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Abstract 17 

In recent years, heat dissipation in high heat flux devices remarkably increased and it is anticipated 18 

to reach unprecedented levels in future devices, mainly due to increased power density, compact 19 

packaging and high-performance requirements. To address this challenge, in current research, we 20 

initially investigate the spray cooling performance and spray residue surface effects of the next 21 

generation thermal fluid, called hybrid nanofluid. Subsequently, we investigate the hybrid 22 

nanofluid spray cooling potential to address heat dissipation issues in a high heat flux application, 23 

that is, the electric vehicle (EV) high power electronics. Our results demonstrate that the critical 24 

heat flux (CHF) enhancement up to 126% can be achieved using the hybrid nanofluid spray cooling 25 

compared to water spray cooling. The hybrid nanofluid and its spray residue characterization 26 

further suggest that high CHF in hybrid nanofluid spray cooling may be due to high latent heat of 27 

vaporization and residue wetting and wicking effects. Moreover, the spray cooling efficiency and 28 

Nusselt number obtained for hybrid nanofluid spray cooling is more than twice that of water spray 29 

cooling. Furthermore, our results indicate that the hybrid nanofluid spray cooling can keep high 30 
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power electronics of current and future electric vehicles below their failure temperatures, while 31 

the same cannot be achieved using water and dielectric fluid spray cooling.     32 

Keywords: Hybrid nanofluid spray, high heat flux devices, spray residue, EV high power 33 

electronics, critical heat flux.  34 

 35 

Nomenclature  36 

CAHF Copper-alumina hybrid nanofluid SGHF Silver-graphene hybrid nanofluid 

CHF Critical heat flux Ta Ambient temperature, K 

DBC Direct bond copper Tsat Fluid saturation temperature, K 

d Spray droplet diameter, m Tf Fluid temperature at nozzle inlet, K 

d32 Sauter mean diameter, m Tsc Critical surface temperature, K 

EV Electric vehicle Ts Surface temperature, K 

h Heat transfer coefficient, Wm-2K-1 WBG Wide band gap 

hfg Latent heat of vaporization, J/kg We Weber number 

IGBT Insulated gate bipolar transistor Greek Symbols 

k Thermal conductivity, Wm-1K-1 𝜙𝜙 Observation angle 

MR Mixing ratio Δ𝜙𝜙 Fringe spacing, m 

n Droplet refractive index 𝜆𝜆 Laser Wavelength, nm 

Nu Nusselt number φ Volume fraction 

Pr Prandlt number γsv Surface free energy, N/m 

q’ Spray critical heat flux, Wcm-2 ∅𝑓𝑓 Mean pore diameter, m 

Q” Mean volumetric flux, m3m-2s-1 θ Static contact angle 

Ra Average surface roughness, m η Spray cooling efficiency 

Re Reynolds number   

 37 

1. Introduction 38 

Spray cooling is widely used in thermal management of various high heat flux devices, such as 39 

electric vehicle (EV) high power electronics, data centers, laser diodes, radars and X-ray machines. 40 

Despite other existing cooling techniques, such as microchannel heat sink, jet impingement, heat 41 

pipe and pool boiling, spray cooling is still preferred for thermal management of high heat flux 42 
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devices due to its several benefits, such as, high heat flux removal, uniform surface cooling, no 43 

temperature overshoot, small fluid inventory and low flow rates [1–3]. It is the latent heat transfer, 44 

low thermal contact resistance and high droplet surface area to volume ratio that make the spray 45 

cooling a promising technology for effective cooling of high heat flux devices [4,5]. Moreover, 46 

modified surfaces with high roughness and micro/macro structures can further improve heat 47 

transfer rates of spray cooling processes [6].    48 

 49 

Despite several benefits of spray cooling technology, it may not fully address the emerging 50 

heat dissipation issues in modern high heat flux devices. This is because heat dissipation levels in 51 

state-of-the-art high heat flux devices tremendously increased in recent years that may not be 52 

addressed using existing thermal fluids (such as water and dielectric fluids). For instance, heat 53 

dissipation flux in existing EV high power electronics comprising insulated gate bipolar transistor 54 

(IGBT) modules can be up to 500 W/cm2 [7–9].. This may increase up to 1000 W/cm2 in future 55 

EV high power electronics where wide band gap (WBG) modules will replace IGBT modules due 56 

to their high power density, reduced power losses and small die size [10,11]. Similarly, high power 57 

LEDs have heat dissipation in a range of 250-500 W/cm2, while high power laser diodes have heat 58 

dissipation up to 1000 W/cm2 [4,12,13]. On the other hand, water and dielectric fluids used in 59 

microchannel heat sink, heat pipe, jet impingement and spray cooling technologies can remove 60 

heat flux only up to 312 W/cm2 in currently used IGBT modules [9,14–17]. This shows that the 61 

cooling performance of existing heat transfer fluids is much lower than heat dissipation flux of 62 

modern high heat flux devices thus pressing an urgent need for advanced thermal fluids, such as 63 

nanofluids.  64 

Nanofluids comprise thermally conductive ultra-fine particles suspended in a base fluid, 65 

such as water [18]. Nanofluids possess superior thermal properties than their base fluids and may 66 

therefore exhibit improved spray cooling performance [19–22]. Hsieh et al. [23] reported an 67 

increase in critical heat flux (CHF) up to 2.4 times using silver nanofluid spray cooling compared 68 

to water spray cooling. Other researchers also reported similar heat transfer enhancements using 69 

less concentrated nanofluids (volume fraction less than 1%) in spray cooling applications. A few 70 

researchers also reported a reduction in spray cooling performance with increase in nanofluid 71 

concentration [24–26].  72 
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 73 

Despite enhanced spray cooling performance reported in literature for some nanofluids, 74 

they are not suitable for high heat flux cooling applications as they do not possess overall 75 

thermofluid characteristics [27–29]. For instance, highly conductive nanofluids (such as copper 76 

and silver nanofluids) exhibit low dispersion stability, while stable nanofluids (such as alumina 77 

nanofluid) show reduced thermal conductivity. The overall thermofluid characteristics are 78 

achieved when highly stable nanoparticles are dispersed along with highly conductive 79 

nanoparticles in a base fluid to obtain a hybrid nanofluid exhibiting high dispersion stability and 80 

enhanced thermal conductivity. The hybrid nanofluid is the next generation heat transfer fluid and 81 

is synthesized by dispersing two different types of nanoparticles in the base fluid. The hybrid 82 

nanofluids outperform single particle nanofluids mainly due to their better hydrothermal 83 

characteristics (high stability and enhanced thermal properties) and synergistic thermal effects 84 

[30–32]. The two different types of nanoparticles in hybrid nanofluids act as thermal pathways 85 

lowering the thermal contact resistance among similar nanoparticles that results in synergistic 86 

thermal effect [33,34]. These properties make hybrid nanofluids potential heat transfer candidates 87 

for spray cooling of high heat flux devices. Despite potential benefits of hybrid nanofluids over 88 

single particle nanofluids or base fluids, the hybrid nanofluid spray cooling performance has not 89 

been investigated to date.   90 

 91 

The main focus of this study is to investigate the spray cooling performance of the copper-92 

alumina hybrid nanofluid (CAHF) and the silver-graphene hybrid nanofluid (SGHF) for volume 93 

fraction in a range of 0.01−1%. In this study, the CAHF was used at a fixed mixing ratio of 94 

0.5(Cu):0.5(Al2O3), while the SGHF was used at two different mixing ratios (MR) of SGHF/MR-95 

