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Chapter 1 Introduction 

 

Bipropellant thrusters are used for orbit maneuvering and attitude control of satellites 

and small size spacecraft. In bipropellant thrusters, a liquid film cooling technique is 

employed to protect the chamber wall from high-temperature combustion gases. In the 

present thesis, the formation processes of the liquid film by a liquid jet impingement are 

discussed. Chapter 1 provides an introduction of the present study. 

 

1.1 Background 

 

In recent years, the space industry has made remarkable progress, and many countries 

around the world are making great efforts for space development. Additionally, private 

companies have been actively entering the market of the space industry, as seen in the 

example that Space X succeeded for the first time in human spaceflight as a private 

company. Therefore, the market size of the space industry is expected to exceed 100 

trillion yen by 2040 [1] due to the increase in the number of countries engaged in space 

development and the expansion of commercial use of space. 

One of space developments in Japan is represented in “Hayabusa” which succeeded 

in returning to Earth with planetary materials (sample return) from the asteroid “Itokawa” 

in 2010 [2]. The subsequent project of “Hayabusa2” succeeded in sample return from the 

asteroid “Ryugu” in 2020 very recently [3]. The next Japanese flagship launch vehicle H-

Ⅲ rocket [4] has planned to be launched, and new lander missions such as SLIM (Smart 

Lander for Investigating Moon) [5] and MMX (Martian Moons eXploration) [6] are also 

going to be conducted. 

In the various missions mentioned above, rocket propulsion systems play an important 

role. Rocket propulsion systems are mainly classified into chemical rocket propulsion, 

nuclear rocket propulsion, and electric rocket propulsion, according to the types of energy 

sources [7, 8]. The following is an overview of the mechanism for each propulsion system. 

 

1) Chemical rocket propulsion 

In a chemical rocket propulsion system, the combustion reaction of the chemical 

propellant, which is generally a combination of a fuel and an oxidizer, occurs, and 

then, the high-temperature combustion gases are accelerated through a nozzle to 

produce thrust. Chemical rocket engines are used most commonly for any kind of 

mission because they cover a varied range of thrust by types of chemical propellants. 
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2) Nuclear rocket propulsion 

In a nuclear propulsion system, the thermal energy from the nuclear reaction is 

transferred into the propellant to produce a high-speed jet. In the past, some ground 

tests were conducted, but nuclear rocket engines are expected not to be further 

investigated from the viewpoint of public concerns about the spreading of radioactive 

materials. 

 

3) Electric rocket propulsion 

In electric rocket propulsion systems, thrust is produced from electric energy whose 

source originates in nuclear, solar radiation, or batteries. The three basic types 

(electrothermal, ion, and electromagnetic propulsion) are included in electric rocket 

propulsion systems. The specific impulse 𝐼sp, which is a key indicator of the rocket 

performance, takes a higher value than in chemical propulsion, while obtained thrust 

is limited to a relatively low value. 

 

There are several propulsion systems other than those mentioned above, but the 

chemical rocket propulsion system is currently the common one. Therefore, the present 

study focuses on chemical rocket propulsion. The next section outlines the classification 

of rocket engines using a chemical rocket propulsion system. 

 

1.2 Rocket engine with chemical propulsion system 

 

Rocket engines using a chemical propulsion system are classified into liquid or solid 

propellant rockets depending on the phase state of the propellant.  

Rocket engines with solid propellants are commonly called as solid propellant rocket 

“motors” [7, 8]. In solid propellant rocket motors, propellants are stored in the combustion 

chamber as “grain”, which means the solid body of the hardened propellant and occupies 

a large portion of the total motor mass (82-94%). The propellants can be directly stored 

within the combustion chamber for a long time (5-20 years). In addition, solid propellant 

rocket motors are easily mounted owing to their simple structure and can produce a large 

thrust compared to liquid propellant rockets. On the other hand, the specific impulse is 

lower than that of the liquid propellant rockets, and the thrust is difficult to control 

because the combustion reactions proceed automatically when it is ignited. Therefore, 

solid propellant rocket motors are mainly used to support launching a rocket as a booster. 

From the viewpoint that fine adjustment of thrust is needed for such as attitude control of 
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spacecraft, the liquid propellant rocket is rather favorable. 

Liquid propellant rockets are classified into monopropellant and bipropellant rocket 

engines. Monopropellant rocket engines generate thrust by producing high-temperature 

gases from the decomposition reaction of monopropellants such as hydrogen peroxide 

and hydrazine under catalysts, heating, or pressurization. Since the monopropellant rocket 

engine has simple supply and control system of propellants, it has been applied to 

practical use. However, the obtained thrust and specific impulse of the monopropellant 

rocket are low. Thus, the monopropellant rocket is used as secondary power sources and 

have limited applications. In contrast, bipropellant rocket engines can produce a wider 

range of thrust by the combustion reactions from the combinations of liquid fuels and 

liquid oxidizers. Additionally, they are easily controlled owing to their ability to interrupt 

and restart combustion. Because of these advantages, bipropellant rocket engines are 

mainly used in many rocket engines. 

For the attitude control and orbit maneuvering of satellites and small-scale spacecraft, 

small bipropellant rocket engines, which are called bipropellant thrusters, have been 

generally used due to their large thrust (from ten to several hundreds of newtons [9]) and 

ability to repeat the start and stop operations of the combustion. Bipropellant thrusters 

have ever been employed in many satellites and small spacecraft such as Hayabusa [2], 

HTV (H-Ⅱ Transfer Vehicle) [10], and Hayabusa2 [3] and are planned to be applied in the 

next-generation spacecraft such as HTV-X [11], SLIM, and MMX [12]. To accomplish 

the next space missions with higher difficulty, higher performance and reliability of 

bipropellant thrusters are strongly required. For achieving higher performance and 

reliability, it is necessary to investigate the phenomena occurring in the thrusters and 

reveal the important factors for the phenomena among the numerous design factors. 

 

1.3 Key physical phenomena inside bipropellant thruster 

 

Bipropellant thrusters are operated using both steady-state and pulse firing mode. The 

time scales of steady state firing mode ranges 𝑂(101-103) s, while that of pulse firing 

mode is 𝑂(10-2-10-1) s [13]. In the bipropellant thrusters, a combination of a hydrazine-

derivative fuel [(e.g. hydrazine (N2H4), monomethylhydrazine (MMH and CH3NHNH2), 

unsymmetrical dimethylhydrazine (UDMH and (CH3)2NNH2)) and nitrogen tetroxide 

(NTO and N2O4) is favorable to use because these combinations react and auto-ignite 

immediately after contact of liquid fuel and liquid oxidizer without any ignition sources 

even at low pressures and temperatures [14-16]. This unique feature of chemical reaction 

is called “hypergolicity” [7, 17]. To take advantage of hypergolicity, unlike-impingement 
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type injectors are generally employed in bipropellant thrusters [7] as shown in Fig. 1.1. 

Additionally, a part of the liquid fuel is injected onto the chamber wall for the cooling of 

the chamber. The injector and chamber are carefully designed to achieve high 

performance in the steady-state mode, fast ignition response in the pulse mode, and high 

heat resistance. However, the development of thrusters primarily relies on the conduction 

of multiple cost- and time-intensive tests because the complicated multi-physics 

phenomena occurring in the combustion chamber remain insufficient in terms of in-depth 

understanding [18]. Therefore, the design and development process based on an 

understanding of physical phenomena, independent of the time-and-cost-consuming hot 

firing test, is desirable. 

As mentioned above, a series of complex physical phenomena, which include 

impinging atomization and spray formation, liquid phase reaction in the vicinity of the 

impingement point, evaporation, mixing of fuel and oxidizer gas, combustion and liquid 

film cooling, simultaneously occur inside the chamber of bipropellant thrusters as shown 

in Fig. 1.1. With a deeper understanding of the phenomena, optimal design or new design 

concepts of the thrusters can be developed without the need for numerous combustion 

tests. Therefore, studies mainly on impinging atomization, combustion reaction of 

hypergolic propellants, and liquid film cooling have been conducted. The following is an 

overview of previous research on the above topics. 

 

1.3.1 Impinging atomization 

 

Liquid atomization means the transformation of a bulk liquid into sprays through a 

sequential process that a liquid jet or a liquid film is formed from a bulk liquid by external 

force and eventually disintegrates into ligaments and then sprays by the growth of small 

disturbances [19, 20]. In bipropellant thrusters, sprays are formed through the 

impingement of liquid jets leading to liquid sheet formation, the breakup of the sheet into 

ligaments, and then disintegration into droplets. The spray characteristics such as liquid 

sheet breakup length, mean diameter of droplets, droplet size distribution, and spray flux 

distribution are important information for predicting the performance of thrusters. 

