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Abstract 11 

Pulse firing is one of the major operation modes of bipropellant thrusters for the attitude control of 12 

small-scale spacecrafts. In the pulse-firing mode, the operational range of the thruster depends on the 13 

deterioration of liquid film cooling performance. Because cooling performance is determined by the 14 

balance of heat removed by the liquid film and transferred to the manifold, the behavior and heat 15 

transfer characteristics of liquid films under the intermittent injection of liquid jets must be understood 16 

to enable a wider range of operational patterns. We conducted cooling tests on a superheated metal 17 

plate via the pulsed injection of a liquid jet for better understanding of the pulsed cooling process. 18 

Different injection patterns, including continuous injection, with the same injection quantity were 19 

examined on two types of metal plates (aluminum alloy and copper), because the thermal properties 20 

of metal plates affect both the heat transfer characteristics of the liquid film and temperature rise of the 21 

plate during the inter-pulse duration. The cooling process was evaluated based on the evolution of the 22 

liquid film on the metal plate and rear-side temperature of the metal plate. The evolution and 23 

temperature were simultaneously visualized using a high-speed camera and infrared camera, 24 

respectively. To link the liquid film state to the heat transfer process, the temperature and heat flux on 25 

the cooled surface were estimated by solving the inverse problem of three-dimensional transient heat 26 

conduction. The results indicate that the wetting front position corresponds to the position of the 27 

maximum temperature gradient. Additionally, the residual liquid film is consumed through the 28 



evaporation and the droplet dispersion related to the nucleate boiling. The effects of thermal inertia 29 

and diffusivity of the metal plate highlight the differences in the amount of heat removed by the liquid 30 

film. The heat removed by the liquid film during pulsed cooling exhibited a peak and was higher than 31 

that removed by continuous injection on the aluminum alloy plate. Less heat was removed under low-32 

duty-cycle conditions, and the amount of heat removed by the liquid film was lower than that removed 33 

by continuous injection on the copper plate. 34 
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 37 

Nomenclature 38 

𝐴!"#  wetted area [m2] 39 

𝑐!  specific heat of test plate [J kg−1 K−1] 40 

𝑑  inner diameter of nozzle [m] 41 

DC  duty cycle [%] 42 

𝑓$  pulse frequency [Hz] 43 

𝑔  gravitational acceleration [m s−2] 44 

ℎ%&   latent heat of the test liquid [J kg-1] 45 

𝑘!  thermal conductivity of test plate [W m−1 K−1] 46 

𝑘&  thermal conductivity of vapor [W m−1 K−1] 47 

𝑁  pulse number [-] 48 

𝑃&  force per unit area by vapor flow [Pa] 49 

𝑞'  surface heat flux [W m−2] 50 

𝑞#(  threshold value for the calculation of Eq. (5) [W m−2] 51 

𝑄̇  rate of heat transfer from metal plate to liquid film [W] 52 

𝑄∗  nondimensional removed heat defined by Eq. (8) [-] 53 

𝑄*!"  amount of heat removed by liquid film during the 𝑁#( period [J] 54 



𝑄#  total amount of heat removed by liquid film [J] 55 

𝑅𝑒+  jet Reynolds number (=,#-
.$

) [-] 56 

𝑡  elapsed time after the start of a cooling test [s] 57 

𝑇!  temperature of test plate [K] 58 

𝑇!/  temperature at the wetting front [K] 59 

𝑇01  critical temperature [K] 60 

∆𝑇234  minimum value of temperature difference defined by Eq. (7) [K] 61 

∆𝑇'5$  degree of wall superheating [K] 62 

𝑢+  jet velocity at nozzle exit [m s−1] 63 

𝑢&  velocity of vapor flow [m s−1] 64 

𝑥6  position where spatial temperature gradient is maximized [m] 65 

𝑥!/  position of the wetting front relative to the impingement point [m] 66 

𝑥,	𝑦, and 𝑧 coordinates of impingement point of liquid jet [m] 67 

𝛼!  thermal diffusivity of test plate [m2 s−1] 68 

𝛿  thickness of wall [m] 69 

𝜃  impingement angle [°] 70 

𝜇&  viscosity of vapor [Pa s] 71 

𝜈%  kinematic viscosity of test liquid [m2 s−1] 72 

𝜌%  density of test liquid [kg m−3] 73 

𝜌&  density of vapor [kg m−3] 74 

𝜌!  density of test plate [kg m−3] 75 

𝜎  surface tension [N m] 76 

𝜏$  pulse period [s] 77 

 78 

1. Introduction 79 



Liquid jet impingement cooling, which forms a liquid film, is widely used in applications requiring 80 

high heat dissipation, including material processes [1–3] and the cooling of nuclear reactor cores [4, 81 

5], for its high cooling ability. This ability is attributed to the latent heat transfer through phase change 82 

from liquid to vapor. Liquid jet impingement on a solid wall also occurs in bipropellant thrusters, 83 

which are applied for the attitude control and orbit maneuvering of small-scale spacecraft and satellites 84 

