too thin since the bulk liquid temperature would be too high. During a 

stepped heat load, the heat is applied rapidly to the fluid in a manner which may exceed the 

conduction rate of growth of this superheated liquid layer for a given amount of time. Therefore, 

though bubbles may nucleate, their growth may be quenched and condensed by the small thickness 

of this layer, leading to increased wall superheats at the ONB relative to steady state flow boiling. 

As the superheat increases, the bulk fluid temperature increases, and nucleation sites begin to 

activate.  

It is also possible that the microchannel evaporator surface is smooth enough that the range 

of cavities available to initiate boiling is small and thus delays boiling to a higher temperature. 

DRIE fabrication techniques often result in smooth sidewalls, and a smoother surface finish was 

posited as a nucleation delaying mechanism in both Huang [59] and Basu [61]. With the high wall 

superheat, liquid near the wall is likely superheated, leading to rapid vapor generation at the ONB, 

which, combined with small channel dimensions, results in pressure gradients that cause vapor 

backflow into the inlet plenum. It should also be noted that while the inlet orifices stabilize flow 

at steady state, their dimensions are clearly not enough to prevent transient backflow. Additional 

design constraints may be necessary to prevent this backflow given the large superheats and small 

channel dimensions. 
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4.1.2.   Effect of Peak Heat Load Magnitude 

        Figure 4-3 shows the effect of increasing the peak heat load on the experimentally 

measured heater temperature. As the applied peak heat load increases, the peak temperature at the 

ONB also rises. However, the increase in temperature overshoot is not equal to the shift in steady 

state temperature. It is possible that these discrepancies stem from differences in maximum single-

phase and two-phase temperature for that particular heat load. Single-phase heat transfer 

coefficients in microchannels are insensitive to heat flux, while two-phase heat transfer 

coefficients are highly heat flux dependent [14]. The required superheat for boiling generally 

increases with heat load; however, the superheat prior to boiling increased with peak heat flux 

despite significantly exceeding the temperature where boiling had initiated earlier. There appears 

to be a delay or a time constant on which the onset of boiling is dependent, and the rate of 

 
Figure 4-3. Comparison of the transient temperatures of different peak stepped heat fluxes, 
where heat loads are applied at 0.5 s for ease in visualizing the rapid temperature response. 
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temperature rise is quicker than this for the higher heat loads.  These non-commensurate shifts 

between transient and steady operating temperatures require extra attention because knowledge of 

the steady state temperature difference between two different applied heat flux levels on a similar 

evaporator is insufficient to predict the difference in peak transient temperatures. This could have 

drastic consequences if a similar microchannel evaporator operating under a high heat flux 

maintains an adequate steady state temperature but results in thermal runaway or a device-

damaging peak temperature under a transient heat pulse.  

4.1.3.   System Perturbations in Response to a Stepped Heat Load 

In addition to transient temperature changes, system flow conditions also experienced 

transients after the ONB. The ONB generated a pressure wave which opposed the flow and caused 

compressibility effects upstream of the test section. After the initial ONB pressure wave subsided 

and the evaporator reached steady state, the mass flow rate increased to a higher value, as shown 

in Figure 4-4 (a). Figure 4-4 (b) details the transient inlet pressure and pressure drop measurements 

for this test, where sharp increases in both pressure drop and inlet pressure were observed 

 

Figure 4-4. (a) Transient temperature and mass flux response to a pulsed heat load, applied at 
0.5 s. (b) Test section inlet pressure and pressure drop response to same heat load. 
 



 

68 
 

following the ONB. The increase in pressure drop was due to an increase in frictional and 

accelerational losses that are inherent with two-phase flow. This changed the system demand 

pressure requirement and thus changed the system flow rate due to a shift on the pump supply 

curve. The increase in inlet pressure was initiated by the increased low-density vapor which was 

unable to expand fully in the nearly constant volume loop (accumulator absorbs some of the vapor 

volume). The change in inlet pressure changed the inlet saturation temperature to 22°C and thus 

increased the inlet subcooling from 5 to 7°C. While the steady state temperature did not change 

appreciably (reflecting a weak nucleate boiling dependence on saturation properties and flow rate 

with these evaporators), larger changes in inlet pressure and flow rate at higher heat fluxes may 

induce longer lasting flow instabilities. System control along with a larger accumulator and more 

efficient pump would improve system performance following the generation of vapor. 

4.2.   Ramped Heating Results 

This section discusses the results obtained by slowing down the transient heating rate via 

programmed ramp rates. Ramping represents an additional way that a device could be started or 

may represent additional heat capacity on the device. The overall effect of ramping as well as flow 

visualization is also presented for a selected heat load. 

4.2.1.   Effect of Ramping Compared with Stepped Heating 

Ramping heat loads were investigated to mimic possible addition of additional heat 

capacitance which buffers the heating rate to the fluid by absorbing part of a stepped heat load. 

The transient peak temperatures, vapor backflow, and system dynamics seen in stepped heat load 

testing may be harmful to a device and result in damage or failure. The large temperature 

overshoots and vapor generation rates were attributed to large wall superheats possibly from the 

combination of a smooth surface finish and bubble quenching due to the rapid heat application 
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which is faster than the kinetics of boundary layer growth can occur. If ramping can reduce the 

transient heating rate to the fluid, it may potentially reduce temperature overshoots and vapor 

backflow and thus prolong device longevity or keep performance consistent. 

Figure 4-5 compares the transient temperature profiles of stepped and ramped (at 50 W/s) 

heat loads at the same peak magnitude of 39 W. All ramped heat loads at this ramping rate reduced 

peak ONB temperature relative to a stepped heat load, up to 32°C in the most extreme case. In 

addition, unlike under stepped heating, with ramped heating, boiling commences prior to reaching 

the maximum heat load but still results in a similar sharp drop in temperature as the stepped case 

due to the increase in heat transfer coefficient. The temperature continues to increase as the heat 

load reaches the maximum value for the test; however, the rate of temperature increase is slower 

than prior to the ONB consistent with improved heat transfer due to boiling conditions. Slight 

 
Figure 4-5. Stepped heat load compared to ramped heat load at 50 W/s. Stochasticity in the 
ONB is observed but ramping results in a lower peak temperature in all cases. 
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differences in final steady state temperature are likely due to changes in saturation properties and 

flow rate which occurred after the transient perturbation to the system. 

Stochasticity in ONB time and peak temperature were observed in both stepped and ramped 

heat loads; however, in ramped heating cases, the differences were much larger (up to 17°C). 

Randomness between trials are suspected to be the result of local differences in trapped vapor 

pockets within nucleation cavities. More entrapped vapor enhances the boiling process by 

facilitating nucleation quicker and at lower wall superheats [43]. As the amount of vapor within 

cavities is inherently a random phenomenon, stochasticity in peak temperatures should be 

expected. Trapped vapor could act to prime nucleation sites for activation and thus influence the 

temperature at the ONB. Another possible explanation is that there are local variations in fluid 

conditions across the large number of channels since the heater temperature represents a 

superimposed average of the effects of all the channels. Individual channels may nucleate at 

different times and locations and thus affect the average temperature measured. Further 

investigation into the impact of ramping on peak temperature reduction is discussed in the next 

section. 

4.2.2.   Effect of Ramping Rate 

The effect of ramping rate is shown in Figure 4-6 for one heat load compared to a step at 

the same peak heat load. In all cases, the heat load was initiated at 0 seconds and the test section 

allowed to reach steady state. For ramp rates of 4, 9.5, and 29 W/s, similar peak temperatures are 

reached at different times. The ONB temperature appears to have a superheat-heat flux threshold 

that is met by each of these ramp rates but which is lower than for either the stepped heat load or 

the 50 W/s ramped case. Therefore, an optimal ramping rate likely exists which minimizes the 

peak temperature but which gets the device to steady flow boiling as quickly as possible. The 
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stochasticity seen in Figure 4-5 for the stepped and 50 W/s ramped cases was not observed in the 

slower ramp rate cases. The slower heating rate may facilitate growth of the superheated liquid 

layer which facilitates higher nucleation site density in a more regular manner compared to the 

more stochastic response with the underdeveloped boundary layer where local variations in 

temperature and fluid properties likely induce boiling in a small number of sites. It is possible that 

the priming effect mentioned before does not play as large of a role with the much slower ramped 

rates. 

All the tested ramped heat loads reduced peak temperatures relative to a stepped heat load 

at the same nominal peak heat load magnitude. It is posited that more slowly applying the heat 

load facilitates enough growth of the superheated liquid layer both spatially and temporally. As 

this layer grows and penetrates more of the bulk liquid, the bulk temperature will increase, more 

of the fluid will attain saturation conditions, and the bubbles can nucleate more readily without 

 
Figure 4-6. Test section temperature compared across different heating rates with a peak heat 
load of 39 W. 
 



 

72 
 

being condensed by the subcooled bulk liquid. Thus, boiling initiates at a lower superheat than 

with the faster heating rates. Therefore, from these results, one approach for preventing high peak 

temperatures prior to ONB is to keep the heating rate below the threshold imposed by the kinetics 

of the superheated liquid boundary layer development. 

4.2.3.   Effect of Ramping on Fluid Flow Behavior 

Ramped heating was shown to reduce the peak temperature in all cases. Because the wall 

superheat at the ONB was greatly lowered, it is expected that the vapor backflow would also be 

mitigated. Therefore, flow visualization for the slowest ramping rate (4 W/s) was compared to 

stepped heating at the same times at and following the ONB in Figure 4-7. Images R1 – R3 were 

recorded during the ramped test, while images P1 – P3 were recorded at the times during the 

 
Figure 4-7. Images for ramped heat load at 4 W/s (R1 – R3) and stepped heat load (P1 – P3), 
for a peak heat load of 39 W. (R1) and (P1) are at the ONB. (R2) and (P2) are 0.05 s (1 frame) 
after the ONB. Vapor backflow for the stepped test is much greater. (R3) coincides with the 
steady boiling time 0.15 s (3 frames) after the ONB for the ramped case. (P3) occurs at same 
time after the ONB for the stepped test and still shows vapor backflow and developing boiling 
dynamics. 
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stepped test. The white trace highlights vapor backflow, as detailed earlier. Images R2 and P2 are 

one frame (0.05 s) after the ONB. In the ramped heat test (image R2) most of the vapor has moved 

into the channels. In contrast, a significant amount of vapor is still present in the inlet plenum in 

the stepped load test. In image R3 the ramped test reaches steady state two-phase boiling, while 

the stepped heat test in image P3 still has vapor present at the inlet and has not reached steady state 

boiling. In the ramped heat load, vapor backflow is greatly suppressed and steady state boiling is 

reached more quickly relative to the stepped heating condition. As explained above, the reduced 

vapor backflow is likely due to the decreased wall superheat (~20.5°C vs. ~43.3°C) and 

subsequently less rapid vapor generation rate in the ramped heat load test due to a more developed 

thermal boundary layer. In addition to the decreased backflow, the ramped tests allowed the system 

to reach steady state two-phase boiling after ONB quicker than a pulsed heat load. Clearly, a 

microchannel evaporator such as this would greatly benefit from added thermal capacity which 

does not impede the low thermal resistance pathway. 

4.2.4.   System Perturbations in Response to a Ramped Heat Load 

Like with the stepped heat load, the ramped heat load also impacted the system dynamics 

and the test section inlet conditions due to the generation of vapor. Figure 4-8 details the 

corresponding test section flow dynamics with respect to the heater temperature response. For this 

case, the heat is initiated at 0 s. As in the stepped heat load, the inlet pressure and pressure drop 

remain roughly constant until the ONB, where both rapidly rose to a new steady state around 10 s 

due to the same reasons of reduced fluid density at nearly constant volume and increased pressure 

drop due to accelerational and frictional components of two-phase flow. This approximately 

coincides with the time the evaporator temperature reaches a steady state. However, the flow rate 

continued to gradually drop to a new steady state of ~28 g/min. Despite the flow rate decreasing 
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by nearly half of the initial value, the test section temperature remained nearly constant, reflecting 

a weak flow rate dependence on the steady state two-phase heat transfer coefficient. 

4.3.   Computational Modeling Approach and Results 

Based on the data collected on the stepped heating in the above sections, a computational 

model was developed using the ParaPower-NavyHHF tool for rapid simulations of transient 

heating in microchannel evaporators. The results from this section extend the results of Richey’s 

model [17] in an improved version of that software to handle the transient heating behaviors 

observed with this test section under a variety of transient heat loads. The modeling effort 

integrates two approaches to addressing the temperature overshoot and decay to steady state, which 

were heat flux dependent, and outlines a pathway towards development of a correlation for future 

efforts. 

4.3.1.   Onset of Nucleate Boiling – Default Model Behavior 

In the model, the default approach was to switch from a single-phase to a fully developed 

two-phase heat transfer coefficient when the bulk temperature of the fluid reached the local 

 
Figure 4-8. (a) Inlet pressure and pressure drop time series, with pressure spikes coinciding 
with ONB. (b) Transient test section temperature and mass flux. Mass flux drop coincides with 
pressure drop spike and ONB. 
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saturation temperature calculated via an energy balance for each volume node N and time step t 

according to the following equation: 

 ℎ(𝑁, 𝑡) =  {ℎ𝑠𝑝,𝑙,   𝑖𝑓 𝑇𝑓 < 𝑇𝑠𝑎𝑡ℎ𝑡𝑝,   𝑖𝑓 𝑇𝑓 = 𝑇𝑠𝑎𝑡  (4-1) 

However, this approach neglected the impact of a wall superheat which must be present for boiling 

to occur. For these test pieces and this fluid in particular, the wall superheat at the ONB was high, 

up to ~50°C for the highest heat load. Therefore, as shown in Figure 4-9, the model did not capture 

the temperature overshoot behavior, and instead clipped the temperature at roughly the steady state 

flow boiling temperature. Therefore, an improved approach was needed to capture the delayed 

onset of boiling.  

 
Figure 4-9. Comparison of the default simulation behavior with the experimental data to a 
transient heat load that transitions to subcooled flow boiling, where the simulation fails to 
capture the overshoot.  
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4.3.2.   Onset of Nucleate Boiling – Preliminary Correlative Approach 

To fit the experimental data better, Richey [17] used a series of delays in NavyHHF until 

the proper superheat was reached. This was determined iteratively by forcing the software to 

maintain a liquid heat transfer coefficient until a specific time was met where the heater 

temperature in the model roughly coincided with that from the experiment. Then, a switch to a 

two-phase heat transfer coefficient was allowed to occur if the vapor quality in that specific volume 

was between 0 and 1. In this work, an improved approach was developed in the updated software 

combining the NavyHHF and ParaPower tools, an improved approach was used. First, unlike in 

Richey, the pressure drop was incorporated into the updated model. Next, instead of manually 

setting the time for the fluid to remain liquid for each heat load case, the wall superheat was 

determined iteratively for each heat load by matching the peak heater temperatures across the 

experiment and model. A correlation was created using the wall superheats and wall heat fluxes at 

 
Figure 4-10. Superheat-peak wall heat flux at ONB model embedded as interpolation table in 
NavyHHF-ParaPower tool. 
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ONB calculated in the model for each heat load, which was then embedded into the software in 

the form of an interpolation look-up table. The correlation is shown in Figure 4-10, where the 

superheat needed to initiate boiling appears to increase quadratically with peak wall heat flux. To 

prevent spurious oscillations, all volumes downstream of the first which met the ONB criteria were 

immediately transitioned to using two-phase heat transfer coefficients, and a flag was thrown to 

signal that boiling was initiated. This prevented boiling from extinguishing once the wall superheat 

dropped to the much lower steady state value. Boiling would only stop in the model if the vapor 

quality dropped below zero. 

The correlation approach resulted in the model behavior shown in Figure 4-11, with the 

ONB model capturing the proper time and temperature for which boiling was triggered. However, 

notably, this abrupt transition to a two-phase heat transfer coefficient drastically overpredicted the 

decay rate to steady state. Instead, the model predicted an instantaneous transition to steady flow 

 
Figure 4-11. Improved ONB model embedded in NavyHHF-ParaPower software, where ONB 
temperature matches experiment; however, the decay to steady state is too abrupt. 
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boiling. Physically, however, there is a lag time associated with developing boiling dynamics due 

to the vapor backflow in the device and the resulting perturbations which follow. Therefore, an 

additional approach was needed to predict this behavior.  

4.3.3.   Population Growth Model for Developing Boiling Heat Transfer Coefficient 

As an abrupt transition to fully developed subcooled flow boiling proved to be too quick, 

an additional approach considering the physics of the situation was developed to capture the 

transition to steady state. The flow visualization results revealed that ONB greatly perturbed the 

flow due to the large wall superheats, and the resulting violent vapor generation resulted in 

temporary vapor backflow. This backflow was gradually pushed downstream, coinciding with the 

development of steady state, fully developed flow boiling. To capture this behavior a population 

growth model, which is a special form of a logistic curve, was utilized to transition the heat transfer 

coefficient between the single-phase and fully developed two-phase values. Richey manually 

embedded the particular solution of the equation into the Simulink interface and used delays to 

start it [17]. In this work, an ordinary differential equation which describes this behavior was 

integrated into the software to utilize MATLAB’s built-in differential equation solvers. 