Many researches have been devoted to the spray characteristics of the impinging 

atomization. In this section, some of the major studies are introduced. Ryan et al. [21] 

experimentally investigated the droplet size distribution of the sprays formed by the 

impingement of both laminar and turbulent jets with the PDPA (Phase Doppler Particle 

Anemometry). They identified that the breakup length of the liquid sheet and droplet sizes 

were strongly affected by the initial conditions of the liquid jets; the sheet breakup length 
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and the droplet sizes in the case of the turbulent jets impingement were shorter and smaller 

respectively than in the laminar jets impingement. They also developed the empirical 

correlations of the sheet breakup length and mean diameter of droplets following the 

existing empirical models. Inoue et al. [22] conducted numerical simulations with the 

CIP-LSM (CIP-based Level Set & Mars) method [23] to clarify the effect of the injection 

velocity distribution of the liquid jets on the atomization characteristics of the liquid sheet. 

They found that the non-uniform distribution of the injection velocity resulted in the 

velocity distribution with an inflection point in the liquid sheet, leading to the formation 

of the unstable liquid sheet and enhanced atomization. Strakey and Talley [24] 

investigated the effect of the ambient pressure on droplet sizes with the laser diffraction 

particle size analysis; the droplet sizes non-linearly decreased with the increase in the 

ambient pressure. Karikawa et al. [25] measured the droplet size and velocity with PDA 

(Phase Doppler flux of droplets was measured by using phase Doppler Anemometry) and 

simultaneously obtained spray flux distribution by using a two-dimensional patternator. 

They indicated that droplets were distributed not only in the in-sheet direction but also in 

the normal direction of the liquid sheet (i.e., sheet thickness direction). Recently, Inoue et 

al. [26, 27] measured the spray flux distribution with the 3D printed patternator and 

clarified the global length scale of the spray structure.  

 

1.3.2 Combustion reaction of hypergolic propellants 

 

As mentioned at the beginning of this chapter, bipropellant thrusters employ 

hypergolic propellants (especially the combinations of hydrazine (N2H4) or 

monomethylhydrazine (MMH and CH3NHNH2)/nitrogen tetroxide (NTO, N2O4)), which 

indicate the unique chemical reactions; the auto-ignition occurs upon contact with liquid 

fuel and oxidizer without any ignition devices. For improving the performance of 

thrusters and achieving stable combustion, chemical reactions and flame structures of 

hypergolic propellants have been extensively investigated. Here, some of the studies 

about them are described below. 

For the chemical reactions, the reactions of hydrazine derivative fuels/nitrogen 

dioxide (NO2) need to be discussed because NTO is instantaneously decomposed to NO2 

in the gas phase [28]. Sawyer [29] proposed the two-step global reaction mechanism of 

N2H4/ NO2 as indicated in Eqs. (1.1) and (1.2), for the first time. 

 

N2H4 + NO2 →
1

2
N2H4 + H2O + NO +

1

2
N2 (1.1) 
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1

2
N2H4 + NO → H2O + N2 (1.2) 

 

Ohminami et al. [30] developed a detailed mechanism of N2H4/ NO2 including 22 species 

and 61 reactions. In their model, combustion was initiated relying on the radical formation 

from the thermal decomposition of N2H4, and auto-ignition phenomena under the 

conditions of low pressure and room temperature could not be predicted. For reproducing 

the auto-ignition phenomena, Daimon et al. [31] focused on the H atom abstraction 

reaction from N2Hn (n = 1-4) by NO2, in which the reactions for n = 1-3 are exothermic 

and the heat released by the reaction for n = 1 is large owing to N2 production, and 

developed a detailed mechanism with 39 species and 268 reactions, which can predict the 

auto-ignition under low pressure and room temperature conditions. For MMH/NO2 

reaction, Kanno et al. investigated rate coefficients of reactions related to MMH/NO2 [32] 

and developed a detailed mechanism with 119 species and 887 reactions [33]. 

Researches on the flame structures have been widely conducted, ranging from 

experiments on the single droplet to those under conditions close to the actual operation. 

Lawver [34] measured the temporal change of the temperature and diameter of the N2H4 

single droplet suspended from a thermocouple in an NTO vapor environment. In his 

experiment, two flame regions were observed around the droplet; the decomposition 

flame of N2H4 on the inside and the oxidation flame in the outer region. Daimon et al. 

[35] conducted a high-speed imaging of a N2H4 droplet falling into NTO liquid pool and 

obtained information about the probability and strength of explosions and the ignition 

delay. Hayashi et al. [36] experimentally and numerically investigated a counterflow pool 

flame of gaseous NTO and liquid MMH pool. From the high-speed image, two orange 

flames were observed on MMH and NTO sides, respectively. The luminescence on the 

fuel side was derived from NH2* produced by MMH decomposition, while that on the 

oxidizer side was derived from NO2 recombination. Additionally, blue/white flame with 

CH* and OH* chemiluminescence appeared between two orange flames. Tani et al. [13] 

conducted high-speed imaging of liquid jet impingement of MMH and MON3 (NTO 

containing 3 wt% NO) and captured orange and blue/white flames. Tani et al. [37] and 

Daimon et al. [38] conducted Computational Fluid Dynamics (CFD) analysis of flame 

structures of N2H4/NTO co-flowing gas jets and impinging gas jets respectively with the 

detailed mechanism [31]. Tani et al. confirmed two types of flames between co-flowing 

gas jets; diffusion flame derived from the oxidation of N2H4 and flame from the thermal 

decomposition of N2H4. Daimon et al. introduced the new flame indexes, which can 

determine the diffusion and decomposition flames, and captured both flames in impinging 
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gas jets.  

 

1.3.3 Liquid film cooling 

 

Thermal management is an important issue for developing liquid rocket engines [39], 

and therefore, some kinds of cooling techniques (regenerative cooling, film cooling, 

radiation cooling, transpiration cooling, ablative cooling, and so on) are applied by 

coupling some of them or alone to prevent chambers and nozzles from thermal failure 

[40]. Bipropellant thrusters employ a liquid film cooling technique, in which liquid fuel 

jets are injected from the injector faceplate (see Fig. 1.2) onto the combustion chamber 

wall and liquid films are formed to prevent the wall surface from being exposed to the 

high-temperature combustion gases [18] as shown in Fig. 1.1. The liquid films are 

gradually heated and evaporate as they move downstream due to the heat input from the 

combustion gases and the chamber wall, and eventually, dry-out at a certain axial position. 

For avoiding thermal failure, the chamber wall needs to be sufficiently cooled by the 

liquid films. However, the liquid films are considered to reduce the temperature of the 

combustion gases, leading to the performance loss of the rocket engines [41]. Additionally, 

the liquid films of fuel may not sufficiently mix with the core flow and eventually reach 

the chamber outlet without complete combustion, which results in reducing the thrust 

performance [42]. Actually, the specific impulse 𝐼sp of rocket engines with film cooling 

was reduced in some experiments [43, 44, 45]. Inoue et al. [46] theoretically analyzed the 

effect of the film cooling ratio, which means the ratio of the mass flow rate of liquid fuel 

for film cooling to the total mass flow rate of liquid fuel, on the characteristic exhaust 

velocity 𝑐∗ (performance indicator of the chemical rocket combustion chamber [7,8]); 

the maximum value of 𝑐∗ monotonically decreases with the increase in the film cooling 

ratio. Therefore, the flow rate of fuel for liquid film cooling should be minimized and 

optimized while achieving sufficient cooling [41, 47]. 

One of the important indexes for evaluation of the cooling performance is the liquid 

film length, which is the length of the liquid-cooled region [48]. To predict the chamber 

wall temperature, and thus for better thermal management of bipropellant thrusters, the 

liquid film length needs to be predicted depending on the operation conditions. Stechman 

et al. [48] predicted the liquid film length by only considering the convective heat transfer 

from the combustion gases to the liquid film. Shine et al. [49] proposed a one-dimensional 

analytical model of liquid film length including the effects of not only the convective and 

radiative heat transfer but also gas-liquid interface instability due to the strong shear by 

the fast gas stream as experimentally visualized in [50, 51]. Recently, Inoue et al. [47] 
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developed the theoretical model for the evaporating liquid film, in which the three-

dimensional wavy structure of the liquid film with role and ripple waves owing to Kelvin-

Helmholtz and Rayleigh-Taylor instabilities resulted in the expansion of the heating area 

and the entrainment of the liquid droplets from the liquid film to the core flow. 