[6–8]. Liquid jets of fuel are impinged on the chamber wall to protect it from high-temperature 85 

combustion gases. This cooling process is called film cooling [6]. Figure 1 illustrates a schematic of 86 

film cooling inside the combustion chamber of the thrusters. These thrusters generally employ 87 

hypergolic propellants, which are typically a combination of nitrogen tetroxide / hydrazine-derivative 88 

fuel [9]. These propellants react immediately upon contact with each other without requiring ignition 89 

devices [10]. Based on the fast response of the chemical reaction of these propellants, the propulsion 90 

system is operated in the pulse-firing mode, with firing times ranging from 𝑂(10) ms to 𝑂(102) ms 91 

[10, 11]. During the combustion event, the maximum thermal load appears around the nozzle throat, 92 

and a large temperature gradient is formed from the throat to the impingement point [12]. The heat 93 

stored around the throat is transferred toward the side of the injector faceplate by heat conduction 94 

inside the chamber wall when the supply of propellants is stopped, which is called heat soak-back [13]. 95 

Therefore, the situation that the fuel jets for film cooling are injected onto the hot surface formed by 96 

heat soak-back can be appeared depending on the conditions of the interval between each pulsed-97 

combustion event. An illustration summarizing the events described above was provided in our 98 

previous study [14]. In other words, the combustion chamber wall may not be cooled sufficiently if 99 

the pulse interval and associated heat soak-back conditions are unfavorable. The operational range of 100 

the pulse-firing mode is determined by cooling performance requirements (i.e., heat resistance of the 101 

thrusters). For better thermal management and a wider operational range of thrusters, the cooling 102 

processes of hot surfaces under liquid jet impingement must be understood. 103 

When a liquid jet is impinged onto a surface with a temperature exceeding the Leidenfrost point, 104 

the formed liquid film is deflected from the surface at the leading edge because of vigorous boiling. 105 



The leading edge, which is the boundary between the wetted and dry regions, is called the wetting 106 

front. Different cooling modes (single-phase forced convection, nucleate boiling, and transition 107 

boiling) coexist in the wetted region [15, 16]. For well-controlled cooling processes, many studies have 108 

been dedicated to understanding the processes of wetting front propagation and heat transfer 109 

characteristics inside the wetted region [1–5, 14–20]. However, the physical phenomena of wetting 110 

front behavior during quenching have not yet been elucidated [21, 22]. Recently, we conducted an 111 

experiment and discovered that the wetting front propagation and maximum heat flux achieved near 112 

the wetting front were affected by the liquid flow rate, rather than the liquid jet velocity [14]. 113 

Although heat transfer characteristics during continuous liquid jet injection have been extensively 114 

investigated, the cooling process with intermittently injected liquid jets, which is found in the pulse-115 

firing mode of bipropellant thrusters, is not well understood. Recently, Wessenberg et al. [23] 116 

investigated the heat transfer efficiency of the pulsed injection of water jets during the single-phase 117 

convection cooling mode. Abishek and Narayanaswamy [24] investigated the effects of pulsed 118 

injection on boiling heat transfer characteristics, including the heat flux in the nucleate boiling region 119 

and critical heat flux, using water and FC72 as coolants. However, the effects of pulsed injection of a 120 

liquid jet on the heat transfer characteristics have not been thoroughly investigated [23], and few 121 

studies have investigated two-phase cooling via pulsed injection of liquid jets [25]. 122 

Moreover, few studies have examined the transient formation processes of a liquid film during the 123 

pulse-firing mode in real bipropellant thrusters. For the first time, Fujii et al. [6] succeeded in optically 124 

capturing unsteady liquid film dynamics during the operation of the pulse-firing mode using a quartz 125 

glass chamber and confirmed that the liquid film length in a glass chamber was longer than that in an 126 

actual combustion chamber because of reduced heat input from the chamber wall. To recognize the 127 

differences in liquid film behavior on both types of chamber walls, the unsteady dynamics of a liquid 128 

film on an actual chamber wall must also be investigated. However, direct optical observation of the 129 

physical phenomena inside the chamber walls of bipropellant thrusters is infeasible because they are 130 

generally made of niobium alloy [26], ceramic [27], or precious metals [28]. A method that captures 131 



the liquid film behavior inside the chamber by measuring only the temperature distribution on the outer 132 

surface of the chamber wall will be beneficial for a better understanding of it. The liquid film length 133 

in the steady state in an actual chamber can be derived from the temperature distribution on the outer 134 

surface of the chamber measured by an infrared camera [29]. An infrared imaging method with high 135 

spatial resolution has the potential to provide valuable information regarding the heat transfer 136 

characteristics between the liquid film and the chamber wall [30]. 137 

In this study, we conducted transient cooling tests on hot metal plate surfaces under pulsed injection 138 

of a liquid jet to gain insights into liquid film behavior during pulsed cooling. Although several factors 139 

dominate the liquid film behavior in the actual thruster, such as turbulent heat transfer from the 140 

combustion gases and hydrodynamic instabilities at the gas–liquid interface (Fig. 1), this study focuses 141 

on the heat transfer between the liquid film and the wall. Initially, we focus on understanding the liquid 142 

film behavior during the pulsed cooling based on both visualization images and the measured 143 

temperature of the metal plate. Because we proved the temperature measured on the opposite side of a 144 

cooled surface to represent the cooling process in our previous study [14], we applied this measurement 145 

technique to analyze the liquid film behavior during pulsed cooling. Next, we concentrate on the 146 

improvement of the cooling performance by pulsed injection. In the operation of the current thrusters, 147 

the injection of liquid fuel for film cooling is synchronized with that of the propellant for combustion 148 