1 as 0.1(Ag):0.9(GNP) and SGHF/MR-2 as 0.9(Ag):0.1(GNP). This is because the CAHF exhibits 96 

enhanced overall hydrothermal characteristics for a mixing ratio of 0.5(Cu):0.5(Al2O3) [30], while 97 

the SGHF shows enhanced droplet evaporation rate at mixing ratios of 0.1(Ag):0.9(GNP) and 98 

0.9(Ag):0.1(GNP) for sub-boiling and nucleate boiling temperatures, respectively [35]. In current 99 

research, the spray cooling performance of these three hybrid nanofluids (CAHF, SGHF/MR-1 100 

and SGHF/MR-2) was investigated and compared with the benchmark fluid (water). Subsequently, 101 
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the residue formed over the heater surface was examined and its effect on the critical heat flux 102 

(CHF) enhancement of the hybrid nanofluid spray cooling was investigated.  103 

 104 

Besides hybrid nanofluid spray cooling performance, in this research, the hybrid nanofluid 105 

spray cooling potential for thermal management of electric vehicle (EV) high power electronics 106 

was also investigated and compared with water and dielectric fluid (FC-72 and HFE-7100) spray 107 

cooling. A typical power electronics module comprises a switching device (electronic chip) 108 

soldered to a substrate (copper) collector carrying high voltages and high current. This 109 

configuration has a low package thermal resistance, as only a single copper layer is used as a 110 

substrate. Also, the dielectric coolant must be used in this configuration, as the fluid comes in 111 

direct contact with the copper substrate. Although deionized water is a dielectric medium and used 112 

as a base fluid for hybrid nanofluid synthesis in this research, the suspended hybrid nanoparticles 113 

in it may transform it into an electrically conductive medium, making it unsafe for direct cooling 114 

of EV power electronic modules. Therefore, in this research, the hybrid nanofluid spray cooling 115 

was also investigated for another configuration in which a direct bond copper (DBC) was used as 116 

a substrate due to its high electrical insulation and enhanced thermal conduction properties. The 117 

direct bond copper comprises a layer of ceramic material sandwiched between two copper layers. 118 

The ceramic material acts as a dielectric medium between the two copper layers and provides an 119 

electrical insulation to the lower copper layer from the top copper layer handling high voltages. 120 

Alumina (Al2O3) is the most commonly used ceramic material in DBC substrates [14,36]. Despite 121 

its promising dielectric properties, it increases the package thermal resistance due to its low 122 

thermal conductivity. Therefore, in this research, aluminum nitride (AlN) was used in the DBC, 123 

as it is an excellent electrical insulator and is about eight times more thermally conductive than 124 

Al2O3 [36,37]. In this DBC based packaging, the lower copper layer below the ceramic layer was 125 

cooled using the hybrid nanofluid spray. Moreover, in this research, the thermal management of 126 

insulated gate bipolar transistor (IGBT) module that is currently used in EV high power electronics 127 

was initially investigated. Subsequently, the thermal management of wide band gap (WBG) 128 

module to be used in future EV high power electronics was studied using the hybrid nanofuid 129 

spray cooling. This study has the following objectives: 130 

 131 
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• To investigate and compare the hybrid nanofluid spray cooling performance with water 132 

spray cooling performance. 133 

• To study the effect of hybrid nanofluid spray residue on critical heat flux enhancement.  134 

• To investigate the cooling potential of hybrid nanofluid spray cooling for power electronics 135 

thermal management of current and future electric vehicles.    136 

 137 

2. Experimental methodology 138 

2.1. Hybrid nanofluid spray cooling setup and procedure 139 

In this research, the hybrid nanofluids were prepared by a two-step method in which two different 140 

types of nanoparticles were dispersed in water followed by ultrasonication. Subsequently, the 141 

latent heat of vaporization for studied hybrid nanofluids (as shown in Table 1) was measured using 142 

a differential scanning calorimetry (Q1000, TA instruments, USA) with maximum uncertainty 143 

(mean standard deviation) of 59.5 kJ/kg. The experimental uncertainty was determined from mean 144 

standard deviation of repeated measurements in this research. Although adding hybrid 145 

nanoparticles increases the viscosity of hybrid nanofluids that may result in pumping losses and 146 

pipe clogging issues, high latent heat of vaporization is obtained for considered hybrid nanofluids 147 

at low particle loading of 0.1% volume fraction, (as shown in Table 1). Moreover, at low particle 148 

loading , the hybrid nanofluid viscosity enhancement is negligible with significant increase in 149 

thermal conductivity as compared to that of water, as reported in our study [30]. 150 

  151 

An experimental setup was developed to investigate and compare the hybrid nanofluid spray 152 

cooling performance with water spray cooling performance under similar ambient conditions at a 153 

constant ambient temperature (Ta) of 25 °C, as illustrated in Figure 1 (a). The copper cylinder (32 154 

mm × 190 mm) was used as a heater that comprised two parts, the heater body with a large (32 155 

mm) diameter and the heater head with a small (10 mm) diameter. The flat surface on heater head 156 

was used as a heater spray surface, as demonstrated in Figure 1 (a). Four holes, each separated by 157 

vertical distance of Δy = 5 mm, were bored along the heater head sidewall. A T-type thermocouple 158 

(0.2 mm diameter) was inserted in each hole for temperature measurements T1, T2, T3 and T4, where 159 

temperature T1 was measured closest to the heater surface while temperature T4 was measured 160 

farthest from the heater surface. The temperature data from thermocouples was obtained every 161 
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second using the data acquisition card (Model: 9171, National Instruments, Hungary) and the 162 

measured temperature was used to determine the spray cooling heat flux based on the Fourier’s 163 

law of heat conduction (q = kAΔT/Δy). The heater surface temperature (Ts) was determined from 164 

linear extrapolation of temperature data obtained from thermocouples along the heater head side 165 

wall using the relation Ts = T1+[Δys-1/Δ y4-1](T4-T1), where Δys-1 is the vertical distance between 166 

the heater surface (Ts) and thermocouple T1 while Δy4-1 is the vertical distance between 167 

thermocouple T4 and thermocouple T1. Moreover, the experimental uncertainty in spray cooling 168 

heat flux was determined as mean standard deviation from three heat flux values measured from 169 

four thermocouples along the heater head sidewall. The cartridge heater (1 kW, 16 mm ×160 mm) 170 

was inserted in a hollow heater body to heat the copper heater spray surface (10 mm diameter). 171 

The cartridge heater base was enclosed in a metal cap that was screwed on the heater body sidewall. 172 

The copper heater sidewall was insulated with the super-wool thermal insulation sheet to minimize 173 

heat losses. The heater head was inserted through the Teflon base of the spray chamber such that 174 

the heater spray surface was aligned with the Teflon surface. The high temperature silicone was 175 

applied on heater head sidewall before insertion into the Teflon base to prevent any leakages during 176 

the spray cooling experiment. The spray chamber comprised a Teflon base with the heater spray 177 

surface positioned at its center, while the sidewalls and the top plate were made of 178 

polydimethylsiloxane (PDMS).  179 

 180 

The spray nozzle (1/4 T-SS+TG-SS 0.3, Spraying Systems, USA) with an orifice diameter 181 

of 508 μm was inserted into a spray chamber through a hole at the center of the top plate such that 182 

the nozzle was aligned perpendicular to heater spray surface. The nozzle height (distance between 183 

the nozzle tip and the copper heater surface) was fixed at 20 mm so that the nozzle spray full cone 184 

covered the entire copper heater surface. To prevent nozzle clogging, stainless steel mesh (mesh 185 

size = 0.15 mm) was used at nozzle inlet. As hybrid nanofluid spray droplets impacted the heater 186 

surface, a stream of hybrid nanofluid entered the plate heat exchanger (LBP410-040, Xylem, UK), 187 

where it was cooled by water in a cooling loop. The water temperature in a cooling loop was fixed 188 

at 20 °C using a circulation bath. On heat exchanger exit, the cold hybrid nanofluid stream entered 189 

the fluid storage tank. The hybrid nanofluid from fluid storage tank was pumped into the spray 190 

chamber using a 54 W (DC) centrifugal pump (Model: 083942, Xylem Flojet, UK). The pump was 191 
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turned on 10 minutes before switching on the heater to avoid fluctuations induced by the pump. 192 

