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The objective of this research was to investigate the performance of two-phase spray 

cooling with HFC-134a and HFO-1234yf refrigerants using practical enhanced heat transfer 

surfaces. Results of the study were expected to provide a quantitative spray cooling 

performance comparison with working fluids representing the current and next-generation 

mobile air conditioning refrigerants, and demonstrate the feasibility of this approach as an 

alternative active cooling technology for the thermal management of high heat flux power 

electronics (i.e., IGBTs) in electric-drive vehicles.  Potential benefits of two-phase spray cooling 

include achieving more efficient and reliable operation, as well as compact and lightweight 

system design that would lead to cost reduction.  The experimental work involved testing of 

four different enhanced boiling surfaces in comparison to a plain reference surface, using a 

commercial pressure-atomizing spray nozzle at a range of liquid flow rates for each refrigerant 

to determine the spray cooling performance with respect to heat transfer coefficient (HTC) and 

critical heat flux (CHF). The heater surfaces were prepared using dual-stage electroplating, 

brush coating, sanding, and particle blasting, all featuring “practical” room temperature 

processes that do not require specialized equipment. Based on the obtained results, HFC-134a 

provided a better heat transfer performance through higher HTC and CHF values compared to 

HFO-1234yf at all tested surfaces and flow rates.  While majority of the tested surfaces 



 

provided comparable HTC and modestly higher CHF values compared to the reference surface, 

one of the enhanced surfaces offered significant heat transfer enhancement. 
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CHAPTER 1 

INTRODUCTION 

This experimental work investigated the performance of practical enhanced heat 

transfer surfaces in two-phase spray cooling targeting a thermal management application for 

power electronics.  This chapter discusses the motivation of the research, states the research 

objectives, and describes the technical approach to achieve the objectives. 

1.1 Motivation 

The remarkable field of electronics science began with the invention of the vacuum 

diode by Thomas Edison. That was basically the beginning of an amazing electronic 

development journey that impacted many aspects of our life today. In that journey of 

inventions and developments in the field of electronics, in 1959, integrated circuits (IC) was a 

turning point of the electronics field where several components such as resistors, transistors, 

capacitors, and diodes were all put together in one single chip.  Within a short time, everything 

about electronics development just kept increasing and the number of the components packed 

in one single chip significantly increased. In early 1970s, microprocessors in computers 

advanced our life by handling multi tasks in a fast way and affordable prices. It is certainly hard 

to see any product today without any electronic parts. 

Today, the operation at very high power densities in the commercial and military 

electronic systems is exponentially increasing due to the advancements in the microelectronics 

and semiconductor industry. According to Gordon Moore’s prediction from 1965, the transistor 

density of integrated circuits will continue to double every two years [1]. This trend has resulted 

many changes in the development of electronic components in different ways such as 
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miniaturization, high power densities, and more complexity output tasks. Simultaneously, these 

dramatic changes led to increase in power dissipation and clock speed of these electronic 

systems along with high temperatures that cause thermal stresses, crack or damage in the 

system decreasing the lifespan of these advanced components. In addition, improvements in 

semiconductor technology have led in most applications to waste a tremendous amount of 

heat with heat fluxes on the order of 1 kW/cm2.  As a result, the temperature of these 

advanced electronic components has become very important to consider as a crucial design 

factor in all electronic systems since it is one of the major causes of failure of electronic 

equipment as illustrated in Figure 1.1 [2]. These developments in the electronic devices are the 

major reasons for thermal management to be an important factor in the design of the 

electronic equipment. However, the primary goal of thermal management (thermal control) is 

to enable safe operation of heat generating devices by considering the optimum thermal design 

requirements of several factors such as performance, productivity, serviceability, compatibility, 

cost, and environmental impact.  

 

Figure 1.1: Electronic equipment failure causes [2] 
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 To develop a successful hybrid electric and fuel cell vehicle to ultimately achieve an 

energy independence that is costly justifiable to consumers, thermal management has to play a 

vital role in this development.  Mudawar et al [3] investigated thermal management solutions 

for high-flux electronics in hybrid vehicles using the technology of two-phase spray cooling and 

they concluded that R134a refrigerant scored well in the evaluation of refrigerants and 

coolants’ environmental impact, dielectric properties, safety material compatibility and other 

performance categories. They achieved 200 W/cm2 het flux at high flow rate and a surface 

temperature below 125 °C, and concluded that the critical heat flux (CHF) is very sensitive to 

the flow rate which they. 

 

Figure 1.2: (a) Propulsion system components for hybrid vehicle. (b) Hybrid vehicle 

configuration and FreedomCAR cost targets [3] 
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In electrical-driven vehicles (EV), the power electronic components such as insulated 

gate bipolar transistors (IGBTs) and diodes along with the inverter require the thermal 

management to achieve high heat flux removal of more than 200 W/cm2 and at the same time 

maintain the device temperatures under allowable limits (<150 °C).  Conventional cooling 

systems generally circulates water-ethylene glycol (WEG) coolant through cold plates attached 

to the heat generating electronic components.  The absorbed heat then is carried out to the 

radiator in order to reject it to the ambient air. WEG based system that works as a single-phase 

forced convection cooling (pumped liquid cooling technology) is considered to have insufficient 

cooling capability to meet the future challenging requirements such as higher power density 

(>200 W/cm2). 

As a comparison, two-phase cooling (pumped two-phase cooling technology) is a 

promising cooling technology capable of achieving the requirements of dissipating more than 

200 W/cm2 with device temperatures below the recommended levels. Basically, two-phase 

cooling is a process that uses a fluid where some of that fluid is forcedly transformed into vapor 

because of heating it to become a vapor-liquid mixture in a control loop system [4]. Some of the 

differences that make two-phase cooling better technology choice than pumped liquid cooling 

are flow rate and pumping power differences. For instance, in order to dissipate 80 kilowatts of 

heat, a pump liquid system using PAO as the fluid would require a flow rate of 35 gallons per 

minute and approximately 5.3 kilowatts of power. Pumped two-phase system using R-245fa 

would require only 6 gallons a minute and 250 watts of power, which is only 20% of the flow 

rate and 5% of the power needed by the pump liquid system [5]. Table 1.1 and Figure 1.3 



 
 

  5 
 

compare the capabilities of various cooling approaches and clearly illustrate the advantage of 

two-phase spray cooling with very large convective heat transfer coefficients.  

Table 1.1: Comparison for common cooling methods [5] 

Natural 

Convection  

Forced 

Convection  

Liquid Cooling  

(water)  

Immersion  

Cooling  

Spray Cooling  

h = 5-30 

W/m2.K  
h = 20-400 W/ 

m2.K 

h = 100 -1600  

 W/ m2.K 

h = 800 – 10000  

W/ m2.K 

h = 200000- 

400000  

 W/ m2.K  

CHF up to 15  

W/cm2 

CHF up to 35  

W/cm2 

CHF up to 90  

W/cm2 

CHF up to 150  

W/cm2 

CHF up to 1200  

W/cm2 

Free Convection   Forced 

Convection  

Forced 

Convection  

Free Convection  Forced Convection  

 

 
Figure 1.3: Capabilities of existing cooling technologies [3] 

The spray cooling technique works by forcing a liquid stream through a small orifice of a 

nozzle to atomize liquid into fine droplets, and spraying them on the desired area of the heat 
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generating component in order to remove the high heat fluxes and keep the component 

temperature at the desired temperature [5]. Spray cooling has the ability to remove heat fluxes 

of up to 1,000 W/cm2 with water or ammonia and almost 200 W/cm2 with dielectric liquids. 

Some advantages are low flow rate, uniform cooling and very high HTC. Meanwhile, some 

concerns can be nozzle clogging and relatively high driving pressure.  

In the recent years, spray cooling has been getting more attention due to the outlined 

advantages. There have been considerable research efforts that investigated different aspects 

of spray cooling such as nozzle types and spray parameters as well as mechanical modeling of 

spray cooling, and some of those studies focused on spray cooling using enhanced surfaces. In 

fact, the flow instabilities issue caused by fluid boiling during the spray process could cause an 

early dry up resulting damage to the electronic component. Therefore, enhanced surfaces can 

help stabilize the flow and contribute to increase the heat transfer performance. Implementing 

microporous coating to the heater surface has been proved to increase the number of 

nucleation sites that promotes boiling through surface nucleation as one of the main heat 

transfer mechanisms in spray cooling. This study also focused on investigating the ways of 

improving spray cooling performance considering enhanced surfaces.  

1.2 Objective 

The objective of this research was to investigate the performance of two-phase spray 

cooling with HFC-134a and HFO-1234yf refrigerants using practical enhanced heat transfer 

surfaces.  

The results of this study were expected to provide a quantitative spray cooling 

performance comparison, and demonstrate its feasibility for the thermal management of high 
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heat flux automotive power electronics.  This approach can be considered as an alternative 

active cooling technology for the power inverter units in electric-drive vehicles, with potential 

benefits of achieving more efficient and reliable operation, as well as compact and lightweight 

system design that would lead to lower cost.  The experimental work involved testing of three 

different enhanced boiling surfaces with comparison to a plain surface, using a commercial 

pressure-atomizing nozzle, and a constant flow rate for each refrigerant to determine the spray 

cooling performance with respect to heat transfer coefficient (HTC) and critical heat flux (CHF). 

1.3 Technical Approach 

In this research, the technical approach was to conduct a systematic experimental 

investigation of enhanced heat transfer surfaces. First, five types of heat transfer surfaces, 

namely, smooth surface (as a reference), electroplated microporous surface, sanded rough 

surface, brush-coated microporous surface, and blasted surface were fabricated using the same 

heater design. Then, these different surfaces were tested to determine the optimal surface 

treatment method that can provide highest cooling performance characterized by HTC and CHF 

values. During the experiments, two types of working fluids (refrigerants HFC-134a and HFO-

1234yf) were investigated using common experimental conditions attained by a commercially 

available pressure atomized nozzle (type TG0.5) with a constant flow rate (3.5 ml/s.cm2). Tests 

were run by gradually increasing heat flux levels until reaching CHF, and recording the 

corresponding steady-state temperatures to create the heat flux vs surface superheat curves.  