(main injection). The cooling performance is considered to be governed by the balance between the 149 

amount of cooling during injection and temperature rise of the metal plate during the period between 150 

injections. Therefore, the cooling performance could be improved by pulsed injection controlled 151 

independently to the main injection considering the heat soak-back phenomenon. Thus, pulsed cooling 152 

tests with the same amount of liquid but different flow rates and duty cycles (DCs = ratio of injection 153 

duration over one period) were examined for the improvement of the cooling performance. A 154 

continuous cooling test with the time-averaged flow rate of the pulsed cooling tests was also conducted 155 

for the control condition. Additionally, the thermal properties of the metal plate affect its temperature 156 

rise, which eventually influences the heat transfer characteristics of the liquid film. Therefore, in this 157 



study, two different metal plates were considered to evaluate the effects of their thermal properties (i.e., 158 

thermal diffusivity or thermal inertia). 159 

The remainder of this paper is organized as follows. Section 2 describes the experimental design 160 

adopted in this study. Section 3 presents and discusses the experimental results. Section 4 summarizes 161 

the findings and concludes the study. 162 

 163 

2. Experimental design 164 

2.1 Experimental setup 165 

Figure 2 presents a schematic of the experimental setup for the simultaneous measurement of liquid 166 

film behavior and temperature distributions. The coordinate system for the experiments is defined in 167 

Fig. 2. The origin was defined as the impingement point of the liquid jet. A liquid jet was intermittently 168 

injected from a liquid tank pressurized with compressed air. The opening and closing times were 169 

controlled by a solenoid valve operated by signals from a function generator (NF Corporation, 170 

WF1948). A rod heater was inserted downstream of the metal plate to heat the plate. A rod heater was 171 

utilized to simulate the scenario in which the liquid film flows against the direction of the heat input 172 

(i.e., from downstream to upstream) as is the heat flow direction inside the chamber wall of the 173 

bipropellant thrusters. In this study, liquid film behavior was primarily observed from the side using 174 

the backlight technique with a high-speed camera (Photron FAST-CAM SA-1.1) to capture the wetting 175 

front position clearly. Additionally, high-speed imaging was performed from the front (cooled) side, 176 

as described in our previous study [14]. The frame rate and exposure time were 500 fps and 20 µs, 177 

respectively. The spatial resolutions for the side and front views were 0.16 and 0.09 mm/pixel, 178 

respectively. The temperature distribution on the rear surface of the metal plate was measured using 179 

an infrared camera (NIPPON AVIONICS InfReC R550Pro). The frame rate and spatial resolution for 180 

temperature measurement were 60 fps and 0.22 mm/pixel, respectively. The rear-side of the metal plate 181 

was painted with blackbody spray to ensure an emissivity of 0.94. The measurement accuracy of the 182 

infrared camera used in this study was ±2 ℃. To investigate the effects of thermal properties of the 183 



metal plate on pulsed cooling, an aluminum alloy (A5052) and copper (C1100) were employed as test 184 

plate materials with a thickness of 3 mm, width of 50 mm, and length of 80 mm. The temperature 185 

measurement area was restricted to a length of 70 mm and width of 46 mm. In this study, oxidization 186 

of the metal surface could not be avoided, and the oxide layer on the surface affected the cooling 187 

process [31]. Therefore, the metal surface was fully oxidized via heating, and then cooling tests were 188 

conducted several times before data acquisition to ensure stable surface properties and reproducibility. 189 

Water was employed as a test liquid because its density and surface tension resemble those of 190 

hydrazine. The nozzle diameter 𝑑 (i.e., liquid jet diameter) and impingement angle 𝜃 (Fig. 2) were 191 

fixed at 1.1 mm and 10°, respectively. The ratio of the distance between the nozzle outlet and test plate 192 

(i.e., liquid jet length) to the nozzle diameter 𝐿/𝑑 was set to six. The test liquid (approximately 20 °C) 193 

was injected onto the test plate when the temperature of the impingement point increased to 220 °C. 194 

The temperatures of the rod heater were set to 600 and 500 °C in the cases of the aluminum alloy and 195 

copper plates, respectively, to raise the temperature of the impingement point to 220 °C while forming 196 

a stable initial temperature distribution. The initial temperature distribution along the 𝑥  axis is 197 

presented in Fig. 3. For the pulsed injection conditions, the pulse frequency 𝑓$ was set to 1.0 Hz, 198 

which corresponded to a pulse period of 𝜏$ (=1/𝑓$) = 1.0 s. The number of pulses was fixed to three. 199 

The flow rate of the test liquid and DC were varied, while the total injection quantity of the test liquid 200 

was kept constant during each pulse period. Additionally, a continuous injection test with the time-201 

averaged flow rate of the pulsed cooling tests was conducted to compare the total amount of heat 202 

removed by the liquid film in the pulsed and continuous cooling tests. The pulsed injection conditions 203 

are listed in Table 1. For each condition, the cooling tests were conducted five times. 204 