The pressure gauge was used at spray chamber inlet to monitor the spray n, while the volumetric 193 

flow rate was measured using a variable area flow meter (Model: 2510A2A12BVBN, Instruments 194 

Direct, USA).   195 

 196 

In the spray cooling experiment, one-liter hybrid nanofluid was poured into the fluid 197 

storage tank. The pump was turned on and the hybrid nanofluid was sprayed on the heater spray 198 

surface. As the spray system reached a steady state in about 5 minutes, the heater was turned on at 199 

a low AC voltage of 50 V. The increasing temperature along the heater head sidewall was 200 

monitored using thermocouples and it reached a steady state (almost constant temperature) in 45-201 

60 minutes. The steady state temperature was recorded and the voltage was increased from 50 V 202 

to 70 V. It took another 45-60 minutes for the spray system to reach a steady state temperature. 203 

The same procedure was repeated with 20 V increment until the point of the critical heat flux 204 

(CHF). At CHF, the heater was immediately turned-off to prevent heater burnout due to the 205 

temperature overshoot. The hybrid nanofluid spray system continued working until the heater 206 

surface was cooled around the room temperature. Subsequently, the temperature data from two 207 

consecutive thermocouples along the heater head sidewall was processed to determine the heat 208 

flux using the thermal conductivity for copper as 393 W/(m.K) [38]. As four thermocouples were 209 

used along the heater head sidewall, three heat fluxes were determined and the average heat flux 210 

was reported in section “Results and discussion”. The maximum uncertainty (mean standard 211 

deviation) in critical heat flux was determined as 35 W/cm2. Moreover, the heater spray surface 212 

temperature was determined by extrapolating the measured temperature along the heater head 213 

sidewall. The spray cooling experiments were performed at the mean volumetric flux of Q” = 0.01 214 

m3/(m2
.s) and 0.019 m3/(m2

.s), where the mean volumetric flux is defined as the spray volumetric 215 

flow rate divided by the spray impact area on heater surface [5]. Mean volumetric flux of 0.019 216 

m3/(m2
.s) corresponding to pump pressure of 0.143 MPa was the maximum achievable value for 217 

the pump (54 W maximum power) used in this experimental setup. On the other hand, mean 218 

volumetric flux of 0.01 m3/(m2
.s) corresponding to 0.129 MPa was the lowest achievable value in 219 

this developed experimental setup. For Q” < 0.01 m3/(m2
.s), the spray nozzle ejected a continuous 220 

stream of fluid and did not break as fine droplets. After each experiment, the residue formed on a 221 
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copper spray surface was cleaned using a sand paper and subsequently polished using a (Brasso) 222 

metal polish.    223 

 224 

2.1.1. Spray characterization 225 

The spray droplet velocity field and the spray droplet size distribution were measured using 226 

LaVision’s particle master interferometric Mie imaging (IMI) system that is also compatible with 227 

LaVision’s flow master particle image velocimetry (PIV) system. Among a wide range of 228 

applications, LaVision’s IMI and PIV systems also cover spray droplet investigations. For PIV 229 

measurements, spray droplets were illuminated by Nd:YAG laser sheet. The light intensity 230 

scattered by spray droplets was recorded by CCD camera. The distance between the CCD camera 231 

and the spray nozzle was adjusted to 80 cm while the distance between the laser and the spray 232 

nozzle was adjusted to 23 cm. These distances were adjusted to get the required field of view and 233 

laser sheet intensity for spray droplet image acquisition. The angle between the laser and CCD 234 

camera was set to 90° and the camera lens zoom factor was adjusted to 1:1. The time delay for the 235 

double exposure laser was 50 μs and total 10 images were acquired at 5 frames per second. The 236 

mean velocity field based on all 10 images was developed using Tecplot.  237 

 238 

For spray droplet size measurements, defocused Mie imaging technique was used in LaVision’s 239 

IMI system that generated fringe patterns from spray droplets, where fringe spacing is inversely 240 

related to droplet diameter. For IMI measurements, the distance between the CCD camera (same 241 

zoom factor of 1:1 as set in PIV measurements) and the spray nozzle was adjusted to 12 cm while 242 

the laser-camera angle was adjusted to 60° in order to obtain the interference fringes. The distance 243 

between the laser and the spray nozzle was the same (23 cm) as in PIV measurements. The 244 

rectangular aperture was mounted on the CCD camera due to high spray droplet density. In these 245 

experiments, total 90 images were acquired at 5 frames per second using a single exposure laser 246 

pulse. These images were subsequently processed to obtain the spray droplet size distribution. The 247 

aperture image finding algorithms in IMI software determines the aperture image size, position, 248 

angle and its intensity profile. Subsequently, the intensity mapping is performed in IMI software 249 

by counting the number of intensity maxima. Finally, with known observation angle (𝜙𝜙), fringe 250 

spacing (Δ𝜙𝜙), droplet refractive index (n) and laser wavelength (𝜆𝜆), the spray droplet diameter was 251 
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determined in IMI software based on the relation 𝑑𝑑 = 2𝜆𝜆/Δ𝜙𝜙 �𝑐𝑐𝑐𝑐𝑐𝑐 �𝜙𝜙
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. As hybrid nanofluids are opaque and may not possess required optical 253 

properties for PIV and IMI measurements, the spray velocity field and droplet size distribution 254 

experiments were performed for only water spray. However, due to low particle loading of 0.01-255 

1% volume fraction, hybrid nanofluid spray characteristics may resemble that of water. 256 

Furthermore, Panão et al. [39] showed that nanoparticles have a negligible effect on spray structure 257 

of base fluid spray systems.  258 

 259 

2.2. Hybrid nanofluid residue surface characterization 260 

2.2.1.  Residue development 261 

The surface properties of the residue developed on a heater surface at the end of hybrid nanofluid 262 

spray cooling experiments could not be subsequently examined. This is because the limited test 263 

section space in surface characterization equipment (such as optical profiler, optical tensiometer 264 

and SEM) could not accommodate large heater body used in current spray cooling experiments. 265 

Also, repetitive assembling and disassembling of heater body for residue characterization would 266 

affect the repeatability of spray cooling tests. Therefore, separate experiments were conducted for 267 

residue surface measurements. A copper plate with dimensions of 10 mm (length) × 10 mm (width) 268 

× 3 mm (height) and having the same surface area as the heater head (used in spray cooling) was 269 

heated up to the surface temperature of 100 °C on a 100 W silicone heater mat (RS, UK). A 150 270 

μl volume of the hybrid nanofluid droplet was dispensed on a heated copper plate. As evaporation 271 

ended, a porous residue was formed on the copper plate.  272 

 273 

2.2.2.  Residue wetting, surface free energy, roughness and porosity tests 274 

Once the hybrid nanofluid droplet residue was developed on a copper substrate, the residue wetting 275 

and surface free energy was investigated using the optical tensiometer (Theta, Biolin Scientific, 276 