Some of the tests involving several heaters were repeated to ensure the stability and 

repeatability of the results.  The obtained results from different surface types were compared 

to those from the smooth surface to determine the enhancement.   
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CHAPTER 2 

LITERATURE REVIEW 

This literature review is divided into two sections. The first section is a brief review of 

the available literature onspray cooling technique, involving boiling regimes. The second section 

is a literature review of the most relevant studies of enhancement surfacesin the field of spray 

cooling. 

2.1 A Brief Review of Spray Coolingand Boiling Regimes 

 Spray cooling is a cooling technique that is used in many applications in various fields: 

fire protection, agriculture, cooling of hot gases, high performance electronic devices, 

dermatological operations, HVAC, and the cooling of hot surfaces, including hot strip mills. The 

utilization of the spray cooling is a spray of small droplets impinging on a heated surface to 

increase the effectiveness of heat transfer as a cooling mechanism with change of phase. 

Spray cooling has become an important technology for its ability to transfer high heat 

flux through the latent heat of the evaporation. Among the several available liquid cooling 

technologies, three particular ones, microchannel heat exchangers, jet impingement, and spray 

cooling offers high heat transfer capability. However, spray cooling has several advantages such 

as low flow rate, uniform cooling,high heat transfer coefficients, and a large surface area 

cooling with a single nozzle. Engineering modeling is probably the main issuefor jet 

impingement and microchannel technologies. On the other hand, spray cooling is considered to 

be complex;  the heat transfer performance relies ona number of spray parameters such as the 

nozzle cone angle, the velocity of the droplet, the volumetric flow rate, distance from orifice to 

the surface, spray inclination,and the amount of droplets. In addition to that, the thermo-
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physical properties of the coolant or refrigerant as well as the size of the target surface (heater 

area) will affect the performance of the cooling [7-15]. 

The heat transfer mechanisms in spray cooling explain how unique and superior spray 

cooling is compared to almost all other cooling options.Basically,there are four major 

mechanisms of heat transfer in spray cooling: (1) convective heat transfer, (2) direct 

evaporation from the surface of the liquid film, (3) boiling due to the surface nucleation, and (4) 

boiling due to secondary nucleation. Figure 2.1 shows a brief illustration of all the four 

mechanisms. The first mechanism is considered to be the open door factor for the heat transfer 

during the spraying process, which reduces the thermal resistivity due to the impingement of 

the droplets. However, the forming of liquid film occurs over the heated surface when spray 

cooling started. The film is very thin as it is assumed to be between 300-500 μm;droplets of the 

spray generate an additional mixing to decrease the effective thermal resistance from the liquid 

film. The reason that there is no occurring of vapor in this mechanism is due to the low wall 

superheat and lack of sufficient nucleation sites. This mechanism ends when bubbles start to 

appear. Many studies consider liquid thin film as the dominant heat transfer mechanism in 

spray cooling according to their experimental studies. Secondly, due to the impingement of the 

droplets on the surface, the force of that impingement becomes a forced convection process. 

After that, bubbles start to appearfrom fixed nucleation sites on the heated surface due to 

cavitation on the heated surface that promotes the appearance of bubbles. Generally, the 

second and third mechanisms occur once the bubbles are generated as nucleate boiling 

regimes. The fourth mechanism is the secondary nucleation by spray droplets, which is 

considered a major reason for the spray cooling to remove a higher heat flux from the heated 
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surface where some bubbles are divided into many smaller bubbles. In this last mechanism, the 

secondary nucleation sites are occurring at the surface of the thin film not on the heater 

surface. Therefore, it is experimentally proven in several studies that the higher the heat flux, 

the more the nucleation sites will occur. As a result, the boiling curve continues to increase until 

it reaches to the point called critical heat flux (CHF). At this stage, CHF occurs in a situation 

where the liquid is not able to contact the heated surface due to a very large amount of vapor 

interfacing between the liquid and the surface.That action raises the temperature and then 

causes the surface to overheat, which means damage to the electronic components. This has 

been the focus of the researchers in both academia, and the government, but not enough 

efforthas been made in the commercial sector [16]. 

 

Figure 2.1:Schematic of spray cooling mechanisms of heat transfer [17] 

Rini et al. [18] investigated bubble behavior during saturated FC-72 spray cooling in 

order to analyze the interaction between the bubbles and impinging droplets. They stated that 

increasing the droplet flux would increase the secondary nucleation number, which helps to 

increase the heat transfer coefficient and decrease the temperature of the surface. Theyalso, 
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concluded that the increase of the droplet flux can shorten the period of bubble growth as well 

as the life cycle.  

Mudawar et al. [19] conducted experiments to understand heat transfer in nucleate 

boiling and the CHF for full cone sprays as well as to develop correlations for the spray’s sauter 

mean diameter (SMD). They concluded that high volumetric flux sprays have little increase in 

the boiling curve compared to the single-phase curve due to the suppression of nucleation in 

the nucleate boiling regimes, but the low volumetric flux sprays show better increase in the 

boiling curve due to the higher evaporation efficiency. In addition, they point out that in full 

cone sprays, the SMD is dependent on the orifice diameter and the CHF is influenced by the 

fluid’s thermophysical properties such as specific heat at a constant pressure, latent heat of 

vaporization, surface tension, and heater length. Below Figure 2.2 is the nucleation boiling 

curve,along with pictures of liquid situation during the increase of heat flux. 

 
Figure 2.2:  Nucleate boiling curve [20] 
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Horacek et al. [21] determined how the heat transfer from surfaces is affected by spray 

cooling using two nozzles compare to one to cool the surface while spacing the spray nozzles 

from the heater. As it mentioned in the paper, two sophisticated, powerful techniques were 

used to determine the behavior of the heat transfer: (1) the heat transfer distribution was 

measured by each individual array in one single heater 0.49 cm2 of which there are 96 micro 

heaters (700 μm in size) in this general single heater. Each micro-heater was kept under a 

constant temperature controlled by an electronic feedback circuit. (2) They used semi-

transparent heater surface to be able to visualize the liquid-solid contact area by total internal 

reflectance (TIR) technique. The conclusion of this work was that the distance from the nozzle 

to the surface affects the uniformity of the heat flux, so, increasing the distance will result to a 

more uniform heat flux across the heater surface. At this particular point, the design objective 

plays the role here to achieve the optimum spacing between the nozzle and surface. If the 

objective is to have uniform heat flux distribution, then more distance is needed. However, if it 

is designed to remove the possible high heat flux, the optimum distance may differ. Also 

concluded that at least within 5% uncertainty, the average heat flux covered by the spray is the 

same for both single nozzle and two nozzles but this may change with higher or lower flowrate. 

 Bostanci et al. [22] conducted an experimental study to investigate spray cooling 

characteristics using two types of refrigerants, R-134a and HFO-1234yf, as the working fluids. 

An oxygen-free cooper smooth flat surface was used as the heater (1 cm2) with a thick film 

resistor attached onto the heater, which can be considered a simulator to the high heat flux 

electronic power device. Three types of spray nozzles with different orifice diameters were 

used at different flow rates (between 1.6 – 5.4 ml/cm2.s). It has been concluded that the higher 
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flow rates shows higher heat transfer coefficients and higher CHF values. The results showed 

that the medium orifice size nozzle has the best performance, though HFC-134a consistently 

shows better results comparing to the other refrigerants.  

2.2 Spray Cooling on Enhanced Heat Surfaces 

 Many surface enhancement techniques have been studied by researchers to increase 

the nucleation heat transfer and achieve higher CHF. It was previously mentioned that 

researchers have extensively investigated different conditions that can help increase the HTC as 

well as the CHF. Some of these conditions are working fluid, heater size, flow rates, grooved 

surfaces, and microchannels [29]-[32]. 

The performance of two-phase spray cooling can be improved by applying microporous 

coating, which increases the number of nucleation sites and provide for a liquid supply layer 

that delays the dray-out that leads to the increase of CHF. Spray cooling is considered to be 

similar to the pool boiling heat transfer which uses the liquid-vapor phase change phenomena. 

Many studies have extensively investigated both of these cooling techniques for the cooling of 

heated electronic components.Various studies have conducted experiments using different 

surface microstructures for heat transfer cooling [23-24].  

 Patil et al. [25] conducted a study to investigate pool boiling enhancement. The work 

was to create porous surface structures on a copper chip using a two-step electrodeposition 

technique: (1) high current density for a short time (15 s), and  (2) low current density for log 

time (4500 s). It is mentioned that the thickness of the coating ranged between 50 to 100 μm. It 

was concluded that while using distilled water as the working fluid, a maximum heat flux of 

1400 kW/m2 and HTC of 179 kW/m2 °C was observed from the copper chip.  
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 Jaikumar and Kandlikar [26] explored the heat transfer mechanisms using three 

fabricated porous coating surfaces on microchannel. Surfaces were fabricated with sintered 

porous coatings as (1) the entire microchannel sintered throughout, (2) only the top of the 

microchannel fins were sintered, and (3) only the wall of the microchannel were sintered. 

Degassed water was the working fluid at atmospheric pressure. The CHF of the first surface was 

313 W/cm2 at ∆Tsat of 7.5 °C which was 2.4 fold enhancement compared to the smooth surface. 

The highest obtained HTC was 565 kW/ m2 °C,which is 6.5 more enhanced as a plain surface. 

However, it was concluded that there is a significant improvement in the pool boiling 

performance by using enhanced surfaces, which increase the nucleation activity on the 

microchannel porous coating geometry. By using high speed images, they pointed out that the 

mechanism of the area augmented, enhanced nucleation was the one that improved the heat 

transfer performance in the first fabricated surface. Overall, the dimensional size of the 

microchannel can play a significant role in the pool boiling performance and there are needs for 

further investigation, as it was suggested. 