Whereas the above theoretical models have advanced our understandings of the 

physical phenomena inherent in liquid film cooling, the above models do not account for 

heat transfer between the liquid film and the chamber wall. Grisson [52] pointed out that 

the absorbed heat in the wall was transferred to the liquid film by boiling, which could 

cause the burnout of the liquid film. Purohit et al. [53] numerically predicted the 

temperature distribution of the chamber wall of a bipropellant thruster with liquid film 

cooling. In their calculation, the convective, nucleate boiling and transition boiling heat 

transfer between the liquid film and the chamber wall were considered. The calculation 

results showed good agreement with the test data in both the steady-state and pulse 

operation although the limited test results were used for comparison. Recently, Fu et al. 

[54] conducted a CFD analysis of a bipropellant rocket engine with a droplet/wall impact 

model incorporating five impacting and formation processes of droplets and films. The 

five modes (1) stick/spread, (2) boiling with breakup, (3) suspend, (4) rebound, and (5) 

splash, depending on the conditions of the droplet Weber number and wall surface 

temperature. The calculation result with the new model was compared to that with a 

spray/wall interaction model by O’Rourke and Amsden [55] and showed better agreement 

with the experiment data of the temperature distribution of the chamber wall due to the 

formation of smaller droplets and thinner liquid film resulted from boiling phenomena. 

These results suggest that a deeper understanding of the liquid formation processes 

including boiling phenomena is required to reveal the whole aspect of the liquid film from 

inception to dry-out. 

 

So far, the physical phenomena in bipropellant thrusters have been introduced with 

examples of the previous research. While there have been a relatively large number of 

studies on impinging atomization and combustion of hypergolic propellants, studies on 

liquid film cooling are limited and a deep understanding of it is a long way as pointed out 

in a recent review of the film cooling by Shine and Nidhi [56]. Especially for the 

interaction between the liquid film and the chamber wall has not been considered in depth. 

Actually, for the film cooling model in the CFD analysis of bipropellant thrusters, the 

liquid film on the wall is reproduced by distributing the small droplets on the wall and the 

heat transfer coefficient of the liquid film is arbitrarily tuned [18, 42]. Therefore, the 

present thesis focuses on the formation processes of the liquid film formed through the 
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liquid jet impingement onto the wall, in both conditions of non-heat-input from the wall 

and heat-input with boiling phenomena, for a deeper understanding of the liquid film 

cooling. 

 

 

 

1.4 Previous research on formation processes of liquid film 

 

The actual operation patterns of bipropellant thrusters are described, and the 

circumstances under which the liquid films are formed are summarized. Figure 1.3 shows 

the schematic illustration of the operation patterns of bipropellant thrusters. The liquid 

jets are injected mainly against two wall conditions to form liquid films. One is the cold 

wall surface of its temperature below the saturation temperature of the liquid fuel. This 

situation is observed at the start of steady-state mode (rated combustion) as shown in Fig. 

1.3. The other is the hot wall surface with a spatial temperature gradient along the axial 

direction. The surface temperature exceeds the saturation temperature or the Leidenfrost 

temperature of the liquid fuel. The circumstance can be observed in pulse firing mode. 

During the steady state of the rated combustion operation, the highest wall temperature 

appears around the throat part, and a large temperature gradient is formed from the throat 

to the injector side [18, 57]. After the injection of the propellant is cut off, the stored heat 

around the throat is transferred towards the injector side due to the solid heat conduction 

inside the chamber wall. This is known as heat soak-back [58]. If the interval between 

each firing pulse is too short to allow for sufficient cooling of the chamber wall, the fuel 

for film cooling is injected onto the hot wall with a spatial temperature gradient. 

As discussed above, the liquid films are formed against two conditions of the wall 

temperature. Therefore, the formation processes of the liquid film by the jet impingement 

on both cold and hot surfaces are the target of the present thesis. In the following, the 

previous studies on the liquid film on cold and hot surfaces are described. 

 

1.4.1 Liquid film formed by liquid jet impingement on cold wall 

 

Liquid jet impingement on the solid wall with the formation of a liquid film is a 

physical phenomenon frequently seen both in our daily life and in many industrial fields. 

In terms of engineering application, the distribution of the liquid film (film shape, 

thickness, velocity, and so on) is an important factor. Therefore, many studies have been 

conducted to theoretically predict the distribution of the liquid film, as well as to 
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experimentally investigate the effects of physical parameters on it. An early theoretical 

model is Watson’s model [59]. Watson predicted the liquid film distribution formed by a 

laminar or turbulent jet impinging vertically onto the solid wall from the similarity 

solution of the laminar boundary layer equation. Ishigai et al. [60] conducted a theoretical 

analysis of the liquid film through vertical water jet impingement with the integral method 

by approximating the velocity distribution across the laminar boundary layer with the 

quartic equation. They also measured the liquid film thickness by the needle contact 

method and compared the theoretical models of them and Watson with the measurement 

results; the model by Ishigai et al. showed good agreement while that of Watson 

underpredicted the thickness in the downstream region of radial flow. Morison and 

Thorpe [61] experimentally investigated the wetting of two different surfaces (acrylic and 

stainless steel) by a liquid jet of water and aqueous solutions (1 wt% NaOH or 0.5 wt% 

dish-washing detergent) in connection with applications of cleaning. Wilson et al. [62] 

developed a model of the liquid film shape, considering the effects of the mass flow rate, 

viscosity, surface tension, contact angle, density, and gravity. This model could be used 

to predict the wetted width and radius of a hydraulic jump, which occurs when the 

momentum of the radially outward flow is balanced by surface tension, and the results 

were noted to be in good agreement with the experimental data reported by Morison and 

Thorpe [61] and obtained by themselves. Recently, Bhagat et al. [63] experimentally and 

theoretically indicated that gravity had no important effect on determining the radial 

position of a hydraulic jump; it was governed by the condition that the momentum in the 

liquid film was balanced with the viscosity force and surface tension. 

The above studies focused on the film formed by a single jet vertically impinging on 

a solid surface. Inamura et al. [64] theoretically analyzed the distribution of the liquid 

film formed by an oblique jet impingement onto the wall with the integral method the 

same as Ishigai et al. [60]. Their model did not include the effect of the surface tension of 

the liquid. The theoretical model was compared with the measurement results of the liquid 

film thickness with the needle contact method taken by themselves; the model agreed 

well with the experimental data except for the periphery of the liquid film where the 

surface tension was predominant. Good and Nollet [65] experimentally investigated the 

effects of flow rate and impingement angle on the liquid film width and observed a linear 

relationship between the liquid jet velocity and the maximum film width. Wang et al. [66] 

experimentally investigated the liquid film shape by an oblique jet impingement under 

the various conditions of nozzle diameter of 2 − 4 mm, impingement angle of 45° − 

135°, and mass flow rate of 7 − 133 g/s. In their results, the three flow patterns were 

observed depending on flow rate, impingement angle, and contact angle whereas the 
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effect of contact angle diminished at a higher flow rate. They also modified the theoretical 

model of Wilson et al. [62] so that it could be applied to an oblique impingement jet by 

incorporating the model of the flow distribution in the jet impingement zone, which 

originated from Hasson and Peck’s jet-jet impingement model [67] and was implemented 

to the situation of an oblique jet impingement onto the solid wall by Kate et al. [68]. 

Although their model reasonably predicted the liquid film shape and the effects of 

physical parameters, further improvements to the theoretical model are still being made 

with dedication by Wilson’s group as seen in [69, 70]. 

As introduced above, the effects of geometry and physical parameters on the liquid 

film distribution on the cold wall have been investigated in detail. However, the studies 

on the liquid film formed through a jet obliquely impinging onto the wall are still 

relatively few compared to the studies on gas jets or on the vertical impingement of a 

liquid jet [70]. Especially, the liquid film distribution under the conditions of quite low 

flow rate (< 7.0 g/s), small nozzle diameter (< 2 mm), and small impingement angle (< 

25°), which range in the design conditions of actual bipropellant thrusters, have rarely 

been investigated [65]. Therefore, the formation processes of the liquid film under such 

conditions should be explored. 

 

 

1.4.2 Formation processes and heat transfer characteristics of liquid film on hot 

surface 

 

In cooling processes demanding high heat dissipation, jet impingement cooling, as a 

liquid film, is one of the most effective techniques owing to the high heat removal rate by 

the latent heat through a phase change from liquid to vapor [71]. Therefore, the cooling 

method is widely employed also in material processes and the cooling of nuclear reactor 

cores, and numerous investigations have been devoted to the heat transfer characteristic 

between the hot surface and the liquid film formed through especially a vertical jet 

impingement. 