Finland), the residue roughness was studied using an optical profiler (NPFLEX, Bruker, USA) and 277 

residue pore structure were examined using a scanning electron microscope (TM 3030, Hitachi, 278 

Japan). The maximum uncertainty (mean standard deviation) in residue average surface roughness 279 

and mean pore diameter was measured as 0.8 µm and 0.031 µm, respectively. In residue wetting 280 
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tests, a 3 µl hybrid nanofluid droplet was dispensed on a residue surface and the static contact 281 

angle (with maximum mean standard deviation of 1.88°) was measured once the droplet spreading 282 

stopped at macroscopic scale (at t = 7s). For surface free energy measurements, a 3 µl droplet of 283 

water and diiodomethane was dispensed over the residue surface to measure the static contact 284 

angle (at t = 7s) and a widely used OWRK/FOWKES approach was used for surface free energy 285 

determination. The maximum uncertainty (mean standard deviation) in surface free energy 286 

measurements was 1.98 mN/m. Each experiment was repeated three times to improve accuracy in 287 

results. Although spray impact in hybrid nanofluid spray cooling may result in different residue 288 

patterns on a heater surface than that obtained in droplet deposition approach (as discussed in 289 

Section 2.2.1), both residue surfaces comprise the same hybrid nanoparticles with similar chemical 290 

composition. Moreover, in droplet deposition approach, a large hybrid nanofluid droplet of 150 μl 291 

volume was dispensed to cover the entire heater surface similar to a spray process, where the heater 292 

surface was also fully covered by hybrid nanofluid full spray cone. Furthermore, to keep thermal 293 

conditions similar to spray cooling process, the copper plate was heated to 100 °C in droplet 294 

deposition approach.       295 

 296 

2.2.3.  Residue wicking tests 297 

The residue wicking tests were performed on hybrid nanofluid droplet residues developed for 298 

surface characterization using a glass capillary tube (length = 150 mm, inner diameter = 0.5 mm, 299 

outer diameter = 1mm) and a high-speed camera (HG-100K, Redlake, USA). In order to avoid 300 

clogging of hybrid nanoparticles along a thin capillary tube, water was used in wicking tests inside 301 

the capillary tube instead of the hybrid nanofluid. It is reasonable to replace hybrid nanofluid with 302 

water inside the capillary tube due to negligible difference in viscosity and surface tension (as 303 

reported in our recent research [30,40]) at low particle loading of 0.1% volume fraction used in 304 

wicking tests. A glass capillary tube was attached to graduated metal scale and mounted on a tripod 305 

stand. The capillary tube was immersed in a 50 ml beaker containing water in it such that water 306 

rose almost halfway up the capillary tube. Subsequently, the residue sample was placed on a scissor 307 

lift platform underneath the capillary tube. A high-speed camera was horizontally positioned such 308 

that it was the same level as the lower end of the capillary tube. A high-speed camera was turned-309 

on and the height of the scissor lift having a residue sample on its platform was gradually increased 310 
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until the residue sample touched the capillary tube lower end. As a result, the water level decreased 311 

in the capillary tube due to porous residue wicking effect. The video for decreasing water height 312 

inside the capillary tube was recorded for 110 s at a frame rate of 25 frames per second (with 313 

horizontal and vertical resolution set as 96 dpi). The same procedure was repeated for different 314 

hybrid nanofluid residue samples.   315 

 316 

3. Numerical simulation 317 

The temperature distribution across different layers of spray cooled EV power electronics module 318 

was investigated using the heat transfer in solids interface in COMSOL Multiphysics. The heat 319 

transfer process in COMSOL Multiphysics was modelled based on the energy equation 320 

𝜌𝜌𝐶𝐶𝑝𝑝𝑉𝑉.∇𝑇𝑇 = ∇. (𝑘𝑘∇𝑇𝑇) + 𝑄𝑄 + 𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡, where Cp is the specific heat capacity, ρ is the density, k is the 321 

thermal conductivity and V is the velocity term. Moreover, Q and Qted are the energy generation 322 

and thermo-elastic damping terms, respectively.  Both 2-D (single chip package) and 3-D (inverter 323 

leg) models were developed in COMSOL Multiphysics using dimensions as available in literature 324 

[14] (as shown in Figure 1 (b-d)). It should be noted that the backside in a 3-D model is not a 325 

complete spraying surface and it is only an area corresponding to the chip surface area of 1 cm x 326 

1cm, as illustrated in Figure 1 (d). The natural (air) convective cooling with a heat transfer 327 

coefficient of hair = 10 W/m2K [41] was applied at the chip upper face while the power electronics 328 

package was thermally insulated on sidewalls. The spray heat transfer coefficient h (W/m2K) 329 

obtained from our experimental study was used as a boundary condition at the base (lower face) 330 

of DBC (backside in a 3-D model). The heat transfer coefficient h (W/m2K) corresponding to the 331 

critical heat flux (CHF) was obtained using h = q’/ΔT, where q’ is the spray critical heat flux and 332 

ΔT is the difference between saturation temperature (Tsat) and nozzle inlet temperature (Tf). Both 333 

spray critical heat flux (q’) and ΔT for water and hybrid nanofluids were obtained from our spray 334 

cooling experiments, while data for dielectric fluids was obtained from literature [9,42]. A 335 

stationary solver at a relative tolerance of 0.001 was used to obtain steady-state temperature 336 

distribution in EV power electronics module. It must be noted that both IGBT and WBG power 337 

modules were modelled in a similar way, however, a heat source value of 500 W/cm2 was used for 338 

IGBT chip modelling while 1000 W/cm2 was used for WBG chip modelling. The 2-D model of a 339 

single chip package comprised 1307 triangular grid elements, while a 3-D model of an inverter leg 340 
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comprised 252150 tetrahedral grid elements and 116434 grid elements. Our experimental data 341 

cannot be used for model validation, as our experiments did not measure the temperature 342 

distribution in IGBT and WBG chips. For this reason, the numerical model was developed in this 343 

research to estimate the temperature distribution in such devices that could not be obtained in our 344 

experiments. Moreover, the model validation was not performed as the temperature distribution in 345 

EV power electronics module was investigated using a well-known Fourier’s law of heat 346 

conduction in our model. 347 

 348 

4. Results and discussion 349 

4.1. Spray velocity field and spray droplet size distribution  350 

Figure 2 (a) and (b) demonstrate the velocity field of water spray droplets in a region between the 351 

nozzle tip and the copper heater surface at a mean volumetric flux of Q” = 0.01 m3/(m2
.s) and Q” 352 

= 0.019 m3/(m2
.s), respectively. At a mean volumetric flux of Q” = 0.019 m3/(m2

.s), it is noticed 353 

that spray droplets show higher velocity magnitude with the peak velocity of 5.5 m/s compared to 354 

the peak velocity of 3 m/s at a mean volumetric flux of Q” = 0.01 m3/(m2
.s). Moreover, the 355 

streamlines follow a unidirectional trajectory and the spray droplets uniformly spread over the 356 

heater surface at a mean volumetric flux of Q” = 0.019 m3/(m2
.s). Also, at a mean volumetric flux 357 

of Q” = 0.019 m3/(m2
.s), spray droplets show high velocity magnitude near the center of the copper 358 

heater and reduces radially along the heater surface. Conversely, at a mean volumetric flux of Q” 359 

= 0.01 m3/(m2
.s), the streamlines are irregular, and the spray droplets do not uniformly spread over 360 

the heater surface. As a result, half of the spray domain near the heater surface exhibits high 361 

velocity while the other half shows low velocity magnitude. 362 

 363 

The spray droplet size distribution for mean volumetric flux of Q” = 0.01 m3/(m2
.s) and Q” 364 