 Assuming a quasi-steady state value for hsp,l and htp  at each finite volume and each time 

step, the ordinary, nonlinear, differential equation for the population growth curve model reaching 

a maximum value htp  with growth rate κtp can be expressed as the following 

 𝑑ℎ𝑑𝑡 = 𝜅𝑡𝑝ℎ (1 − ℎℎ𝑡𝑝) (4-2a) 

 ℎ(𝑡 ≤ 𝑡𝑂𝑁𝐵) = ℎ𝑠𝑝,𝑙, (4-2b) 

where tONB is the time when the onset of nucleate boiling occurs. The resulting solution used in 

Richey’s thesis can be obtained using separation of variables, applying some integration 

techniques, and by simplifying as 
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 ℎ(𝑁, 𝑡) = ℎ𝑡𝑝1 + ( ℎ𝑡𝑝ℎ𝑠𝑝,𝑙 − 1) 𝑒−𝜅𝑡𝑝(𝑡−𝑡𝑂𝑁𝐵).  (4-3) 

The derivation of this equation is described in detail in APPENDIX C. This equation is shown 

graphically in Figure 4-12 where the heat transfer coefficient is bounded between the single-phase 

and two-phase values, and the growth constant affects how quickly the vapor backflow is 

extinguished as the flow moves towards steady state flow boiling. Figure 4-13 shows that 

incorporating the heat flux-superheat correlation with the exponential growth model results in 

satisfactory predictions for the transient heater temperature. For this set of testing conditions, by 

using trial and error, a growth factor of 15/s satisfactorily predicted the temperature decay rate to 

steady state. While the transient temperature closely corresponds to the experimental results, there 

is some deviation in the steady state temperature (~6°C). The choice of two-phase correlation 

strongly impacts the performance, but no literature correlation fully covers the conditions or 

 
Figure 4-12. Plot depicting the exponential growth model equation bounded between the 
single-phase and two-phase heat transfer coefficients, with growth rate controlled by 𝜅. 
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geometry of this setup. Here the Mudawar correlation was found to best predict the results despite 

previous lab investigations showing stronger agreement with the Agostini correlation [81]. It 

should be noted that the channels used here are smaller than those used in Burke (30 vs 45 µm 

wide), and that in either case the channel hydraulic diameter (52 µm) is significantly smaller than 

the 190 µm lower bound in the correlation [14]. Uncertainty in channel dimensions, silicon 

thermophysical properties, and single-phase heat transfer correlation error could also play a role. 

A 20% increase in two-phase heat transfer coefficient was applied, and the resulting temperature 

is also shown in Figure 4-13. This improves the match with the steady state experimental results, 

but clearly improved correlations are needed to better predict the steady state performance of this 

small hydraulic diameter device. With reasonable confidence in the transient boiling model, the 

ONB correlation determined here was then compared to representative correlations from the 

literature. 

 
Figure 4-13. Resulting model combining exponential growth model with wall superheat 
correlation, showing adequate agreement with the experiment, especially during the transient. 
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4.3.4.   Comparison with ONB Superheat Correlations from the Literature 

The experimental data was used to create a simulation model to extract the ONB superheat- 

heat flux criteria for this set of testing conditions on this evaporator. This correlation was compared 

to others selected from the literature to assess trends and differences in the ONB behaviors. The 

wall heat flux from the model was used as the heat flux in these literature correlations to determine 

the resulting wall superheat at the onset of boiling. These correlations were developed for 

microchannels; however, their resulting predictions vary greatly, likely due to the difference in 

assumptions, testing conditions, and fluids used. The experimental data were compared with these 

correlations in Figure 4-14. The Ghiaasiaan & Chedester model [82], which incorporated the 

thermocapillary effect, predicts the data best below 60 W/cm2 followed closely by Qi [83] and 

then Basu [84]. Qi’s model was developed for liquid nitrogen and was a modified form of Thom’s  

model [85]. The use of nitrogen, which is more like R134a than water, might explain why Qi’s 

 
Figure 4-14. Comparison of current ONB superheat results compared with selected 
correlations from the literature. 
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model predicts results better than Thom’s water-based model. Rabhi [86] and Liu [87] predict very 

low superheats and greatly underestimate the experimental behaviors, but this could be due to 

development with water and with much larger channels. Basu’s correlation is heavily dependent 

on an accurate value of the surface contact angle, but this value likely varies with temperature and 

surface condition. The value used here for Basu’s correlation was 2.2° and was found in a study 

on the contact angle of refrigerants on stainless steel [88]. R134a on silicon would be expected to 

exhibit a different contact angle but it has not been measured for this combination of materials. 

The observed increase in superheat at the higher heat fluxes is not intrinsically explained by the 

current model but as described earlier, could be due to a delay in thermal boundary layer growth 

rate due to a large transient heating rate which suppressed bubble formation. This behavior may 

not be properly captured by the ONB correlations which were developed under steady heating 

conditions, or due to a small range of nucleation cavity sizes that result in larger changes in 

superheat above a certain heating rate. Further investigation and inclusion of these mechanisms in 

the model are recommended for future efforts. 

4.4.   Summary and Challenges with the Preliminary Approach 

The preliminary findings of this chapter found large temperature overshoots at the onset of 

boiling in a 52 µm hydraulic diameter microchannel evaporator when exposed to a stepped heat 

load. The ONB temperatures increased with heat load in a nonlinear manner compared with the 

steady state flow boiling temperatures, which were less affected by peak heat flux. In addition, the 

large superheats at the onset of boiling resulted in vapor backflow into the inlet plenum of the 

device. Ramping the heat load at a lower rate to simulate the presence of additional heat capacity 

resulted in lower peak temperatures and reduced vapor backflow. It was hypothesized that slowly 

adding heat facilitates growth of the superheated liquid layer where bubbles may grow and detach 
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without quenching from the subcooled bulk liquid, and that the large transient heating rate in a 

step may happen quicker than this layer can grow, thus impeding bubble growth and resulting in 

higher temperatures at the ONB. Further increases in ramping rate resulted in a nearly asymptotic 

reduction of the peak temperature, suggesting an optimal ramping rate, though this was not studied 

in detail. In addition, system dynamics were strongly coupled with the evaporator response and 

likely affected results. Improved system control and design will be needed for enhanced study into 

device behaviors and to isolate the evaporator transient response more effectively. 

A computational model was developed in the NavyHHF software to predict the transient 

thermal response of this evaporator under a stepped heat load. The initial model failed to capture 

the large temperature overshoot, and while the ONB could be manually delayed in the model, it 

still overpredicted the temperature decay rate due to the presence of vapor backflow. A wall 

superheat-peak heat flux correlation was developed iteratively by attempting to match the 

temperature in the experiment with the model where the ONB occurred. Then, a logistic growth 

model was employed to transition the flow from single phase cooling to fully developed two-phase 

flow boiling at steady state. The growth constant was determined iteratively by fitting to the 

experimental data, and values between 15 and 100/s were used, reflecting a large variation in 

backflow intensity across the different heat loads. While this model was useful in the context of 

this device under these conditions, a larger range of data encompassing more conditions must be 

studied to make a more predictive model. 

Finally, while ramped heat loads resulted in a desirable thermal response from a safety and 

stability standpoint, this type of slow heating is impractical for many devices which must be 

quickly cycled or are exposed to rapid start-ups. In addition, ramping does not represent the 

physical effect of additional heat capacitance which typically results in an exponentially decaying 
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thermal response. Incorporating and quantifying the impact of including additional thermal 

capacity such as a phase change material into the evaporator may be valuable if the PCM could 

offset the peak temperatures by buffering the transient and resulting in ONB temperatures more 

similar to the ramping heat load. The coupling of a PCM with the evaporator thermal response 

must be better understood to evaluate these potential impacts on the device behavior. 
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CHAPTER 5. Results, Discussion, and Model Development for 38 

µm Hydraulic Diameter Silicon Microchannel Evaporator  
 
 
 

This chapter details the results of testing the second silicon microchannel evaporator under 

a more extensive range of testing conditions than the first evaporator. In addition, the effect of 

adding PCM to the device was also studied semi-empirically. A model was developed in NavyHHF 

to predict the transient device behavior under the range of conditions tested herein. This model 

was then used to predict the performance of the device with the addition of various metallic-

composite PCMs. 

5.1.   Steady State Boiling Curve 

Before transient testing was conducted, steady state test data was first collected as a 

baseline under low heating conditions to determine where ONB would occur. The steady 

performance can be considered the optimal cooling behavior of the device in the absence of 

 
Figure 5-1. Steady state boiling curve at baseline flow conditions; ONB occurred at ~14.75 W.  
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transient heat load fluctuations which may affect the performance due to possible flow instabilities 

and temperature overshoots. Figure 5-1 details the resulting device performance. For these testing 

conditions, the onset of nucleate boiling (ONB) was first observed around 14.75 W, with a 

superheat of ~5.6°C (at the heater level), characterized by a change in slope of the superheat curve. 

Prior to this heat load, the superheat increased linearly with heat load due to the nearly constant 

heat transfer coefficient associated with laminar single-phase heat transfer in microchannels. The 

slope increased after the ONB because the heat transfer coefficient associated with the latent heat 

phase change process is much greater than in single-phase cooling. 

5.2.   Stepped Heating Results 

Having established a baseline for ONB conditions under steady state heating, this section 

describes the behaviors observed in the micro-evaporator under the application of stepped heat 

loads. The generalized behavior observed for a given set of flow conditions and different heat loads 

is discussed first with additional accompanying flow visualization included to assist in explaining 

observations. Then, the results of testing under a larger set of flow conditions are compared with 

the baseline flow conditions to determine additional dependencies. 

5.2.1.   Transient Thermal Response with Flow Visualization 

The baseline testing scenario with Tsat,in = 20°C, ΔTsub,in = 10°C, and ṁ = 50 g/min was 

first considered across the range of peak stepped heat loads ranging from ~24 W – 55 W. Figure 

5-2 shows a typical transient temperature time series (at ~35.4 W) with notable points marked for 

corresponding synchronized fluid flow visualization from a high-speed microscope camera in 
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Figure 5-3. The liquid-only cooling condition at the start of heating is shown in the first image of 

Figure 5-3 as a baseline reference. Similar to the results described in Chapter 4 for the 52 µm 

hydraulic diameter evaporator, as heat was applied, the heater temperature increased due to 

sensible heating while the fluid reached a steady state under single-phase liquid cooling. Then, 

boiling initiates at point 2. The large superheat (~23°C) combined with the narrow channels 

resulted in rapid bubble growth and vapor backflow out of the channel, as seen in the image 

corresponding to point 3. Due to this vapor backflow, the liquid was expelled from the channel, 

and conduction to vapor temporarily ensued, resulting in a transient dryout condition as the heater 

temperature rapidly increased to ~70°C. However, a point of inflection at point 4 resulted as 

incoming liquid gradually overcame the vapor backflow and drove the device toward steady 

boiling. By point 5, most of the inlet vapor had been expelled downstream. Finally, steady state 

 
Figure 5-2. Typical transient temperature profile with important points in time marked for 
accompanying flow visualization, with a peak stepped heat load of 35.4 W. 

 



 

88 
 

boiling was reached at a much lower temperature due to the heat transfer enhancement associated 

with latent heat phase change. Notably, the vapor backflow had been completely extinguished. 

 
Figure 5-3. Flow visualization in the channels, with 1. Liquid only, 2. ONB, 3. Severe vapor 
backflow into inlet plenum, 4. Backflow lingers but is slowly pushed downstream, 5. Nearing 
steady state, 6. Steady state flow boiling with no vapor present in the inlet plenum.  



 

89 
 

Recalling the behavior seen in the 52 µm hydraulic diameter evaporator and referring back 

to Figures 4-1, 4-2, and 4-3, it is clear that the transient thermal response in the 38 µm hydraulic 

diameter evaporator exhibited significantly different behavior. These figures are not completely 

comparable because of the difference in inlet subcooling between the two devices, but there are 

still comparable observations which can be made. Only at a low heat load of 15 W did the other 

evaporator reach a transient steady state in liquid cooling. The difference in inlet subcooling could 

partially explain these different results since a higher subcooling would increase the time to 

boiling, reduce the vapor quality, and possibly delay nucleation due to quenching. However, the 

52 µm evaporator did not experience a large temperature spike after ONB like with the 38 µm 

evaporator. With the 52 µm evaporator, the temperature immediately dropped after ONB occurred. 

Furthermore, the 38 µm device should have significantly superior performance due to the much 

larger quantity of smaller channels. However, even at a heat load ~8 W less, the peak temperature 

for the 38 µm device is comparable to the 52 µm device. This different observed behavior 

alongside the flow visualization comparisons between Figure 4-2 and Figure 5-3 show that the 

backflow was much more severe with the 38 µm device than with the 52 µm device.   

5.2.2.   Effect of Peak Heat Load Magnitude 

 Figure 5-4 shows the resulting representative temperature time series across the range of 

tested stepped heat loads overlaid on the same plot. It should be noted that below a peak heat load 

of 24 W, boiling was not observed, though theoretical vapor quality calculations suggest two-phase 

conditions may be possible down to ~12.5 W. Boiling occurred only when the wall superheat-heat 

flux threshold was met, which in this case appears to have occurred around a 24 W heat load. 

Notably, during the steady testing of the device under these same conditions, boiling commenced 

around 14.75 W of applied heat, suggesting a delay in the onset of nucleate boiling (ONB) caused 
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by the transient heating mode. For heat loads >35 W, the steady liquid-cooled state diminished in 

duration as boiling was initiated earlier. Conversely, the duration of time spent in the developing 

 

 
Figure 5-4. Representative transient temperature responses across range of peak heat loads for 
given baseline flow conditions. Inset plot shows zoomed-in perspective for >35 W cases. 
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transient boiling regime from the onset of boiling to steady state increased with heat load, while 

peak temperatures generally also increased with peak heat load. This increase in peak temperature 

is due to the increased vapor generation rate and the resulting longer duration of time spent in 

vapor-only heat transfer (or dryout conditions) at a higher heat load. For example, the outlet vapor 

quality in the 24 W case was ~8.5%, while for the 55 W case was 33.5%. In addition, based on 

these figures, while the peak, ONB, and steady state temperatures generally increased with heat 

load, they did not shift commensurately. 

Comparing the results across all trials and heat loads allows for more in-depth 

understanding of the observed behaviors in Figure 5-4. First, Figure 5-5 confirms the observations 

from Figure 5-4 that the time to ONB generally decreases inversely with peak heat load from about 

4 s to 0.016 s, with error bars representing 99% confidence intervals for the trials. This is to be 

expected since the rate of thermal energy supplied to the fluid increases as the peak heat load 

 
Figure 5-5. Time to onset of boiling for baseline fluid conditions across all heat loads and 
trials, where variability decreases greatly as q increases. 
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increases and promotes boiling more promptly. The variability for the time to ONB is much larger 

for heat loads <35 W and decreases rapidly above 35 W. This is possibly due to proximity to the 

wall superheat threshold and the steady liquid state which exists in this region is likely destabilized 

by small local variations in pressure or temperature which then trigger boiling. With the smoother 

channel sidewalls due to the etching process, which results in characteristic scalloping features 

that were ~3 µm wide and can be seen in Figure 5-6. The distribution of nucleation sites is likely 

small due to this narrow range of feature sizes, and the lower range of nucleation sites which has 

enough energy to nucleate at lower heat loads leads to a wider scatter in the results. With higher 

heat fluxes than 35 W (where the wall superheat is higher), more energy is available to allow 

nucleation to occur from a wider range of these potential sites, which facilitates boiling sooner and 

less stochastically.  

 
Figure 5-6. Characteristic sidewall scalloping associated with the DRIE etching process used 
to fabricate the microchannels. 
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The peak device temperatures also reflect the trends in time to boiling but are significantly 

higher than the steady state flow boiling temperatures. Figure 5-7 compares the peak device 

temperatures with the steady state temperatures, with error bars again reflecting the variability 

observed across subsequent trials using 99% statistical confidence intervals. The steady state 

performance of this device is excellent, as steady state temperatures are <40°C for heat loads up 

to at least 55 W (or 550 W/cm2), with a thermal resistance at this heat load (using the average 

saturation temperature from inlet to outlet) of ~0.3 K/W. In addition, due to the passive 

improvement of the flow boiling heat transfer coefficient with increases in heat load (htp ∝ qm), the 

steady temperatures vary by <10°C over a span of ~30 W, demonstrating efficient cooling. On the 

contrary, the peak temperatures exhibit a much steeper rise with applied heat load, with values 

which are significantly higher than the steady temperatures. This is likely due to the combination 

 
Figure 5-7. Comparison of the steady state and peak temperatures for the baseline fluid 
conditions across all heat loads, with error bars reflecting 99% confidence intervals across 
multiple trials. 
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of the longer backflow duration due to the higher vapor quality at higher heat loads combined with 

the temporary dryout conditions during the vapor backflow period as mentioned earlier.  

The heat loads ≤35 W exhibit large peak temperature variability, but this generally 

decreases with heat load. In addition, some of the cases have higher peak temperatures than the 

higher heat loads. Kandlikar [53] suggested that due to the high single-phase heat transfer 

coefficients and wall superheats often observed within microchannels, the local liquid subcooling 

at the nucleation site, given by  

 Δ𝑇𝑠𝑢𝑏,𝑂𝑁𝐵 = 𝑞𝑤′′ℎ𝑠𝑝,𝑙 − Δ𝑇𝑤,𝑂𝑁𝐵 (5-1) 

can be negative, meaning that bubble nucleation occurs under superheated liquid conditions. Under 

these superheated liquid conditions where the fluid remains liquid above the saturation 

temperature, the bubble growth will be explosive. The lower heat load cases reached steady state 

in this likely superheated liquid state which can also be described as form of metastable state where 

the liquid exists temporarily at a temperature above the saturation temperature [89]. It should be 

noted that such a metastable superheated liquid state may be readily destabilized by the activation 

of any nucleation sites due to local fluctuations in temperature or pressure. Given the large number 

of channels, this is a likely scenario. 

Estimating the wall heat flux using Equations (3-15)-(3-16), heat transfer coefficient using 

Equation (3-19), and wall superheat from the heater temperature and saturation temperature as 250 

kW/m2, 15 kW/m2K, and 22°C, respectively, for the exemplary 35.4 W case, gives a local liquid 

subcooling of -6°C, which is a superheated liquid at 26°C. For several of the cases, the fluid outlet 

temperature was measured at ~24-25°C, which agrees well with these calculations and confirms 

the superheated liquid condition. Also given the large variability for the time to ONB and the 

general increase in peak temperature with increase in time to ONB for these lower heat loads, it is 
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plausible that remaining in the metastable liquid state for longer results in more explosive boiling 

due to the largely superheated conditions of the surrounding liquid. As mentioned above in 

explaining the variability in ONB time, the likely proximity of the conditions to the ONB threshold 

superheat, and the differing durations spent developing this superheated liquid state due to 

destabilization by small, local temperature or pressure fluctuations across many channels may 

explain the variability in peak temperatures since vapor generation is more explosive with higher 

liquid superheating [53].  