When the liquid jet is injected onto a hot surface whose temperature exceeds the 

saturated temperature or the Leidenfrost temperature of the liquid (superheated surface), 

most of the liquid is deflected away from the leading edge of the liquid film because of 

the vapor flow induced by vigorous boiling. The boundary between the wetted region and 

the dry region is called as the wetting front (WF) [72, 73, 74]. During the cooling 

processes, different cooling modes, such as single-phase forced convection, nucleate 

boiling, transition boiling, and film boiling coexist, which makes it difficult to understand 



12 

 

the cooling processes [75]. The position of the maximum heat flux, essential for 

understanding the quenching phenomena, was located within the wetted region rather 

than at the WF [74]. The WF moves downstream with the passage of time, and the 

velocity of the WF and the value of the maximum heat flux decrease with the radial 

position of the WF [72, 73]. 

For the WF propagation, Yamanouchi [76] proposed a one-dimensional model to 

predict the velocity of the WF. The model considered the distribution of the temperature 

and heat transfer coefficient only in the flow direction of the liquid film and postulated 

the value of the Leidenfrost temperature and the spatial distribution of the heat transfer 

coefficient as two-region partitioning of the wetted and dry region. Subsequently, a lot of 

models have been developed that use the partitioning model with various kinds of 

distributions of the heat transfer coefficient, which were summarized in the review paper 

of the analytical models for the prediction of the WF velocity [77]. However, the previous 

models postulated the value and distribution of the heat transfer coefficient due to the lack 

of experimental data. Recently, Okawa et al. [78] and Umehara et al. [79] derived the 

distribution of the heat transfer coefficient from measured wall temperature by a high-

speed infra-red camera and applied the distribution to the calculation of the WF velocity. 

Although these models approximated a quasi-steady state leading to the constant value of 

the WF velocity in the flow direction, the velocity of the WF decreased further 

downstream [80, 81] because the temperature and the heat transfer coefficient varied with 

time at any location during the transient cooling such as the jet impingement cooling. The 

position of WF has often been correlated with the power function of the elapsed time, as 

shown in Eq. (1.3) [72, 74, 82-84]. 

 

𝑥wf = 𝑎 ∙ 𝑡𝑛 , (1.3) 

 

where 𝑥wf is the distance from the impingement point of the liquid jet to the position of 

the WF. Hatta et al. [82] conducted cooling tests of stainless steel plate with a temperature 

of 900℃ under the conditions of a flow rate of 0.1 − 7.0 L/min and nozzle diameter of 

10 mm. They observed that the WF radius increased in proportion to the square root of 

time (i.e., 𝑛 = 0.5). Mitsutake and Monde [72] investigated the effects of the liquid jet 

velocity (5, 10, and 15 m/s), liquid subcooling (20, 50, and 80 K), and thermal properties 

of the test blocks (copper, brass, and carbon steel) on the constant 𝑎 and exponent 𝑛. 

The constant 𝑎  increased linearly with liquid jet velocity and liquid subcooling and 

assumed a higher value for a smaller value of the thermal inertia of the test blocks. The 

exponent 𝑛 was observed to be independent of the liquid jet velocity and the thermal 
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property of the block, and weakly affected by the liquid subcooling. The tendency of the 

WF denoted as Eq. (1.3) was observed both in the plate with the lab-scale size [83] and 

in that with the industrial scale size [84]. The value of the exponent 𝑛 ranged in roughly 

0.3 − 0.6 while that of the constant 𝑎 took various values depending on conditions in 

the precious studies. Karwa et al. [74] remarked that there were two possible reasons for 

the decrease of the WF velocity. One of the reasons was the deceleration of the liquid film 

that relates to its ability to detach the bubbles from the surface. The other reason was that 

the liquid was more superheated as the distance traveled by the liquid increases with the 

expanding WF position, leading to a reduction in the ability to condense the bubbles at 

the WF. 

The heat transfer characteristics in the wetted region, which are of critical importance 

to the WF behavior and the cooling processes, have also been examined in previous 

studies. The maximum heat flux, which appeared in the vicinity of the WF and separated 

the nucleate boiling region and the transition boiling region, is of particular interest, and 

several parameters affecting the boiling phenomena have been investigated. Mozumder 

et al. [85] extensively investigated the effects of jet velocity (3, 5, 10, and 15 m/s), degree 

of subcooling (5, 20, 50, and 80 K), metal properties (copper, brass, and carbon steel), 

and initial metal temperature (250, 300, 350, and 400℃) on the maximum heat flux. They 

found that the jet velocity and material properties of the metal had significant effects on 

the maximum heat flux, while the effects of the degree of subcooling and initial metal 

temperature were moderate and weak, respectively. Additionally, they proposed the 

correlation for predicting the maximum heat flux, which included these physical 

parameters, based on the correlation of the critical heat flux for the steady-state jet 

impingement cooling developed by Monde et al. [86]. The correlation could accurately 

predict the maximum heat flux except for the carbon steel case. Butterfield et al. [87] 

evaluated the effect of the wettability on the water jet impingement cooling by using 

hydrophilic, hydrophobic, and superhydrophobic surfaces with contact angles of 55°, 

120°, and 150° respectively. Results showed that the lowest value of the maximum heat 

flux was always achieved on the superhydrophobic surface, although they evaluated not 

the local heat flux value but the value averaged over the radial region. Gomez et al. [88] 

examined the effect of the surface roughness by employing two types of surface finishing 

approaches which resulted in the average value of each surface roughness of 0.3 μm and 

5 μm. From the results, they concluded that the rougher surface led to the earlier wetting 

of the liquid film, resulting in the achievement of the higher heat flux while the value of 

the heat flux in the film boiling regime showed no difference. Lee et al. conducted the 

cooling tests by single [89], two [90], and seven hexagonally arranged [91] water jets and 
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evaluated the effect of liquid film interference on heat transfer characteristics. 

The successive investigations have improved the comprehension of the jet 

impingement cooling. Nevertheless, the physical dynamics of the WF (i.e., the 

mechanism of the liquid film splashing, the heat flow inducing the vigorous bubble 

expansion, and the dominant factors for them) has not still been elucidated [83, 92, 93]. 

In addition, many previous studies focused on the vertical jet impingement and relatively 

high flow rate conditions (~𝑂(1-100) L/min) because a large amount of water is used in 

material processes and cooling of nuclear reactor cores. Results for the film formation 

processes under the conditions of very low flow rate and small impingement angle as seen 

in bipropellant thrusters have not been well reported, as mentioned in Section 1.4.1.  

 

1.5 Objectives and framework of this thesis 

 

The performance of bipropellant thrusters must be further improved for the high-

accuracy operation of next-generation small spacecraft and satellites. In bipropellant 

thrusters, liquid fuel jets are obliquely injected from the small nozzle holes onto the 

chamber wall with a low flow rate and shallow angle to form liquid films and protect the 

chamber wall from the high-temperature combustion gases. To achieve a better 

performance of the thrusters under the trade-off relationship between the thrust and 

cooling performances, the reduction and optimization of the fuel flow rate for the liquid 

film cooling are required. In the design and development processes of the thrusters, 

however, the optimization strongly relies on the time- and money-consuming combustion 

tests. Additionally, the operational range of the thrusters needs to be expanded for 

enabling the various operation patterns of the small-scale spacecraft, but it is restricted 

due to the heat resistance of the thrusters. These current situations are due to the lack of 

understanding of the fundamental physics of liquid film cooling phenomena. Therefore, 

the present thesis focuses on the formation processes of the liquid film formed by an 

oblique liquid jet impingement onto the wall. The objective of this study is to extract the 

physical factors that determine liquid film formation and to clarify the relationship 

between the factors and the phenomenon. The contents of each chapter in the present 

thesis are listed below. 

 

Chapter 2 focused on the liquid film distribution on a cold wall, considering that liquid 

jets are injected onto the wall surface below the saturated temperature of the liquid at the 

start of the steady-state firing operation of the thrusters. A liquid film formed by a liquid 

jet obliquely impinging onto the metal plate at the steady state was taken by a still camera. 
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The effects of various injection parameters such as liquid flow rate, nozzle diameter, 

impingement angle, and the liquid jet length on the liquid film shape were 

comprehensively evaluated in the experiments. From the experimental results, the 

important physical parameters for the liquid film shape were extracted, and then, the 

theoretical model for predicting the maximum film width, which is one of the important 

length scales for representing the liquid film distribution, was developed. 

 

Chapter 3 focused on the liquid film behavior and heat transfer characteristics on a 

superheated surface. The quenching of a heated metal plate with a spatial temperature 

gradient by a liquid jet impingement was experimentally investigated, assuming the 

situation that fuel liquid jets are possible to be injected onto a hot surface due to the heat 

soak-back. The liquid film behavior and the temperature distribution of the metal plate 

were simultaneously measured by using a high-speed camera and an infra-red camera, 

respectively. In the experiment, the effects of liquid flow rate and liquid jet velocity on 

the formation processes of the liquid film were evaluated by varying the nozzle diameter 

and liquid flow rate. 