= 0.019 m3/(m2
.s) is illustrated in Figure 3 (a) and (b), respectively. It can be observed that both 365 

Figure 3 (a) and (b) exhibit right skewed distribution (as shown by red line in Figure 3 (a) and (b)), 366 

where 60-65% of spray droplets have size below 50 μm for studied mean volumetric fluxes. Also, 367 

maximum number of droplets are in a size range of 26-50 μm followed by a size range of 0-25 μm 368 

and 51-75 μm for both mean volumetric fluxes. This indicates poly-disperse spray droplets that 369 

may result in residues comprising various sizes over the heated substrate in the hybrid nanofluid 370 
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based spray system. Moreover, the number of fine spray droplets (below 50 μm size) at a mean 371 

volumetric flux of Q” = 0.019 m3/(m2
.s) is 6-7 times than that obtained at a mean volumetric flux 372 

of Q” = 0.01 m3/(m2
.s). This suggests a dense flow of fine spray droplets is obtained at a mean 373 

volumetric flux of Q” = 0.019 m3/(m2
.s) compared to that at Q” = 0.01 m3/(m2

.s). Moreover, large 374 

class size in spray droplet size distribution is possibly due to continuous break up and coalesce of 375 

spray droplets before having an impact on a heater surface resulting in varying spray droplet sizes.  376 

 377 
4.2. Hybrid nanofluid spray cooling performance  378 

Figure 4 (a), (b) and (c) show the heat flux of the SGHF/MR-1, SGHF/MR-2 and CAHF spray 379 

cooling systems for mean volumetric flux of Q” = 0.01 m3/(m2
.s), respectively. The spray cooling 380 

heat flux for different volume fractions of the SGHF/MR-1 (φ = 0.01-1%) is compared with the 381 

benchmark fluid (water). It is observed that the SGHF/MR-1 spray system shows critical heat flux 382 

(CHF) enhancement by 67%, 86%, 55% and 89% for volume fraction of 0.01%, 0.1%, 0.5% and 383 

1%, respectively, as compared to the water spray system, as illustrated in Figure 4 (a). Relatively 384 

lower CHF enhancement at 0.5% volume fraction compared to other volume fractions suggest that 385 

the hybrid nanofluid thermal conductivity does not much affect the CHF enhancement, as the 386 

hybrid nanofluid thermal conductivity increases with increasing volume fraction. Some other 387 

factors, such as the residue wetting and wicking effects, may influence the CHF enhancement at 388 

different particle concentrations. Moreover, the SGHF/MR-1 spray setup exhibits higher critical 389 

surface temperature (Tsc) for all studied volume fractions than water spray setup. The critical 390 

surface temperature (Tsc) is defined as the copper heater surface temperature at which the CHF is 391 

achieved. The reason for high critical surface temperature in SGHF/MR-1 spray system can be the 392 

high wettability of the MR-1 droplet residue (as shown in Table 2) that keeps the heater surface 393 

wetted, thus delaying the CHF to high temperatures. 394 

 395 

 Figure 4 (b) demonstrates heat flux for different volume fractions of the SGHF/MR-2 396 

spray system in comparison to that of water spray system at a mean volumetric flux of Q” = 0.01 397 

m3/(m2
.s). It can be noticed that the CHF enhancement in SGHF/MR-2 spray system for volume 398 

fractions of 0.01%, 0.1%, 0.5% and 1% is 55%, 52%, 106% and 71%, respectively, as compared 399 

to the water spray system. Moreover, the SGHF/MR-2 spray system for all volume fractions 400 

exhibits higher critical surface temperature (Tsc) than water spray system at studied mean 401 
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volumetric fluxes. This indicates that a partially wetted residue surface (as shown in Table 2) 402 

obtained from the SGHF/MR-2 spray droplets keep the heater surface wetted thus delaying the 403 

CHF to high heater surface temperatures. Moreover, significantly high critical surface temperature 404 

(Tsc > 300 °C) is observed for volume fraction φ ≥ 0.5. This is because a partially wetted residue 405 

with high porosity may have resulted due to high concentration of hybrid nanoparticles in 406 

SGHF/MR-2 spray droplets. High residue porosity facilitates wetting of the heater surface by 407 

allowing spray penetration from top residue layers to its bottom layers thus resulting in high critical 408 

surface temperatures. In Figure 4 (c), it is noticed that the CHF in CAHF spray system increases 409 

by 52%, 107%, 67% and 93% for volume fractions of 0.01%, 0.1%, 0.5% and 1%, respectively, 410 

as compared to water spray system at a mean volumetric flux of Q” = 0.01 m3/(m2
.s). 411 

 412 

Figure 5 (a) demonstrates that the CHF in SGHF/MR-1 spray system at a mean volumetric 413 

flux of Q” = 0.019 m3/(m2
.s) increases by 27.8%, 31.5%, 30% and 26% at volume fractions of 414 

0.01%, 0.1%, 0.5% and 1%, respectively, as compared to the water spray system. However, unlike 415 

mean volumetric flux of Q” = 0.01 m3/(m2
.s), the critical surface temperature (Tsc) for 0.01% and 416 

1% volume fractions of SGHF/MR-1 spray system is below that of water spray system at a mean 417 

volumetric flux of Q” = 0.019 m3/(m2
.s). This shows that low Tsc can be obtained at high mean 418 

volumetric fluxes in the SGHF/MR-1 spray system. Figure 5 (b) illustrates that the CHF 419 

enhancement for the SGHF/MR-2 spray system compared to the water spray system at volume 420 

fractions of 0.01%, 0.1%, 0.5% and 1% is 26%, 126%, 102% and 84%, respectively, at a mean 421 

volumetric flux of Q” = 0.019 m3/(m2
.s). 422 

 423 

Figure 5 (c) shows that at a mean volumetric flux of Q” = 0.019 m3/(m2
.s), the CHF in 424 

CAHF spray system increases by 69%, 100%, 65% and 81% for volume fractions of 0.01%, 0.1%, 425 

0.5% and 1%, respectively, as compared to water spray system. Moreover, a higher critical surface 426 

temperature (Tsc) for all volume fractions of the CAHF spray setup is observed compared to water 427 

spray cooling setup at studied mean volumetric fluxes. This suggests that the partially wetted 428 

residue surface (as shown in Table 2) in the CAHF spray cooling system delays the CHF to high 429 

surface temperatures as compared to a non-wetted copper surface in water spray cooling setup. 430 

Moreover, for sub-boiling temperatures, the liquid film formed from the impact of spray droplets 431 
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increases the convection heat transfer rate. However, in the nucleate boiling regime, the vapor 432 

formed at the liquid-heater interface due to high surface temperatures separate apart the liquid film. 433 