 Bostanci et al [27] investigated effectiveness of enhanced surfaces on the CHF limits by 

spray cooling technology. One smooth surface and three different types of enhanced surfaces 

(1) micro-scale indentations and protrusions, (2) macro-scale pyramidal pinfins, and (3) multi-

scale structured surface were used as test surfaces. A full cone spray nozzle is the used nozzle in 

this study and the working fluid was ammonia that has the second highest latent heat of 

vaporization among the common coolants.It was concluded that the highest CHF value of 910 

W/cm2 with a flow rate of 1.6 ml/cm2.s was obtained by these two surfaces: (1) multi-scale 

structured, pyramidal fins/protrusions,0.50 mm/coarse (Ra=20 µm) and (2) micro-structured, 
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protrusions, coarse (Ra=20 µm). They also concluded that the enhanced surfaces, fluid has the 

ability to delay the occurrence of dry patches in the high heat fluxes, which means reaching 

higher CHF compared to smooth surfaces. 

 Kwark et al. [28] investigated enhanced surfaces with a comparison to plain surface for 

enhancing the pool boiling heat transfer performance. Saturated R-123 and FC-72 were the 

selectedworking fluids in this study. Electroplating technique (Dual-Stage Electroplating 

Coatings)was used to build a micro-scale copper porous surface on a base of an oxygen-free 

copper heater. This technique uses electricity with a magnetic stirrer in a container of a 

chemical solution (CuSO4, H2SO4, and 2% of HCL) to let the microporous structure be deposited 

on the surface, which becomes a strong-coated surface. In each electroplating heater sample, 

the beginning high current densities had to be one these 0.17, 0.25, 0.33, 0.5, 1.0, or 1.2 A/cm2 

in very short time (30 seconds) and following  that fixed low current density 0.05 A/cm2 for 

almost 80 minutes. Then, it is concluded that the tests of the enhanced surfaces showed higher 

nucleation boiling heat transfer, as well as higher CHF, in both working fluids compared to the 

test of plain surface. The 0.50 A/cm2 coated surface was the largest enhancement HTC and CHF 

for the R-123 fluid, while FC-72 fluid has the largest enhancement of HTC and CHF by the heater 

with high current density of 1 A/cm2. 

 Xie et al. [33] investigated the HTC effect of enhanced surfaces in spray cooling using R-

134a as a working fluid. Four surfaces were tested: (1) referenced smooth flat surface, (2) 

micro-structured surface, (3) macro-structured surface, and (4) multiscale-structured surface. In 

this study, it was concluded that the macro-structured surfaces (fins or pins) have showed that 

the proper arrangement of fins plays a decisive role in the enhancement of heat transfer in 
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spray cooling. Regarding the micro-structured surface, it showed a heat transfer enhancement 

of 32% more than the smooth surface and it is quite close to the 36% enhancement obtained by 

the macro-structured surfaces. Furthermore, multiscale-structured surfaces obtained an 

enhancement of about 65%, whichare manufactured as a combination of the micro-and-macro 

structured surfaces. 

 Moreno et al. [37] conducted an experimental study to investigate the pool boiling heat 

transfer performance of HFO-1234yf on plain and microporous surfaces. The aim of their study 

is that the HFO-1234yf is a next-generation refrigerant and there are few studies about its 

boiling heat transfer characteristics as well as the CHF data existence. These pool boiling 

experiments were conducted at a pressure that ranges from the 101.5 psi (Tsat = 25 ℃) to 246.5 

psi (Tsat = 60 ℃). All the tests were conducted on horizontal oriented 1-cm2oxygen-free copper 

surfaces (10 X 10 X 3 mm), each of which is considered to be the heat source. These tests were 

also repeated, but using HFC-134a for the comparison. The microporous surface used in this 

study is a 3M product that is designed to enhance the boiling heat transfer. A programmed 

LabVIEW was used to control this pool boiling experiments. This program was created to 

control a National Instruments Compact DAQ data acquisition system as well as an Agilent 

power supply to generate the heat flux. In this study, it is concluded that both of the HFO-

1234yf and HFC-134a refrigerants were almost identically similar in boiling heat transfer 

coefficients at the low heat flux levels. However, there are differences in the performance at 

the high heat flux levels showing that the HFO-1234yf refrigerant curve produced lower boiling 

heat transfer coefficients compared to the HFC-134a. Even so, the HFO-1234yf CHF was 

lowered by 20%--40%, compared to the HFC-134a. As mentioned in the study, these differences 
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in the performance can be justified by the HFO-1234yf’s lower latent heat, thermal 

conductivity, and liquid/vapor density ratio. Furthermore, it was also concluded that the copper 

microporous coating significantly enhanced the boiling heat transfer coefficients for both 

refrigerants. The enhancement of the boiling heat transfer coefficient was over 300% for both 

refrigerants, as well as 120% CHF enhancement for the HFO-1234yf refrigerant. So, the boiling 

heat transfer coefficient of themicroporous surface is found to be decreasedas the pressure 

increases, while on the other hand, the CHF found to be increased with increasing the pressure. 

Ferjančič and Golobič [38] conducted an experimental study on pool boiling to 

investigate the influence of surface using stainless steel 302 or steel 101 as a heater. FC-72 and 

H2O were the working fluid used in their study. Surface treatment was used with different 

sandpapers (different number of grits). The Ra ranged between 0.02 and 1.5 μm. The results 

showed that the H2O has higher CHF on the stainless steel 302 compared to the FC-72. This 

study concluded that the chemistry and topography of a surface could play a vital role in the 

enhancement of the heat transfer performance. 

Bostanci et al. [44] conducted an experimental study to investigate the effect of heat 

transfer enhancement on two microscale surface modifications. Their study aimed to 

demonstrates the simple surface modification approach for the design of high power thermal 

management systems. Inthe first method, they practically blasted the surface to create 

microscale indentations. In the second one, they used plasma spray coating on a surface to 

create microscale protrusions. The material of the heaters was made of Al 6061 for its 

compatibility with the working fluid (anhydrous ammonia) used in this study. They conducted 

experiments on six microstructured surfaces with a comparison to a smooth (machine-finished) 
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surface. Three of the microstuctured surfaces were blasted surfaces with different structure 

sizes Ra (2.1, 3.2, and 4.6 μm), while the other three microstuctured surfaces were protrusion 

coated surfaces with different Ra of 4.2, 12.1, and 19.5 μm as well. They concluded that all 

microstructured surfaces had the ability to remove high heat flux at low surface superheat 

compared to the reference surface. In addition, it was clearly concluded, that the best-obtained 

performance was with the blasted surface with Ra of 2.1 μm resulted an increase of 76% of HTC 

at 500W/cm2 compared to the reference surface.   
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CHAPTER 3 

EXPERIMENTAL SETUP AND PROCEDURE 

 This chapter describes the experimental setup of the current research and the 

procedure that has been used as well as the selected working fluid. This chapter explains in 

detailthe fabrication procedures of test surfaces (heaters) fabrication and procedures and also 

provides more details about the spray chamber. At the end of this chapter, a brief conclusion of 

what the uncertainty analysis of the measurements could be. 

3.1 Experimental Setup 

 This experimental setup is a closed loop setup consisting of eight major components as 

follow: (I) spray chamber, (II) test section, (III) condenser,(IV) reservoir, (V)pump, (VI) 

flowmeter, (VII) thermocouple (TC) probes, pressure transducers, and (VIII) two types of 

refrigerants HFC-134a and HFO-1234yf as working fluids.The system also includes a DC power 

supply and a computer controlled data acquisition system (DAQ) for accurate performance 

monitoring and data recording.A vacuum pump of a capacity of 4 CFM and a vacuum sensor are 

separate components that were used for preparing the setup system to be ready to run a 

test.As Figure 3.1 shows, the process of this setup is that the pump takes the liquid from the 

reservoir and sends it to the system. The pump helps to increase the pressure of the liquid and 

this increase is also based on the nozzle and flow rate to get a fine atomization of the liquid. 

The liquid goes first through a filter that removes any particles or dust that could be in the 

liquid, then, passes to a flow meter, keeps flowing to enter the chamber, and sprays on the 

heater. After the liquid hits the heater, a phase change occurs at this moment resulting in a 

mixture of vapor and liquid. However, this fluid (liquid and vapor) removes the heat from the 
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copper surface, then, returnsto the condenser to condense the vapor and goes back to the 

reservoir. This is a closed loop spray cooling that continuously operates for each run of the 

experiment.  

 

Figure 3.1: Schematic diagram of the experimental setup 

 The reservoir chamber is made of stainless steel 316 and it has been designed to 

withstand a pressure of almost 300 psi.  The height of the reservoir is 163 mm and it has 82.55 

mm outer diameter and 76.2 mm internal diameter. The reservoir is assembled tightly to seal it 

from leaking the high pressurized reorients. The shell was enclosed by two lids from top and 

bottom using 6 sets bolts of 6.35 mm, and nuts and washers all made of stainless steel. There 

are two O-rings of rubber are placed between the shell and the top and bottom lids with a 

similar diameter size to the shell. The two O-rings help to tight the reservoir and perfectly seal it 
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from any leaks. In the bottom lid of the reservoir, there are two installed cartridge heaters used 

if necessary to heat the reservoir liquid in order to keep it in the desired temperature which is 

controlled by a temperature controller. Most importantly, there is also an outlet tubing from 

the bottom lid that is connected to the gear pump which circulates the liquid from the 

reservoir. On the other hand, the top lid has two separate thermocouple sensors installed into 

the reservoir to continuously monitor the temperature inside the reservoir. Also in the top lid, 

there is an installed pressure transducer that can measure up to 100 psi is used to monitor the 

reservoir pressure. However, the temperature and pressure in the system have to comply with 

the theoretical calculated temperature and pressure correlations which helps to make sure that 

there is no air along with the used refrigerant and that guarantee true experimental results 

from this prospective. The only component remain to mention in the top lid is the inlet 

connected tube for the condensed liquid that comes from the spray chamber through the 

condenser to enter the reservoir. Figure 3.2 shows the above details and explanations of the 

reservoir.  