The temperature and heat flux on the front (cooled) surface must be estimated to evaluate the heat 205 

transfer characteristics between the liquid film and the metal surface. For this estimation, the inverse 206 

heat conduction problem was numerically solved using the measured temperature distribution on the 207 

rear surface. The transient heat conduction equation for the metal plate based on Cartesian coordinates 208 

is given as follows: 209 



 210 

𝜌!𝑐!
𝜕𝑇!
𝜕𝑡

= 𝑘! E
𝜕7𝑇!
𝜕𝑥7

+
𝜕7𝑇!
𝜕𝑦7

+
𝜕7𝑇!
𝜕𝑧7

G (1) 211 

 212 

To solve Eq. (1), the fully implicit scheme and finite volume method were employed for time 213 

integration and spatial discretization, respectively. The time step was 1/60 s, which was determined 214 

based on the frame rate used for temperature measurement. A rectangular computation domain with a 215 

width of 46 mm, length of 70 mm (measurement area), and thickness of 3 mm was divided into 69 × 216 

105 × 3 cells. The initial and boundary conditions were the same as those used in our previous study 217 

[14]. The temperature dependence of the thermal properties was not considered in this study 218 

(aluminum alloy: 𝜌! = 2680 kg/m3, 𝑐! = 900 J/kg・K, 𝑘! = 137 W/m・K; copper: 𝜌! = 8900 219 

kg/m3, 𝑐!  = 385 J/kg・K, 𝑘!  = 391 W/m · K). Detailed information regarding the inverse heat 220 

conduction problem and data reduction was provided in our previous paper [14]. 221 

 222 

3. Results and discussion 223 

This section first provides an overview of the liquid film behavior and heat transfer characteristics 224 

between the liquid film and the metal surface in the pulsed cooling tests. Next, the liquid film behaviors 225 

and the amount of heat removed by the liquid film in the pulsed and continuous cooling tests are 226 

compared. Each injection and non-injection periods were defined as the “Nth ON time” and “Nth OFF 227 

time,” respectively. For example, the 1st ON time and 1st OFF time under the condition of 𝑓$ = 1.0 Hz 228 

and 50% DC correspond to the periods of 𝑡 = 0–0.5 and 0.5–1.0 s, respectively, with allowances for 229 

the open and close response times of the solenoid valve. Additionally, the “Nth period” indicates the 230 

period of 𝑡 = (𝑁 − 1) ∙ 𝜏$ s – 𝑁 ∙ 𝜏$ s. 231 

 232 

3.1 Liquid film behavior and heat transfer characteristics during pulsed cooling 233 

In this section, the results for the aluminum alloy under the condition of 50% DC are used as 234 



representative data to explain the liquid film behavior and heat transfer characteristics during pulsed 235 

cooling. Figure 4 presents an image of a liquid film captured from the front and the distributions of the 236 

estimated temperature and heat flux on the front surface at an elapsed time of 0.5 s, which corresponds 237 

to the end of injection for the 1st ON time. During the 1st ON time, the wetting front gradually 238 

propagates downstream from the start of the injection and eventually reaches the position highlighted 239 

in Fig. 4. In this study, the distance from the impingement point to the wetting front along the 𝑥 axis 240 

was defined as 𝑥!/, as displayed in Fig. 4. The maximum heat flux can be observed in the wetted area 241 

near the wetting front [14, 15], and a relatively higher heat flux can be observed in the region near the 242 

impingement point. These trends in the results during the 1st ON time were the same as those observed 243 

in our previous study for the continuous cooling test [14]. 244 

Figure 5 presents a time series of visualization images, and the estimated temperature and heat flux 245 

on the front surface during the 1st OFF time. Notably, the contour range for the heat flux is different 246 

from that in Fig. 4. As illustrated in Fig. 5, the residual liquid film is consumed by nucleate boiling 247 

through the evaporation and ejection of droplets as the bubbles are ruptured [32]. Nucleate boiling of 248 

the residual liquid film occurred in the downstream area because the metal plate temperature was 249 

relatively high when the injection of the liquid jet was stopped. The position at which nucleate boiling 250 

can be observed moved subtly upstream owing to the temperature increase of the metal plate surface, 251 

and the residual liquid film was fully consumed. The boiling phenomenon of a residual fuel liquid film 252 

was also observed during the pulse-firing mode in a quartz chamber [11]. The process of residual liquid 253 

film consumption with nucleate boiling described above was successfully captured in the results of the 254 

surface heat flux distribution estimated by solving the inverse heat conduction problem.  255 

Figure 6 presents the cooling processes at the beginning of the 2nd and 3rd periods. The white dashed 256 

lines indicate the wetting front position at the end of the previous ON time. During the 2nd period, the 257 

liquid film rapidly expanded downstream, and at 𝑡 = 1.1 s, it reached the wetting front position at the 258 

end of the 1st ON time, because the temperature of the metal plate surface did not rise to the initial 259 

state of the cooling test during the 1st OFF time (Fig. 6). When comparing the 2nd and 3rd periods, we 260 



observed that the liquid film expanded farther downstream in the 3rd period (0.1 s after the start of the 261 

3rd injection), because the surface temperature at 𝑡 = 2.0 s was lower than that at 𝑡 = 1.0 s. The 262 

surface heat fluxes immediately after the start of 2nd and 3rd injections exhibited higher values owing 263 

to the rapid propagation of the liquid film, as shown at 𝑡 = 1.05 and 2.05 s in Fig. 6. Subsequently, 264 

the value of the surface heat flux decreased, particularly in the region from near the impingement point 265 

to the middle of the liquid film, because the surface temperature decreased because of the rapid film 266 

propagation, leading to a decrease in the temperature difference between the metal surface and the 267 

liquid film. The wetting front rapidly propagated and reached farther downstream with each successive 268 

injection because the temperature rise of the metal plate during the OFF time did not exceed the 269 

temperature drop during the previous ON time. 270 

For an overview of the liquid film formation and cooling processes during the pulsed cooling test 271 

described thus far, the time history of the wetting front position and estimated temperature on the front 272 

surface at a certain position (𝑥 = 30.3 mm) on the 𝑥 axis are presented in Fig. 7. The results of the 273 

continuous cooling test under the same flow rate (360 mL/min) are indicated by the dashed line in Fig. 274 