Despite reduced liquid film contact area with the heater surface, the heat flux tremendously 434 

increases in the nucleate boiling regime. This is due to low thermal contact resistance resulting 435 

from reduced film thickness in the nucleate boiling regime. Moreover, spray droplets directly 436 

impact the vapor active zones on heater surface resulting in high heat transfer rates in the nucleate 437 

boiling regime. 438 

 439 

Figure 6 (a) and (b) show the critical heat flux (CHF) and critical surface temperature (Tsc) 440 

for various volume fractions of SGHF/MR-1, SGHF/MR-2 and CAHF spray cooling systems at 441 

mean volumetric flux of Q” = 0.01 m3/(m2
.s) and Q” = 0.019 m3/(m2

.s), respectively. It can be 442 

observed that increasing the volume fraction up to 0.1% increases the CHF for all studied hybrid 443 

nanofluid spray cooling systems. However, further increasing the volume fraction has no 444 

considerable effect on the spray cooling performance. This suggests that the hybrid nanofluid high 445 

thermal conductivity may only improve the CHF up to the volume fraction of 0.1% and that other 446 

factors (such as residue wetting and wicking effects) may dominate the thermal conductivity effect 447 

on further increasing the hybrid nanofluid volume fraction. The low CHF at 1% volume fraction 448 

may be due to lower latent heat of vaporization (hfg) as compared to other volume fractions for 449 

studied hybrid nanofluids, as shown in Table 1. However, the effect of latent heat of vaporization 450 

on the CHF is not very clear for other volume fractions of the hybrid nanofluid spray system. 451 

Furthermore, the critical surface temperature (Tsc) in the SGHF/MR-2 spray setup considerably 452 

increases for volume fraction of φ ≥ 0.5, as illustrated in Figure 6 (a) and (b). This is because high 453 

nanoparticle concentration may obstruct droplet entrainment across the porous residue layers thus 454 

inhibiting complete wetting of the heater surface. However, the heater surface may still be partially 455 

wetted such that the CHF delays to high surface temperatures.  456 

  457 

The CHF enhancement obtained for SGHF/MR-2 and CAHF spray systems compared to H2O 458 

spray system is 126% and 100%, respectively. This is due to significantly enhanced spray heat 459 

transfer coefficient achieved for SGHF/MR-2 and CAHF spray systems as compared to H2O spray 460 

system, as shown in Table 3. Furthermore, both SGHF/MR-2 and CAHF spray systems exhibit 461 
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significantly higher spray cooling efficiency [𝜂𝜂 = 𝑞𝑞′/𝜌𝜌𝑓𝑓𝑄𝑄′′(ℎ𝑓𝑓𝑓𝑓 + 𝐶𝐶𝑝𝑝𝛥𝛥𝛥𝛥)] compared to H2O spray 462 

system, as shown in Table 4. This further suggests that SGHF/MR-2 and CAHF are potential 463 

candidates for spray cooling application of modern high heat flux devices compared to H2O and 464 

dielectric coolants. The higher spray efficiency for hybrid nanofluid sprays is mainly due to their 465 

significantly higher CHF compared to water spray system. On the other hand, the overall low spray 466 

cooling efficiency (η<15%) in this study is possibly due to high spray Weber number We~10-3, as 467 

spray Weber number is inversely related to spray cooling efficiency [42]. Estes and Mudawar [42] 468 

showed that spray cooling efficiency (η) nearly 100% can be achieved for spray Weber Number 469 

We<10-5 while it drops to less than 10% for We~10-1. In this study, the Weber number was 470 

determined using a relation We=𝜌𝜌𝑓𝑓𝑄𝑄"2𝑑𝑑32/𝜎𝜎, where ρf  is the fluid density, Q” is the mean 471 

volumetric flux, σ is the fluid surface tension and d32 is the Sauter mean diameter. The Sauter mean 472 

diameter is defined as the droplet diameter with same volume to area ratio as that of the entire 473 

spray [43]. In this study, the Sauter mean diameter was determined from the spray droplet size 474 

distribution (as shown in Figure 3) using the relation 𝑑𝑑32 = ∑ 𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖
3

𝑖𝑖 /∑ 𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖
2

𝑖𝑖 . 475 

 476 

The Nusselt number (Nu) obtained for both SGHF/MR-2 and CAHF spray systems is more than 477 

twice that of H2O spray system, as shown in Table 4. The Nusselt number was determined using 478 

the relation Nu = hd32/k, where h is the fluid heat transfer coefficient, k is the fluid thermal 479 

conductivity and d32 is the Sauter mean diameter. The Nusselt number for SGHF/MR-2, CAHF 480 

and H2O spray systems was also estimated using different correlations, as shown in Table 4. It can 481 

be noticed that correlation developed by Rybicki and Mudawar [44], and Cho and Ponzel [45] can 482 

closely predict the Nusselt number for both SGHF/MR-2 and CAHF spray systems compared that 483 

proposed by Mudawar and Valentine [46]. Also, these correlations cannot predict the Nusselt 484 

number obtained for H2O spray system in this study. This is because spray cooling is a complicated 485 

process involving various parameters, such as spray nozzle type and orientation, nozzle size, 486 

nozzle height to heated surface, spray mean volumetric flux, spray velocity, spray droplet size 487 

distribution, fluid type and its thermophysical properties.   488 

       489 
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4.3. Hybrid nanofluid spray residue wetting and wicking effects 490 

As high CHF is obtained at a low volume fraction of 0.1%, the hybrid nanofluid droplet residue 491 

properties were further investigated for 0.1% volume fraction, as shown in Table 2. Despite high 492 

surface wetting was observed for SGHF/MR-1 droplet residue, the SGHF/MR-1 spray system does 493 

not exhibit high CHF at 0.1% volume fraction. Moreover, the SGHF/MR-2 spray system that gives 494 

the highest CHF at a mean volumetric flux of Q” = 0.019 m3/(m2
.s) (Figure 6 (b)) has a 495 

corresponding less wetted residue surface. This indicates that factors other than the residue 496 

wettability, such as the residue wicking effect, may also affect the CHF in hybrid nanofluid spray 497 

cooling system. The small pore diameter in SGHF/MR-2 and CAHF residue surfaces (as shown in 498 

Table 2) suggest a higher capillary effect than the SGHF/MR-1 residue surface that may have a 499 

dominant effect on CHF of SGHF/MR-2 and CAHF spray cooling systems. The small mean pore 500 

size of the SGHF/MR-2 and CAHF droplet residues as compared to the SGHF/MR-1 droplet 501 

residue is also demonstrated in Figure 7 (a-c). The small pore size of the SGHF/MR-2 and CAHF 502 

residue surfaces may facilitate the capillary flow that keeps the heater surface wetted resulting in 503 

high CHF, as shown in Figure 6 (b).  504 

 505 

Figure 7 (d) illustrates the wicking effect for SGHF/MR-1, SGHF/MR-2 and CAHF 506 

residues obtained from their respective 150 μl volume droplets at 0.1% volume fraction. As the 507 

wicking effect was negligible for residue obtained from a single hybrid nanofluid droplet, these 508 

results are not reported in Figure 7 (d). It is noticed that surface wickability (or wicking distance) 509 

considerably increases with increasing number of CAHF droplets (from 2 droplets to 5 droplets) 510 

that were used to develop a residue surface. A similar trend is also observed for the SGHF/MR-1 511 

droplet residue. This may be due to increase in residue thickness with increasing number of hybrid 512 

nanofluid droplets used to develop a residue surface. However, the wicking effect in the CAHF 513 

droplet residue is much pronounced with increasing number of droplets (or residue thickness) as 514 

compared to the SGHF/MR-1 residue. This may be due to the smaller mean pore size of the CAHF 515 

droplet residue that wicks more fluid than the SGHF/MR-1 droplet residue. Furthermore, in the 516 

SGHF/MR-2 droplet residue, the wicking effect (or wicking distance) increases with increasing 517 

number of SGHF/MR-2 droplets from 2 droplets to 3 droplets that were used to develop the 518 

residue. This may be due to increased residue thickness and pore density resulting in enhanced 519 
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wicking effect. However, increasing the number of SGHF/MR-2 droplets from 3 droplets onwards 520 

decreases the residue wicking effect. This suggests that the mean pore size in the SGHF/MR-2 521 

droplet residue changes with increasing residue thickness that eventually alters its surface 522 

wickability. Moreover, these results suggest that enhanced CHF in CAHF and SGHF/MR-2 spray 523 

cooling systems (as shown in Figure 6 (b)) at 0.1% volume fraction is due to higher wickability 524 