As previously mentioned, the small gear pump has 12-volts that can take to circulate the 

liquid. Following the pump, a needle valve is directly connected to the pump which only allows 

the liquid to be flowed in one direction towards the flowmeter. In the same tubing loop and 

after the needle valve, there is a filter that contains 80 micron size filter in order to remove any 

possible particles or dust from entering the spray chamber which can badly affect the cooling 

performance of the system or cause any clogging to the spray nozzle (one of the concerns in 

spray cooling technology). Continuing in the loop, a flow-meter (150 mm scale) that has 
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stainless steel float placed after the filter. This flow-meter helps to maintain and monitor the 

certain desired flow rate that is manually input by the power supply thought the pump.  

 

Figure 3.2: 3D model of the reservoir chamber 

 Two ball valves are fixed in the copper tubing loop: one is placed after the flow meter 

and the other one is place after the spray chamber to isolate the spray chamber during the 

replacement of the heaters. In between the ball valve and the spray chamber,there is a tee 

joint that has three inlets. The tee joint is used to pull out the air inside the loop system from 

one inlet to create a vacuum while in the other inlet is used to monitor the vacuum level, and 

the third inlet is used to immediately charge the system by the chosen refrigerant after 

reaching high vacuum inside the system. Between the second ball valve and the reservoir 

chamber, there is a plate heat exchanger fixed in the copper tubing loop in order to help to 
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condense the liquid-vapor mixture that comes from the spray chamber by rejecting the heat to 

the ambient air using a chiller. After the liquid-vapor mixture is condensed, the liquid is directed 

into the reservoir and the cycle continues again circulating in the system. The chiller is used to 

maintain the temperature level of the liquid that enters the reservoir to be at the room 

temperature level. The liquid in the chiller is mixture of water and ethylene glycol (a ratio of 

400:1000 ml).  

 A size of ¼ in outer diameter copper tube is used from the bottom lid outlet of the 

reservoir chamber to the inlet of the spray chamber, and also from the outlet of the heat 

exchanger to the top lid inlet of the reservoir chamber. Another copper tube with a size of 3/8 

inis used from the outlet of the spray chamber to the inlet of the heat exchanger. The tubing 

size from the outlet of the spray chamber to the inlet of the heat exchanger is increased to 

accommodate the two phase refrigerant which expands in volume after hitting the heater 

inside the spray chamber. 

 Figure 3.3 shows the actual developed experimental setup for a spray cooling that was 

used in this research. In general,this figure shows the actual major components that have been 

used in this work. Two pressure transducers ranging from 0-300 psig were used in the inlet 

manifold and exhaust manifold at the spray chamber where the refrigerant fluid pressure is 

high. The third pressure transducer ranging from 0-100 psig was used at the reservoir chamber. 

Two DC power supplies were used in this experimental setup. An Agilent Technologies DC 

power supply with a capacity of 1500 Wwas used to supply the heat flux to the test heater 

using two power lids that are soldered onto the thick film resistor that is attached onto the test 

heater (copper substrate). This power supply is controlled by the LabVIEW software 
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programmed through the PC computer. The other DC power supply was used manually to run 

the gear pump. Also, two thermocouples were used to consistently measure the test heater 

temperature from two opposite locations in the copper heater as appeared in figure 3.3. Two 

National Instrument 9213 and 9201 modules were used as to read and record both the 

temperature from all the temperature sensors and pressure from all the pressure transducers 

respectively. These two modules are placed in a chassis that is powered by AC supply and 

connected to the computer. As mentioned, a developed LabVIEW program were used to 

gradually increase the heat flux and monitor the pressure and temperature readings during the 

test period as well as to record the test data in an excel sheet. 

 

Figure 3.3: The developed experimental setup 
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3.2 Spray Chamber 

 There are five main sections of the spray chamber which are combined together as one 

peace by stainless steel fittings. These sections are a liquid inlet manifold, a strainer, an exhaust 

manifold, a spray nozzle, and a spacer. The liquid inlet manifold included the strainer inside it, 

where the exhaust manifold included the spray nozzle. Thus, the spacer is to accommodate the 

test heater as it’s shown in figure 3.4. These parts are all made of stainless steel. When the gear 

pump starts to circulate the subcooled refrigerant liquid, that liquid enters into the inlet 

manifold of the spray chamber passing throughout the strainer as to purify the 

subcooledrefrigerant liquid before entering the spray nozzle. In the inlet manifold, the 

refrigerant temperature and pressure are continuously monitored. After the liquid leaves the 

inlet manifold through the strainer, it enters the exhaust manifold of spray chamber specifically 

into the spray nozzle. 

This spray nozzle isa commercial series of pressure atomized nozzle (TG0.5 nozzle 

type)that is supplied by the spraying system company (UniJet Nozzles). It is a full cone spray 

nozzle with orifice diameter of 0.61mm which placed inside the exhaust manifold of the spray 

chamber. This nozzle was selected based on a study that was conducted byBostanci et al. 

[22]whichinvestigated the spray cooling characteristics for active two-phase cooling of 

automotive power electronics. Refrigerant HFC-134a were used in the comparison ofthree 

different pressure atomized nozzle types TG0.3, TG0.5, and TG0.7 with orifice diameters of 

0.51, 0.61, and 0.76 mm, respectively,at a constant flow rate (2.4 ml/cm2.s). It was 

demonstrated that TG0.5 nozzle showed slightlybetter performance in terms of both heat 

transfer coefficient and critical heat flux compared to the other two nozzles. 
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As the refrigerant liquid passing through the nozzle orifice at high pressure, it hits 

directly the test heater surface (1 cm2 area) inside the spray chamber as a full cone spray. After 

hitting the hot heater surface, the refrigerant becomes a two phase fluid in the exhaust 

manifold as a result of heat transfer convection mode which again the temperature and 

pressure are also monitored. Then, the two phase refrigerant exits through the open tube from 

the bottom of the exhaust manifold flowing into the plate heat exchanger to be condensed to 

become liquid again and circulates back to the reservoir chamber. 

The spacer part is used to have the test heater mounted on the center of it from the 

outside which separates the surface of the heater from the exhaust manifold. However, the 

spacer has a 1-cm2 open square hole in the center of the spacer which means the sprayed 

refrigerant liquid only hits 1 cm2 area of whole copper substrate heater. The distance between 

spray nozzle and the heater surface is 10 mm which can be increased or decreased by changing 

the spacer thickness. Many factors can affect the cooling performance among them is changing 

the distance from the nozzle to the heater. Other factors can be nozzle type, flowrate level, and 

working fluid. 

Four stainless steel screws with end threading were used in the corners of this square 

spray chamber tightening all the parts together with two respective size O-rings one is between 

the inlet manifold and exhaust manifold and the other one is between the exhaust manifold 

and the spacer to perfectly seal the chamber from leakage. The heater is attached to the spacer 

by four 2/56 sized screws with also a respective size O-ring between the heater and the spacer 

preventing any leakage as shown in figure 3.4. 
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Figure 3.4: 3D model of the assembled spray chamber 

3.3 Working Fluid 

In spray cooling, choosing the working fluid is significantly important to achieve the 

expected goals of the designed system. In electronic spray cooling, the working fluid will be 

directly in contact with the electronics and that means the working fluid has to have special 

properties that can be suitable for cooling electronics. In general, the working fluid in 

electronics thermal management hassome requirements as to be di-electric, non-toxic, and 

stable as well as to have very low boiling point. There are other requirements of the working 

fluid that have to be considered such as environmental concerns, inertness, and material 

compatibility. 
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There are two types of refrigerants were used in this study as the working fluid. Both of 

them are considered the best suitable refrigerants in this particular work in many aspects such 

as stability, di-electricity, non-toxicity, and having a low boiling point. These refrigerants are 

HFC-134a (1,1,1,2-tetrafluoroethane) and HFO-1234yf (2,3,3,3-Tetrafluoropropene) which both 

of them have zero ozone depletion potential. However, HFC-134a is the current generation 

refrigerant which considered as a worldwide used refrigerant in the Mobile Air Conditioning 

systems (MAC). 

Table 3.1: Thermophysical properties (at 25oC saturation condition) of HFC-134a and HFO-

1234yf (based on [39-42]). 

Property HFC-134a HFO-1234yf 

Boiling point (oC) at 1 Atm -26.1 -29.5 

Freezing point (oC) at 1 Atm -103 -150 

Molecular weight (g/mol) 102.03 114.04 

Liquid density (kg/m3) 1206.0 1091.9 

Vapor density (kg/m3) 32.4 37.9 

viscosity (μPa·s) 202.0 155.5 

specific heat (kJ/kg·°C) 1.44 1.39 

Latent heat of vaporization (kJ/kg) 217.2 145.4 

Surface tension at 15 °C (N/m) 0.0081 0.0062 

Thermal conductivity (W/mK) 0.0824 0.0636 
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Table 3.2: Environmental properties of HFC-134a and HFO-1234yf (based on [39-42]). 

Property HFC-134a HFO-1234yf 

ODP 0 0 

GWP 1300 4 

 HFO-1234yf is considered as the next generation refrigerant which is approved in 

February 28th 2011 by the U.S Environmental Protection Agency (EPA) as a new refrigerant for 

use in the MAC [34]. Thus, both of these refrigerants have different thermophysical properties 

that are illustrated in table-3.1. HFO-1234yf shows green technology features which can 

prevent the emission of theequivalent of hundreds of millions of tons of CO2 into the ATM and 

can be safely accommodated through established industry standards and practices for vehicles 

design, engineering, manufacturing, and services. Table 3.2 shows the relevant difference 

between HFC-134a and HFO-1234yf specifically in Global Warming Potential (GWP) which HFO-

1234yf has almost 99.9% reduction in GWP compere to HFC-134a [35]. 