7(a). Additionally, in Fig. 7(b), the time history of the position at which the value of the spatial 275 

temperature gradient 𝑑𝑇!/𝑑𝑥  on the 𝑥  axis attains its maximum value 𝑥!  is also plotted. The 276 

temperature of the metal plate decreased as the number of injections increased and is higher than that 277 

in the continuous cooling test under the same flow rate conditions. Regarding the liquid film behavior, 278 

the wetting front positions of the 2nd and 3rd periods appeared upstream of its position at the end of the 279 

previous injection because of the temperature rise during each OFF time, and eventually propagated 280 

farther downstream. Additionally, the position of the wetting front corresponded to the position at 281 

which the value of 𝑑𝑇!/𝑑𝑥  was maximized, regardless of the pulse period, as observed in the 282 

quenching process of continuous injection [14]. 283 

The results in this subsection demonstrate that the liquid film behavior during both ON and OFF 284 

times can be captured by measuring the temperature of the back side of the plate and solving the inverse 285 

heat conduction problem. 286 



 287 

3.2 Cooling performance of pulsed cooling 288 

To evaluate the characteristics of pulsed cooling with the same liquid volume under the different 289 

injection patterns detailed in Table 1, the wetting front position and heat removed by the liquid film 290 

are compared in this section. 291 

 292 

3.2.1 Evaluation of wetting front behavior 293 

The wetting front behavior is discussed based on the visualization results. Figure 8 presents the 294 

wetting front position at the end of each ON time for the aluminum alloy and copper plates. For 295 

reference, the results of continuous cooling at 𝑡 = 1.0, 2.0, and 3.0 s are also indicated by the gray bar 296 

in Fig. 8. The error bars exhibit the maximum and minimum values in the five tests. For the 1st period, 297 

the wetting front propagated farther downstream as the DC decreased for both metal plates. For the 298 

aluminum alloy plate, the position of the wetting front was almost the same under the conditions of 299 

30% DC to 60% DC and decreased with an increase in DC from 72% to continuous cooling for the 2nd 300 

and 3rd periods. In contrast, the wetting front formed on the copper plate maintained approximately the 301 

same position in the 2nd period for all conditions except for the 30% DC. Eventually, the position under 302 

high-DC conditions (i.e., conditions close to continuous injection) reached the same point as that under 303 

the 30% DC. This trend was attributed to the differences in the temperature increase during OFF times, 304 

which could have affected wetting front propagation in the subsequent ON time because the injection 305 

patterns on both metal plates were the same. Therefore, the positions at which the wetting front 306 

appeared after the start of 2nd and 3rd injections were analyzed based on the visualization images. Figure 307 

9 presents an example of the visualization results at the end of the 1st ON time and from the start of 308 

the 2nd injection, and the distance between the wetting front position at the end of the Nth ON time and 309 

where it appears in the (N + 1)th ON time ∆𝑥8. The error bars represent the maximum and minimum 310 

values in the five tests. As displayed in Fig. 9(a), the liquid film expands immediately after the start of 311 

re-injection, and the wetting front appears upstream of its position at the end of the previous ON time, 312 



as described in Section 3.1. The difference between the position of the wetting front at the end of the 313 

1st/2nd ON time and that at the start of the 2nd/3rd ON times (∆𝑥8) for the copper plate was greater than 314 

that for the aluminum alloy plate based on the high thermal diffusivity of the copper plate. Additionally, 315 

for the copper plate, there was almost no difference between the ∆𝑥8 values of the 2nd and 3rd periods, 316 

whereas the ∆𝑥8  value of the 3rd period for the aluminum alloy plate significantly decreased 317 

compared to that of the 2nd period. Therefore, a longer OFF time affects the wetting front behavior of 318 

the copper plate more significantly, leading to the results illustrated in Fig. 9(b). In contrast, the effect 319 

of the longer OFF time for the aluminum alloy plate was weak, particularly during the 2nd OFF time, 320 

leading to position of the wetting front shifting farther downstream under low-DC conditions. 321 

To better understand the dynamics of the wetting front, the temperature at the wetting front (𝑇!/) 322 

in the present cooling system is discussed. Figure 10 exhibits 𝑇!/ under each condition. In the figure, 323 

the minimum film boiling temperatures or Leidenfrost temperatures predicted by Berenson (based on 324 

the hydrodynamic theory) [33] and Spiegler (based on the thermodynamic theory) [34] are indicated 325 

as dashed and solid lines, respectively. Although Berenson’s model (Eq. (2)) was originally applied to 326 

the saturated pool film boiling, Umehara [5] found that the temperature at the boundary between the 327 

wetted and dry regions during water jet impingement cooling could be organized using Berenson’s 328 

model. Spiegler [34] predicted the thermodynamic limit of superheat (TLS) based on the Van der Waals 329 

equation as Eq (3). The TLS is the maximum temperature at which pure liquid can maintain its liquid 330 

phase in a superheated metastable state [35]. 331 
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 336 