 

Chapter 4 focused on the transient cooling of a superheated surface by an intermittent 

injection of a liquid jet to enrich the understanding of the liquid film behavior during the 

pulse operation. The liquid flow rate was found to be the dominant parameter to the 

formation processes of the liquid film in chapter 3. Additionally, in chapter 3, the 

numerical scheme for solving the inverse problem of the transient three-dimensional heat 

conduction was developed. Therefore, in chapter 4, the pulsed cooling tests with the same 

usage of the liquid but with different liquid flow rates and duty cycle (the injection 

duration to one period) were conducted, and the measurement and analysis methods 

developed in chapter 3 were applied to evaluate the heat transfer characteristics of the 

liquid film during the pulsed cooling. In addition, the effects of the thermal properties of 

the metal plate on the cooling performance were investigated by employing two types of 

metal plates because the heat transfer characteristics of the liquid film and the temperature 

change of the metal plate were affected by the thermal properties of the metal plate. 

 

Chapter 5 focused on the atomization processes that appeared in the liquid film on a 

superheated surface because dispersed droplets from the liquid film produced through the 

boiling phenomena are considered to possibly reduce the flow rate of the liquid film for 

cooling. The sequential events of the boiling induced atomization which appeared in the 

liquid film were visualized through magnified high-speed imaging with the backlight 
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technique. From the visualization images, experimental findings such as bubble radius, 

droplet diameter, and velocity of droplet were obtained, and then, the theoretical model 

for the size of the dispersed droplet was developed. Finally, the amount of dispersed 

droplets were estimated by using the measurement results. 

 

In chapter 6, the findings obtained in this study were summarized, and the remaining 

issues and the recommendations for future work on the topic were discussed. 
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Fig. 1.1 Key physical phenomena in bipropellant rocket thrust chamber 
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Fig. 1.2 Schematic of injector face plate 

 

 

Fig. 1.3 Schematic of operation pattern of bipropellant thruster 
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Chapter 2 Spreading of a liquid film on a cold surface formed 

by an oblique jet impingement 

 

2.1 Introduction 

 

Bipropellant thrusters generally employ a film cooling technique, in which a part of the 

liquid fuel is obliquely injected onto the chamber wall to form liquid films, for protecting 

the chamber wall from high-temperature combustion gases and preventing thermal failure. 

The flow rate of the fuel for film cooling needs to be reduced and optimized for achieving 

a higher specific impulse and the heat resistance of the chamber wall [1]. At the start of 

the steady state firing mode, fuel liquid jets are injected from the outermost injection holes 

of the face plate as shown in Fig. 1.3 onto the cold surface whose temperature is below 

the saturated temperature of the fuel. In the product design and development of the face 

plates, the nozzle diameter, interval between each injection hole, impingement angle, and 

distance from the face plate to the chamber wall (i.e., liquid jet length) are the important 

design parameters that can affect the cooling performance. In the development stage, the 

decision on the geometry of the face plate strongly depends on multiple cost- and time-

consuming combustion tests to understand the sensitivities of the parameters to the 

cooling performance [2, 3]. To achieve the reduction and optimization of the liquid fuel 

used for the liquid film cooling based on the physical phenomena, a deeper understanding 

of the formation processes of the liquid film is required. 

However, there are few studies on the liquid film formation through an oblique jet 

impingement onto the cold wall [4]. The distribution of the liquid film under the 

conditions of the extremely low flow rate (< 7 g/s), small nozzle diameter (< 2 mm), and 

shallow impingement angle (< 25°), which is in the range of the design values of the face 

plates, have not been examined especially [5]. Consequently, in this chapter, to understand 

the formation processes of a liquid film and extract key physical parameters to the liquid 

film shape, experiments were conducted under conditions involving a low flow rate, small 

nozzle diameter, and shallow impingement angle as mentioned above. In addition, the 

effect of the liquid jet length on the film width was investigated, and an experimental 

analysis of the spread of liquid film was performed. Finally, a theoretical model for 

predicting the maximum film width, which is one of the representative parameters for the 

liquid film shape, was developed based on the experimental results. 
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2.2 Experimental apparatus 

 

In actual bipropellant thrusters, the liquid films injected from multiple injection holes 

may interfere among one another. However, in this chapter, the liquid film formed by a 

single liquid jet was considered to understand the film formation process in detail. An 

experimental apparatus that simulated the method of film formation from a single hole 

was developed. Figure 2.1 shows a schematic of experimental apparatus. The 

experimental apparatus consisted of an injector part imitating a single injection hole, a 

metal plate simulating the chamber wall, an imaging system, and a liquid supply system. 

In the injector part, straight-type nozzles with different diameters could be employed to 

evaluate the effect of the nozzle diameter on the film formation. Nozzle diameters of 0.7 

mm and 1.1 mm were considered, which lie in the design range of the actual face plate. 

The nozzle was a straight shape, and its exit port had no specific treatment. The injector 

part was set on a three-axis traverse system and a goniometer stage to change the liquid 

jet length (i.e., the distance between the nozzle and impingement point) and impingement 

angle. The liquid jet length and impingement angle could be adjusted within the design 

range. On the three-axis traverse system, the injector part moved ± 6.5 mm and ± 5 mm 

on the XY and Z axes with a precision of 0.01 mm. The dimensionless liquid jet length, 

that is, the ratio of the liquid jet length to the nozzle diameter was set as 6, 8, 10, and 20. 

Although the value of 20 was beyond the design range, the test was conducted to 

investigate the effect of the liquid jet length in detail. The goniometer could be adjusted 

in the angle range of ± 20° with a precision of 0.1°. The impingement angle was varied 

from 10° to 25° in increments of 5°.  

Water was used as the test liquid instead of liquid fuels for avoiding the toxicity of 

hydrazine-derivative fuels. The density and surface tension of water are similar to those 

of hydrazine, which make water a suitable test liquid to investigate the film spread 

phenomenon. In the experiments, water was supplied to the nozzle from the test liquid 

tank which was pressurized by air. The mass flow rate was varied from 3.0 g/s to 6.0 g/s 

in increments of 1.0 g/s by using a mass flow meter with a needle valve. A flat plate of 

stainless steel was used to simulate the chamber wall because the area where a liquid film 

was formed with respect to the circumference of combustion chamber wall was small. 

The surface of the plate was polished with #400 buffing. The experimental conditions are 

listed in Table 2.1. The behavior of the film spreading was observed by using a camera 

(Baumer VCXG-124M) to perform imaging from the top of the plate. A bright metal 

halide lamp (Sumita optical glass LS-350) was selected as a light source. The resolution 

and exposure time was 31 μm/pixel and 20 ms, respectively. Figure 2.2 shows an example 
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of the film image recorded using the imaging system. Specifically, using this imaging 

system, the state in which a liquid jet impinges on the wall obliquely and forms a liquid 

film could be observed. The distance from the impingement point was defined as 𝑥, and 

the half film width at each 𝑥 was 𝑤/2. The maximum half-film width at each condition 

was defined as (𝑤 /2)max. The half film width value was considered because the light 

irradiated obliquely from above, and the film width could be measured accurately by 

considering the brightness of the outer edge of the film on the light source side. 

Furthermore, the film shape was symmetric, and only the half value of the film width was 

thus required to be considered. 

 

2.3 Results and discussion 

 

2.3.1 Formation process of liquid film 

 

A liquid film spreads owing to the momentum immediately after the liquid jet 

impinges onto the wall, and subsequently, the film shrinks because of the surface tension. 

The shape of the film is a result of the balance between the inertia of the liquid film and 

surface tension. 

When a liquid jet is injected from a nozzle into the ambient air, the unstable waves on 

the surface of the liquid jet grow owing to the interfacial instability, and the liquid jet 

breaks up. Since the growth of the unstable waves before the impingement of the liquid 

jet onto the wall affects the film formation, the effect of 𝐿/𝑑 on the film formation was 

investigated. Where 𝐿  and 𝑑  represent the liquid jet length and nozzle diameter, 

respectively. The impingement angle was fixed as 10°, and the nozzle diameter was set 

as 0.7 mm and 1.1 mm to investigate the effect of the nozzle diameter. Figure 2.3 shows 

the direct images of the film at each 𝐿/𝑑 condition with 𝑑 = 0.7 mm. As the value of 

𝐿 /𝑑  increased, droplets appeared around the impingement point. These droplets were 

thought to be a desecrated from the liquid jet surface owing to the instability on the liquid 

surface. The deformation on the surface of the liquid jet increased with an increase in the 

distance to the impingement point (𝐿 ). However, the film shape did not significantly 

change with a change in the 𝐿/𝑑 value. Figures 2.4 and 2.5 show the values of 𝑤/2 at 

each 𝑥  for each 𝐿 /𝑑  value under the conditions of 𝑑  = 0.7 mm and 1.1 mm. No 

significant difference in the film width was observed. The breakup length of the inviscid 

liquid jet, 𝐿b, can be expressed as in Eq. (2.1) [6, 7]. 
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𝐿b

𝑑
= 1.04C√𝑊𝑒 (2.1) 

 

The Weber number can be expressed as follows. 