3.4 Test Section 

 Figure 3.5 shows the shape of the heater surface and the thick film resistor as the test 

section that is used in this study. Thetest section consists of an oxygen free copper peace (Cu 

101) that has 1 cm2 area at the center of it with 2 mm thickness and a matching size thick film 

resistor of 10 Ω resistance which always each test has to be soldiered onto the top matching 

size of the copper substrate. 
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Figure3.5: A 3D model of Cu substrate surface and the thick film resistor 

 This test section is acting as a simulation of a generating high heat flux device. Two lead 

wire are soldiered onto the two edges of the resistor as showed in figure 3.5, which they are 

connected to the DC power supply. The two holes in the substrate sides are to accommodate 

two thermocouples in order to read and record the temperature of the heater during the test 

period. The test starts with zero heat flux on the surface and then the heat flux starts to be 

increased gradually to the heater using the DC Power supply through the lead wires that 

soldiered on the resistor which the DC power supply is controlled by the LabVIEW program.For 

instant, each 60 seconds the heat flux can be increased 5 or 10 W/cm2.As a result, the 

thermocouples are used to calculate the surface temperature. The heater surface from the 

opposite side could be smooth surface or enhanced surface. 
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3.5 Test Surfaces 

 There are three types of surfaces that were employed in this study with the same spray 

area 1 cm2 as well as the same material oxygen free copper which each type of these surfaces is 

explained in more details.Below are the step-by-step explanation procedures in the preparation 

of the test surfaces on the 1 cm2 copper substrates. 

3.5.1 Reference Surface 

 The following steps are the explanation procedures for preparation of the reference 

surface that has been used in this study [36]. A 1200 grit sandpaper, aluminum oxide (Al2O3) 

solutions, and a polishing machine are the main tools that were used to prepare this reference 

surface. Figure 3.6 shows the scanning electron microscope image of the polished reference 

surface at two different magnifications of X100 and X500. 

Step 1: The sample is held down and sanded on a 1200 grit sandpaper from left to right 

applying medium pressure on the sample while sanding for 45 to 50 seconds. 

Step 2: A polishing pad is mounted on the rotating drum at high speed and a slow and steady 

jet of water keeps the drum well lubricated. 

Step 3: Aluminum oxide (Al2O3) solution of 5 µm is applied on the entire pad and the copper 

sample is held down on the polishing pad at medium pressure for about 30 seconds. 

Step 4: Aluminum oxide (Al2O3) solution of 1 µm is applied on the entire pad, and the sample is 

rotated 90oin the clockwise direction to polish the sample for about 30 seconds. 

Step 5: Aluminum oxide (Al2O3) solution of 0.05 µm is applied on the entire pad, and the 

sample is rotated 90oin the clockwise direction to polish the sample for about 30 seconds. 
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Step 6: The copper sample is held under running water to remove the particles of the 

Aluminum oxide (Al2O3) solution from the surface until the surface becomes a mirror surface 

finish. 

 

Figure 3.6: SEM images of reference surface at different magnifications 

3.5.2 Electroplated Microporous Surface 

 A dual stage electroplating process was usedin this study to fabricate an enhanced 

microporous heat transfer surface. The main preparation elements for this process are a 

beaker, sulfuric acid (H2So4), cupric sulfate (CuSo4), 2% hydrochloricacid, a magnetic stirrer, the 

targeted surface (heater), a small copper plate, two lead wires, stopwatch, a balance, safety 

gloves and glass, distilled water, electric tape, and a power supply. 
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As shown in figure 3.7, thisprocess starts with a chemical solution that was prepared in a 

beaker. This chemical solution is a well-mixed of 250 ml of distilled water, 18 grams of sulfuric 

acid (H2So4), 50 grams of cupric sulfate (CuSo4), and 2.0 ml of 2% hydrochloric acid (HCL). The 

beaker scale and the balance were used to ensure the accurate quantity input.As shown in 

figure 3.8, The heater is completely covered by the electric tape except the 1 cm2 area that 

meant to be targeted to make sur that the metal deposition takes place on that uncovered area 

which the considered test area. The surface of the uncovered area is properly cleaned by the 

2% HCL to make sure that there will be high bonding strength of coating. 

 The beaker, then, is placed on the magnetic stirrer, which helps to have uniform coating 

by distributing a uniform electric field. The small copper plate is connected to the (+) terminal 

of the power supply which is considered as the copper anode. On the other hand, the targeted 

surface considered as the cathodeis connected to (-) terminal of the power supply as shown in 

figure 3.6. After making sure that everything is properly connected, the magnetic stirrer 

switched on with putting the temperature at 30 ℃ and the speed at 1500 RPM.  

The power supply is turned onand a high current density of 0.5 A/cm2 was maintained 

for a short fixed duration of 20-30 seconds using the stopwatch. This high current helps to build 

dendrites and nodules. Right after that, a low current density of 0.07 A/cm2 is was maintained 

for a long duration of 80 minutes to perfectly create the permanent bonding strength of the 

desired microporous structure on the targeted surface [28]. 
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Figure3.7: Schematic view the dual stage electroplating process [28]

Figure 3.8: A picture of the actual targeted surface area of the heater 

However, after completing this process, the heater was rinsed using either distilled water or 

acetone and then some microscope pictures were taken as shown in figure 3.8. There were 

several similar processes with different high current densities between 0.4 to 1 A/cm2 to try to 

get the best microporous structure surface. Finally, the heater is placed on the spacer for purpose of 
implementing 
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the spray coolingtest on it.Figure 3.9 shows the scanning electron microscope images of the 

electroplated microporous surface at different magnifications of X500 and X100. 

Figure 3.9: SEM images of the electroplated microporous surface at different magnifications

3.5.3 Sanded Rough Surface 

A sandpaper was used to create a roughness texture on one of the heaters surface. The 

roughness texture was created on the 1-cm2 area in order to build up a boiling heat transfer 

enhancement. In this case, the chosen surface is the standard surface just almost like the 

reference surface previously mentioned. As a standard surface, this heater surface had a center 

line average roughness of almost Ra = 3µm. In order to achieve the reference surface roughness 

(Ra ≈ 3 µm), the surface has to be polished following the steps mentioned under the reference 

surface section. 
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 As shown in figure 3.10, two sandpapers were used to create a little higher average 

roughness than the standard one. These sandpapers have the grades of #600 and #320. The 

surface was held fixed to be properly stable during the directed pressure on it. Initially, the 

sandpaper with the grade of #600 was applied on the surface almost 50 times with medium 

uniform pressure and that was either first sanding in horizontal direction and then in vertical 

direction. After that, this was repeated following the same procedure on the surface but using 

the sandpaper with grade of #320. The roughness assumed to be Ra = 0.1 and 0.3 µm, 

respectively [38].  

 

Figure 3.10: SEM images of the sanded surface at different magnifications 
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3.5.4 Brush-Coated Microporous Surface 

 A brush-coated microporous surface(BMS) method was used to create a heat transfer 

enhancement surface. A 3M coating made with G-200 ceramic Zeospheres and lacquer binder 

mixed with a ratio of 16 to 1 by mass and thinned to the desired consistency with lacquer 

thinner was contained in a container and has to be closed from atmospheric air to avoid the 

dryness of the solution. Initially, this start by cleaning the surface and shaking the solution until 

it becomes clear that the ceramic particles are properly mixed with lacquer. After making sure 

that the solution is completely liquid and ready for coating, a thin soft brush was used to apply 

the coating onto the surface. Since the coating dry in seconds, the application of the coating 

was thin on the layer [43]. 

 

Figure 3.11: SEM images of the thinnest BMS surface at different magnifications 
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Three different thickness samples were used in a range of 3 – 10 µm. the goal is to have 

a coating layer as thin as possible but with strong bond to the surface. Figure 3.11 shows the 

topographies of the thinnest coated surface among the others. It can be noted that the 

magnifications of SEM image are higher than the other SEM image magnifications and that 

indicates how thin the coating layer on the surface is. 

3.5.5 Blasted Surface 

Figure 3.12 shows a blasted surface roughness that was used in this study as a heat 

transfer enhanced surface. A plain surface (heater) was blasted using silicon carbide material. 

Figure 3.12: SEM images of blasted surface at different magnifications

The silicon carbide grits are considered a hard blasting media compared to others with 

sharp, irregular edges having an advantage of very fast cutting speed. Sandblasting the plain 



 
 

  39 
 

surface had been done under the given safety precautions such as wearing safety glass, NIOSH 

approved respirator, protective gloves, and working in a ventilated area.A Campbell hausfetd 

sandblasting spray gun, air supply hose, material hose, pick up tube and silicon carbide grits are 

the tools that used to sandblast the heater surface. The heater surface was sandblasted 

randomly from the gun nozzle at an angle of 90° on the top of the targeted surface with a 

distance of almost 20 cm from the heater surface. The blasting air pressure used on this surface 

was 90 psi in order to make sure that the surface is properly sandblasted.  

3.6 Test Conditions and Procedure 

The setup of the system has to be checked to make sure that everything is connected 

and that everything the LabVIEW block diagram is properly corresponded to its actual 

component in the system. After ensuring the correct connection between the LabVIEW and the 

system, the heater is placed on the chamber and the thermocouples are connected to the 

system. Since the working fluid inside the system will be in high pressure,the following step was 

to conduct a leak test in the system in order to make sure that the system is sealed from any 

leakage.The leakage test was by comprising air into the system setup with a pressure of 90 psi 

but not exceeding the 100 psi since on the pressure transducers maximum limit is 100 psi. 