 In addition to the increase in peak temperature with heat load seen in Figure 5-7, the ONB 

temperatures also increased with heat load, as indicated in Figure 5-8. The increase appears to 

level off at the higher heat loads and follows a sub-linear relationship, similar to the trends 

observed with wall superheat and heat flux in literature correlations, where ΔTw,ONB ∝ q”w,ONB
1/m , 

and m is usually ~2 [90]. The heater temperature trend observed here is proportional to q0.46, which 

 
Figure 5-8. Comparison of the ONB temperature versus peak heat load for baseline flow 
conditions across all trials. 
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results in a similar m of ~2.17, though the wall superheat and wall heat flux will be different due 

to the heat spreading in the silicon substrate. The large superheat and the increase in the 

temperature overshoot at the ONB temperature with peak stepped heat load was also observed 

previously in the preliminary work with the 52 µm hydraulic diameter evaporator and in Refs 

[61,91]. However, the increase in superheat with heat load observed in those scenarios followed a 

different type of trend, as shown in Figure 4-10 which could be due to differences in surface 

characteristic/roughness, microchannel dimensions, fluid conditions, or too few data points to 

establish a reasonable trend.  

Given that the inlet saturation temperature was ~20°C, the observed superheats are between 

~15 and 32°C, which are quite large. One possible explanation for the delay in onset of boiling 

conditions relative to steady state conditions is that cavities that might normally have initiated 

nucleation at lower temperatures may have been flooded due to the subcooled liquid since the 

thermal boundary layer may not have fully developed spatio-temporally yet as described in 

Chapter 4 [53,79], and due to the rapidly increasing heat load may not have nucleated until a higher 

temperature was reached. At this higher superheat, a larger range of cavities was therefore 

activated and increased the chance that boiling would occur. Another possible explanation relates 

to the channel fabrication technique and the test fluid. The etching process used to fabricate the 

microchannels results in smoother sidewalls with a reduced range of possible nucleation cavities. 

In addition, R134a is considered a low surface tension fluid compared with water, and Refs. 

[90,92] suggest that a highly wetting refrigerant like R134a combined with the smooth channel 

sidewalls results in a narrower range of nucleation cavities which are easily flooded until higher 

superheats are met. 
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5.2.3.   Effect of Subcooling on Stepped Heat Loads 

The baseline tests resulted in high wall superheats and peak temperatures during flow 

boiling under stepped heating. Changing the fluid parameters may impact the observed results due 

to changes in nucleation behaviors associated with different fluid properties and flow conditions. 

Subcooling directly affects the amount of thermal energy needed to reach saturation conditions in 

the fluid, so it follows that changing subcooling degree may plausibly impact transient 

performance. Inlet subcooling was decreased from 10°C down to 2.5°C while holding the inlet 

saturation temperature at 20°C and the mass flow rate at 50 g/min. 

 Figure 5-9 compares the ONB heater temperature as a function of heat load and subcooling, 

where it is apparent that heater temperatures were lower at the ONB under higher inlet subcooling. 

The overall trend of ONB temperature with heat load appears similar across subcooling conditions, 

though the curves are shifted vertically with respect to each other. These results may seem 

 
Figure 5-9. Comparison of the ONB temperature versus peak heat load across different inlet 
subcooling conditions. 
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counterintuitive since increased subcooling increases the amount of thermal energy required for 

reaching saturated conditions and may also delay nucleation site activation to higher superheats, 

as was observed in Ref [93]. However, it is important to note that this is the average heater 

temperature, not localized wall temperatures. The fluid entered at a lower temperature with higher 

subcooling, so it is reasonable to believe that since the average fluid temperature was, the average 

heater temperature was also reduced. In addition, the heat transfer coefficient, which is directly 

dependent on the liquid thermal conductivity, decreases about 2% from the 10°C to 2.5°C 

subcooling scenario, and will also contribute slightly to an increased heater temperature at ONB. 

The maximum difference between the 10°C and 2.5°C subcooled cases was about 6.8°C 

near 25 W peak heat load, which is close to the 7.5°C difference in subcooling. This difference 

decreased as heat load increased, down to ~1.8°C, reflecting the increased rate at which the fluid 

temperature hit saturation and the diminishing effect of the subcooling on contributing to heater 

temperature. It is still possible that subcooling affected nucleation conditions, but this effect is not 

directly observable here due to the measurement of the average heater temperature. In addition, 

the subcooling range studied here might also not be large enough to observe a measurable effect 

of quenching, as was observed in a steady state study by Cheng et al. [93]. In that study, where 

water was used with subcooling levels ranging from 20 to 70°C, the higher degrees of subcooling 

resulted in a larger wall superheat at ONB (30°C versus less than 10°C at the lowest level of 

subcooling), a larger temperature overshoot over the fully developed boiling temperature (~15°C 

vs 0°C for the lowest level of subcooling), and a much more violent boiling inception relative to 

the reduced degrees of inlet subcooling. Furthermore, vapor backflow was improved at higher 

degrees of subcooling.  
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 While subcooling did not greatly affect ONB conditions at the average heater temperature 

level, marked differences in peak temperature were observed across the subcooling range that 

extend beyond simply the difference in inlet subcooling temperature. Figure 5-10 details the peak 

temperature trends with heat load and inlet subcooling. For heat loads below ~40 W, differences 

in peak temperature were insignificant. However, at and above 40 W, the peak temperatures 

observed with 10°C subcooling were significantly lower (by up to 22°C across this range of heat 

loads) than with the other subcooling levels, which were not appreciably different from each other. 

This observed trend is likely due to the difference in generated vapor since higher subcooling will 

reduce the outlet vapor quality of the fluid. For example, for the 55 W heat loads, the steady state 

outlet vapor quality with 10°C of subcooling was ~33.5%, while for 2.5°C and 5°C of subcooling 

was ~41% and 39%, respectively. Due to this reduction in generated vapor, the backflow effect 

was less intense, and the peak temperature due to this backflow was partially mitigated. Therefore, 

 
Figure 5-10. Peak heater temperature comparison across heat loads and different inlet 
subcooling degrees. 
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increased subcooling may be used to reduce the transient peak temperatures in this microchannel 

evaporator at heat loads above ~35 W. 

 While peak temperatures and ONB heater temperatures were reduced overall with higher 

amounts of inlet subcooling, the variability across different trials at a given peak heat load was 

inversely affected, particularly at heat loads <37.5 W. This variability was discussed in the context 

of the 10°C subcooling conditions above; however, it is interesting to note the reduction in 

variability in peak temperature with respect to reduced subcooling. To discuss this variability in 

peak temperature, it is also instructive to consider the time to boiling initiation in this context, 

which is shown in Figure 5-11. As heat load increases and inlet subcooling decreases, average time 

to boiling initiation decreases nearly monotonically. This follows logically from less thermal 

energy needed to reach saturation conditions at higher heating rates or reduced inlet subcooling. 

 
Figure 5-11. Time to boiling incipience conditions across multiple trials compared by heat 
load and inlet subcooling. 
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However, the variability in ONB time is reduced at higher heat loads and at lower subcooling 

degrees. 

Both peak transient temperature and time to ONB exhibited large variability at lower heat 

loads and increased subcooling, the trends of which are plotted versus each other in Figure 5-12. 

In general, the variability in peak temperature decreases as the variability in time to ONB 

decreases. The peak temperature and time to ONB variability were significantly higher with the 

10°C inlet subcooling scenario, at up to 20°C at ~32.5 W, while the 5°C and 2.5°C scenarios had 

roughly 10.5°C and 7°C of variability, respectively, at a similar heat load. Furthermore, looking 

back to Figure 5-10, peak temperatures were not reduced for the lower heat loads with the 

increased subcooling, and considering the variability, were occasionally significantly higher than 

with the reduced subcooling scenarios.  

 
Figure 5-12. Variability across trials, heat loads, and inlet subcooling scenarios in peak 
temperature as a function of the variability in time to ONB at the same conditions. 
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The reduced vapor generation for the cases under the higher subcooling scenarios should 

result in less intense vapor backflow behavior, but this was not observed at the lower heat loads, 

as evidenced by the larger peak temperatures.  It is possible that because decreasing the subcooling 

reduced the time to boiling, there was less time spent in the metastable superheated liquid state 

mentioned earlier, and backflow may have been lessened because of this. This agrees well with 

the variability plot, since variability in peak temperature generally decreased with variability in 

time to boiling incipience, and increased time to boiling generally correlated with increased peak 

temperature for the heat loads <37.5 W. 

It is also possible that nucleation did happen at a lower temperature with lower levels of 

subcooling. However, this may not be reflected in the average heater temperature measurement, 

where differences in fluid temperature across the different subcooling levels will influence the 

average heater temperature. In this case, the higher inlet subcooling scenarios may have quenched 

nucleation site activation for a longer duration of time as mentioned in Chapter 4 with the other 

evaporator. A final point to highlight is that the higher vapor generation rate at a given heat load 

for the reduced subcooling scenarios resulted in similar behavior seen in the 10°C subcooling case 

but shifted to lower overall heat loads and with reduced variability. What this implies is that the 

nucleation process may have happened more consistently across conditions as heat load increased 

or as inlet subcooling decreased, though higher levels of inlet subcooling still generally resulted in 

decreased peak temperatures despite more observed variability at lower heat loads. 
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5.2.4.   Effect of Mass Flow Rate on Stepped Heat Loads 

As mass flow rate represents the convective and inertial impact of fluid flow on the boiling 

behavior, its impact was also studied parametrically. In this case, three different flow rates were 

studied while the other flow conditions (inlet saturation temperature and inlet subcooling) were 

held constant. Figure 5-13 presents the average heater temperature at the onset of boiling across 

the heat loads and mass flow rates investigated here. Increased flow rate slightly reduced average 

heater temperature at the onset of boiling, but again, it is difficult to draw conclusions on potential 

differences in nucleation dynamics since the average heater temperature was measured here. 

Cheng et al. [93] also found that increased mass flux generally suppressed nucleation site 

activation and resulted in up to a 10° increase in ONB superheat when doubling flow rate by 

decreasing the thermal boundary layer thickness and exposing the nucleation sites to increasing 

amounts of subcooled liquid. Cheng studied an appreciably wider channel in water with a 

 
Figure 5-13. Effect of mass flow rate on average heater temperature at the ONB across heat 
loads. 
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subcooling level which was already significantly higher than this study, while the maximum mass 

flux studied (963 kg/m2s) was lower than the lowest (1067 kg/m2s) studied here. These could all 

contribute to the different results observed here.  

The increased flow rate decreased the rate that the fluid heated up in the axial direction y 

according to an energy balance 

 𝑇𝑓(𝑦) = 𝑞(𝑦)𝑚̇𝑐𝑝 + 𝑇𝑓,𝑖𝑛, (5-2) 

reducing the average fluid temperature similar to increased subcooling. Increased flow inertia will 

increase the length thermal boundary layer developing region and slightly increase the average 

heat transfer coefficient according to ydev ~ RePrDch and  

 ℎ𝑠𝑝,𝑎𝑣𝑔 = 1𝐿𝑐ℎ ∫ ℎ(𝑦, 𝑦𝑑𝑒𝑣)𝑑𝑦𝐿𝑐ℎ0 .  (5-3) 

The combined effect reduced the average heater temperature with higher flow rate, but there was 

a small reduction of several degrees at most. In addition, the increase in average heat transfer 

coefficient will increase the possible liquid superheat by more efficiently removing heat from the 

wall and possibly quenching the nucleation process.  

Based on Hsu’s work [79], the range of possible nucleation cavities is directly related to 

the thermal boundary layer thickness and the wall superheat, and as this boundary layer thickness 

decreases with higher flow rate due to increased flow inertial effects, the range of possible 

nucleation cavities which activate should also be reduced slightly and may be shifted to higher 

superheats. In addition, as discussed earlier, if the thermal boundary layer is reduced in size, so 

also will the superheated liquid sublayer. If this superheated liquid layer is thinner, nucleating 

bubbles may be condensed by the bulk liquid and require a larger wall superheat to effectively 

grow and detach [80]. In addition, boiling was not observed at the higher flow rates until 40 W, 
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despite the theoretical outlet vapor quality of >1-3% at down to 25-30 W, suggesting at least some 

form of delayed nucleation at least at lower heat loads. Therefore, it is possible that nucleation did 

indeed occur at a higher wall superheat overall with increased flow rate, but the effect may have 

been overshadowed in the average heater temperature measurement by the contribution from the 

enhanced single-phase cooling region.  

While heater temperatures were not significantly affected by flow rate at the onset of 

boiling, peak transient heater temperatures were greatly impacted by flow rate in a highly non-

linear manner. Figure 5-13 displays the comparison of peak transient heater temperature with flow 

rate and heat load, across multiple trials. First off, it should be noted that boiling was not observed 

during the interval under which a trial was conducted (~20 seconds) for heat loads below 40 W for 

the higher flow rate cases than 50 g/min. Next, perhaps the most interesting observation is that 

increasing the mass flow rate affects the peak temperature in a nearly parabolic manner, where a 

 
Figure 5-14. Effect of mass flow rate on peak transient heater temperature across heat loads 
and trials. 
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minimum peak temperature is observed. This behavior was not observed with the 50 g/min 

scenario, where a nearly monotonic increase in the average peak temperature occurred; however, 

certain trials did indeed reach temperatures which crested even those at much higher heat loads. 

This minimum peak temperature shifted to higher heat loads with increased mass flow rate. For 

example, at 75 g/min, the minimum occurred at 50 W, while for 100 g/min, the minimum occurred 

at 55 W. Furthermore, the peak temperatures at 40-45 W were significantly higher than that for 

many higher heat loads even beyond the minimum, for both the 75 and 100 g/min scenarios, while 

the rate that the peak increased was reduced as flow rate increased. At the highest heat load where 

all three flow rates were tested, 55 W, there was nearly a 30°C reduction between the 50 and 100 

g/min peak temperatures. At 70 W, the difference between the 75 g/min and 100 g/min peak 

temperatures was ~36°C, or up to a massive 33% reduction in peak temperature. 

This large reduction in peak temperature translates to significantly improved transient 

thermal performance of the device at higher flow rates and heat loads. However, the tradeoff is 

that higher peak temperatures must be accepted at lower heat loads. Increased flow rate reduced 

the amount of vapor production, and as with increased subcooling, decreased vapor production 

generally resulted in less intense vapor backflow and therefore diminished peak temperatures at 

higher heat loads. However, vapor generation rates do not fully capture the trends. For example, 

going from 50 to 75 to 100 g/min at 55 W decreased the steady outlet vapor quality from 33.5 to 

20 to ~13% due to concomitant changes in flow rate, pressure, and outlet pressure drop dictated 

by the test facility response to the rapid generation of vapor. Interestingly, while the change in 

vapor quality was higher between the 50 and 75 g/min scenarios, the peak temperature dropped 

significantly more between 75 and 100 g/min. Furthermore, at 40-41 W, the vapor quality 

decreased from 21 to 11 to 7.5% when moving from 50 to 75 to 100 g/min, but in this case the 
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peak temperature trends were different, where now the 50 g/min scenario had the lowest peak 

temperature at 67°C and the 75 g/min scenario had the highest at ~96°C.  

This complex behavior between peak temperature, vapor quality, and heat load suggests 

competing effects or different dominant mechanisms between heat loads at a transition of around 

40-45 W, and at vapor qualities close to or below 10%.  The time to boiling incipience may also 

help interpret the results, particularly for these lower heat load cases. Figure 5-15 shows the ONB 

time across the different flow rates and peak heat loads tested. Despite boiling triggering earlier 

and at lower heat loads for the 50 g/min scenario, with the 75 and 100 g/min scenarios, boiling 

was not observed below 40 W. In addition, boiling incipience times increased with flow rate, 

reflecting a reduced sensible heating rate in the fluid. The time to boiling again also exhibited 

significant variability at the higher flow rates on the lower end of the heating range <50 W, and 

these cases again remained in the metastable superheated liquid state for longer durations 

 
Figure 5-15. Time to boiling inception across multiple trials compared at different peak heat 
loads and flow rates. 
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according to flow visualization. A longer duration in this state could explain why the average peak 

temperatures for the 75 and 100 g/min scenarios were significantly higher than the 50 g/min 

scenario around 40-45 W. The steady state vapor quality underestimate the vapor generated in 

these scenarios due to the existence of a transient non-equilibrium state, since, if the fluid 

temperature is in a superheated liquid state, an additional amount of sensible energy stored in the 

superheated liquid will be released on top of the energy coming from the heater at boiling 

incipience. 

 The inversion in peak temperatures with flow rate between 40 W and 55 W suggests a 

transition in dominant mechanism. Despite the lower steady vapor quality but higher time to ONB 

for the 100 g/min scenario compared with the 75 g/min scenario at ~40 W, the average peak 

temperature of the 100 g/min scenario is about 15°C lower. Furthermore, both temperatures are 

higher than the 50 g/min case at the same heat load, which should have a higher steady vapor 

quality. The 75 g/min case might reasonably be expected to have a lower peak temperature than 

the 100 g/min scenario, since it would spend less time in the metastable liquid state and therefore 

generate less additional vapor. The lower peak temperature for the 100 g/min scenario suggests an 

inertially-dominant mechanism partially mitigates vapor backflow and subsequently reduces peak 

temperature while simultaneously also potentially delaying the onset of boiling and increasing time 

spent in the metastable liquid state. However, as superheats increase, nucleation site activity also 

increases, and the possible quenching effects of the increased flow rate may have diminishing 

effects while the backflow mitigation effect becomes dominant especially as flow rate increases. 