Figure 10 reveals that 𝑇!/ under all conditions is lower than the TLS. This means that the temperature 337 

at the position of the wetting front in the present cooling system cannot be explained by the 338 

thermodynamic theory. The figure also reveals that 𝑇!/ gradually decreases and takes almost the same 339 

value at 80% DC (225 mL/min) and continuous cooling (180 mL/min) as the flow rate of the liquid 340 

decreases. Especially, in the copper plate, 𝑇!/ at lower-DC conditions is close to the temperature 341 

predicted by Berenson’s model. 342 

Comparing the aluminum alloy and copper plates, 𝑇!/ in the copper plate is lower than that in 343 

the aluminum plate. We considered the effect of thermal properties of the metal plate on 𝑇!/  as 344 

follows. The deflection of the liquid film at the wetting front is likely to be induced by the sudden 345 

expansion of the bubbles [36]. The velocity of the vapor flow triggered by the evaporation of the liquid 346 

near the wetting front, 𝑢&, can be scaled as follows [37]: 347 

 348 

𝑢&~
𝑞'
𝜌&ℎ%&

(4) 349 

 350 

Then, the force unit per area by the vapor flow, 𝑃&, is scaled as follows:  351 

 352 
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 354 

Therefore, the force pushing the liquid film outward is related to the heat input from the metal plate to 355 

the liquid film. As the same amount of heat input can be delivered from the copper plate at a lower 356 

temperature than that from the aluminum alloy plate owing to the high thermal conductivity, lower 357 

values of 𝑇!/ in the copper plate than in the aluminum alloy plate appeared in Fig. 10 under the same 358 

flow rate conditions. In other words, the liquid film is deflected from the copper plate more easily (i.e., 359 

at the lower temperature condition). Consequently, the effect of the OFF time on the wetting front 360 

behavior becomes evident for the copper plate, as displayed in Fig. 9 (b). 361 



 362 

3.2.2 Evaluation of amount of heat removed by liquid film 363 

The heat removed from a metal plate by a liquid film is discussed in this subsection, and the 364 

performance of pulsed cooling and continuous cooling is evaluated. The rate of heat transfer from the 365 

metal plate to the liquid film 𝑄̇ is calculated using Eq. (6). 366 

 367 

𝑄̇ = Z 𝑞'𝑑𝐴!"#
B%&!

					𝐴!"# ∶ area	where	𝑞' ≥ 𝑞#( (6) 368 

 369 

The wetted area 𝐴!"# was defined as the area in which the local surface heat flux 𝑞' was greater 370 

than or equal to the threshold value 𝑞#(, because the value of 𝐴!"# was overestimated if the wetted 371 

area was simply defined as the area with a positive value of 𝑞' (Fig. 5). The value of 𝑞#( was derived 372 

from that of 𝑞'  during a non-cooling (only heating) test, and 𝑞#(  = 0.2 and 0.4 MW/m2 for the 373 

aluminum alloy and copper plates, respectively. Figure 11 presents the calculation results for 𝑄̇ and 374 

𝐴!"# for the conditions of 30%, 50%, and 80% DCs and continuous cooling. For the 1st period, the 375 

heat was transferred faster under the lower-DC conditions based on the higher flow rate of the liquid. 376 

The slope 𝑑𝑄̇/𝑑𝑡 gradually decreased because the velocity of the wetting front and value of the 377 

maximum heat flux achieved in the nucleate boiling region decreased as the wetting front shifted 378 

farther downstream [14, 16, 17]. In particular, in the continuous cooling of the aluminum alloy plate, 379 

𝑄̇  remained almost constant after approximately 𝑡  = 0.6 s, although the wetted area gradually 380 

expanded. In contrast, 𝑄̇ for the copper plate continued to increase over time. There are two possible 381 

reasons for the trend of 𝑄̇ observed for the aluminum alloy plate. First, the effect of the wetted area 382 

expansion competed with that of the decrease in the surface heat flux within the nucleate boiling region. 383 

Second, the single-phase forced convection region gradually became dominant in the wetted area, 384 

leading to a small temperature change over time. The temperature of the aluminum alloy plate 385 

decreased more easily because its thermal inertia is lower than that of copper. Therefore, the ratio of 386 



the single-phase forced convection area to the total wetted area was greater for the aluminum alloy 387 

plate, leading to the observed trend of 𝑄̇. Immediately after the start of the 2nd injection, 𝑄̇ increased 388 

faster than in the 1st period and exhibited a sharp spike, because the liquid film expanded downstream 389 

over a short period (Fig. 6). Subsequently, 𝑄̇ for the aluminum alloy plate remained constant or 390 

decreased, whereas that for the copper plate increased gently. The trend in 𝑄̇ for the 3rd period was 391 

not significantly different from that for the 2nd period. 392 

To evaluate and compare the heat transfer characteristics in each period, the amount of heat 393 

removed by the liquid film during the Nth pulse period 𝑄*!" was calculated by integrating 𝑄̇ in the 394 

time dimension as follows: 395 

 396 

𝑄*!" = Z 𝑄̇
*∙D'