Then, the system kept closed and isolated into three sections by closing the three ball valves. 

This isolation helps to detect the possible leak locations. at the moment, the LabVIEW is 

monitoring the pressure readings which means if there is any drop in the pressure transducer 

readings in any of these isolated sections, that helps to find the leak location by using the leak 

detector liquid. This liquid is applied at all the connection fittings at that particular section to 

locate the leaking joints. 
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After ensuring that the system was sealed and that there is no leaks and before charging 

the system by the refrigerant, a vacuum pump is used to pull air inside the system until it 

reaches a vacuum level as low as almost 500 µm. This is to ensure that the air is evacuated and 

again the system is perfectly sealed. At this low vacuum, the refrigerant was charged into this 

closed loop system through the Tee joint at the top of the system. 

After that, the power supply is switched on to the gear pump to circulate the refrigerant 

inside the system.  As a result, the liquid will be flowed through the loop entering the spray 

chamber and is sprayed on the heater surface as a full cone spray using the TG0.5 pressure 

atomizer spray nozzle. Using the programmable DC power supply, the heat flux has always 

applied from the LabVIEW software. Equation (1) has been used to determine the heat flux 

from the total power applied onto the thick film resistor per unit resistor base area. 

   
      

 
                                                                          (1) 

 The heater surface temperature is calculated with help of the thermocouples that are 

embedded into the opposite hallways beneath the thick film resistor on the heater wall. The 

spreading of the temperature from the two thermocouples does not exceed ± 0.3 °C at almost 

each 100 W/cm2to maintain uniform cooling throughout the surface. As it appears below in 

figure 3.11, multiple infrared camera images have been taken during the test at different high 

heat flux to in order to make sure that there is a uniformity of the heat flux spreading. 

The temperature of the spray surface was calculated by taking the average of the two 

thermocouple readings considering the known distance to the surface which consistently taken 

as half of the heater wall thickness (1 mm) with assuming that 1-D conduction steady state 

through the heater wall. Equation (2) was used to determine the surface temperature. 
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)                                                            (2) 

 

Figure 3.13: IR camera image of the uniform spreading heat flux on the heater resistor 

Every test was conductedat     21    (room temperature) and at saturation conditions of 

a pressure of 72 psig for the HFC-134a refrigerant as well as 74 psig for HFO-1234yf refrigerant. 

The flow rate of the saturated refrigerant was maintained at a set value by controlling the 

pump speed which affect the pressure crossing the spray chamber as well. The temperature 

waskeptmaintained at this level by controlling the liquid temperature in the chiller that is 

circulated through the plate heat exchanger. Equation (3) was used to determine the surface 

superheat (ΔTsat) in this study. 

                                                                                (3) 

All the testswere plotted in cooling curve that represents the heat flux (q”) versus the 

surface superheat (ΔTsat).However, each plot shows the gradually increasing steps of the heat 

flux in about 5 to 10 W/cm2 until the critical heat flux (CHF)will be reached in every test. When 
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the CHF reached, the heat flux will be immediately decreased to a very low level, for example, 

below the 100 W/cm2 and then gradually decreased to reach 0 W/cm2. The LabVIEW is 

programmed to record the temperatureof the heater every second during the whole test 

duration. The temperature of the heater usually reaches the steady state mode in each 90 

seconds. 

3.6 Experimental Uncertainties 

 There were two estimated experimental uncertainties that were mainly critical in 

performance evaluation. These two uncertainties are heat flux and temperature 

measurements. With the considerationof variations in voltage and current as well as in area, 

errorinvolved in heat flux measurement was ±2.0% at 150 W/cm2 at 160 W/cm2. From the 

embedded thermocouples in the heater wall, the estimated error of the temperature 

measurements has been calibrated to be ±0.2 oC. In addition, up to ±3.0% uncertainty at 150 

W/cm2 of heat transfer coefficients considering all surfaces and flow rates used. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 The obtained experimental results of this study and a discussion are presented in this 

chapter. Theresults are presentedin table and graphforms where these tables and 

graphareaccompanied by adiscussion. This chapter discusses the spray coolingresults based on 

two selected refrigerants (HFC-134a and HFO-1234yf), and a constant flow rate as well as plain 

and practical enhanced surfaces.At the beginning, the system was charged with the HFC-134a 

refrigerant to do all the different surfaces tests and then move to the other refrigerant. 

Comprehensively, that helped to use little amount of refrigerants and save the work-time on 

charging the system. These obtained experimental results are expected to contribute into the 

understanding of the two-phase spray cooling with HFC-134a (current generation of mobile air 

conditioning refrigerant) and HFO-1234yf (next-generation refrigerant) for high heat flux 

automotive power electronics using practical enhanced surfaces. 

4.1 Results with HFC-134a Refrigerant 

 Initially, four tests were conducted with two different heaters featuringreference 

surfaces (RS) (smooth copper surfaces) at a constant flow rate of 3.5 ml/cm2.s at room 

temperature (    22  C). As shown in Figure 4.1, the results of these tests were plotted for heat 

flux(q”) versus surface superheat(∆Tsat). According to Table 4.1, the first test of Heater #1 shows 

CHF of 235 W/cm2 at a surface superheat of 52.43 °C while the heater surface temperature was 

74.8 °C. The second test of the same heater shows the repeatability of first test curve with 

slightly different CHF and surface superheat but at it recorded the same heater surface 

temperature of 74.8 °C. After that, another two tests were conducted on a similar heater 
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(Heater#2) in order to make sure that there is repeatability even with another similar heater. 

The range of CHF shows the predictability of the possible occurrence of CHF at such conditions. 

 

Figure 4.1: Repeatability of spray cooling performance of HFC-134a with two reference surfaces 

at 3.5 ml/cm2.s flow rate 

Table 4.1: Selected data from Figure 4.1 

 

From the table, it is clear that Heater #2 follows the same pattern of as Heater #1 with 

slight differences due to the uncertainty of the identical dimensions of both heaters. A baseline 

Test #
CHF 

(Wcm2)

Surface Superheat 

(°C)

Surface Temp. 

(°C)

1 235 52.43 74.3

2 242 59 74.8

3 230 47.1 96.3

4 240 48.45 96.64

Heater #1

Heater #2
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data was taken as the average of the four tests to show an alternative reference surface data 

with a conservative CHF. In general, the smooth surface shows a confident curve that can be 

comparable to the enhanced surfaces using the same refrigerant and flow rate. 

 

Figure 4.2: Spray cooling performance of HFC-134a with effect of electroplated microporous 

surface (EMS) at 3.5 ml/cm2.s flow rate
 

 After conducting tests with surface RS and evaluating its performance, an electroplated 

microporous surface (EMS)was tested to evaluate its performance. Using the same constant 

flow rate of 3.5 ml/cm2.sat room temperature, the observed CHF was 333 W/cm2 maintaining 

surface superheat of 62.3 °C and surface temperature was 84.14 °C. Again, test #2 as shown in 

Figure 4.2 was a repeated test to make sure this test was repeatable which showed almost 
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similar CHF (335 W/cm2) and surface superheat (64.4 °C) as well as a surface temperature of 

87.47 °C. In addition, theprevious figure demonstrates the effectivenessof the enhanced 

surface (electroplated microporous surface) comparedto the averaged plain smooth 

surface.The effectiveness of surface enhancement appears to increase with the increasing of 

the heat flux at a constant flow rate. The CHF of the EMS increased by 38.75% compared to the 

RS’  HF. Furthermore, EMS shows a clear enhancement cooling in the surface superheatand as 

shown in figure 4.2.For example, at a given heat flux of 200 W/cm2the surface superheat of the 

EMStest is      34.12 °C where the surface superheat of reference surface test is      40.48 °C at the 

same heat flux (200 W/cm2) and same flow rate of 3.5 ml/cm2.sec.The effect of the 

enhancement cooling occurs after the single-phase regime that always takes place at the 

beginning and after that two-phase starts to take place and prove the heat transfer 

enhancement due the number of cavities in microporous surface.  

 However, Figure 4.3 shows the effect of high and low flow rates compared to the 

standard flow rate (medium flow rate). These three different flow rates 2.5, 3.5, 4.5 ml/cm2.s 

were conductedon the electroplated microporous surface to investigate the flowrate 

performance using same surface and refrigerant. The increase of flow rate can positively affect 

the enhancement cooling as shown in figure 4.3. The test CHF of flow rate 4.5 ml/cm2.s 

increased by 11.1% compared to the test with the medium flow rate of 3.5 ml/cm2.s while the 

test CHF of flow rate 2.5 ml/cm2.s shows a decrease by 18.9% again compared the standard 

flow rate. On the other hand, there was also better performance in surface superheat, which 

means with increase of flow rate the surface superheat will decrease. For a given heat-flux of 

240 W/cm2 the surface superheat was 33.91, 41.1, and 52.64 °C for 4.5, 3.5, and 2.5 ml/cm2.s, 
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respectively. There is a difference of 18.73 °C in surface superheat between the high and low 

flow rates tests, which shows that the reasonable high flow rate can play a role in spray cooling 

technology with the consideration of the other factors such as working fluid and nozzle type. 

 

Figure 4.3: Effect of flow rate with HFC-134a on electroplated microporous surface 

After evaluating the performance of the surface EMS, another enhanced heater surface 

was used to conduct some tests using the HFC-134a at 3.5 ml/cm2.s. As shown in figure 4.4, 

multiple tests were conducted on a brush-coated microporous surface (BMS) using different 

coating thicknesses to investigate the spray cooling performance. All the three coating 

thicknesses lower spray cooling performance compare to the reference surface. The coating 

thic ness ranging between      1 – 10 μm. The high coating thickness BMS test was not 

expectedto act as very low heat transfer performance as it happens in natural convection 
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regime. The moderate coating thickness BMS test was conducted at a thinner coating layer to 

increase the performance, but again it was observed that it is almost similar to the thicker 

coating layer.  