 Lee [21] developed a stability parameter Rstab based on an analysis of the static forces 

experienced in a microchannel during bubble generation. Lee described a forward force due to 

upstream incoming liquid and the presence of an inlet restriction, while a backward force was due 
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to the evaporation momentum flux from rapidly generated vapor. Figure 5-16 schematically 

depicts these forces. Theoretically, if the ratio of these forces is less than 1, then the vapor backflow 

will not occur, and the flow will be stable. Stability with Rstab<1 was experimentally validated in 

Lee’s paper. This relationship was developed in the context of steady heating; however, the 

principle should still apply during the transient, though additional dynamic forces due to the bubble 

expansion and additional vapor generation due to the liquid superheating may need to be 

considered. In addition, there will be additional forward frictional forces due to the frictional losses 

in the channel depending on where the bubble first forms. This channel frictional force, which 

would serve to increase the forward force, was neglected in the analysis to provide an upper bound 

on the stability ratio and not require knowledge of the first bubble location. The stability ratio Rstab 

was defined as 

 𝑅𝑠𝑡𝑎𝑏 = √𝐹𝑏𝑎𝑐𝑘𝐹𝑓𝑜𝑟  (5-4) 

 𝐹𝑏𝑎𝑐𝑘 = 14𝜌𝑣𝐴𝑐,𝑐ℎ ( 𝑞𝑁𝑐ℎℎ𝑙𝑣)2
 (5-5) 

 𝐹𝑓𝑜𝑟 = 𝐺2𝐴𝑐,𝑐ℎ𝜌𝑙 + 𝐹𝑜𝑟𝑖 (5-6) 

 
Figure 5-16. Schematic depicting various forces acting on fluid in a microchannel during the 
flow boiling process. 
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 𝐹𝑜𝑟𝑖 = 12𝜌𝑙 (𝐺𝐴𝑐,𝑐ℎ𝐴𝑐,𝑜𝑟𝑖 )2 𝐴𝑐,𝑐ℎ [12 (1 − 𝑁𝑐ℎ𝐴𝑐,𝑜𝑟𝑖𝐴𝑐,𝑝𝑙𝑒𝑛 ) + 𝑓𝑜𝑟𝑖𝐿𝑜𝑟𝑖𝐷𝑜𝑟𝑖 + (1 − 𝐴𝑐,𝑜𝑟𝑖𝐴𝑐,𝑐ℎ )2]. (5-7) 

Based on flow visualization where residual vapor was not observed in the inlet plenum for 

all flow rates at steady state, Rstab should be close to or less than 1 at steady state. Calculating the 

values for Rstab at 55 W gives between 1.2 and 0.6 for 50 and 100 g/min, respectively. In this case, 

Rstab>1 for 55 W at 50 g/min, but given the stability at steady state, there is likely some additional 

forward force provided from the frictional losses in the channel that assists in stabilizing the flow. 

However, during the transient, the forward forces are insufficient to prevent the backflow from the 

temporarily increased rate of vapor generation due to the initially high wall superheat. The forward 

force relationships in this ratio depend on the channel mass flux, G, which is simply the mass flow 

rate normalized by the total channel cross-sectional area. Therefore, based on the above equations, 

increasing the mass flow rate from 50 to 100 g/min while holding every other parameter constant 

will quadruple the forward inertial force and subsequently half Rstab.  

Another justification of this improved flow inertial effect at higher heat loads relates to the 

vapor backflow flushing rate, or the decay rate from the peak temperature to steady state. A simple 

logistic growth curve model can be employed to understand how these values vary across the 

different flow rates. The following equation represents the non-dimensionalized heater 

temperature as a function of time between the peak and steady state temperatures as a fit to a 

logistic growth curve. 

 𝑇ℎ − 𝑇ℎ,𝑠𝑠𝑇ℎ,𝑝𝑒𝑎𝑘 − 𝑇ℎ,𝑠𝑠 = 11 + exp (𝜅(𝑡 − 𝑡𝑚𝑝)), (5-8) 
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where κ is the growth/decay rate coefficient, and tmp is the midpoint of the curve. This logistic 

model is a simplified version of the exponential growth model used in Chapter 4. In this case, a 

larger value of κ represents a faster decay rate and therefore a stronger vapor backflow flushing 

rate since the device reaches steady state quicker. This above equation was fit to the non-

dimensionalized temperature data for 55 W, which is the maximum heat load for which there was 

data across all three flow rates. The resulting decay rate factors are shown in Table 5-1. As is clear 

from the table, the decay rate from peak temperature to steady state is much steeper as the flow 

rate is increased, indicative of an improved vapor backflow flushing rate. This further justifies the 

increased flow inertial mechanism as a peak temperature reduction behavior at the higher flow 

rates. As mentioned above, increasing mass flow rate likely does not increase the forward force 

independently of the backward momentum force (and additional dynamic forces not considered in 

the force balance), especially at lower heat loads where few nucleation sites may be activated. The 

relative strengths of these forces then greatly influence the peak temperature as heat load is 

increased, resulting in the highly non-linear relationship observed. Nevertheless, increasing mass 

flow rate presents an effective strategy for reducing transient peak temperature spikes in this 

evaporator. 

5.2.5.   Effect of Inlet Restriction on Device Behaviors 

The vapor backflow and subsequent spikes in device temperature observed here shed 

insight on the effects of channel and inlet restriction ratios on performance. Figure 5-17 compares 

the transient temperature responses of both evaporators. For the 38 µm hydraulic diameter device, 

the observed wall superheats at ONB were large at up to 33°C while for the 52 µm hydraulic 

Table 5-1. Vapor backflow decay rate as a function of flow rate. 
Mass Flow Rate (g/min) 50 75 100 

κ (1/s) 25.6 69.7 121.6 
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diameter device, wall superheats reached up to 50°C. The inlet orifices promote flow stability and 

uniformity at steady state, as clearly observed in Figures 4-3 and 5-2; however, during the transient, 

they are clearly not sufficient, as both devices suffered from vapor backflow. The combination of 

the small channel dimensions along with the large superheat may result in intensified vapor 

backflow due to the bubble confinement under rapid vapor generation rates. However, while the 

ONB temperature was higher with the 52 µm device, the peak temperature was overall 

significantly lower than the 38 µm device by ~20°C. The inlet restriction ratio with the 38 µm 

device, ~1.3:1, is much smaller ~2:1 ratio for 52 µm device or the 4:1 ratio which was seen to limit 

vapor backflow during transient flow boiling in Huang et al. [59]. In addition, the channel 

dimensions are much smaller for the 38 µm device than either of those other mentioned devices. 

These channel and orifice dimensional differences likely contributed to the differential responses 

observed across these devices in Figure 5-17. Although smaller channels are attractive from a 

 
Figure 5-17. Comparison of transient behavior between both test devices at similar tested 
conditions. 
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steady state performance standpoint due to an increase the heat transfer area and improvement in 

heat transfer coefficient, as is clearly noticeable here where the steady state temperature of the 38 

µm device is slightly lower than the 52 µm device even at a slightly higher power, their effects on 

transient boiling are evidently important, and additional constraints on design may be required to 

achieve both high effectiveness and minimal overshoot during device transients. In addition, a 

more critical approach to designing the channel inlet orifices may be required to reduce vapor 

backflow during the transients as well as during steady state . 

5.3.   Flow Boiling Model for Stepped Heat Loads 

The onset of nucleate boiling for this microevaporator subjected to stepped heat loads 

resulted in large peak temperatures due to high superheats and subsequently intense vapor 

backflow which led to temporary dryout conditions within the channels. The peak temperatures 

were strong functions of heat load, flow rate, and subcooling, while the ONB temperatures were 

strong functions of heat load and to a lesser extent subcooling and flow rate. These high peak 

temperatures and vapor backflow would be seriously detrimental to the longevity and performance 

of a real high-heat flux device cooled with such a microevaporator. Continued pulses or cold-

startups would drastically accelerate the thermal fatigue and failure of the device due to large 

temperature fluctuations experienced during every ONB condition. Therefore, a model framework 

was developed within the NavyHHF tool for use as a design tool in predicting future performance 

and for understanding the potential role a phase change material may have on device behavior. 
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5.3.1.   Development of Model Framework within NavyHHF 

As mentioned in Chapter 4 for the preliminary work, the NavyHHF default model required 

adaptation to capture the observed transient behavior. However, the vapor backflow experienced 

by the 52 µm evaporator did not lead to an extended peak temperature; rather, the ONB 

commenced and resulted in an immediate decrease in temperature. Therefore, a new framework 

which was adapted from the work in Chapter 4 was developed to capture the current device 

behavior under a selection of heat loads at the baseline fluid flow conditions. The proposed 

approach breaks the transient behavior into three distinct regions that are highlighted for a 

representative test case in Figure 5-18: (1) the subcooled liquid-only cooling region, (2) the vapor 

backflow region immediately following the ONB, and (3) the transitional region from the peak 

temperature reached to the steady state subcooled flow boiling state. To determine the behavior in 

each regime, a semi-empirical iterative method was used where transient values, which will be 

 
Figure 5-18. Representative regime map for transient flow boiling model created in NavyHHF. 
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detailed shortly, were modified until the average heater temperature in the model closely matched 

that in the experiment.  

The exponential growth model approach from Chapter 4 was again adapted here but with 

a regime-dependent growth factor. A process flow schematic of the model approach is shown in 

 
Figure 5-19. Process flow schematic for transient flow boiling model approach in NavyHHF. 
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Figure 5-19. First the wall superheat which resulted in the closest heater temperature match at 

ONB between the model and experiment was determined iteratively. Then, the heat transfer 

coefficient was transitioned to a vapor-only heat transfer coefficient for the backflow regime. 

During the vapor backflow regime, the backflow intensity and duration is represented by κv, which 

affects the rate of transition from the single-phase liquid heat transfer coefficient to the single-

phase vapor heat transfer coefficient. The total duration of this backflow regime was obtained by 

matching the time at which the model and experiment reached their peak temperatures, then κv was 

modified until the rise time and peak temperatures roughly coincided between model and 

experiment. Finally, the growth factor κtp used for the transition between the single-phase vapor 

heat transfer coefficient and single-phase liquid/two-phase fluid heat transfer coefficients sets the 

transition from the peak temperature to the steady state subcooled flow boiling regime. The method 

which is normally used in NavyHHF to differentiate which nodes are single-phase or two-phase, 

which is dependent on vapor quality, χ, was then again used for this regime:  

 ℎ𝑟𝑒𝑔(𝑁, 𝑡) = {ℎ𝑠𝑝,𝑙 , 𝜒 ≤ 0ℎ𝑡𝑝, 0 < 𝜒 < 1ℎ𝑠𝑝,𝑣, 𝜒 ≥ 1  (5-9) 

In the model, the exponential growth model is  

 𝑑ℎ𝑑𝑡 = 𝜅𝑥ℎ (1 − ℎℎ𝑥) (5-10) 

where  

 𝜅𝑥 = { 1 (𝑇𝑤 − 𝑇𝑠𝑎𝑡) < (𝑇𝑤 − 𝑇𝑠𝑎𝑡)𝑂𝑁𝐵𝜅𝑣 (𝑇𝑤 − 𝑇𝑠𝑎𝑡) ≥ (𝑇𝑤 − 𝑇𝑠𝑎𝑡)𝑂𝑁𝐵 &  Δ𝑡 ≤ Δ𝑡𝑏𝑓    𝜅𝑡𝑝 Δ𝑡 > Δ𝑡𝑏𝑓  (5-11) 

and  



 

117 
 

 ℎ𝑡𝑏 = {ℎ𝑠𝑝,𝑙 (𝑇𝑤 − 𝑇𝑠𝑎𝑡) < (𝑇𝑤 − 𝑇𝑠𝑎𝑡)𝑂𝑁𝐵ℎ𝑠𝑝,𝑣 (𝑇𝑤 − 𝑇𝑠𝑎𝑡) ≥ (𝑇𝑤 − 𝑇𝑠𝑎𝑡)𝑂𝑁𝐵 &  Δ𝑡 ≤ Δ𝑡𝑏𝑓 .   ℎ𝑟𝑒𝑔 Δ𝑡 > Δ𝑡𝑏𝑓  (5-12) 

 This approach was used to build a model in NavyHHF for three representative heat load 

cases, all at the baseline flow conditions (ṁ = 50 g/min, ΔTsub,in = 10°C, Tsat,in = 20°C): 35.4 W, 

37.5 W, and 55 W. These cases were chosen for the following reasons. First, between the 35.4 and 

37.5 W heat loads represented a transition in observed transient boiling behavior. Those cases 

≤35.4 W peak heat load reached a steady state in liquid-cooling prior to the ONB and reached 

severe peak temperatures in some cases, though variability was large. The 37.5 W and 55 W cases 

represented the effective bounds for the range of additional heat loads tested with more predictable 

behavior between these. Therefore, it was deemed sufficient to model these cases, considering the 

remaining cases could easily be added with more time in future efforts if needed. 

5.3.2.   NavyHHF Model for 35.4 W Case 

The first test case modeled was the 35.4 W case with the highest peak temperature across 

the trials. This case reached a metastable steady state in liquid cooling prior to ONB, and because 

of this, the model required an additional factor where boiling was delayed until the time and 

temperature matched the experiment. The results of this model compared with the experiment are 

shown in Figure 5-20. The steady state liquid temperature matches closely between the experiment 

and model, though there is some slight oscillation in the experimental profile due to pressure and 

flow rate response. The transient rise time and peak temperature match the experimental profile 

well, though there is an additional dynamic which was not captured but will be discussed later. 

The predicted decay time to steady state and steady state temperature also match the experimental 

results well. Thus, this model gives a reliable prediction into the transient device behavior and 
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peak temperature reached, though additional optimization is needed to account for this additional 

dynamic during the backflow phase.  

Figure 5-21 details the backflow region in more detail, where an additional dynamic, which 

is not captured with this model, resulted in a delayed decay to steady state. This dynamic was 

difficult to interpret since flow visualization during this stage revealed nearly entirely vapor within 

the channel. However, there are several possible explanations for this behavior. One is that in the 

model, each channel is assumed to have the same behavior due to the large computational 

complexity and demand which would be needed to model every channel independently. In the real 

device, there are 250 channels which have complex and dynamic interactions, and the heater 

temperature is an average of the superimposed contributions of these different channels. It is  

therefore possible that the multitude of channels are contributing to a different dynamic backflow 

behavior in this region which is not captured by the simple identical channel behavior within the 

 
Figure 5-20. Experimental results compared with transient boiling model in NavyHHF at 35.4 
W peak heat load. 
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model. It is also possible that the perturbations to the system resulted in coupled behavior which 

is not captured in a model of just the evaporator. The vapor backflow phase may therefore include 

several different stages of behavior dependent on local pressure and mass flow rate, and either 

transient flow conditions or another backflow growth rate would be required to capture this more 

accurately. NavyHHF includes the possibility of modeling additional system components such as 

pumps, heat exchangers, and reservoirs; however, a detailed characterization of these components 

would be required for accurate performance expectations but was beyond the scope of this work. 

The synchronized heater temperature and exponential growth model heat transfer 

coefficient are shown in Figure 5-22. While each node has its own associated heat transfer 

coefficient (and some of which are two-phase or single-phase at steady state), an average value 

was used for demonstrating the behavior. The initial heat transfer coefficient is liquid-only and 

does not change much during the single-phase heating phase, with a value of ~14 kW/m2-K. At 

 
Figure 5-21. Zoomed-in view of Figure 5-20 to show comparison of backflow region, which 
experiences an additional dynamic that delays the temperature decay. 
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the ONB, the backflow model transitions the heat transfer coefficient to a vapor heat transfer 

coefficient with a rate which depends on the vapor growth constant value, which here was 42/s, 

and diminishes to an average minimum of ~3.4 kW/m2-K. Then, at the peak temperature, as the 

vapor backflow is slowly overcome, the model transitions again to a steady state subcooled flow 

boiling phase at a much lower temperature according to the two-phase growth constant at 35/s. 

The average steady state heat transfer coefficient (which includes both nodes of single-phase and 

two-phase) was ~39 kW/m2-K, reflecting the large increase in heat transfer performance 

characteristic of flow boiling.  

5.3.3.   NavyHHF Model for 37.5 W Case 

The next case modeled was the 37.5 W case since a transition in behavior was observed at 

this heat load. For 37.5 W and all subsequent higher heat loads, the liquid-only state diminished in 

duration while the vapor backflow phase lasted longer and resulted in higher peak temperatures 

 
Figure 5-22. Model heater temperature synchronized with heat transfer coefficient following 
the exponential growth model for 35.4 W heat load. 
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with heat load.  Figure 5-23 compares the NavyHHF model and experiment for this heat load. The 

single-phase only duration is only about 0.14 seconds here, reflecting the much quicker activation 

of nucleation sites. Again, the model captures this liquid-cooling region, the ONB temperature, 

and the temperature rise rate during backflow exceptionally well. The ONB temperature happens 

slightly earlier in the model, but this difference is negligible. However, while the peak temperature 

is well-predicted, there is again a second backflow phase with nearly stagnant behavior where the 

temperature does not change much but then reached the point of rapid decay as the backflow is 

quickly swept downstream of the channel. In this phase, the decay rate is well predicted by the 

same 35/s decay rate, and the steady state temperatures agree well again. It is possible that in this 

case this dynamic could be captured with an additional, reduced growth rate factor; however, the 

overall trend in transient temperature as well as the ONB and peak temperatures is well-captured. 

 
Figure 5-23. Model heater temperature synchronized with heat transfer coefficient following 
the exponential growth model for 37.5 W heat load. 

 



 

122 
 

 The heat transfer coefficient for this 37.5 W case is shown alongside the corresponding 

heater temperature in Figure 5-23. During the transient liquid cooling phase, the heat transfer 

coefficient is nearly constant but decreases slightly due to the increase in fluid temperature, with 

an average value of around 13.8 kW/m2-K. At the ONB, the vapor backflow model drives the 

average heat transfer coefficient down due to vapor heat transfer, with an average value declining 

to about 5 kW/m2-K before the peak temperature is reached, and the heat transfer rate begins to 

increase again. At this point, the average heat transfer coefficient increases monotonically until 

about 0.3 seconds and attains the steady state value of ~42 kW/m2-K, a slightly higher value than 

the 35.4 W heat load due to the heat flux dependency of the two-phase heat transfer coefficient. 