(*F>)∙D'
𝑑𝑡. (7) 397 

 398 

Figure 12 presents the calculated results for 𝑄*!". The error bars show the maximum and minimum 399 

values in the five tests. The arrows in each color, which correspond to the colors in the legends, 400 

represent the value of 𝑄*!" for the continuous cooling test calculated from Eq. (7) by setting the Nth 401 

period as 𝑡 = (N-1)∙ 𝜏$ − N∙ 𝜏$. 𝑄>(! increased with an increase in the DC for both metal plates, even 402 

though 𝑄̇ was higher and the wetted area expanded farther under a lower DC (i.e., higher flow rate). 403 

This trend suggests that a longer injection time with a lower flow rate is more effective for cooling 404 

with the same usage of liquid when the surface temperature is high and boiling heat transfer is 405 

dominant. In the 2nd and 3rd periods for the aluminum alloy, the same trend appeared in the range of 406 

30% DC–50% DC, whereas 𝑄7)*  and 𝑄=+*  decreased with an increase in the DC from 60%. 407 

Additionally, the amount of heat removed did not change significantly from the 2nd to 3rd periods for 408 

72% DC−90% DC and continuous cooling, because 𝑄̇ was nearly constant under high-DC conditions 409 

(Fig. 11). This suggests that a shorter injection time with a higher flow rate favors the removal of heat 410 

when the surface temperature is low, and the single-phase forced convection region occupies the wetted 411 



area. In contrast, 𝑄7)* and 𝑄=+* for the copper plate increased with an increase in the DC, similar to 412 

the result in the 1st period. There are two possible reasons for this. First, boiling heat transfer was 413 

dominant in each period based on the high thermal inertia of copper. Second, wetting front propagation 414 

at a high DC was suppressed because of the high thermal diffusivity of the copper plate (Figs. 8 and 415 

9). To evaluate the difficulty of temperature change of the metal plate, the minimum value of the 416 

temperature difference ∆𝑇234(𝑡) is introduced as follows: 417 

 418 

∆𝑇234(𝑡) = min[𝑇'(𝑥, 𝑦, 𝑡) − 𝑇'(𝑥, 𝑦, 0)] (8) 419 

 420 

𝑇'(𝑥, 𝑦, 𝑡) − 𝑇'(𝑥, 𝑦, 0) has negative values in this study because the metal plate was cooled from the 421 

initial state. Its minimum value reflects the maximum temperature drop, and therefore, ∆𝑇234(𝑡) 422 

indicates the difficulty in changing the temperature. Figure 13 presents the time history of ∆𝑇234. As 423 

discussed above, the copper plate was more difficult to cool than the aluminum alloy plate at any DC 424 

due to its higher thermal inertia. Figure 14 presents the contribution of heat removal per degree of wall 425 

superheat ∆𝑇'5$ to the total amount of heat removed during each period. The 𝑑𝑄*!"/𝑄*!" value for 426 

continuous cooling was calculated as in Fig. 12. Under lower-DC conditions (30% DC and 50% DC 427 

in Fig. 14), for the aluminum alloy plate, the peak of the removed heat for each pulse period appeared 428 

in nearly the same range of ∆𝑇'5$, because the temperature increased during each OFF time. However, 429 

under higher-DC conditions (80% DC and continuous cooling in Fig. 14), the peak shifted to a lower 430 

∆𝑇'5$, indicating that the dominant mode of heat transfer changed from boiling to single-phase forced 431 

convection. For the copper plate, the heat was transferred in a narrower range of ∆𝑇'5$ compared to 432 

that for the aluminum alloy plate. Additionally, the peak appeared at a higher degree of wall superheat 433 

due to the high thermal inertia (Fig. 13), although the peak gradually shifted under higher-DC 434 

conditions. 435 

Finally, the performance of pulsed cooling was compared to that of continuous cooling. The total 436 

amount of heat removed 𝑄#(= ∑𝑄*,-) was calculated, and the nondimensional removed heat 𝑄∗ 437 



was calculated using Eq. (9) to evaluate cooling performance. 438 

 439 

𝑄∗ =
𝑄#'.$(&

𝑄#/0)!1).0.(
(9) 440 

 441 

The calculated results for 𝑄∗ are presented in Fig. 15. For the aluminum alloy plate, 𝑄∗ was greater 442 

than unity for each DC condition, indicating that more heat was removed in the pulsed cooling tests. 443 

Additionally, 𝑄∗  exhibited a peak in the range of 50% DC to 60% DC because 𝑄7)*  and 𝑄=+* 444 

exhibited peaks in that range. As illustrated in Figs. 12 and 14, we assume that a longer injection time 445 

with a lower flow rate is more favorable for removing heat when boiling heat transfer is dominant, and 446 

vice versa. Therefore, we concluded that the balancing of the ON/OFF time produces a scenario in 447 

which boiling and single-phase forced convection heat transfer compete for the amount of heat 448 

removed, resulting in a peak of 𝑄∗  for the aluminum alloy plate. In contrast, 𝑄∗  monotonously 449 

decreased with a decrease in the DC for the copper plate because boiling heat transfer was dominant 450 

for heat removal due to the higher thermal inertia, which suppressed wetting front propagation owing 451 

to the higher thermal diffusivity. 452 

 453 

4. Conclusions 454 

Cooling tests on superheated metal plates under the intermittent injection of liquid jets were 455 

performed to enrich the understanding of liquid film behavior and heat transfer characteristics during 456 

pulsed cooling processes. The liquid film behavior and metal temperature were simultaneously 457 

measured using a high-speed camera and infrared camera, respectively. In the pulsed cooling tests, the 458 

flow rate and DC were varied under the same injection quantity to enhance the cooling performance 459 

with the same usage of coolant. A continuous cooling test with a time-averaged flow rate of pulsed 460 

cooling was also conducted. Two types of metal plates (aluminum alloy and copper) were used to 461 

investigate the effects of their thermal properties on the cooling performance. 462 