 

Figure 4.4: Effect of brush-coated microporous surface with HFC-134a at 3.5 ml/cm2.s 

 Both the high and moderate coating thickness surfaces reached very low CHF of 140 and 

170 W/cm2). Another test was conducted on very a low coating thickness surface as it is 

suggested from 3M pool boiling data[43]. This test shows better spray cooling enhancement 

compared to the other two BMS surfaces with higher CHF of 230 W/cm2. The overall results of 

this enhancement method shows that the performance not expected and even lower than the 

reference surface performance. However, figure 4.4 shows that BMS method can be a failure 
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spray cooling method for the heat transfer of enhancement surfaces although it showed better 

performance in immersion cooling technology. 

 Figure 4.5 shows four tests of another practical enhanced surface method (sanded 

surface) that were conducted using two heaters with HFC-134a at a constant flow rate of 3.5 

ml/cm2.s. The surface of first heater was sanded with sandpaper of grade #120 and #320.  

 

Figure 4.5: Effect of sanded rough surface performance with HFC-134a at 3.5 ml/cm2.s 

Table 4.2: Selected data from Figure 4.5 

 

SS
CHF 

(Wcm2)

Surface Superheat 

(°C)

Surface Temp. 

(°C)

120-grit 260 58 76.8

320-grit 250 56.5 77.6

320-grit 240 56.4 77.68

600-grit 240 49.88 71.13

Heater #1

Heater #2
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 As shown in table 4.2, Heater #1 120-grit test was almost below the average line of 

reference surfaces, but it shows better CHF of 260 W/cm2. Also using Heater #1, 320-grit test 

shows the best performance among the other three tests with a CHF of 250 W/cm2. However, 

heater #2 was sanded with sandpaper of grade #320 and #600 to evaluate the sandpaper grade 

level along with a similar heater. Again as shown in Table 4.2, Heater #2 320-grit test shows 

higher CHF compare to 600-grit test, but its performance shows the repeatability of reference 

surface with high CHF. In general, the obtained enhancement of the sanded surfaces tests 

showed only a CHF enhancement compare to the reference surface. 

 

Figure 4.6: Effect of sandblasted surface performance with HFC-134a at 3.5 ml/cm2.s 
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Figure 4.6 shows the effect in performance of another enhanced surface (blasted 

surface) with HFC-134a at the 3.5 ml/cm2.s. The blasted surface test showed almost a 

repeatability of the reference surface tests with the same refrigerant except it has higher CHF. 

The CHF was 250 W/cm2 which increased by 4.2% compared to the CHF of reference surface. 

Blasted surface showed little enhancement from 30 to 150 W/cm2 which means this heat flux 

range showed the best nucleate boiling creation that can surface cavities provide. After that, 

the performance tends to be even a little bit lower than the normal reference surface line until 

almost 230 W/cm2 which indicates that the blasted surface didn’t show up any increase of 

nucleate boiling with regard to the increasing of heat flux. Overall, blasted surface showed no 

significant enhancement. 

4.2 Results with HFO-1234yf Refrigerant 

After conducting all the tests with HFC-134a, the system was charged by refrigerant 

HFO-1234yf to repeat all the tests with this new refrigerant in order to evaluate the spray 

cooling performance using the practical enhanced surfaces. As shown in figure 4.7, with HFO-

1234yf a test was conducted on the same reference surface that was used with the HFC-134a 

keeping the same flow rate of 3.5 ml/cm2.s. The CHF of this test (test #1) was 190 W/cm2 at a 

surface superheat of 59.39 °C with surface temperature of 80.53 °C. Similarly, another test (test 

#2) was conducted up to 195 W/cm2 at surface superheat of 61.3 °C in order to make that the 

results of test #1 are repeatable as shown in figure 4.7. An averaged baseline of the two tests 

was taken to show an alternative reference surface data with a conservative CHF. 

Obviously, the observed CHF of the surface RS of both tests shown the spray cooling 

performance at 3.5 ml/cm2.s using HFO-1234yf refrigerant demonstrates lower CHF than 
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expected. It is believed that the HFO-1234yf and HFC-134a thermo-physical properties can 

havesignificant effects on the spray characteristics, and heat transfer capability, and 

consistently lower CHF levels with HFO-1234yf can be one of these effects. 

Figure 4.7: Repeatability of spray cooling performance of HFO-1234yf with reference surface at 

3.5 ml/cm2.s flow rate 

Figure 4.8 shows a test conducted on the surface EMS with HFO-124yf at 3.5 ml/cm2.s in 

a comparison with the averaged baseline of the reference surface. Again, this EMS surface is 

the same one that used with HFC-134a initially. The EMS surface keeps showing similar 

enhancement that occurred with HFC-134a at the same flow rate. The CHF of this test was 255 

W/cm2 with a surface superheat of 65.95 °C whereas surface temperature of 86.44 °C.As a 

comparison to the reference surface, the EMS test showed an increase of 34.21% in CHF. At a 
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given heat-flux of 170 W/cm2 the surface superheat was 49.98 °C whereas at same heat-flux 

EMS surface superheat was 37.8 °C which shows a difference between the two surfaces of 

12.18 °C. The heat transfer coefficient (HTC) of EMS at the same given heat-flux was 44.88 

kW/m2°C while the HTC of reference surface was 34 kW/m2°C. As a result, this shows that the 

EMS surface displays HTC enhancement by 31.96% compared to the reference surface. 

Figure 4.8: a comparison of EMS with RS’ with HFO-1234yf at 3.5 ml/cm2.s 

Figure 4.9 shows the effect of different flow rates on the EMS with HFO-1234yf with a 

comparison the averaged reference surface test. These different flow rates are 2.5, 3.5, and 4.5 

ml/cm2.s as they were used with the HFC-134a on this specific enhanced surface. The increase 

of flow rate, again, shows the increase of spray cooling performance using another working 
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fluid such as HFO-1234yf. The CHF of EMS tests were 210, 255, and 300 W/cm2 at 2.5, 3.5, and 

4.5 ml/cm2.s respectively.  

Figure 4.9: Effect of flow rate with HFO-1234yf on electroplated microporous surface

The CHF of the flow rate 4.5 ml/cm2.s test increased by 17.64% compared to the test 

with the medium flow rate of 3.5 ml/cm2.s while the CHF of the flow rate 2.5 ml/cm2.s test 

shows a decrease by 17.64% again compared with medium flow rateof 3.5 ml/cm2.s. Certainly, 

this figure shows that with constant increase of flow rate, there will be constant increase of 

CHF.At a given heat-flux of 200 Wcm2 the surface superheat were 62.13, 46.1, and 35.93 °C for 

the flow rate of 2.5, 3.5, and 4.5 ml/cm2.s, respectively. As a result, the HTC enhancement 

between the low and medium flow rate increased by 34.8% while between the medium and 

high flow rate, it shows an increase of 28.3%. Generally, the increasing enhancement of HTC 
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from the low to the high flow rate recorded 72.9%. The low flow rate EMS test showed similar 

curve to the reference surface. 

In Figure 4.10, results were included from two tests conducted with the surface SS 

(Heater #2) with HFO-1234yf refrigerant at 3.5 ml/cm2.s. 

Figure 4.10: Effect of sanded rough surface performance with HFO-1234yf at 3.5 ml/cm2.s 

This heater was heater #2 that used in HFC-134a tests initially. The first test was 

conducted on the sanded surface 320-grit and it recorded a CHF of 190 W/cm2 similar to the 

averaged reference surface line with a little enhancement cooling at the beginning of the curve. 

The other test was conducted on this sanded surface but this time the surface was sanded with 

600-grit sandpaper. The CHF of the second test was 187 W/cm2 and it shows no spray cooling 

enhancement compare to the averaged reference surface line. The different levels of 
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sandpaper grits does not show up a big effectivenesson the output results of the spray cooling 

performance. 

Figure 4.11 presents the results blasted surface test compared with the reference 

surface tests line. The blasted surface curve showed again a repeatability with the reference 

surface using HFO-1234yf as it was the same trends using HFC-134a but both had demonstrated 

higher CHF as a comparison to each reference surface. In this figure, CHF shows an increase of 

15.78% compared to the CHF of reference surface tests. However, the performance of blasted 

surface behaves as sanded rough surface performance, which there is no surprise since their 

average roughness appears close from each other and thatcan be seen from the SEM images. 