 

𝑊𝑒 =
𝜌𝑉0

2𝑑

𝜎
(2.2) 

 

where 𝑉0, 𝜌, and 𝜎 denote the liquid jet velocity, the density, and the surface tension 

coefficient of the liquid, respectively. The value of 𝑉0 was obtained by dividing each 

mass flow rate by the density and cross-sectional area of the liquid jet. In Eq. (2.1), C 

indicates the disturbance factor, and a value of 𝐶  = 13 was used in the case of low-

viscosity liquid jets, according to Grant and Middleman [8]. Because the experimental 

conditions in this work involved We = 143 to 2438, the breakup length of the liquid jet 

was calculated as 𝐿b/𝑑 > 162 by using Eq. (2.1). The tests were conducted with 𝐿/𝑑 

ranging from 6 to 20, thus the growth of the instability on the surface of the liquid jet was 

considered to be small. Furthermore, in the experimental conditions of this work, 𝑅𝑒 = 

3387 to 10839; therefore, the liquid jets were likely turbulent flows. Consequently, the 

value of 𝐿/𝑑 in this chapter was compared with the breakup length of the liquid jet in 

the turbulence region. According to Grant and Middleman [8], the breakup length of the 

liquid jet under a turbulent region was expressed as in Eq. (2.3). 

 

𝐿b

𝑑
= 8.51(√𝑊𝑒)

0.64
(2.3) 

 

Under the lowest value of We in this chapter (i.e., 143), the breakup length of the turbulent 

liquid jet was calculated as 𝐿b/𝑑 = 42 from Eq. (2.3). The value of 𝐿/𝑑 in this chapter 

was smaller than 𝐿b/𝑑 = 42, and it was considered that the growth of the instability of 

the liquid jet was small, and the film formation was not affected even if the liquid jet 

transitioned to the turbulent region. These results indicated that the liquid jet length did 

not affect the film formation when the value of 𝐿 /𝑑  was within the range of the 

considered experimental conditions and the design range of actual thrusters. 

Figure 2.6 shows the images of the films formed under different conditions of the 

mass flow rate and nozzle diameter, with the impingement angle fixed as 10°. As shown 

in Figs. 2.6 (a) and (b) (or (c) and (d)), the width and length of the film, which was defined 

as the distance from the impingement point to the point where the liquid film shrank to 
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the width at impingement point, increased with an increase in the mass flow rate because 

the liquid jet velocity increased with the mass flow rate. In addition, by comparing Figs. 

2.6 (a) and (c) (or (b) and (d)), no significant difference was noted between the film width 

pertaining to 𝑑 = 0.7 mm and 1.1 mm. Furthermore, the length of the film in the case of 

𝑑 = 0.7 mm was larger than that when 𝑑 = 1.1 mm under the same mass flow rate, 

especially for the lower mass flow rates. This is because the liquid jet velocity of 𝑑 = 

0.7 mm was higher than that for 𝑑 = 1.12 mm under the same mass flow rate. 

Figure 2.7 shows the relationship between 𝑉0 , and (𝑤 /2)max under each nozzle 

diameter condition. The mass flow rate was set as 3.0, 4.0, 5.0, and 6.0 g/s. The results 

shown in Fig. 2.7 correspond to the average values of (𝑤/2)max obtained by testing three 

times for each mass flow rate. It was noted that (𝑤/2)max increased with an increase in 𝑉0. 

In addition, a linear relationship existed between 𝑉0  and ( 𝑤 /2)max at each nozzle 

diameter as reported by Good and Nollet [5], although the slope differed depending on 

the nozzle diameter. This finding suggests that the nozzle diameter is a critical factor that 

affected the spread of a liquid film. 

Figure 2.8 shows the images of the typical film formed on the test plate recorded at 

each impingement angle condition. The nozzle diameter was 1.1 mm, and the mass flow 

rate was set as 5.0 g/s. When the impingement angle increased, the liquid film width 

expanded while its length became shorter. Figure 2.9 shows the relationship between 𝑉0 

and (𝑤/2)max under each condition of the nozzle diameter and mass flow rate. It can be 

found from Fig. 2.9 that the maximum film width increased as the impingement angle 

increased. Furthermore, the parameters exhibited a linear relationship under all the 

impingement angle conditions. However, the film length downstream decreased as the 

impingement angle increased, as mentioned above. These findings pertaining to the width 

and length of the film indicated that the component of the liquid jet velocity perpendicular 

to the wall (i.e., 𝑉0sin𝜃, see Fig. 2.1) contributed to the film width, and the horizontal 

component (i.e., 𝑉0cos𝜃) contributed to the length. Figure 2.10 shows the relationship 

between 𝑉0sin𝜃 and (𝑤/2)max. Under each nozzle condition, the results under different 

angles shown in Fig. 2.11 corresponded to those pertaining to 𝑉0 sin 𝜃 , and linear 

relationships between 𝑉0sin𝜃 and (𝑤/2)max were observed under each condition of the 

nozzle diameter. 

 

2.3.2 Film width characterization 

 

To identify the relationship between (𝑤 /2)max and the key factors under various 

conditions, the parameters influencing the film width were examined, and it was noted 
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that 𝑉0sin𝜃 and 𝑑 influenced the film width.  

As a linear relationship was noted between 𝑉0 sin 𝜃  and ( 𝑤 /2)max, it could be 

considered that the scale of (𝑤/2)max could be expressed by the product of 𝑉0sin𝜃 and 

the characteristic time for the film spread, as the scale of the length can be expressed in 

terms of the product of the scales of the velocity and time. The characteristic time scale 

for the film spread, 𝜏σ, can be expressed as in Eq. (2.4), as determined via a dimensional 

analysis using the density, surface tension coefficient, and nozzle diameter, which are the 

key factors influencing the film width. Thus, the scale of (𝑤/2)max can be expressed as in 

Eq. (2.5). 

 

𝜏σ ~ √
𝜌𝑑3

𝜎
(2.4) 

 

(𝑤/2)max ~ 𝑉0sin𝜃 ∙ √
𝜌𝑑3

𝜎
(2.5) 

 

By rearranging Eq. (2.5), the dimensionless maximum film width can be expressed as 

follows: 

 

(𝑤/2)max

𝑑
 ~ √

𝜌(𝑉0sin𝜃)2𝑑

𝜎
= √𝑊𝑒 ∙ sin𝜃 (2.6) 

 

In addition, it can be considered that (𝑤/2)max is equal to 𝑑/2, the radius of the liquid jet, 

if the liquid jet impinges to the wall with 𝜃 = 0. Therefore, a correction term of 0.5 was 

added to Eq. (2.6), as follows: 

 

(𝑤/2)max

𝑑
= √𝑊𝑒 ∙ sin𝜃 + 0.5 (2.7) 

 

All the obtained results considering the different parameters are shown in Fig. 2.11. It is 

found that the results under various conditions of the liquid jet velocity, nozzle diameter, 

and impingement angle could be uniformly organized although the data indicated a 

slightly gentle slope than Eq. (2.7). These findings indicate that the maximum film width 
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for a liquid film formed by a single nozzle can predict when the injection conditions have 

been determined. 

 

2.4 Conclusions 

 

To clarify the key factors affecting the spread of a liquid film and to understand the 

formation process of such films, an experimental apparatus that simulates the supply 

system of the fuel in actual thrusters for film cooling has been developed. Experiments, 

in which a liquid jet was injected onto the cold wall under the different injection 

conditions, were performed using water as the test liquid. The mass flow rate, nozzle 

diameter, impingement angle, and liquid jet length were varied. Results showed that the 

width and length of the film increased when the liquid jet velocity increased. Additionally, 

a linear relationship existed between the liquid jet velocity and maximum film width. This 

tendency was observed at all nozzle diameters, although the slopes of the lines were 

different. These results indicated that the nozzle diameter was one of the factors affecting 

the film spread. The maximum film width increased under the same mass flow rate as the 

impingement angle increased, and the vertical component of the liquid jet velocity to the 

wall exhibited a linear relation with the maximum film width. In addition, the liquid jet 

length did not exert any significant influence on the film width under the experimental 

conditions, which were in the design range of bipropellant thrusters. Based on these 

results, the key factors affecting the film width were extracted, and a general relationship 

between the key factors and maximum film width under various conditions was identified. 