(or wicking distance) of CAHF and SGHF/MR-2 droplet residues as compared to SGHF/MR-1 525 

droplet residue. However, high CHF of SGHF/MR-1 spray cooling setup at low volume fraction 526 

(as shown in Figure 6 (a)) suggests that the residue wettability and wickability both affect the 527 

cooling performance of hybrid nanofluid spray cooling systems. Other factors such as the hybrid 528 

nanofluid thermal conductivity and latent heat of vaporization may have dominant effects on spray 529 

cooling performance at low particle concentration (less than 0.1% volume fraction), where a thin 530 

and non-uniform residue surface may have little wetting and wicking effects. However, at high 531 

particle concentration of hybrid nanofluids (above 0.5% volume fraction), the residue surface 532 

properties (such as wetting and wicking) have dominant effect on spray cooling performance as 533 

compared to thermal conductivity effects.     534 

 535 

4.4. Spray cooling of IGBT power modules for current electric vehicles  536 

It must be noted that all results presented in Section 4.4 and Section 4.5 are based on numerical 537 

simulation. Moreover, as both SGHF/MR-2 and CAHF hybrid nanofluid spray systems exhibit 538 

dominant critical heat flux (CHF) compared to SGHF/MR-1 spray system at a high mean 539 

volumetric flux of 0.019 m3/(m2
.s) (Figure 6 (b)), the electric vehicle power module cooling 540 

analysis (in Section 4.4 and Section 4.5) is only performed for SGHF/MR-2 and CAHF spray 541 

cooling systems at 0.1% volume fraction. Figure 8 (a) shows temperature across different layers 542 

of an IGBT module without a direct bond copper (DBC) layer. It can be observed that IGBT chip 543 

temperature much lower than its failure temperature is achieved using SGHF/MR-2 and CAHF 544 

spray cooling systems. On the other hand, deionized water and other dielectric fluids do not 545 

efficiently cool the chip to keep it below its failure temperature. This is due to lower heat removal 546 

flux and reduced heat transfer coefficient of water and dielectric sprays compared to considered 547 

hybrid nanofluid (SGHF/MR-2 and CAHF) sprays, as shown in Table 3. In Figure 8 (b), a similar 548 

trend can be observed for IGBT module cooling when the direct bond copper (DBC) is used as a 549 
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substrate. However, due to added packaging thermal resistance from AlN and lower copper layers, 550 

the IGBT chip temperature is higher for power modules using DBC compared to the ones without 551 

DBC. Despite an added packaging thermal resistance due to DBC substrate, the hybrid nanofluid 552 

spray cooling can still maintain the IGBT chip temperature below its failure temperature, while 553 

the same is not achieved for water and dielectric spray cooling, as shown in Figure 8 (b). 554 

 555 

 Figure 8 (c) illustrates the temperature along the length of an inverter leg (x-direction in 556 

Figure 1 (c)) over seven IGBT chip and spray surfaces obtained using spray cooling of considered 557 

thermal fluids. It can be noticed that SGHF/MR-2 and CAHF spray cooling can maintain the IGBT 558 

chip temperature below its failure temperature. However, water and dielectric fluid spray cooling 559 

cannot effectively cool an IGBT module thus increasing the risk of its failure. It can be further 560 

observed that a uniform chip surface temperature is achieved due to spray cooling technology 561 

adopted in this research that can prevent temperature overshoot and localized hotspots thus keeping 562 

the overall chip temperature below its failure temperature using considered hybrid nanofluid spray 563 

cooling. Moreover, heat flux higher than maximum heat dissipation flux of IGBT modules (500 564 

W/cm2) can be achieved using both CAHF and SGHF/MR-2 spray cooling (as shown in Table 3) 565 

while keeping these devices below their failure temperatures. On the other hand, water and 566 

dielectric spray cooling fail to keep an IGBT chip below its failure temperature due to their reduced 567 

heat transfer coefficients and low heat flux removal capability.  568 

 569 

4.5. Spray cooling of WBG power modules for future electric vehicles  570 

Both CAHF and SGHF/MR-2 are potential candidates for high heat flux removal in wide band gap 571 

(WBG) power modules of future electric vehicles (EV’s), as shown in Figure 9. These results 572 

suggest that spray cooling using considered hybrid nanofluids (SGHF/MR-2 and CAHF) can keep 573 

high power electronics of future EV’s well below their failure temperatures. Despite higher 574 

operating temperature limit of WBG chips (up to 250 °C) compared to IGBT chips (up to 150 °C), 575 

water and dielectric fluid spray cooling still fail to keep WBG chip temperature below its failure 576 

temperature, as illustrated in Figure 9. This is because high heat dissipation flux in WBG chips 577 

(1000 W/cm2 compared to 500 W/cm2 in IGBT chips) is not effectively removed by water and 578 

dielectric fluids due to their poor thermophysical properties and low heat transfer coefficients. 579 
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Figure 9 (a, b) shows that a DBC substrate increases the chip temperature compared to a copper 580 

substrate, however, the hybrid nanofluid spray cooling can still maintain the WBG chip 581 

temperature below its failure temperature. Conversely, a WBG power module cooled by water and 582 

dielectric fluid sprays experiences a further increase in chip temperature above its failure 583 

temperature when a DBC substrate is used instead of a copper substrate. Even if a copper substrate 584 

is used instead of a DBC substrate to reduce the packaging overall thermal resistance, water and 585 

dielectric fluid spray cooling still cannot maintain the WBG chip temperature within safe 586 

temperature limits (as demonstrated in Figure 9 (a)), making existing fluids inappropriate for 587 

thermal management of future EV high power electronics. Figure 9 (c) illustrates that chip surface 588 

temperature below its failure temperature is achieved for seven WBG chips along the length of an 589 

inverter leg using considered hybrid nanofluid (SGHF/MR-2 and CAHF) spray cooling. On the 590 

other hand, water and dielectric fluid spray cooling cannot keep WBG chips below their failure 591 

temperatures suggesting an urgent need of advanced thermal fluids (such as hybrid nanofluids) for 592 

thermal management of future EV high power electronics.  593 

  594 

5. Conclusions 595 

Due to increased power density and immense heat dissipation in high heat flux devices, these 596 

devices may not be thermally managed using spray cooling systems based on conventional fluids. 597 

To address this challenge, the spray cooling system for the copper-alumina hybrid nanofluid 598 

(CAHF) and the silver-graphene hybrid nanofluid (SGHF) was developed in this study and their 599 

spray cooling performances were compared with water spray cooling performance. The results 600 

showed that the hybrid nanofluid spray cooling system outperforms the water spray system 601 

exhibiting the critical heat flux enhancement up to 126% for SGHF/MR-2 spray. The hybrid 602 

nanofluid droplet residue formed over a heated copper surface was investigated to determine its 603 

effect on the CHF enhancement. Moreover, the hybrid nanofluid spray cooling potential was 604 

analyzed on a high heat flux cooling application, that is, the high power electronics of current and 605 

future electric vehicles. The following are the main conclusions from this study: 606 