Figure 4.11: Effect of sandblasted surface performance with HFC-134a at 3.5 ml/cm2.s 
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4.3 Comparison with HFC-134a and HFO-1234yf Refrigerants 

Figure 4.12: Comparison between the averaged reference surface tests with HFC-134a and 

HFO-1234yf at 3.5 ml/cm2.s 

Figure 4.12 shows the comparison between the two refrigerants of the two averaged 

reference surface lines at 3.5 ml/cm2.s that used in the research study. HFC-134a provided 

better spray cooling performance compared to the HFO-1234yf at a constant flow rate. The CHF 

of HFC-134a referenced surface line was 240 W/cm2 with HTC of 46.55 kW/m2°C. On the other 

hand, the CHF of HFO-1234yf was 190 W/cm2 with HTC of 32.3 kW/m2°C. However, CHF of HFC-

134a shows an increase of 26.3% compared to HFO-1234yf. In addition, the HTC of HFC-134a 

shows a significant increase of 44.1% compared to HFO-1234yf. 
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Figure 4.13: Comparison between the 320-grit sanded rough surface tests with HFC-134a and 

HFO-1234yf at 3.5 ml/cm2.s 

Figure 4.13 presents the differences of spray cooling performance on 320-grit sanded 

rough surface tests with HFC-134a and HFO-1234yf at 3.5 ml/cm2.s. As it is shown in the figure, 

HFC-134a provided better performance with CHF of 240 W/cm2 and HTC of 42.5 kW/m2°C 

compared to HFO-1234yf with CHF of 190 W/cm2and HTC of 32.8 kW/m2°C. As a result of this, 

the HFC-134a shows an increase in CHF and HTC of 26.3 W/cm2 and 29.5 kW/m2°C, 

respectively, compared to HFO-1234yf. 
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Figure 4.14: Comparison between the electroplated microporous surface tests with HFC-134a 

and HFO-1234yf at 3.5 ml/cm2.s 

 Figure 4.14 compares the spray cooling performance of HFC-134a and HFO-1234yf on 

the electroplated microporous surface at the high flow rate of 4.5 ml/cm2.s. HFC-134a shows 

the consistency of better heat transfer performance with CHF of 370 W/cm2and HTC of 59.48 

kW/m2°C compared to HFO-1234yf with CHF of 300 W/cm2 and HTC of 45.72 kW/m2°C. The 

comparison here shows that the HFC-134a has a spray cooling performance with an increase of 

23.3% in CHF as well as with an increase of 30.1% on HTC compared to HFO-1234yf.The low and 

medium flow rates tests of both refrigerants on EMS were showing the same trends of the high 

flow rate showed on Figure 4.14. 
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Figure 4.15: Comparison between the blasted surface tests with HFC-134a and HFO-1234yf at 

3.5 ml/cm2.s 

 Figure 4.15 presents the blasted surface comparison between HFC-134a and HFO-

1234yf at constant flow rate of 3.5 ml/cm2.s. As always, HFC-134a shows a repeatability of 

better enhancement performance compared to HFO-1234yf blasted surface test. Both 

refrigerants showed different values regrading HTC and CHF. At a given heat flux of 220 W/cm2, 

HFC-134a recorded surface superheat temperature of 45.12 °C whereas at the same heat flux, 

the surface superheat temperature of  HFO-1234yf was 55.82 °C. The surface superheat 

difference is 10.72°C, which shows the improved enhancement of HFC-134a. Nevertheless, the 

CHF of HFC-134a showed an increase of 13.6% compared to HFO-1234yf.  



 
 

  61 
 

 

Figure 4.16: Heat transfer coefficient (HTC) of HFC-134a and HFO-1234yf 

Figure 4.16 presents the variation of HTC values as a function of heat flux obtained from 

the surfaces RS, EMS, SS, and BS with HFC-134a and HFO-1234yf. HTC is defined by the 

following equation below. 

  
  

     
                       (4) 

Initially, all tests indicate that HTC increased with increasing of heat flux but that isuntil 

it reaches almost 50 W/cm2 which then HTC showed no significant relative relationship with the 

continuous increasing of heat flux. In general, both HFC-134a and HFO-1234yf provided the 

highest HTC curves with EMS surfaces at 4.5 ml/cm2.s compared to other enhanced surfaces 

and reference surface. Each sanded surface test showed the same HTC trend with its 
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corresponding refrigerant test of reference surface. However, the highest recorded HTC in this 

study was HFC-134a EMS test at 4.5 m/cm2.s of 80.22 kW/m2 ℃ which showed an increase of 

59.1% compared to HFC-134a reference surface test at 3.5 m/cm2.s. HFO-1234yf EMS test at 

4.5 m/cm2.s showed an increase of 65% compared to HFO-1234yf reference surface test at 3.5 

m/cm2.s. 

 

Figure 4.17: Effect of flow rate on HTC at 150 W/cm2 

 Figure 4.17 shows the effect of flow rate (in the range of 2.5 to 4.5 ml/cm2.s) on HTC at 

a specific heat flux of 150 W/cm2 that represent an intermediate-to-high heat flux level. The 

data clearly demonstrate that the HTC increase with the increase of the flow rate. At 150 

W/cm2, HTC for EMSwith HFC-134a using 4.5 ml/cm2.s showed an increase of 66% compared to 

the same refrigerant for EMS using low flow rate of 2.5 ml/cm2.s. On the other hand, HFO-
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1234yf for the same surface increased by 68.37% at high flow rate compared to low flow rate of 

4.5 and 2.5 ml/cm2.s, respectively. Repeatedly, the same trend of flow rate effect applied to the 

reference surface and sanded surface as shown in figure 4.17. 

 

Figure 4.18: Effect of flow rate on CHF level 

 Flow rate plays a role of achieving high CHF level as shown in figure 4.18. All surfaces 

with both refrigerants showed similar trend of higher CHF level with the increase of flow rate. 

HFC-134a, again, showed better records compared to HFO-1234yf in CHF levels, which recorded 

higher CHF level at low, medium, and high flow rates. HFC-134a increased by 23.3% of CHF level 

for EMS at high flow rate of 4.5 ml/cm2.s compared to HFO-1234yf refrigerant. Both reference 

and sanded surfaces complied with same trend. 
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Figure 4.19: Effect of flow rate on efficiency at CHF 

 Figure 4.19 illustrates the effect of flow rate on spray cooling efficiency at CHF with all 

the surfaces. This efficiency is defined as the ratio of the actual heat absorbed from heater 

surface to the total heat capacity of the liquid used, including the required heat to bring the 

liquid to saturation condition, and then to complete vaporization. Thus, this spray cooling 

efficiency describes the liquid usage efficiency, and can be calculated using the following 

equation below. 

  
    

                   
                      (5) 

The data here shows that efficiencies decrease as the flow rate increase since heat 

removal capability cannot proportionally improve with additional fluid supply. The efficiency of 
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HFO-1234yf on EMS is in the range of 52.91 to 41.99% whereas HFC-134a on the same surface 

is in the range of 39.46 to 30.04%. At low flow rate of 2.5 ml/cm2.s, the efficiency of HFO-

1234yf showed higher percentage compared to HFC-134a by a difference of 13.45%. At high 

flow rate of 4.5 ml/cm2.s, HFO-1234yf still has better efficiency with a difference of 11.95% 

compared to HFC-134a which means there is a constant difference in efficiency of both 

refrigerants whether flow rate increases or decreases.  

 

Figure 4.20: Effect of flow rate on Coefficient of Performance at CHF 
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Figure 4.21: Inlet pressure values as a function of liquid flow rate 

As a result, this indicates that larger amount of HFO-1234yf liquid (compared to HFC-

134a) can be hot enough upon hitting the heater surface to evaporate in order to be effective 

of heat removing whereas the remaining liquid helps delaying the CHF. However, at low flow 

rate, larger amount of liquid hitting the surface participate in heat removing which showed 

higher efficiency. 

Figure 4.20 shows the effect of flow rate on coefficient of performance (COP) at CHF. 

COP is defined as the ratio of the heat removal rate to the required pumping power, which is 

expressed by the following equation below. 

     
    

     
                                                                  (6) 
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The COP of HFC-134a shows an increase of 32% at low flow rate of 2.5 ml/cm2.s 

compared to HFO-1234yf, but this percentage becomes smaller of 21.6% at high flow rate of 4.5 

ml/cm2.s as sown in figure 4.20. The behavior of COP at different flow rates can be justifiable as 

figure 4.21 shows highest inlet pressure at high flow rate of 4.5 ml/cm2.s for both refrigerants. 

The HFC-134a inlet pressure from low to high flow rate shows an increase of 29.5%. However, 

HFO-1234yf almost follows the same pattern. As a result, in order to reach the desired high 

flow rate, there will be an increase of pressure and that requires more pumping power.In such 

a case, choosing nozzle with a larger orifice would be helpful. 
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CHAPTER 5 

CONCLUSIONS 

This study investigated the two-phase spray cooling characteristics of HFC-134a and 

HFO-1234yf refrigerants using practical enhanced heat transfer surfaces. The results provided a 

quantitative spray cooling performance comparison between the selected working fluids that 

represent current and next-generation MAC refrigerants, and highlighted an attractive, high 

heat flux thermal management option for automotive power electronics applications, with 

potential benefits of achieving more efficient and reliable operation, as well as compact and 

lightweight system design that would lead to lower cost. The experimental work involved 

testing of four different enhanced boiling surfaces with comparison to a plain surface, using a 

commercial pressure-atomizing nozzle, and a constant flow rate for each refrigerant to 

determine the spray cooling performance with respect to heat transfer coefficient (HTC) and 

critical heat flux (CHF). The following are the major conclusions drawn from the obtained 

results in this study. 

 HFC-134a provided a better heat transfer performance through higher HTC and CHF 

values compared to HFO-1234yf at all tested surfaces and flow rates.  Superior 

performance of HFC-134a can be attributed to the differences in thermophysical 

properties, particularly the higher latent heat of vaporization. 

 The surface EMS achieved the highest heat transfer enhancement among the tested 

surfaces.  When compared to the surface RS (baseline case), the surfaces SS and BS 

providedcomparable HTC values, and offered modest increases in CHF values. However, 

the surface BMS caused lower HTC and CHF values. 
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 The surface EMS resulted in HTCs of up to 35% and 45%, for HFC-134a and HFO-1234yf, 

respectively. At a constant (intermediate) flow rate, the surface EMS had 30% and 28% 

enhancement in HTCs compared to the surface RS, for HFC-134a and HFO-1234yf, 

respectively. 

 The surface EMS resulted in CHFs of up to 370 and 300 W/cm2, for HFC-134a and HFO-

1234yf, respectively. At a constant (intermediate) flow rate, the surface EMS had 20% 

and 30% enhancement in CHFs compared to the surface RS, for HFC-134a and HFO-

1234yf, respectively. 

 Within the considered flow rate (per unit area) range of 2.5 to 4.5 ml/cm2.s, higher flow 

rates resulted in higher CHF.  However, both spray cooling efficiency and COP at CHF 

decreased as flow rate increased since heat removal capability cannot proportionally 

improve with additional fluid supply and the resulting pumping power. 
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APPENDIX 

 LABVIEW PROGRAM 



Front panel of LabVIEW program.
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Block diagram of LabVIEW program.
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