The maximum film width divided by the nozzle diameter could be uniformly organized 

in terms of the product of the Weber number and the sine of the impingement angle, based 

on dimensional analysis. These findings could provide guidance to determine the shape 

of an injector for film cooling, based on the physical phenomenon, instead of using a trial-

and-error approach that requires experimental tests. In addition, the amount of fuel for 

film cooling could be optimized while ensuring high performance and sufficient cooling 

of the thrusters at the same time. 

In future work, the effect of the surface tension must be investigated in detail by using 

different test liquids. In addition, the reason why the data was not completely fitted with 

Eq. (2.7) needs to be elucidated. For more accurate prediction, it is necessary to consider 

the effects of the contact angle and modify the characterization parameters suitably. 
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Fig. 2.1 Schematic of the experimental apparatus 

 

 

Fig. 2.2 Direct image of film and defined values 
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Fig. 2.3 Effect of liquid jet length on the film spread under a nozzle diameter of 0.7 mm 

 

 

Fig. 2.4 Effect of liquid jet length on film width at 𝑑 = 0.7 mm; (a) 3.0 g/s, (b) 6.0 g/s 
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Fig. 2.5 Effect of liquid jet length on film width at 𝑑 = 1.1 mm; (a) 3.0 g/s, (b) 6.0 g/s 

 

 

Fig. 2.6 Film spreading under different conditions of mass flow rate and nozzle diameter 

at the impingement angle of 10°. The impingement points were on the upper 

broken line, and two direction arrows indicated the length of the film under 

each condition 
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Fig. 2.7 Effect of nozzle diameter on the maximum film width 

 

 

 

Fig. 2.8 Effect of impingement angle on the film spread 
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Fig. 2.9 Effect of impingement angle on the maximum film width 

 

 

Fig. 2.10 Relationship between the inlet jet velocity perpendicular to the wall and 

maximum film width 
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Fig. 2.11 Relationship between dimensionless maximum film width and the product of 

𝑊𝑒  and sin 𝜃 . The symbols indicate the experimental data for three 

experimental runs in each condition. The bold line indicates the results 

pertaining to Eq. (2.7). 

 

 

 

 

Table 2.1 Experimental conditions and imaging conditions 

Mass flow rate of test liquid [g/s] 3.0, 4.0, 5.0, 6.0 

Nozzle diameter [mm] 0.7, 1.1 

Impingement angle [deg.] 10, 15, 20, 25 

Dimensionless length of liquid jet [-] 6, 8, 10, 20 
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Chapter 3 Formation processes and heat transfer 

characteristics of a liquid film on a superheated wall   

during continuous injection 

 

3.1 Introduction 

 

Impinging jet cooling by forming a liquid film is widely used in many applications 

demanding high heat dissipation, such as material processes [1, 2, 3] and cooling of 

nuclear reactor cores [4, 5], because of its high cooling ability by the latent heat through 

a phase change from liquid to vapor. Bipropellant thrusters for orbit maneuvering and 

attitude control of satellites and small-scale spacecraft also employ the film-cooling 

technique using liquid jets of the fuel impinging onto the chamber wall [6, 7]. During the 

pulse firing mode of the thrusters, liquid fuel jets are possibly to be injected onto the 

superheated wall with a spatial temperature gradient along the axial direction whose 

temperature exceeds the saturated temperature or the Leidenfrost temperature of the fuel 

due to the heat soak-back.  

When a liquid jet is injected onto a superheated surface, most of the liquid splashes 

away from the leading edge of the liquid film because of the vapor flow induced by 

vigorous boiling; the leading edge, which is the boundary between the wetted region by 

the liquid film and the dry region, is called as the wetting front (WF) [8, 9]. The WF 

behavior and the heat transfer characteristics in the vicinity of the WF required to be 

understood for the well-controlled cooling processes, and therefore, impinging jet cooling 

has been investigated for a long time. However, the physical model for the WF behavior 

has not still been elucidated [10], primarily owing to the poor understanding of the 

physical processes during the transient cooling [11]. 

Although there were several parameters affecting the film formation processes such as 

the momentum flow rate per unit length [12] and the impingement angle [13, 14], 

experimental results for the behavior of the WF and surface heat flux were discussed and 

organized, mainly focusing on the velocity of the liquid jet that was related to the velocity 

of the liquid film [15, 16, 17]. On the other hand, it was recently reported that the 

hydrodynamics of the WF and the heat transfer characteristics were determined by the 

flow rate of the test liquid [3]. This suggests that the WF behavior was not determined by 

the liquid film velocity affecting the behavior of the bubbles and vapor film but by the 
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amount of the liquid supplied to the WF. For a better understanding of the WF behavior, 

it needs to be confirmed which of the physical parameters are dominant. These physical 

factors are also considered to have significant effects on liquid film behavior on the 

chamber wall of the bipropellant thruster. In addition, from the viewpoint of the reduction 

in propellant consumption that leads to a higher performance of the bipropellant thruster 

and consequently a longer life of the satellite, the effect of the mass flow rate on the 

cooling processes needs to be examined further. 

The objectives of this chapter are to evaluate whether the effect of the mass flow rate 

and the liquid jet velocity are dominant to the WF behavior and to investigate the heat 

transfer characteristics during oblique jet impingement quenching with a small amount of 

the test liquid in the case of the initial temperature distribution with a spatial gradient. 

The quenching of a heated metal plate with a spatial temperature gradient by water jet 

impingement was conducted to examine the effect of the liquid mass flow rate and liquid 

jet velocity by varying the nozzle diameter. 

 

3.2 Experimental description 

 

3.2.1 Experimental apparatus 

 

Figure 3.1 shows a schematic illustration of the experimental apparatus used in the 

present chapter. While the liquid films injected from multiple injector holes may interfere 

with each other in the actual thruster, the quenching processes of a liquid film formed by 

a liquid jet were considered as the first step for understanding the cooling mechanism in 

the liquid film cooling. In this chapter, the impingement point of the liquid jet was defined 

as the origin. The 𝑥, 𝑦, and 𝑧 axes represent the direction of the liquid film flow, liquid 

film width, and perpendicular to the wall, respectively. The experimental apparatus 

consists of an injector part with a single nozzle, a metal plate (aluminum alloy (A5052), 

3 mm thick, 50 mm wide, and 118 mm long), a liquid supply system, a high-speed camera, 

and an infrared camera. A rod heater was placed in the metal component on one side of 

the metal plate, and the plate was heated to form a spatial temperature gradient in the 𝑥 

direction. The behavior of the liquid film formed on the heated plate was observed from 

the front (as shown in Fig.3.2) and the side simultaneously by using two high-speed 

cameras (Photron FASTCAM SA-1.1 and Vision Research Phantom v2012). The frame 

rate and exposure time were 500 fps and 20 µs. The spatial resolution for the front view 

and the side view were 0.14 and 0.09 mm/pixel, respectively. In addition, the temperature 

distribution of the test plate was measured from the backside using an infrared camera 
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(NIPPON AVIONICS InfReC R550Pro). The backside of the test plate was coated with 

black body paint, ensuring an emissivity of 0.94. The frame rate for IR imaging was 60 

fps with a spatial resolution of 0.23 mm/pixel. The measurement area for the temperature 

of the test plate was limited to 60 mm downstream from the impingement point owing to 

the metal component with the rod heater, as shown in Fig. 3.1. 

Water was selected as the test liquid because the density and surface tension of water 

were similar to those of hydrazine. To investigate the effect of the mass flow rate on the 

quenching processes, two nozzles with the diameters of 0.7 mm and 1.1 mm were used 

and the mass flow rate of water was varied from 3.0 g/s to 6.0 g/s in the increment of 

1.0 g/s. The ratio of the distance from the nozzle tip to the test plate to the nozzle diameter 

𝐿/𝑑 was set to 6. Although the impingement angle influences the formation of the liquid 

film [13, 14], the impingement angle 𝜃 was selected as 10° to simulate the situation in 

the actual thruster. The test liquid at room temperature (approximately 20°C) was injected 

onto the test plate when the temperature of the impingement point was raised to 220°C. 

The experimental conditions are presented in Table 3.1. For each condition, the cooling 

tests were conducted five times. 

 

3.2.2 Estimation of the temperature and heat flux of the surface by a liquid film 

 

For the data acquisition of surface temperature and surface heat flux on the cooled 

surface (front surface), the inverse heat conduction problem should be solved because the 

value of the Biot number was higher than 0.1 and the temperature distribution in the 

thickness direction could not be negligible [18]. In the present chapter, a rectangular 

calculation domain with a length of 70 mm, a width of 50 mm (measurement area), and a 

thickness of 3 mm consisted of 105×75×30 cells. The time step was dependent on the 

frame rate of the infrared imaging and 1/60 s. Fujimoto et al. [19] conducted the three-

dimensional steady-state inverse heat conduction analysis to estimate the surface heat flux 

and temperature distribution on the cooled surface of the test plate during the jet 

impingement cooling of the moving plate by using the measured temperature profile of 

the rear surface of the test plate. In Ref. [19], the authors applied the finite volume method. 