• At a mean volumetric flux of Q” = 0.01 m3/(m2
.s), the critical heat flux (CHF) is enhanced up 607 

to 89%, 106% and 107% for the SGHF/MR-1, SGHF/MR-2 and CAHF spray system 608 

compared to water spray system, respectively. 609 
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• At a mean volumetric flux of Q” = 0.019 m3/(m2
.s), the critical heat flux (CHF) is enhanced 610 

up to 31.5%, 126% and 100% for the SGHF/MR-1, SGHF/MR-2 and CAHF spray system 611 

compared to water spray system, respectively.  612 

• The highest CHF of 611 W/cm2 is obtained for SGHF/MR-2 spray system at 0.1% volume 613 

fraction and mean volumetric flux of Q” = 0.019 m3/(m2
.s).  614 

• The studied hybrid nanofluid spray systems generally exhibit higher critical surface 615 

temperature (Tsc) compared to water spray system possibly due to enhanced wettability and 616 

wickability of their porous residue surfaces.   617 

• The hybrid nanofluid spray cooling can keep IGBT and WBG power modules below their 618 

failure temperatures of 150 °C and 250 °C, respectively. Conversely, water and dielectric 619 

fluids fail to cool both IGBT and WBG power modules below their failure temperatures.  620 
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Table 1 Measured latent heat of vaporization (hfg) for different hybrid nanofluid particle concentration (volume fraction) measured using 
Differential Scanning Calorimetry (Q1000, TA Instruments, USA). Measured hfg for water is 2259±25.81 kJ/kg. 

Hybrid 
nanofluid 

Latent heat of vaporization, hfg (kJ/kg)/ Boiling Point (°C) 

𝜑𝜑  = 0.01% 𝜑𝜑  = 0.1% 𝜑𝜑  = 0.5% 𝜑𝜑  = 1.0% 

SGHF/MR-1 2395.6±59.5/101.07±0.08 2207.8±47.2/100.92±0.09 2395.7±54/99.97±0.12 2149.8±53.5/98.79±0.07 

SGHF/MR-2 2199.5±42.2/100.31±0.09 2325.5±31.7/101.52±0.13 2270.3±50.1/99.47±0.11 2120.2±36.6/99.45±0.08 

CAHF 2373.1±56.6/99.85±0.12 2330.1±48.3/101.77±0.07 2352.6±44.1/101.32±0.14 2081.8±30.5/101.3±0.12 
 
Table 2 The hybrid nanofluid droplet residue properties at 0.1% volume fraction. 

Hybrid nanofluid droplet 
residue 

Static contact angle,  
θ (deg) 

Surface free 
energy, γsv (mN/m) 

Average surface 
roughness, Ra (μm) 

Mean pore (Feret) 
diameter, ∅𝒇𝒇 (μm) 

SGHF/MR-1 5.06±1.13 57.18±1.20 2.58±0.80 0.672±0.031 
SGHF/MR-2 65.28±1.88 48.51±1.35 2.20±0.04 0.533±0.015 

CAHF 19.43±0.80 40.46±1.98 7.16±0.71 0.275±0.013 
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Table 3 Spray cooling characteristics of hybrid nanofluids (at 0.1% volume fraction) compared to existing thermal fluids. 

Fluid 

Mean 
volumetric 

flux, 
Q” 

(m3/(m2
.s))  

Saturation 
temperature,  

Tsat (°C) 

Tsat –Tf, 
ΔT (°C) 

Latent heat of 
vaporization, hfg 

(kJ/kg) 
Critical heat 

flux, q’ 
(W/cm2) 

Heat transfer 
coefficient, h 

(W/m2.K) 

SGHF/MR-2 0.019 101.5 55 2325.5 611 111091 
CAHF 0.019 101.8 55 2330.1 542 98545 
H2O 0.019 100 60 2259 270 45000 

HFE-7100 [9] 0.037 60.4 40.6 112.1 138 33990 
FC-72 [42] 0.021 57.3 33 88 93 28182 

 

Table 4 Comparison of spray efficiency and Nusselt number for hybrid nanofluid spray and water spray systems.    

 Spray Efficiency, η Nusselt Number, Nu 

Fluid 
𝜼𝜼 = 𝒒𝒒′/𝝆𝝆𝒇𝒇𝑸𝑸′′(𝒉𝒉𝒇𝒇𝒇𝒇

+ 𝑪𝑪𝒑𝒑𝚫𝚫𝑻𝑻) 

Present 
Study 

Nu=hd32/k 

Mudawar and Valentine 
[46] 

Nu=2.512(𝑅𝑅𝑅𝑅0.76𝑃𝑃𝑃𝑃0.56) 

Rybicki and Mudawar 
[44] 

Nu=4.7(𝑅𝑅𝑅𝑅0.61𝑃𝑃𝑃𝑃0.32) 

Cho and Ponzel [45] 

Nu=2.531(𝑅𝑅𝑅𝑅0.667𝑃𝑃𝑃𝑃0.309) 

SGHF/MR-2 12.6 38.9 21.1 40.3 35.9 

CAHF 11.1 34.5 21.26 40.7 36.1 

H2O 5.6 16.0 21.6 41.6 36.3 
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(a) (b) 

  

(c) (d) 

 

Figure 1(a) Schematic of the hybrid nanofluid spray cooling experimental setup, (b) A 2-D model of an IGBT power module, (c) 

inverter leg front-side comprising 28 IGBT chips (used in Tesla Roadster and Model S [47]) and (d) inverter leg backside comprising 

spray cooling surfaces. 
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(a) 

 

 (b) 

Figure 2 Spray velocity field at a mean volumetric flux of (a) Q” = 0.01 m3/(m2
.s) and (b) Q” = 

0.019 m3/(m2
.s). 
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(a) 

 

 (b) 

Figure 3 Spray droplet size distribution for a mean volumetric flux of (a) Q” = 0.01 m3/(m2
.s) and 

(b) Q” = 0.019 m3/(m2
.s). 
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(a) 

 

(b) 

 

(c) 

Figure 4 Heat flux for (a) SGHF/MR-1, (b) SGHF/MR-2 and (c) CAHF spray cooling at a mean volumetric flux of Q” = 0.01 
m3/(m2

.s). 
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(a) 

 

(b) 

 

(c) 

Figure 5 Heat flux for (a) SGHF/MR-1, (b) SGHF/MR-2 and (c) CAHF spray cooling at a mean volumetric flux of Q” = 0.019 
m3/(m2

.s). 
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(a) 

 

 (b) 

Figure 6 Critical heat flux (CHF) and critical surface temperature (Tsc) for different volume 

fractions of SGHF (MR-1 and MR-2) and CAHF spray cooling at a mean volumetric flux of (a) 

Q” = 0.01 m3/(m2
.s) and (b) Q” = 0.019 m3/(m2

.s).
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(a) 

 
(b) 

 
 (c) 

 
(d) 

Figure 7 SEM micrographs showing residue surfaces obtained from 150 μl volume of (a) SGHF/MR-1, (b) SGHF/MR-2 and (c) 

CAHF droplet at 0.1% volume fraction on a copper surface at Ts = 100 °C, (d) comparison of wicking distance for CAHF, MR-1 and 

MR-2 residues obtained from 2−5 droplets of 150 μl volume each at 0.1% volume fraction on a copper surface.
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(a) 

 
(b) 

 
(c) 

Figure 8 Temperature across an IGBT module (a) without a direct bond copper (DBC) and (b) with direct bond copper. (c) Temperature along 

the length of an inverter leg over 7 IGBT chip surfaces and spray surfaces (inverter backside).   
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(a) 

 
(b) 

 
(c) 

Figure 9 Temperature across WBG chip module (a) without a direct bond copper (DBC) and (b) with direct bond copper (DBC). (c) 

Temperature distribution along the length of an inverter leg over 7 WBG chip surfaces and spray surfaces (inverter backside) 
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