The remaining heat load cases have similar behavior, with the ONB time decreasing while wall 

temperature at ONB increases. In addition, the vapor backflow and two-phase growth rates vary 

by case as well due to different prevailing strengths of the dynamics in these phases. For 

comparison to the low heat load case, 35.4 W, and the transitional case, 37.5 W, the 55 W case 

was also chosen for modeling since it was the maximum peak heat load tested under this set of 

inlet fluid conditions. 

5.3.4.   NavyHHF Model for 55 W Case 

The 55 W heat load case was the last modeled case and is shown in Figure 5-24 across both 

model and experiment. In this case, the secondary backflow dynamic resulted in a much steeper 

slope than the lower heat loads and capturing the overall temperature rise matched more closely to 

the experiment with the single backflow growth rate. The vapor growth rate was much slower here 

to match this overall temperature rise time, at about 5/s.  However, the temperature decay rate to 

steady state was also much lower, with a two-phase growth rate of 10/s, reflecting the much longer 

prevalence of the transient boiling dynamics due to the much higher vapor generation rate and 
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higher heat load. Finally, the temperature decays to the steady flow boiling phase, where again the 

steady temperature is exceptionally well-predicted by the heat transfer correlations.  

 The transient heat transfer coefficient for this final heat load case is shown in Figure 5-25. 

Again, the heat transfer coefficient starts out in the liquid-only phase at 14 kW/m2-K and stays 

roughly constant until the ONB occurs a short time later, then decaying to a minimum average 

value of ~5.4 kW/m2-K as the peak temperature is reached at 93.4°C. Then, the much slower 

temperature decay to steady state with the growth factor of 10/s results in a steady, average heat 

transfer coefficient of ~52.5 kW/m2-K. This is about 30% higher than the two lower tested heat 

loads again due to the heat flux dependence of the two-phase heat transfer coefficient which boosts 

cooling performance at higher heat loads. This transient heat transfer coefficient behavior captures 

the transient temperature profile of the device well and thus demonstrates the large shift in heat 

transfer which occurs during the transition from liquid cooling to steady state flow boiling when 

 
Figure 5-24. NavyHHF and experimental heater temperatures synchronized for 55 W heat load 
case. 
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vapor backflow dynamics are prevalent in the device, demonstrating the need for methods to 

reduce this peak temperature, such as increased subcooling or mass flow rate. 

5.4.   Chapter Summary 

In this chapter, stepped heat loads on a 38 µm hydraulic diameter, 250 microchannel 

evaporator with a small time constant were investigated across a range flow rates, inlet subcooling 

levels, and peak heat loads. Large superheats prior to the onset of nucleate boiling (ONB) of up to 

35°C were observed and were dependent on peak heat load, similar to the 52 µm hydraulic 

diameter evaporator, and to a less extent possibly subcooling and flow rate, though the latter two 

were difficult to confirm due to the use of the average heater temperature in measurements. The 

large superheats were likely due to a combination of smooth channel surface, low surface tension 

fluid, and a delay in nucleation conditions associated with delayed thermal boundary layer growth 

 
Figure 5-25. Model heater temperature synchronized with heat transfer coefficient following 
the exponential growth model for 55 W heat load. 
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or bubble quenching from the transient heating conditions and large liquid heat transfer 

coefficients.  

Notably, due to the small channel dimensions and the large superheats, vapor generation 

at the ONB was explosive and resulted in severe vapor backflow despite the presence of inlet 

orifices. The intense vapor backflow resulted in temporary dryout conditions within the channel, 

rapidly driving up the device temperature. This contrasts with the response of the 52 µm hydraulic 

diameter evaporator where the temperature dropped immediately after the ONB despite the 

presence of vapor backflow. Eventually, incoming subcooled liquid overcame this backflow and 

precipitated a decay to a steady state flow boiling condition at a much lower temperature 

characteristic of the efficient phase change heat transfer process, with notably no backflow 

observed in the inlet plenum at steady state. The transient differences observed between the two 

test sections suggest that additional design constraints are needed on channel and inlet restriction 

design to optimize both the transient and steady state performance rather than using an inlet 

restriction dimension which is agnostic to the channel dimensions. 

The peak temperature generally increased with peak heat load; however, for heat loads with 

lower vapor qualities, a metastable liquid cooled state with a stochastic duration was reached prior 

to boiling. In this state, it was hypothesized that due to the large wall superheat and liquid heat 

transfer coefficient, a superheated liquid state existed and further increased the intensity of vapor 

generation at the ONB. In some cases, due to this state, the peak temperatures were highly 

stochastic and occasionally higher at the lower heat loads than for the higher ones. Increasing the 

subcooling reduced the time to ONB conditions but also greatly reduced the peak temperatures, 

particularly at higher heat loads, likely due to the reduced amount of vapor production. Increasing 

the mass flow rate resulted in significantly reduced peak temperatures at the higher heat load 
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ranges of up to 33%.  However, a complex peak temperature relationship, characterized by a 

parabolic shape with a minimum which shifted by flow rate, was observed. It was hypothesized 

that this behavior was due to competing effects by dominant mechanisms which varied with heat 

load and thus resulted in an optimal peak heat load condition. 

The large transient temperature spikes experienced by this evaporator may be detrimental 

to device performance and long-term reliability. Increasing mass flow rate and subcooling 

significantly improved transient performance; however, predicting the device behavior for a given 

set of conditions is important to designing effective thermal management solutions under 

encompassing both transient and steady state behaviors. To that end, a model was developed in 

the computational design tool NavyHHF to predict the transient flow boiling performance of this 

evaporator under a selection of testing conditions. The model was developed semi-empirically and 

by considering the different physics to determine phases of behavior. An exponential growth 

model was employed to define the rate of transition between liquid-cooling, vapor backflow, and 

steady state flow boiling regimes to match experimental observations. After tuning, the model 

captured the experimental temperature trends adequately, though further optimization and an 

understanding of the dynamic behavior experienced during the backflow phase are necessary to 

fully capture the dynamics during this state. Notably, the development of this model can then be 

used to understand the potential role of incorporating phase change materials into the device. 
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CHAPTER 6. Impact of Phase Change Material on Microchannel 

Flow Boiling Under Stepped Heating 
 
 
 

Phase Change Materials (PCMs) were found to mitigate the transient temperature response 

in several earlier studies, as was mentioned in Chapter 1. In addition, in Chapter 4, ramped heating, 

which mimicked additional heat capacity, was found to greatly reduce the peak temperatures and 

mitigate vapor backflow at the onset of nucleate boiling (ONB). Therefore, the impact of PCM on 

microchannel flow boiling under transient heat loads was investigated semi-empirically for its 

potential transient thermal buffering impacts and to determine trade-offs in PCM choice with 

observed behaviors. 

6.1.   General PCM Buffering Effects at 35.4 W 

The impact of including a PCM was investigated comprehensively at 35.4 W of peak 

heating for gallium and gallium-metal foam composite structures, which had the most desirable 

properties for buffering these microchannel devices as mentioned in Chapter 1. The PCM area and 

thickness as well as effective PCM latent heat and thermal conductivity were parametrized to 

identify trends in behavior and possible thermal buffering capabilities. In Chapter 3, the heat to 

the fluid was extracted and plotted versus the baseline case without PCM. In Figure 6-1, (a) the 

average heater temperature in the model corresponding to different PCM thicknesses and areas 

was plotted alongside (b) the amount of heat flowing into the PCMs for insights into the device 

behavior. There is initially a large spike in heat absorbed by all the PCMs due to sensible heating 

which then rapidly decays off and reaches a primary buffering state for a duration and level which 

is influenced by the PCM material and volume. From these figures, it is evident that increasing the 

thickness for a specific PCM area delays the temperature rise to steady state due to the increase in 
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latent heat. For example, the 0.4 x 1 mm Ga PCM melts in about 0.25 s while the 2 x 1 mm Ga 

PCM melts in about 2.75 s, as evidenced by the rapid drop in heat flowing into the PCMs at these 

 
Figure 6-1. PCM cases studied under a 35.4 W heat step. (a) Average heater temperature versus 
time in simulation with different PCMs compared with baseline step response with black 
dashed line. (b) Amount of heat absorbed by PCMs versus time. 
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times. As the PCM melts, the lower PCM liquid phase thermal conductivity reduces the amount 

of heat that flows into the solid above and reduces the effective PCM utilization. Increasing the 

area reduces not only the rate of temperature rise but also shifts the overall transient temperature 

curve downward for longer during the PCM melting due to the increased amount of heat driven 

into the PCM. This can be seen by comparing, for example, the 2 x 1 and 2 x 2 mm Ga cases, 

where melting occurs up to ~2.75 s for the 2 x 1 mm case and up to ~4 s for the 2 x 2 mm case. 

The improvement is also due to the lateral conduction in the PCM where the larger area allows for 

more solid PCM utility prior to conducting through the melted liquid PCM. The benefit of the 

enhanced thermal conductivity of the gallium-copper foam composites is also clear. During the 

initial transient, up to 65% of the heat is absorbed by the PCM, with the amount absorbed here 

directly dependent on the thermal conductivity more so than latent heat. While the reduction in 

latent heat, relative to pure gallium, for a given volume results in shorter durations of PCM thermal 

buffering effects, the increased thermal conductivity drives more heat into the PCM and greatly 

reduces the temperature rise time overall before the PCM finishes melting.  

Furthermore, increasing the PCM thickness (which increases the volume vertically) of the 

composites relative to the gallium results in similar durations of transient thermal dampening but 

retains the improved buffering effect due to the increased thermal conductivity. These effects are 

most pronounced when comparing the 2 x 2 mm Ga with the 3 x 3 mm Ga60/Cu40 cases. The 

melting duration differs by only about a second, but the increased thermal conductivity of the 

copper foam results in an enhanced buffering effect as more heat, about two times more, on 

average, is driven into the PCM for the 3 x 3 mm Ga60/Cu40 case. As another comparison, the 

reduced volumetric latent heat of the 3 x 3 mm Ga60/Cu40 PCM is remedied by the increased 

volume relative to the 2 x 3 mm Ga80/Cu20 PCM, resulting in nearly identical qualitative transient 
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temperature behavior and melting duration but with the overall transient temperature shifted 

downward in the 3 x 3 mm Ga60/Cu40 PCM due to its increased thermal conductivity. This is 

paralleled by the larger amount of heat, ~20% more, buffering into the PCM during this duration 

which results in the improved transient temperature response.  

These results demonstrate tradeoffs in PCM power and energy density impacts. High power 

density more effectively dampens fast transients, but high energy density increases the duration of 

the dampening. The composite structures studied here have lower energy density than pure 

gallium, but it is easy to increase the PCM total volume to compensate for the lower energy density 

while retaining the higher power density. A higher volume composite with higher conductivity 

than pure gallium alone therefore results in an overall improvement in the transient thermal 

buffering capability. Finally, it should be noted that the heating mode studied here was a single 

step. While the high-power density PCMs resulted in the most favorable thermal buffering 

response to a stepped heat load, optimizing PCM volume and material properties for pulse trains 

of different duty cycles and pulse widths such as those experienced in many high heat flux devices 

may require additional considerations to achieve an overall improved device thermal response. 

6.2.   Effect of PCM on Heater Temperature at ONB 

As discussed in Chapter 4, reduced ramping rate heat loads resulted in reduced ONB and 

peak temperatures and vapor backflow for evaporators without PCMs. However, the ramping 

profiles do not fully capture the damped temperature response characteristic of additional heat 

capacitance. Therefore, PCMs simulated were experimentally investigated by use of an arbitrary 

voltage waveform applied to the test section heater. Because the voltage is fixed to the single-

phase PCM behavior in the model, after ONB, the heating rate will not accurately capture the PCM 

interaction. However, any insights on reducing the temperature at ONB should be captured. Figure 



 

131 
 

6-2 presents the experimental heat load versus heater superheat relative to the average saturation 

temperature at the ONB. Error bars represent 99% confidence intervals based on averaging at least 

9 trials per case. In general, the instantaneous heat load and heater temperature at ONB follow a 

linear trend, with smaller values of q at ONB resulting in a lower average heater temperature. The 

exception is the baseline case with no PCM, where the heat load at ONB is higher than the PCM 

cases but with a heater temperature which occurs roughly in the middle of the PCM cases. Most 

notably, when considering the variability, most of the PCMs have negligible differences in the 

superheat needed to initiate boiling compared with each other and the baseline case. However, the 

0.4 x 1 mm gallium PCM case does have the highest heater temperature and the most similar 

 
Figure 6-2. Linear trend observed in average ONB heater temperature and instantaneous heat 
load. 
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instantaneous heat load compared with the baseline. In addition, the two PCMs with the 3 mm 

length (again, covering the entire 10 x 2 mm chip and extending 0.5 mm beyond its length on 

either side), also appear to be outliers with significantly reduced heater temperature and heat load 

at ONB. Running a statistical Kruskal-Wallis test, since the assumption of normality and sample 

variances is not held to run an ANOVA test, followed by a Dunning’s comparison test against the 

No PCM case, confirms that these two cases have significantly different means down to a 0.5% 

significance level. 

Again referencing Figure 6-1, it is apparent that the two PCMs with the 3 mm length result 

in the lowest temperature rise after the initial fast transient. Since the temperature is kept lower 

while the PCM is “melting” due to the influence of the increased conductivity material, less heat 

enters the fluid during this time. Thus, nucleation can occur at lower temperatures compared to the 

gallium-only PCMs where the temperature after the fast transient is higher. With only gallium, the 

low thermal resistance of the device makes it difficult to drive a large amount of heat into the PCM 

unless the PCM thermal conductivity is much larger than gallium alone can provide. Therefore, 

the initial fast transient results in much of the heat entering the fluid and then a slow rise as the 

PCM melts, resulting in transient temperatures again much closer to the baseline step.  

Considering the ramping results from Chapter 4, reducing the temperature rise slowly from 

the start appeared most beneficial. In this case, there is still an initial rapid temperature rise which 

results in much of the heat transferring to the fluid before the PCM buffer takes effect. It is possible 

that the differences in the transient heating rates perturb the thermal boundary layer development 

enough to affect the nucleation conditions in differing ways. Regardless, with the right 

combination of thermal conductivity, latent heat, and volume, PCMs can reduce the heater 

temperature and thus the wall superheat at the ONB. For the current evaporator, the low thermal 
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resistance to the fluid makes it difficult to drive a large amount of heat into the PCM and thus 

reduce the fluid heat gain rate unless the PCM thermal conductivity is much larger than gallium 

alone can provide. A high conductivity PCM with a melting point near the 10°C initial temperature 

may result in behavior more similar to the ramping results. 

6.3.   Effect of PCM on Peak Device Temperatures 

Reductions in the heater temperature (and wall superheat) at the ONB are helpful because 

they should also reduce the intensity of vapor backflow and temperature spikes. Therefore, the 

peak temperatures were also compared for each PCM case against the baseline relative to the heater 

temperatures observed in Figure 6-3. The error bars again reflect 99% confidence intervals from 

 
Figure 6-3. Peak temperatures versus ONB temperatures across baseline step and different 
PCM test cases. 
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the data based on at least 9 trials per case. The results are shown in. Despite the hypothesis that 

the lower superheat should result in a lower peak temperature, the results in this figure are mostly 

the contrary. The n x 3 mm PCM cases along with the 1 x 1 mm gallium-only case do have the 

lowest average heater temperatures and have the lowest average peak temperatures of the PCM 

test cases. However, the 0.4 x 1 mm gallium case has the highest average superheat but is average 

for peak temperature. In fact, the baseline case has the lowest average peak temperature. Another 

Kruskal-Wallis followed by a Dunning test confirms that there are no significant differences in 

peak temperature between the baseline and PCM cases. 

While the average values of the peak temperatures vary by about 20°C, the variability 

across each scenario is also large. This reflects the randomness of the nucleation process where 

differences in entrapped vapor in cavities may exist and make subsequent trials or testing 

conditions not independent. The large number of channels may also have been partially responsible 

for this observed behavior since it is possible that local fluctuations or cross-channel interactions 

occurred more readily. Finally, the large variation in observed peak temperatures reflects the large 

variation in time to boiling, where for longer durations spent in a quasi-stable state may have 

reached higher superheated liquid levels as discussed in Chapter 5. The range in average heater 

temperature at ONB was about 10°C across all scenarios, but the minimum value of superheat at 

the minimum heater temperature was still large (~17°C), and for this test section at this heat load 

condition, may still have been high enough that the narrow channels and small orifice-to-channel 

area ratio still play the most dominant role in producing the severe vapor backflow at this heat 

load. It should be noted that the PCM performance modeling assumed entirely single-phase heating 

conditions. During the vapor backflow stage, due to the poor heat transfer to vapor and the large 

rise in thermal resistance to the fluid, a large amount of heat may possibly be driven into the PCM, 
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which may in turn reduce the transient peak temperature spike and may beneficially impact the 

flow dynamics as well. This effect was investigated using the previously developed NavyHHF 

ONB model with some simplifying assumptions. 

6.4.   NavyHHF Model with PCM 

The NavyHHF model developed in Chapter 5 was used to understand what impact a PCM 

may have on the peak device temperatures, subject to some limitations and assumptions in the 

model. Short of testing with a PCM experimentally, the true behavior will not be captured. 

Nevertheless, the assumptions here should still provide an understanding of the impact a PCM may 

provide to transient thermal buffering on this microchannel evaporator. The same heat loads used 

in the NavyHHF model were modeled with selected PCMs here. The first was the Ga60/Cu40 

composite with a 3 mm footprint and thicknesses from 0.5 to 2 mm. The second was a Ga95/Ni5 

composite foam PCM which was developed by the Army Research Lab [33] and will be integrated 

into this evaporator in future efforts.  