The wetting front of the liquid film gradually propagated downstream after the start of cooling. 463 

When the injection was stopped, the residual liquid film was consumed by nucleate boiling. 464 

Immediately after re-injection, the liquid film rapidly expanded because the temperature increase of 465 

the metal plate during the OFF time did not exceed the temperature reduction during the previous ON 466 

time, at least not for the parameters considered in this study. Therefore, the metal plates were cooled 467 

with each cycle of injection. Unsteady liquid film behavior and heat transfer characteristics can be 468 

successfully captured by measuring the opposite-side temperature of the surface cooled by a liquid 469 

film and solving the inverse heat conduction problem. 470 

The wetting front position and amount of heat removed by the liquid film were evaluated under 471 

various conditions. For the 1st pulse, where boiling was the dominant mode for cooling, a longer 472 

injection time was more effective for removing heat, although the wetting front was shorter with a 473 

higher DC. In subsequent pulses, the amount of heat removed by the liquid film peaked at 50% DC 474 

and decreased with the increase in the DC from 60% for the aluminum alloy. This may have been 475 

caused by the cooling mode shifting from boiling to single-phase forced convection, particularly under 476 

high-DC (60% DC‒90% DC) conditions. In contrast, the same trend observed in the 1st pulse continued 477 

for the copper plate. There are two possible explanations for this trend. First, boiling could have 478 

remained the dominant mode of heat transfer during subsequent pulses because the temperature of the 479 

copper plate did not easily change due to its high thermal inertia. Second, wetting front propagation 480 

was suppressed more with a longer OFF time owing to the high thermal diffusivity of the plate. Finally, 481 

the total amount of heat removed by the liquid film during the pulsed cooling was compared to that 482 

during the continuous cooling. For the aluminum alloy, the cooling performance was improved by a 483 

maximum of 13% with pulsed cooling compared to that with continuous cooling. In contrast, for the 484 

copper plate, the cooling performance of pulsed cooling was inferior to that of continuous cooling, 485 

with a maximum reduction of 20%. 486 

 487 
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 594 

Fig. 1 Schematic of film cooling in the combustion chamber of bipropellant thrusters. 595 

  596 



 597 

Fig. 2 Schematic of the experimental apparatus. 598 

 599 

 600 

Fig. 3 Initial temperature distribution along the 𝑥 axis. 601 
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 603 

Fig. 4 Liquid film (left), and estimated temperature (middle) and heat flux (right) distribution on the 604 

front surface at 𝑡 = 0.5 s. 605 
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 607 

Fig. 5 Evaporation process of liquid film during the 1st OFF time: images (upper), and estimated 608 

temperature (middle) and heat flux (bottom) distributions on the front surface. 609 
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 611 

Fig. 6 Propagation of the liquid film during the 2nd (left) and 3rd (right) periods: images (upper), and 612 

estimated temperature (middle) and heat flux (bottom) distributions on the front surface. White 613 

dashed lines in each image indicate the wetting front position at the end of the previous ON 614 

time. 615 
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 617 

Fig. 7 Time histories of the temperature at 𝑥 = 30.3 mm on the 𝑥 axis and positions of 𝑥!/ and 𝑥6. 618 

 619 

 620 

Fig. 8 Wetting front position at end of each ON time; (left) aluminum alloy, (right) copper. 621 
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 623 

Fig. 9 (a) Side view of the propagation process of liquid films after re-injection, and (b) ∆𝑥8 values 624 

under each condition. 625 

 626 

 627 

Fig. 10 Temperatures at the wetting front; (left) aluminum alloy, (right) copper. 628 
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 630 

Fig. 11 Time histories of the rate of heat transfer and wetted area: (A, a) aluminum alloy and (B, b) 631 

copper. 632 
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 634 

Fig. 12 Amounts of heat removed during each period: (left) aluminum alloy and (right) copper. 635 

 636 

 637 

Fig. 13 Time histories of the minimum values of the temperature differences defined in Eq. (8): (left) 638 

aluminum alloy and (right) copper. 639 
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Fig. 14 Contribution of removed heat per degree of wall superheat to the total amount of heat removed during each period. (A, a) 30% DC, (B, b) 50% DC, (C, c) 80% 

DC, (D, d) continuous injection. Capital letters and small letters represent the results for the aluminum alloy and copper plates, respectively. 



 642 

Fig. 15 Nondimensional heat removed by liquid film calculated using Eq. (9). 643 

 644 

Table 1 Injection patterns 645 

DC, % Flow rate, L/min Jet Reynolds number Injection time, s 

30 600 11500 0.30 

40 450 8600 0.40 

50 360 6900 0.50 

60 300 5800 0.60 

72 250 4800 0.72 

80 225 4300 0.80 

90 200 3800 0.90 

100 (continuous) 180 3500 3.00 
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