To determine the potential impact of the PCM on the vapor backflow in the model, the 

following assumptions were used. Given the relative ineffectiveness of the PCMs on average 

across all those tested to reduce the heater temperatures at the ONB, with only several resulting in 

slightly lowered ONB temperatures, it was decided that the same ONB temperature as the baseline 

case for a given heat load without PCM would be retained agnostic of the PCM to compare results 

equally. In addition, given the absence of any data on how a real PCM impacts the vapor backflow 

dynamics and the subsequent decay to steady state flow boiling, the same backflow duration along 

with the same respective growth constants was used as the baseline cases to simplify the model, 

though these will likely be coupled to the PCM response. However, with these assumptions, the 

performance of a given PCM can be directly assessed relative to other PCMs based on material 
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properties and volume and can thus be used as a design tool for understanding tradeoffs in different 

PCM impacts in the absence of real device data with that PCM. 

6.4.1.   PCM Model at 35.4 W Peak Heat Load 

6.4.1.1.   Impact of Ga95/Ni5 Composite Foam PCM at 35.4 W 

The experimental and model baseline temperatures without PCM for the worst-case trials 

are shown alongside the PCM response in Figure 6-4 for different thicknesses of Ga95/Ni5 ranging 

from 0.5 to 2 mm thick, for the same PCM footprint. While the original model had forced the fluid 

to remain in liquid cooled steady state until the time and temperature coincided with when boiling 

began experimentally, this restriction was removed for the PCM cases given the relative 

stochasticity observed experimentally. Even so, the larger capacity PCMs did not reach the ONB 

temperature until after that time and therefore a negligible change would be expected. There are 

clearly diminishing returns as the thickness is increased. Increasing the thickness further beyond 

 
Figure 6-4. Comparison of the GaNi-foam PCM impact on transient device temperatures with 
baseline case without a PCM at a 35.4 W peak heat load. 
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1 mm generally just extended the duration of melting but at nearly constant temperature up to ~4.5 

seconds. The peak temperature reduction depends on the thickness of PCM but for this case was 

not strongly impacted. Nevertheless, even with as small as a 0.5 mm thick PCM layer, there wass 

a significant reduction, ~30%, relative to the peak temperature without PCM, and a ~50% 

reduction in the temperature overshoot above the steady state flow boiling temperature. The 2 mm 

thick PCM only offered a ~2.2% further reduction in peak temperature over the 0.5 mm thick 

PCM. 

Examining the heat transfer to the PCM with time elucidates the physical mechanism by 

which the PCM improves the temperature response during the vapor backflow. Figure 6-5 shows 

the variation in heat absorbed or extracted from the PCM with time for the three thickness levels. 

This figure is initially qualitatively like Figure 6-1(a) until the ONB. Up until this point, the amount 

of heat transferring to the PCM decreased as the utility is reduced by an increasing melt fraction 

 
Figure 6-5. Comparison of the heat transfer into or out of the PCM in time across the different 
PCM thicknesses. 
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and the increased thermal resistance through the liquid-PCM layer. However, during the vapor 

backflow phase, the thermal resistance to the coolant fluid increased drastically, driving more heat 

into the PCM in the form of sensible heating and thus temporarily buffering the device during the 

vapor backflow event. The maximum increase in additional heat stored in the PCM during the 

backflow regime was proportional to the thickness, increasing slightly from 12.3 W to 12.6 W as 

thickness increased from 0.5 to 2 mm. Given that in some cases the temperature at ONB decreased 

with the simulated PCM addition in the experiments, it should be expected that a PCM could 

potentially buffer even more heat. In all the cases here, the ONB temperature was held constant, 

and the PCM was nearly fully melted since boiling was triggered near the steady state liquid-

cooled temperature.  

After the peak temperature was reached and the device was driven towards steady state 

flow boiling, the large increase in heat transfer coefficient rapidly removed this additional stored 

heat out of the PCM and into the coolant fluid. The amount of heat removed from the PCM reached 

a maximum (in magnitude) before diminishing more slowly and following a classic exponential 

decay to steady state where the net flow of heat was zero into/out of the PCM. Interestingly, with 

the 2 mm thick PCM, the maximum rate of heat drawn out of the PCM was less than the thinner 

PCMs, though the duration of heat removal from the PCM was longer. As the two-phase heat 

transfer coefficient is a function of heat load, the coupled response here with additional heat 

transfer to and from the PCM played an additional role in the behavior seen here alongside the 

differing amounts of heat storage capacity. 
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6.4.1.2.   Impact of Ga60/Cu40 Composite Foam PCM at 35.4 W 

The Ga/Ni PCM has a much larger effective latent heat than the Ga/Cu composite modeled 

earlier due to the higher ratio of gallium in the composite; however, the large fraction of copper in 

the latter greatly increases thermal conductivity and sensible heat capacity. The increase in 

conductivity should drive more heat into the PCM during the backflow phase and compensate for 

the reduced latent heat capacity by increasing the utilization of the PCM volume and thus should 

reduce peak temperatures more than the Ga/Ni-based composite, particularly with increased 

thickness. Figure 6-6 contrasts the transient thermal responses of the different Ga/Cu composite 

thicknesses with the baseline response. As predicted, the Ga60/Cu40 composite more effectively 

buffered the peak temperatures than the Ga95/Ni5 foam. Furthermore, there was a greater 

improvement by increasing the PCM thickness compared with the Ga/Ni, though this improvement 

quickly plateaued. The peak temperature was reduced by ~32.5%, 37.6%, and 38.7%, for the 0.5, 

 
Figure 6-6. Comparison of the Ga60/Cu40 PCM impact on transient device temperatures. 
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1, and 2 mm thick PCMs, respectively. Despite the lower latent heat, which resulted in an increased 

rate of PCM melting and a shorter overall duration of buffering prior to the ONB condition, the 

increased thermal conductivity and larger thermal mass due to the higher fraction of high-density 

copper allowed more heat to be driven into the PCM during the backflow stage in the form of 

sensible heating and thus reduced the peak temperatures to a greater extent. 

Figure 6-7 compares the heat transfer into the PCM for the Ga/Cu composite across the 

different thicknesses. Compared with the Ga/Ni foam composite at 12.6 W, a maximum of up to 

~14.6 W of additional heat was stored in the PCM after ONB. Even the 0.5 mm thick Ga/Cu PCM 

stores about 14 W of additional heat at the maximum, proving that the higher power density of this 

copper foam-based PCM due to its enhanced thermal conductivity is a more important marker for 

improving the transient thermal performance than the latent heat capacity in this instance. Because 

the backflow duration is brief, very little PCM volume is needed to provide the energy storage to 

 
Figure 6-7. Comparison of the heat transfer into or out of the Ga60/Cu40 composite across the 
different PCM. 
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offset the reduced heat transfer rate more effectively to the fluid. In addition, after the peak 

temperature had been reached, the amount of heat removed from the PCM reached about 17.5 W 

in the thickest PCM case, which was more than that absorbed during the backflow. However, 

eventually this decays to net zero.  

6.4.1.3.   Overall Comparison of PCM Impact at 35.4 W 

In the preceding sections, the impact of including two different types of PCMs at increasing 

volumes (by increasing thickness) was investigated with a 35.4 W peak heat load. The effects were 

studied assuming the worst-case scenario trial as observed in the experiments. Figure 6-8 shows 

the large observed variability in peak temperatures given the difference in backflow behavior. 

Given this large variability across peak temperatures, and therefore in device peak temperature,  

the cases with the least amount of backflow and lowest peak temperature were both modeled, and 

the corresponding PCM effects elucidated with the same PCMs. The Ga95/Ni5 and Ga60/Cu40 

PCMs at the different thicknesses were directly compared to the baseline without PCM, and the 

resulting ranges in peak temperatures between the worst and lowest backflow trials are shown in 

 
Figure 6-8. Variation in transient temperature response and peak temperature observed across 
trials, with the worst-case and best-case trials identified. 
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Figure 6-9. In this figure, the top of the colored bars represent the peak temperature of the trial 

with the worst-case vapor backflow condition, while the bottom of the colored bars represent the 

peak temperature of the trial with the least amount of vapor backflow. Thus, Figure 6-9 presents 

the range of expected PCM thermal buffering across the observed experimental trials. While the 

time series for the worst-case trial were shown above, demonstrating the large peak temperature 

reduction, this figure highlights the reduced temperatures even more clearly. Even with a small 

amount of PCM, the peak temperatures are drastically reduced by up to 30°C. The differences in 

the copper and nickel foam-based composites are also clearer, with the Ga60/Cu40 attaining a 

more pronounced effect on the temperature reduction due to its increased thermal conductivity 

 
Figure 6-9. Comparison of peak temperature ranges across the baseline and both PCM types 
at a 35.4 W peak heat load, at different PCM thicknesses, where the PCMs significantly reduce 
peak temperatures in the worst-case trial. 
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which improves power density and increases PCM volume utilization. The differences grow more 

significant between 0.5 and 1 mm of PCM, where the peak temperature difference between the 

two PCM types increases from ~3°C to ~5°C. Further increasing thickness to 2 mm appears to 

result in a plateau, with the difference in peak temperatures changing from 5°C to 6°C between 

the two PCMs. 

Figure 6-10 and Table 6-1 show the range in temperature reduction from the baseline cases 

across the PCMs investigated. The style of Figure 6-10 is similar to Figure 6-9, where the top of 

the colored bars corresponds to the peak temperature reduction of the worst case trial, while the 

bottom of the colored bars represents the peak temperature reduction of the best case trial. While 

 
Figure 6-10. Comparison of peak temperature reductions with both PCM types at a 35.4 W 
peak heat load, at different PCM thicknesses, where the range in peak temperature reduction is 
large. 
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the PCMs greatly mitigated the peak temperature for the initially worst-case trial with the highest 

peak temperature (by up to ~33°C), for the trial with the lowest initial peak temperature, the PCM 

reduced the peak temperatures by <1° C across all PCMs and thicknesses. This is due to the 

reduced duration and intensity of backflow, which in turn reduced the duration of vapor heat 

transfer that would otherwise drive the temperature higher. Given the shorter duration of backflow, 

the PCM did not buffer as much heat, and therefore the peak temperatures did not change as 

appreciably because they were already low. Nevertheless, under the assumption that the backflow 

behavior remains identical to the case without a PCM, this figure and table display the expected 

range in PCM performance enhancement. A maximum temperature reduction range of 0.21°C to 

32.6°C, depending on PCM type and thickness, was observed. Therefore, given the large 

variability in backflow intensity at this heat load, the inclusion of a PCM will mitigate the effect 

of any backflow intensity and will thus keep the device temperature lower overall homogenizing 

the difference in peak temperatures across different heating events. While the copper foam-based 

composite was clearly superior, it is encouraging that the nickel foam-based composite still 

effectively improved the transient response, especially since a high-quality foam composite has 

already been practically demonstrated and produced. 

6.4.2.   PCM Model at 37.5 W Peak Heat Load 

The next heat load investigated with the inclusion of PCM was the 37.5 W case. Here, 

variability between trials was much less significant than with the 35.4 W scenario, with about 10°C 

of difference between the “worst” and “best” case trials. Thus, the detailed transient behavior will 

Table 6-1. Temperature reduction range across PCM types and thicknesses at 35.4 W 
 0.5 mm 1 mm 2 mm 

Ga95/Ni5 
Min (°C) 0.84 0.77 0.76 
Max (°C) 25.5 27.3 27.3 

Ga60/Cu40 
Min (°C) 0.21 0.27 0.32 
Max (°C) 27.6 31.9 32.6 
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be illustrated for the worst-case trial as in the 35.4 W case, and the overall differences between 

PCM, thickness, and best/worst trials will be compared at the end. 

6.4.2.1.   Impact of Ga95/Ni5 Composite Foam PCM at 37.5 W 

The transient temperature time series for the baseline experiment and model are compared 

against the three PCM thicknesses for the Ga/Ni composite in Figure 6-11. As in the 35.4 W case, 

the addition of PCM results in a stark reduction of the peak temperature regardless of PCM 

thickness. However, in this case, the reduction in peak temperature is about 20% up to ~24% for 

the 0.5 mm to 2 mm thick PCMs, respectively. While the performance does level off slightly with 

increases in PCM, there is still about a further ~2% reduction in peak temperature relative to 

baseline for each increase in thickness, which shows a greater impact of PCM thickness at this 

heat load. However, the increased volume of PCM does result in a much more gradual increase in 

the device temperature and may keep it higher longer despite a corresponding reduction in peak. 

 
Figure 6-11. Comparison of transient temperatures across baseline case without PCM and with 
different Ga95/Ni5 PCM thicknesses, where the peak temperature drops sharply upon addition 
of PCM but with a lessened effect with further increases PCM thickness. 
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This tradeoff should be evaluated in terms of device longevity given the large reduction in 

temperature under steady state boiling. 

To gain further insight into the physical nature of why the temperatures are reduced, the 

transient heat rates into the PCM were again plotted across the PCM thicknesses. Figure 6-12 

contrasts this heat transfer behavior across the different PCM thicknesses and shows that, with 

increasing volume of PCM, more heat is initially stored in the PCM and declines slowly over time 

as more PCM melts. While the thinnest PCM melted nearly entirely under liquid cooling 

conditions, the thicker PCMs did not prior to the ONB conditions. Regardless, the heightened 

thermal resistance to the coolant fluid during the backflow regime drove more heat into the PCM 

and increased effective volume utilization since the thermal resistance through the liquid PCM to 

the remaining solid fraction was suddenly a reduced barrier to heat transfer relative to the other 

pathways in the device. The large amount of heat stored in the PCM during this backflow regime 

 
Figure 6-12. Transient heat rate into the PCM for a peak heat load of 37.5 W, showing the 
large amount of heat stored and then subsequently removed in the PCM during the vapor 
backflow regime. 
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therefore precludes the large reduction in peak temperature, as mentioned in the 35.4 W section. 

There is a slight increase in heat stored from ~11 to ~12.5 W during this backflow regime 

commensurate with an increase in thickness which is reflected in the further reductions in peak 

temperature moving from 0.5 mm to 2 mm thick PCMs. As the peak temperature was reached and 

two-phase heat transfer became dominant, the large increase in heat transfer coefficient 

precipitated a rapid decrease in device temperature while the extra sensible heat stored in the PCM 

was quickly rejected to the coolant as evidenced by the negative heating rate. An absolute negative 

amount of heat at up to 10 W was removed from the PCM in the 0.5 mm case; however, the total 

energy stored was likely greater in the 2 mm thick PCM, as this heat was removed and then reached 

a net zero at steady state far more slowly given the additional thermal capacitance.  

6.4.2.2.   Impact of Ga60/Cu40 Composite Foam PCM at 37.5 W 

 
Figure 6-13. Transient temperature comparison across baseline and Ga60/Cu40 PCMs at 37.5 
W, showing the large reduction in peak temperatures. 
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The Ga60/Cu40 composite results are shown alongside the baseline without PCM 

temperatures in Figure 6-13. Like with the Ga95/Ni5, there is a large reduction in peak 

temperature, in this case by at least 17°C. This is again due to the increased thermal conductivity 

of the copper foam which enhances the heat transfer into the PCM and promotes increased PCM 

volume utilization during the backflow regime. The peak temperature is reduced by at least 23% 

and up to ~28% in the thickest PCM case. The incremental reduction in peak temperature between 

PCM thicknesses diminished as the thickness of the PCM increased further, with further reductions 

in peak temperature of about 3% between 0.5 to 1 mm and ~1.1% between 1 to 2 mm. 

The temporal heat transfer to the PCM for the Ga60/Cu40 PCMs is shown in Figure 6-14. 

In this case, due to the overall decreased amount of latent heat capacity for this PCM, the heating 

rates into the PCM decline rather quickly; however, there is again another uptick in thermal energy 

storage during the backflow phase. In this case, the peak amount of heat stored reached ~12.3 W 

 
Figure 6-14. Temporal heating rate to the PCM at 37.5 W of peak heating across the three 
different Ga60/Cu40 PCM cases, showing the rapid transfer of energy to and from the PCM 
during the backflow phase. 
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at the 0.5 mm thickness up to 13 W with the 2 mm thickness. As the two-phase heat transfer takes 

over, the amount of heat drawn from the PCM reached ~17 W maximum before declining back to 

a net zero at steady state. The relative maximum rate that heat is removed from the PCM is 

dependent on the coupling between how quickly heat can be drawn from the PCM and the 

associated increase in two-phase heat transfer coefficient. Unlike in the Ga95/Ni5 case where the 

peak heat drawn from the PCM generally decreased with thickness, here the peak heat drawn from 

the PCM increased slightly due to the higher thermal conductivity which facilitated more sensible 

heating in the PCM during the backflow regime.  

6.4.2.3.   Overall Comparison of PCM Impact at 37.5 W 

Again, the two trials with the lowest and highest peak temperatures were run through the 

model to determine bounds on the PCM thermal buffering effect assuming backflow conditions 

would be identical to their respective trials without PCM. The resulting range of peak temperatures 

for both types of PCM investigated across the three thicknesses was compared against the range 

of peak temperatures observed without the PCM in Figure 6-15. As mentioned in the above 

sections with the transient temperature profiles, a significant reduction in peak temperature is 

observed due to the presence of a PCM since the PCM absorbs part of the heat during the vapor 

backflow phase.  

Unlike in the 35.4 W scenario, at the 37.5 W peak heat load, the variability in peak 

temperature is much lower (<10°C), and thus even in the trial with the least amount of backflow 

and lowest peak temperature, there is still a significant reduction in peak temperature. The peak 

temperatures in all PCM cases are still much lower than the minimum peak observed 

experimentally in the absence of PCM, suggesting a compelling benefit to including PCM at this 

heat load regardless of backflow intensity. The addition of PCM also reduced the maximum 
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temperature range from just under a 10°C range to about a 2°C range. Once again the copper foam 

composite outperformed the nickel foam composite at all thicknesses and across the range of trials 

due to its increased thermal conductivity which improved its ability to absorb heat during the 

backflow duration. Again, the PCMs effectively homogenize the spread in peak temperatures 

across different backflow conditions and thus provide more uniform device temperature behavior 

over different testing trials. 

Figure 6-16 and Table 6-2 present the resulting range in the reduction of the peak 

temperatures from the respective baseline cases with the inclusion of PCM. There are reductions 

in peak temperature of 8.6°C at a minimum up to 19.7°C.  The maximum peak temperature 

 
Figure 6-15. Comparison of peak temperature ranges obtained with a peak heat load of 37.5 
W with best- and worst-case trials using both PCM types and across the thickness range, with 
significant reduction in peak temperature observed for all PCM cases. 
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reduction for the Ga/Cu composite was ~19.7°C versus the 16.8°C with the nickel foam-based 

PCM. As clearly shown in Figure 6-16, thicker PCMs play a larger role at this heat load in 

mitigating the peak temperature but provide diminishing returns as thickness increases at this heat 

load, regardless of PCM type or initial backflow intensity. For example, the peak temperature 

reduction of the worst-case trial using the Ga/Cu PCM increases from ~2.3°C between 0.5 and 1 

 
Figure 6-16. Range of peak temperature reductions from baseline obtained with a peak heat 
load of 37.5 W with best- and worst-case trials using both PCM types and across the thickness 
range. 

 

Table 6-2. Temperature reduction range across PCM types and thicknesses at 37.5 W. 
 0.5 mm 1 mm 2 mm 

Ga95/Ni5 
Min (°C) 8.61 10.08 10.53 
Max (°C) 14.15 15.55 16.81 

Ga60/Cu40 
Min (°C) 8.95 12.10 12.39 
Max (°C) 16.62 18.93 19.69 
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mm but only increases by <1°C between 1 and 2 mm. With the best-case trial, the temperature 

reduction between 0.5 and 1 mm is similar but between 1 and 2 mm decreases to ~0.3°C.  

6.4.3.   PCM Model at 55 W Peak Heat Load 

The final heat load modeled was 55 W, which represents a much higher amount of 

necessary heat buffering in a PCM to reduce the vapor backflow detriment to the peak temperature. 

In addition, because the ONB occurs before reaching a near steady state temperature in liquid 

cooling, there will be more PCM available which has not yet melted. Therefore, this case was 

investigated since it is relevant to heat loads where steady state is reached in liquid cooling prior 

to the ONB. 

6.4.3.1.   Impact of Ga95/Ni5 Composite Foam PCM at 55 W 

 
Figure 6-17. Transient heater temperatures at 55 W peak heat load across the baseline and 
Ga95/Ni5 PCMs with different thicknesses, showcasing the large peak temperature reduction 
effect due to incorporating a PCM. Numbers 1-4 correspond to specific states in time in Figure 
6-19. 
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The transient thermal buffering effect on the device temperature for the worst-case trial 

with the highest peak temperature is shown in Figure 6-17 for the Ga95/Ni5 PCM at 55 W of peak 

heating. The peak temperature was greatly improved immediately in the presence of a PCM, even 

in a small thickness of 0.5 mm, where the peak temperature decreased from 95°C to 65°C. Further 

increases in PCM thickness provided diminishing returns, as shown before, with up to a further 

reduction in peak temperature of ~5°C, while also slowing the temperature rise time during the 

liquid-only cooling state and delaying the peak temperature time by up to ~0.75 s. The ONB 

temperature was kept constant in the models, so any changes in this temperature due to the 

presence of a PCM which slows down the temperature rise time would modify the PCM effect 

observed here.  

 
Figure 6-18. Transient heating rates into the PCM compared across the three PCM thicknesses 
for the Ga95/Ni5 PCM at a 55 W peak heating rate, where numbers 1-4 correspond to specific 
states with highlighted in Figure 6-19. 
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The transient heating rates into the Ga95/Ni5 PCM help explain the transient temperature 

behavior and are plotted for the three thicknesses in Figure 6-18. Given the much quicker 

temperature rise time and occurrence of ONB prior to reaching a liquid steady state, the heating 

behavior into the PCM is different than for the lower heat loads. To understand this behavior, the 

PCM melt fraction is plotted in Figure 6-19 for selected points in time highlighted by the 0.5 mm 

PCM case heater temperature and PCM heat load traces in Figures 6-17 and 6-18. The heat 

absorbed by the PCM dropped exponentially over time until it reached roughly 13 W, with a time 

constant directly dependent on the thickness. As seen in Figure 6-19 and referencing Figure 6-18, 

at state (1), the ONB, the PCM was not fully melted and thus had a significant amount of latent 

heat available to store additional heat. Once ONB occurred and the vapor backflow phase enforced 

vapor convection as the dominant heat transfer mode, the heat driven into the PCM increased 

 
Figure 6-19. PCM melt fraction at selected instants in time from Figure 6-18. (1) ONB, PCM 
not fully melted, (2) peak temperature reached and PCM is still not fully melted, (3) 
intermediate state between peak temperature and fully developed two-phase state, (4) steady 
state flow boiling, PCM is fully melted. 
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sharply, up to between 17 and 21 W, depending on the PCM thickness. This additional heat 

absorbed into the PCM offered a tremendous thermal buffering capability to the device which 

coincided with the stark reduction in peak temperatures. However, even after this point, which 

marks the peak temperature and state (2), the PCM was not fully melted, as is evidenced by Figure 

6-19. Once the vapor backflow was eventually overcome and two-phase flow boiling heat transfer 

became the dominant mode, the amount of heat absorbed by the PCM fell quickly as more of the 

PCM melted as shown in state (3), and eventually at state (4) a steady state is reached with no net 

heat into or out of the PCM when all the PCM had been melted. 

6.4.3.2.   Impact of Ga60/Cu40 Composite Foam PCM at 55 W 

Given the superior transient buffering effect of the Ga60/Cu40 composite over the 

Ga95/Ni5 composite for the previous heat loads, it may be assumed that this would hold for the 

higher powers. Figure 6-20 shows that the results are to the contrary. The 0.5 mm thick PCM 

 
Figure 6-20. Transient heater temperatures compared across the baseline and three different 
thicknesses of Ga60/Cu40 PCM at a peak heat load of 55 W. 
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reduces the temperature from 95°C to ~78°C, and the 2 mm thick PCM reduces the peak 

temperature even further to 64°C, which is close to the Ga95/Ni5 PCM. However, the overall 

duration of buffering is reduced due to the lower amount of latent heat capacity available for this 

volume of PCM, since the volume fraction of gallium was reduced from 95 to 60%. Thus, the 

amount of available thermal buffering was lessened with the copper foam PCM compared with the 

nickel foam PCM. This effect was not as pronounced earlier since boiling was initiated at near 

liquid steady state where the PCM heating rate had nearly reached zero and thus the PCM had 

nearly fully melted in all cases. The difference in thickness had a greater effect here than on the 

Ga95/Ni5 composite since the additional latent heat available was more effectively utilized with 

the higher conductivity foam.  

The transient heating rates to the PCM shown in Figure 6-21 assist in explaining this 

apparently contradictory effect, with reference to Figure 6-22 to understand the melt fractions and 

temperatures in the PCM at selected states in time. Heat was driven more rapidly into the PCM 

and thus resulted in more melting sooner than with the Ga95/Ni5 PCM. The highlighted times on 

the 0.5 mm trace are shown with corresponding detailed nodal temperatures and melt fractions 

within the PCM in Figure 6-22. At state (1), the PCM was already fully melted at the ONB time 

unlike with the Ga95/Ni5 PCM in Figure 6-19. As time progresses, the melt fraction images look 

identical, while the PCM temperatures change dramatically, indicative of sensible heating in the 

PCM during the transient backflow regime. State (2) represents when the peak temperature has 

been reached, and the PCM temperature is large due to sensible heat absorption. However, at state 

(3), which is nearing steady state, the PCM temperature has clearly decreased from ~70-80°C to 

~50°C. Therefore, the negative heating or heat removal from the PCM represents the removal of 

the additional transient sensible heat which was stored in the PCM during the vapor backflow 
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phase. This coincided with the drop in liquid PCM temperature as this heat was removed and 

steady state was reached with a fully melted PCM which was at a much lower average temperature 

of ~35°C as evidenced in state (4). The thickest (2 mm) PCM resulted in a similar heat buffering 

effect to the 1 mm Ga95/Ni5 case, and thus the peak temperatures of those were similar. In this 

case, the heat drawn from the PCM reached a minimum of about 15 W before decaying slowly 

back to a net zero as the additional sensible heat was removed. The net negative heating (or heat 

extraction from the PCM) did not occur in the Ga95/Ni5 cases because the PCM was not fully 

melted after the peak temperature had been reached, and the additional sensible heating that may 

have occurred there was spread into melting the remaining PCM volume along the way to steady 

state. Nevertheless, increasing the thickness of the Ga60/Cu40 composite led to a greater relative 

improvement in peak temperature compared with the Ga95/Ni5 composite due to the increase in 

 
Figure 6-21. Transient heating rates to the PCM across the three Ga60/Cu40 thicknesses for a 
peak heat load of 55 W. Numbers 1-4 correspond to specific states in Figure 6-22. 
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overall heat capacity and the larger thermal conductivity that made transient heat storage in the 

PCM during the backflow regime more effective. 

6.4.3.3.   Overall Comparison of PCM Impact at 55 W 

As before, the trials with the lowest and highest peak temperatures were run through the 

model to extract the backflow parameters and bound the potential benefits of including PCM. The 

results are compared to the baseline peak temperature range across both PCMs and at the three 

 
Figure 6-22. Nodal melt fractions and temperatures in PCM at 55 W peak heating with a 0.5 
mm Ga60/Cu40 PCM. (1) PCM is fully melted at the ONB, (2) at the peak temperature, sensible 
heating has occurred in the PCM, (3) the PCM temperature drops as sensible heat is removed, 
(4) steady state is reached with fully melted PCM and a significantly lowered PCM temperature. 
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different modeled thicknesses in Figure 6-23. Given the higher peak heat load, the peak 

temperature range was much smaller (~5°C) than for the 35.4 or 37.5 W scenarios, representing 

less stochastic results. Thus, the impact of including the PCMs did not translate to large differences 

across the different backflow conditions, with a <3°C maximum range. Furthermore, as the PCM 

thickness increased, this difference decreased even more to ~1°C, thus showcasing the enhanced 

effect of the PCM in producing more uniform peak temperatures despite the initial range of peak 

temperature variability.  

As shown in Figure 6-24 and in Table 6-3, there were significant reductions in peak 

temperature when adding the PCMs regardless of thickness or PCM type. The Ga95/Ni5 PCMs 

 
Figure 6-23. Comparison of peak temperature ranges obtained with best- and worst-case trials 
at a 55 W peak heat load using both PCM types and across the thickness range, with significant 
reduction in peak temperature observed for all PCM cases. 
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outperformed the Ga60/Cu40 PCMs at this heat load since due to the higher heat load, the latter 

had already had its latent heat storage exhausted and instead utilized sensible heating during the 

backflow transient. However, the Ga60/Cu40 PCMs offered a larger margin of effect with 

increased thickness due to the increase in available latent heat within the high conductivity copper 

foam matrix and quickly approached the effect afforded by the Ga95/Ni5 PCM. In addition, the 

Table 6-3. Temperature reduction range across PCM types and thicknesses at 55 W. 
 0.5 mm 1 mm 2 mm 

Ga95/Ni5 
Min (°C) 25.89 29.08 30.16 
Max (°C) 29.89 33.80 35.24 

Ga60/Cu40 
Min (°C) 14.58 22.73 27.38 
Max (°C) 17.06 25.81 31.92 

 

 
Figure 6-24. Comparison of peak temperature reduction ranges obtained with best- and worst-
case trials at a 55 W peak heat load using both PCM types and across the thickness range, with 
significant reductions which depended heavily on PCM thickness and type. 
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buffering effect did not level off when increasing the thickness with the Ga60/Cu40 PCM. It is 

possible that further increasing the thickness would result in the Ga60/Cu40 PCM surpassing the 

thermal buffering effect of the Ga95/Ni5 PCM. For example, at 0.5 mm of PCM thickness, the 

peak temperature reductions for Ga60/Cu40 ranged from 14.6 to 17°C, while for Ga95/Ni5, the 

reductions ranged 26-30°C. However, at the 2 mm thickness, temperature reductions ranged from 

about 27.5 to 32°C with Ga60/Cu40, to 30 to 35°C for the Ga95/Ni5. Overall, at this 55 W peak 

heat load, the addition of PCM significantly reduces the peak temperature and improves the 

transient thermal response even given possible variations in backflow intensity which would result 

in a larger variation in peak temperature without a PCM than with one.  

6.5.   Chapter Summary 

In this chapter, the potential effect of incorporating different types and volumes of phase 

change materials (PCMs) on the microchannel evaporator transient thermal response was 

investigated semi-empirically and through simulations. First the potential buffering impact of 

including a PCM on this evaporator was studied comprehensively at 35.4 W of peak heating using 

a large range of PCM thicknesses, areas, and PCM materials. It was found that the larger volumes 

of PCM along with the higher thermal conductivity PCMs elicited a stronger buffering response 

by keeping the device temperature lower for longer, demonstrating trade-offs in power and energy 

density. Higher power density resulted in stronger buffering effects, while higher energy density 

resulted in longer overall durations of buffering. 

 To emulate the effects of the PCM experimentally, the heating rate to the fluid in the 

simulations was extracted and applied as an arbitrary waveform to the experimental test section 

heater. This was a valid approach due to the small thermal capacitance of the microchannel test 

section which resulted in a nearly immediate transfer of heat to the fluid when compared with the 
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addition of PCM. After running the experiments, it was found that, on average, most of the PCMs 

did not reduce the ONB or peak temperatures compared with the baseline response but in some 

cases resulted in higher average peak temperatures. The higher thermal conductivity PCMs did 

reduce the ONB temperatures by ~5°C, but given the already large ONB temperatures and 

subsequently the wall superheat, it is plausible that a 5°C reduction was not enough to measurably 

impact the peak temperature. In addition, the PCM heating rate that was simulated assumed single-

phase heating conditions throughout, and the inclusion of a PCM would likely reduce the peak 

temperature by absorbing an increased amount of heat during the vapor backflow phase. This can 

be explained by considering that the heat transfer coefficient dropped dramatically during the 

backflow as conduction to vapor ensued, which increased the thermal resistance to the coolant 

fluid and drove more heat into the PCM. 

 This effect was studied in the NavyHHF model by incorporating PCM into the three heat 

load test case models developed in Chapter 5. Two gallium composite metal foam PCMs, one a 

copper foam, and the other a nickel foam, in thicknesses between 0.5 and 2 mm, were investigated 

subject to several assumptions. Because the real PCM could not be investigated directly in this 

work, and based off the variable reduction in ONB temperatures, the models were assumed to 

retain the same ONB temperatures and vapor backflow durations and time constants as the baseline 

case without PCM. This would ensure at least a relative comparison of the PCM performance. In 

addition, to bound the expected performance impact, the trials with the highest and lowest peak 

temperatures were both run through the models to determine their corresponding backflow and 

ONB conditions, and then the PCM models were run with both these scenarios for each peak heat 

load model. 
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 The results showed marked reductions in peak temperatures with the inclusion of PCM, 

with the reduction in peak temperature generally increasing as the peak heat load increased. Slight 

differences in performance were observed across the PCM type, with in general the copper foam 

composite offering a slight edge due to its increased thermal conductivity. In addition, increases 

in thickness were met with diminishing returns on reducing the peak temperature, though the extent 

of this improvement was overall higher with the copper foam composite due to its higher 

conductivity and its lower latent heat. Investigating the transient PCM heating rate and melting 

fraction revealed that a large spike in heat transfer to the PCM occurred during the backflow phase 

and was mostly in the form of sensible heat storage for the lower volume PCMs, thus offsetting 

the rise in peak temperature which would otherwise occur.   
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CHAPTER 7. Conclusions and Recommendation for Further 

Work 
 
 
 

In this research effort, an extensive study was conducted investigating the transient thermal 

performance of two <100 µm hydraulic diameter, low thermal resistance, silicon, microchannel 

evaporators with distinct flow geometry. Knowledge of the impact that transient heating has on 

flow boiling in a microchannel device is crucial for maintaining high performance devices with 

reliable operation. The current study investigated the transient performance of these two devices 

under a large range of fluid inlet and heating conditions to characterize parametric trends in 

behavior and develop strategies for improving the transient performance observed. In addition, 

novel predictive models of the transient behavior were created and validated with the experimental 

results to provide tools for future design and tradeoff studies in these devices. Furthermore, impact 

of using phase change materials to buffer thermal transients was investigated via simulation and 

experiment. 

Two microchannel evaporators were tested and modeled. Under stepped heat loads, large 

wall superheats were followed by violent vapor generation at the Onset of Nucleate Boiling (ONB) 

which resulted in vapor backflow into the inlet plenum of the device. The ONB was followed by 

a rapid drop to a much lower steady state temperature as the efficient phase change process greatly 

increased the heat transfer performance, and therefore resulted in a large temperature overshoot. 

The temperature at the ONB increased as the peak heat load increased. Reducing the transient 

heating rate by ramping the heat load greatly improved the peak temperature and reduced the vapor 

backflow due to the decreased wall superheat under which boiling conditions occurred; however, 

an asymptotic reduction in peak temperature with reduced ramping rate was observed, suggesting 

an optimal rate. The combination of smaller channel dimensions with a smaller channel to inlet 
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restriction ratio resulted in larger temperature spikes after boiling inception with peak temperatures 

higher than the device with larger channels at similar nominal heat loads despite improved steady 

state performance. In the evaporator with smaller channels, a shift in observed behavior was 

observed below 35 W, where the device reached a transient steady state in a metastable liquid 

state, and boiling initiated stochastically as heat loads were low enough to limit the possible range 

of nucleation cavities with low activation energies.  

The differences in observed behavior between the devices provide insights into the effects 

of device geometry, surface conditions, and inlet restriction ratios on performance. The 

microfabrication etching process creates channels with a smaller distribution of possible nucleation 

sites, the small channel dimensions result in high liquid heat transfer coefficients, and the 

combination of these effects resulted in high wall superheats. High wall superheats at nucleation 

resulted in violent vapor generation, and combined with the small channel dimensions, increased 

the chance of flow reversal. While the inlet restrictions reduced backflow at steady state, they were 

insufficient during the transient. Furthermore, the channel to restriction ratio of 1.3:1 on the 38 µm 

hydraulic diameter evaporator resulted in significantly worsened vapor backflow than the 2:1 ratio 

on the 52 µm hydraulic diameter device. Although the smaller channels improved steady state 

performance, their transient behavior was significantly worse, and additional constraints on 

channel and inlet restriction design may be required to optimize both transient and steady state 

performance. Higher pressure drop would be expected with higher inlet ratio restriction, but 

transient performance may be favorably impacted.  

The parametric study identified trends in transient behavior. ONB temperatures increased 

with peak heat load in a sublinear manner, with a power law dependence on heat load of ~0.5, 

consistent with literature observations. ONB heater temperatures were not strongly affected by 
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flow rate or inlet subcooling, though it is possible that the use of the average heater temperature 

or the large number of channels masked possible localized differences. Increasing inlet subcooling 

from 2.5 to 10°C resulted in more stochastic peak temperatures below 35 W, likely due to 

suppression of nucleation cavities, but for higher heat loads where more energy was available to 

more nucleation sites, resulted in significantly lower peak temperatures of up to 22°C. This was 

likely due to less vapor generation from increased subcooling that lessened the severity of the 

vapor backflow.  

Higher mass flow rates resulted in a nearly parabolic relationship with heat load with a 

minimum peak temperature which was shifted to higher heat loads as flow rate was increased. This 

behavior was suspected to be the result of competing mechanisms which varied in effect as heat 

load was increased. At low heat loads, more time was spent in a metastable liquid state, and 

possible nucleation quenching led to significant liquid superheating which in turn intensified vapor 

backflow. However, at higher heat loads as the duration of time in this metastable state rapidly 

decreased, a transition to an inertially dominant mechanism was likely responsible which partially 

mitigated the backward vapor force by a higher incoming fluid inertial force. This was observed 

experimentally as the duration of vapor backflow in the inlet plenum was significantly reduced 

with higher flow rates. Peak temperatures at the higher heat loads were reduced by up to 36°C, or 

33%, but the tradeoff was higher peak temperatures at heat loads below the minimum optimal heat 

load. 

Novel computational models were created and validated off the transient experimental 

results for both evaporators in the NavyHHF-ParaPower design and simulation software. A 

superheat-heat flux relationship was determined semi-empirically for both devices which delayed 

nucleation to the appropriate temperatures. Then, a modified logistic growth model was used to 
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dictate the transition time between different heat transfer coefficient phases. The models showed 

reasonable agreement with experimental results and provided additional functionality for 

predicting the transient behavior in the computational design tool. 

Based on experimental results and the model simulations, it was posited that reducing the 

rate under which heat was added to the fluid facilitated increased growth of the thermal boundary 

layer and allowed nucleation to occur at lower temperatures. Heating rates which added heat to the 

fluid faster than the kinetics of thermal boundary layer growth and bubble nucleation could occur 

resulted in elevated temperatures prior to boiling. A corollary to this hypothesis suggested that the 

use of phase change materials (PCMs) to reduce the rate of heat transfer to the fluid and buffer the 

transient thermal response of a microchannel evaporator would result in improved behavior due to 

the increased thermal capacitance. Gallium and gallium-metal foam composite PCM structures 

offer low melting temperatures consistent with the operating temperatures of typical high heat flux 

devices cooled by microchannel flow boiling while also offering high latent heats and thermal 

conductivities. The addition of these PCMs could improve the thermal mass of the devices and in 

turn reduce some of the rapid transient behaviors observed.  

The transient microchannel flow boiling model developed in NavyHHF was employed to 

model the impact of incorporating gallium and several different types of gallium-nickel or gallium-

copper composite PCMs with different volumes. Assuming the ONB temperature and backflow 

characteristics remained unchanged with the addition of PCM, models were created for the 

transitional heat load case of 35 W, an intermediate case at 37.5 W, and a higher heat load case at 

55 W. To bound PCM performance, the trials which experience the least and most backflow were 

run through the models The results showed marked reductions in peak temperatures by up to 32°C 

with the inclusion of PCM, with the reduction in peak temperature generally increasing as the peak 
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heat load increased, thereby supporting the hypothesis. Slight differences in performance were 

observed across the PCM type. In general, the copper foam composite offered slightly superior 

transient thermal buffering due to its increased thermal conductivity.  

Overall, this research investigation: 

✓ Investigated the transient thermal response of two <100 µm hydraulic diameter 

multi-microchannel evaporators 

✓ Observed large wall superheats, temperature overshoots, peak temperatures, and 

vapor backflow at and following the Onset of Nucleate Boiling conditions (ONB) 

in low thermal resistance, low thermal capacitance microchannel evaporators 

✓ Established novel, experimentally-validated models in a computational design tool 

for transient heating in microchannel evaporators 

✓ Quantified the potential thermal buffering effect of including Gallium-based phase 

change materials on microchannel flow boiling under transient heating 

✓ Provides practical strategies towards improving and predicting the transient thermal 

response in low thermal resistance, microchannel evaporators. 

 

7.1.   Recommendations for Future Work 

The current study focused on two, specific microchannel evaporators and studied the 

transient thermal behavior under a limited set of conditions. The transient behavior was highly 

dependent on the microchannel geometry and inlet restriction dimensions. PCMs were studied 

only semi-empirically. The following work is proposed to expand upon the results of this study: 

• The two evaporators experienced differential transient behavior related to their channel 

dimensions and channel to inlet restriction area ratios. While smaller channels are desirable 

for improving steady state performance, a more critical approach to designing the channel 
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inlet orifices may be required to reduce vapor backflow during the transients as well as 

during steady state. An in-depth investigation into the interplay between inlet restriction 

and channel dimensions should be conducted to understand these tradeoffs. In addition, the 

differences observed across different channel dimensions highlight the need for conducting 

more studies on the different observed transient behavior across different microchannel 

geometries. 

• Wall superheats and temperature overshoots were large at the onset of boiling and led to 

intensified vapor backflow behaviors. The superheats were suspected in part to be due to a 

small size distribution of nucleation cavities resulting from the micromachining process. 

Future studies should investigate the effects of adjusting the characteristic sidewall 

roughness or adding additional area-enhancement features to promote nucleation at lower 

superheats in a microchannel evaporator operating under transient heating. 

• Since an important feature of flow boiling is flexibility in adjusting the saturation 

temperature, changes in saturation temperature should be investigated. A broader range of 

testing conditions is therefore suggested to develop a further understanding of key 

parameters which impact the transient boiling response.  

• The transient microchannel flow boiling models were created for a limited set of 

conditions. In addition, behavioral differences were observed across multiple trials at the 

same nominal testing conditions. Future efforts should expand the number of parameters 

included in the models along with incorporating a statistical approach for addressing the 

observed variation across trials. Future efforts should also work on determining if non-

dimensional relationships and correlations may be found between fluid parameters, device 

geometry, operating conditions, and possibly surface conditions. Knowledge of nucleation 
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site density would be very important but may not be practical. Improved simulations using 

molecular dynamics or similar high-resolution software may help provide additional 

support but may be limited by high computational demand. Finally, with the rise of AI 

tools, additional patterns or insights may be gleaned which help form the basis of additional 

predictive functionality for these models. 

• Phase change materials were investigated semi-empirically using a computational tool to 

model the expected PCM behavior. However, the assumptions of constant backflow 

behavior and onset of boiling conditions may not hold, and it is likely that experimental 

results using PCMs will deviate from the current modeling results. Future experimental 

investigations using composite PCMs on the tested microchannel devices are therefore 

warranted and recommended to truly capture the potential thermal buffering effects 

provided by including a PCM. 
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APPENDIX A. Arduino Synchronization Control Switch 
 
 
 

To achieve synchronization between the power supply and flow visualization camera, a 

simple Arduino-controlled switch was constructed which contained a push button to trigger the 

power supply and high-speed camera. To do this, an N-channel Metal Oxide Field Effect 

Transistor (MOSFET) was used with several resistors to act as a switch driven by the Arduino 

Uno. Figure A-1 shows a schematic of the wiring diagram of the setup, while Figure A-2 shows 

the real device layout. The logic works as follows. The devices are initially in a LOW state, and 

 
Figure A-1. Schematic of Arduino-controlled synchronization and trigger switch. 
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the MOSFET switch is therefore open. The power supply is set to trigger via an external voltage 

source and in the DAQ software waits for the external source from the Arduino to switch on power 

to the test section. Once the push button is pressed, the sense pin reads HIGH, and the Arduino is 

programmed to send a HIGH voltage signal to the N7953A power supply and the MOSFET switch. 

Once a HIGH signal is supplied to the gate of the MOSFET, the circuit between source and drain 

is closed. This closed switch then allows a 5 V internal signal in the Pixelink camera to be supplied 

to an internal optocoupling diode via a pull-up resistor which then triggers the Pixelink camera to 

start recording frames. 

 

 

 

  

 
Figure A-2. Arduino-controlled trigger and synchronization switch setup. 
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APPENDIX B. Pressure Drop Correction Models 
 
 
 

COMSOL MultiPhysics v5.6 was used to create pressure drop correction models for the 

complex plenum and inlet restriction geometries in the test piece to determine the appropriate 

pressure to use at the inlet or outlet of the test section. The following section details the model 

setup and equations, mesh sensitivity, and some representative data for each. 

B.1. Model Equations and Assumptions 

Adiabatic, isothermal flow was assumed in these models, with no viscous dissipation or 

flow heating. Steady, incompressible flow was assumed due to the liquid state and the steady 

nature of the pressure drop in the test section under steady state conditions. The resulting Navier-

Stokes equations are as follows 

 ∇ ∙ 𝑢⃑ = 0 (B-1) 

 𝑢⃑ ∙ ∇𝑢⃑⃑⃑⃑  ⃑ = −1𝜌 ∇𝑃 + 𝜈∇2𝑢⃑ . (B-2) 

Because of sharp bends and likely flow separation, the two-equation k-ω SST turbulence 

model was also incorporated to capture any turbulence effects. This model is preferred over the 

standard k-ω model for improved stability. The default first order Lagrange elements were used 

for discretizing the model equations. COMSOL’s GMRES solver was used with F-Multigrid 

preconditioning for the pressure and velocity, while for the turbulence variables the direct 

PARDISO solver was used. An absolute tolerance of 10-4 was used as the target solution residual. 

B.2. Inlet Plenum Pressure Drop Model 

The inlet plenum model was the first pressure drop model created, and the computational 

domain was shown in Figure 3-8, with an additional inlet tube region set to precondition the 
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velocity profile since it may not be fully developed at the pressure transducer location. A uniform 

inlet velocity profile was set based off the mass flow rate, and a zero-gauge pressure condition was 

set at the outlet such that the local pressure was the local pressure drop through the inlet plenum 

model. Up to 12 high orthogonal quality hexahedral elements were used near the walls of the 

device to capture the large velocity gradients in the boundary layer, while the rest of the model 

was meshed with tetrahedral elements due to the complex geometry. A mesh sensitivity study was 

conducted to determine if the mesh was satisfactorily fine to capture the pressure drop accurately. 

The mesh sensitivity study is shown in Figure B-1 and shows that the pressure drop changed less 

than 3% between the fine and medium meshes, with a total pressure drop of about 1.53 kPa in this 

case. Therefore, the fine mesh with ~800,000 elements was used. 

A velocity streamline plot for a sample set of conditions is shown in Figure B-2. From this 

figure, the 90° bend followed by a large contraction from the inlet tube into the five narrower 

channels results in a large increase in velocity and thus a large pressure drop relative to the rest of 

 
Figure B-1. Mesh sensitivity study for inlet plenum pressure drop model at 50 g/min. 
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the model. Previous attempts at correcting for this pressure drop made geometric assumptions or 

assumptions about the order in which to apply pressure drop correlations from the literature. This 

model clearly shows that a large fraction of the pressure drop occurs in this contraction region into 

the five supporting feature channels. 

B.3. Inlet Restriction Pressure Drop Model 

After the inlet plenum model was completed, another model for the inlet restriction was 

created based on microscopic inspection. A half-channel model was set up with the complex inlet 

restriction profile and is shown in Figure B-3. An additional inlet conditioning region was used 

since this region improved the model convergence. Symmetry boundary conditions were applied 

 
Figure B-2. Example velocity streamline profiles for inlet plenum pressure drop model, where 
large velocity changes occur when moving from the inlet tube to the 90° bend with contraction 
into the five channels. 
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at the midplanes that divided the channel. A mass flow rate boundary condition was provided at 

the inlet, normalized to the half-channel domain, while again a zero-gauge pressure was set at the 

 
Figure B-3. Computational domain for half-channel inlet restriction and channel geometry. 

 
Figure B-4. Determination of local pressure drop in inlet restriction model at 50 g/min. 
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channel outlet. The mesh procedure and sensitivity study was performed similarly to the inlet 

plenum model; however, only the pressure drop through the orifice was considered. To determine 

this, the axial pressure distribution was calculated in the model and extracted. Figure B-4 shows a 

representative pressure drop profile down the length of the channel. There is a large pressure drop 

in the orifice due to contraction and friction, then pressure recovery as the fluid expands back into 

the channel. The pressure drop was extracted outside of these regions at the location where pressure 

drop changed <0.01 kPa as shown in the figure. The resulting mesh sensitivity results are shown 

in Figure B-5. Because the pressure drop changed <0.5% between the ~500,000 and ~1,400,000 

element mesh, the 500,000-element mesh was used for the simulations. 

B.4. Outlet Plenum Pressure Drop Model 

The outlet plenum model was used to compensate for pressure drop between the channel 

outlet and the pressure transducer measurement spot downstream. A similar model to the inlet 

plenum model was created in COMSOL MultiPhysics and solved at the same nominal testing 

 
Figure B-5. Mesh sensitivity study for inlet restriction model at 50 g/min. 
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conditions. A mass flow inlet and a zero-gauge pressure outlet were used as boundary conditions. 

A mesh sensitivity was again conducted for this model and is shown in Figure B-6. The pressure 

drop changed <0.025 kPa, which is <1.5%, between the fine and medium fine models. Thus, the 

medium dense mesh was used due to its much lower computational demand. This model calculates 

pressure drop from the downstream transducer to the outlet of the channels but does not account 

for the pressure recovery which occurs due to expansion out of the channels into the plenum. 

Therefore, this additional pressure drop was calculated using the following equation from Ref [74] 

 𝛥𝑃𝑒,𝑠𝑝 = 12𝜌𝑙 𝐾𝑒,𝑠𝑝𝐺𝑐ℎ2  (B-3) 

 𝐾𝑒,𝑠𝑝 = −2 × 1.33 (𝑁𝑐ℎ𝐴𝑐ℎ𝐴𝑝𝑙𝑒𝑛 )(1 − (𝑁𝑐ℎ𝐴𝑐ℎ𝐴𝑝𝑙𝑒𝑛 )) (B-4) 

Then the channel outlet pressure provided to the model was determined by 

 𝑃𝑐ℎ,𝑜𝑢𝑡 = 𝑃𝑜𝑢𝑡 + Δ𝑃𝑝𝑙𝑒𝑛 + Δ𝑃𝑒 . (B-5) 

 
Figure B-6. Mesh sensitivity study for outlet plenum model at 50 g/min. 
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A sample image of the velocity field in the outlet plenum region is shown in Figure B-7. 

Flow is accelerated towards the contracting downstream region in the supporting silicon rib 

features and results in large pressure drop in that region. In addition, the combined 90°-bend and 

expansion into the downstream outlet tube also results in a large pressure change. Notably, much 

of the flow appears to ram into the back edge of the tube before it turns down into the tube. It is 

likely that this behavior also results in a significant amount of the pressure drop in this plenum. 

  

 
Figure B-7. Example velocity streamline profiles for outlet plenum pressure drop model, 
where large velocity changes occur due to the contraction at the end of the supporting rib 
features, and due to expansion and a 90°-bend into the outlet tube. 
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APPENDIX C. Derivation of Exponential Growth Model for the 

Evolution of the Flow Boiling Heat Transfer Coefficient 
 
 
 

In this Appendix, a derivation of the particular solution for the exponential growth model 

used in Chapters 4 and 5 for the evolution of the transient boiling heat transfer coefficient in the 

NavyHHF model will be presented. 

Assuming a quasi-steady state value for hsp and htp at each node for a given time step, the 

(ordinary nonlinear) differential equation for a logistic growth curve model reaching a maximum 

carrying capacity with growth rate κtp and with single-phase initial condition hsp is 

 
𝑑ℎ𝑑𝑡 = 𝜅𝑡𝑝ℎ (1 − ℎℎ𝑡𝑝) (C-1a) 

 ℎ(𝑡 ≤ 𝑡𝑂𝑁𝐵) = ℎ𝑠𝑝 (C-1a) 

where tONB is the time when the onset of nucleate boiling occurs. This can be solved via separation 

of variables  

 ∫ 𝑑ℎℎ (1 − ℎℎ𝑡𝑝) =ℎ
ℎ𝑠𝑝 ∫ 𝜅𝑡𝑝𝑑𝑡𝑡

𝑡𝑂𝑁𝐵  (C-2) 

which leads to the following solution: 

 ℎ(𝑡) = ℎ𝑠𝑝ℎ𝑡𝑝𝑒𝜅𝑡𝑝𝑡ℎ𝑠𝑝(𝑒𝜅𝑡𝑝𝑡 − 𝑒𝜅𝑡𝑝𝑡𝑂𝑁𝐵) + ℎ𝑡𝑝𝑒𝜅𝑡𝑝𝑡𝑂𝑁𝐵 (C-3) 

This can further be simplified to obtain the following 

 
ℎ(𝑡) = ℎ𝑡𝑝1 + (ℎ𝑡𝑝ℎ𝑠𝑝 − 1) 𝑒−𝜅𝑡𝑝(𝑡−𝑡𝑂𝑁𝐵), (C-4) 

which is Equation (4-3). 