Recently, Haramura [20] proposed a robustly stable and easily usable scheme for solving 

the inverse problem of one-dimensional transient heat conduction with the fully implicit 

scheme, in which the finite difference method was applied. In the present study, the 

inverse problem of the transient three-dimensional heat conduction was numerically 

solved by employing the finite volume method as the discretization method and extending 

the scheme proposed by Haramura [20] from the one-dimensional problem to the three-



43 

 

dimensional problem. 

The transient heat conduction equation of the plate in the Cartesian coordinate as 

shown in the plate of Fig. 3.1 is given by Eq. (3.1). 

 

𝜌w𝑐w

𝜕𝑇w

𝜕𝑡
= 𝑘w (

𝜕2𝑇w

𝜕𝑥2
+

𝜕2𝑇w

𝜕𝑦2
+

𝜕2𝑇w

𝜕𝑧2
) (3.1) 

 

In the finite volume method [21], the discretization of Eq. (3.1) with the fully implicit 

scheme for a control volume 𝑃 is described as Eq. (3.2). The neighbors of the control 

volumes are represented as E, W, N, S, T, and B, as shown in Fig. 3.2(a). Subscript of e, 

w, n, s, t, and b denote each of the faces of the control volumes. 

 

𝑎𝑃𝑇𝑃 = 𝑎𝐸𝑇𝐸 + 𝑎𝑊𝑇𝑊 + 𝑎𝑁𝑇𝑁 + 𝑎𝑆𝑇𝑆 + 𝑎𝑇𝑇𝑇 + 𝑎𝐵𝑇𝐵 + 𝑎𝑃
0𝑇𝑝

0 (3.2) 

 

Here, 

𝑎𝐸 =
𝑘w𝑒∆𝑦∆𝑧

(𝛿𝑥)𝑒
, 

𝑎𝑊 =
𝑘w𝑤∆𝑦∆𝑧

(𝛿𝑥)𝑤
, 

𝑎𝑁 =
𝑘w𝑛∆𝑧∆𝑥

(𝛿𝑦)𝑛
, 

𝑎𝑆 =
𝑘w𝑠∆𝑧∆𝑥

(𝛿𝑦)𝑠
, 

𝑎𝑇 =
𝑘w𝑡∆𝑥∆𝑦

(𝛿𝑧)𝑡
, 

𝑎𝐵 =
𝑘w𝑏∆𝑥∆𝑦

(𝛿𝑧)𝑏
, 

𝑎𝑃
0 =

𝜌w𝑐w∆𝑥∆𝑦∆𝑧

∆𝑡
, 

𝑎𝑃 = 𝑎𝐸 + 𝑎𝑊 + 𝑎𝑁 + 𝑎𝑆 + 𝑎𝑇 + 𝑎𝐵 + 𝑎𝑃
0 . 

 

𝑇𝑃
0 is the temperature of 𝑃 in the previous time step. The time step and grid sizes for 𝑥, 

𝑦  and 𝑧  directions were represented as ∆𝑡  and ∆𝑥 , ∆𝑦 , ∆𝑧 , respectively. The 

distance between the cells were denoted by 𝛿𝑥, 𝛿𝑦, and 𝛿𝑧 in each direction. The front 

and rear surfaces of the tested plate are set to be the boundaries of the computational 

domain. Designating the control volumes of row 1 as shown in Fig. 3.2(b), the 
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temperature of the control volumes in the upper row are calculated from Eq. (3.3) which 

is the rearranged form of Eq. (3.2). 

 

𝑇𝑇 =
1

𝑎𝑇

(𝑎𝑃𝑇𝑃 − 𝑎𝐸𝑇𝐸 − 𝑎𝑊𝑇𝑊 − 𝑎𝑁𝑇𝑁 − 𝑎𝑆𝑇𝑆 − 𝑎𝐵𝑇𝐵 − 𝑎𝑃
0𝑇𝑃

0) (3.3) 

 

If the boundary condition of the rear surface is given, the temperature of the control 

volumes in row 1 can be obtained. Then, the temperature in row 2 are obtained by the 

discretized equation for the control volumes in row 1. Using these values and Eq. (3.3), 

the temperature for upper rows can be derived in order. The last nodes in row N+1 shown 

in Fig. 3.2(b) are the virtual points located outside of the plate, and the surface 

temperature and heat flux are determined from the temperature of the control volumes in 

rows N and N+1, thermal conductivity, and the distance between row N and row N+1. 

When calculating the temperature and heat flux of the front surface, the initial 

condition should be given. Figure 3.3 shows the difference between the temperature at a 

certain point on the front surface measured by a K-type thermocouple which has an error 

of ±2.5℃ under the measured temperature range and that on the rear surface measured 

by an infrared camera, during the plate heating. Owing to the heat resistance of the 

thermocouple, the range of the measured temperature was below the initial condition, and 

it was confirmed that there was a slight temperature difference between the front surface 

and rear surface before the cooling. However, the difference between the two surfaces 

was within the tolerance of the thermocouple. Therefore, the temperature distribution in 

the thickness direction of the plate at 𝑡  = 0 s was assumed to be uniform, and the 

temperature profile of the rear surface was given as the initial condition. For the boundary 

conditions of the surfaces, zero temperature gradient conditions were given at the side 

boundaries in the 𝑦 direction and the rear surface. The upstream side boundary in the 𝑥 

direction was also zero temperature gradient condition, and the downstream side 

boundary in the 𝑥  direction was given by the heat flux determined by the thermal 

conductivity of the plate and the temperature gradient in the 𝑥 direction at 𝑡 = 0 s. In 

the present study, the metal properties of the aluminum alloy (A5052) were assumed to 

be constant (𝜌w = 2680 kg/m3, 𝑐w = 900 J/ kg・K, and 𝑘w = 137 W/m・K). 

 In this method, the noises superposed on the temperature measurement have quite 

severe effects on determining the surface temperature and heat flux [19, 20]. Therefore, 

smoothing operations needed to be performed for the spatial directions and temporal 

direction before the calculation. The smoothing methods used for the spatial directions 

and temporal direction in the present study were cubic smoothing splines and the 
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Savitzky-Golay method [22], which were also used in [19] and [20] respectively. The 

smoothing procedure was as follows: first, a smoothing operation using cubic smoothing 

splines was performed on the temperature profile data at each time by using a Python 

package CSAPS [23], and then the Savitzky-Golay method [22] was applied to the change 

of the temperature at each point as shown in Fig. 3.4. 

 

3.3 Results and discussion 

 

3.3.1 Wetting front propagation 

 

Figure 3.5 (a) and (b) show the progress of the liquid film and the WF position on the 

𝑥-axis as measured from the images under the condition of �̇� = 5.0 g/s and 𝑑 = 0.7 

mm. As explained later, the red solid line in Fig. 3.5 (b) indicates the fitting result of the 

WF position obtained by using Eq. (1.3). It can be observed in Fig. 3.5 that the liquid film 

expanded in the 𝑦 direction and the WF moved downstream with the elapsed time since 

the cooling commenced. In addition, the velocity of the WF slowed down as the WF 

moved downstream, and this trend was also observed in the previous studies on quenching 

of the hot surface with vertical jet impinging [3, 16, 23, 24].  

Figure 3.6 shows the direct image of the liquid film and the distributions of the 

estimated surface temperature and heat flux at 𝑡 = 0.6 s after the cooling commenced. 

The maximum heat flux position lay in the wetted region near the WF as observed in [15, 

17, 26] and the WF and maximum heat flux position were quite close [17]. In addition, 

the WF was located in the region where the spatial temperature gradient in the direction 

of the liquid film flow was the largest. Figure 3.7 shows the relationship between the 

position where the temperature gradient along the 𝑥 direction achieved its maximum 

value 𝑥g and the WF position 𝑥wf under the condition of 𝑑 = 0.7 mm and 𝑚 ̇ = 5.0 g/s. 

These positions were consistent at any location from the impingement point; this agrees 

with the observations of Karwa and Stephan [17]. From the viewpoint of film cooling in 

an actual thruster which is difficult to visualize, this suggests that the length of the liquid 

film can be estimated from the distribution of the wall temperature observed in an actual 

thruster [27]. 

The effects of the liquid jet velocity and mass flow rate on the WF propagation were 

evaluated by varying the nozzle diameter under each mass flow rate condition. Figure 3.8 

shows the time taken for WF to reach each position (𝑥 = 10, 20, 30, 40, and 50 mm) on 

the 𝑥 -axis. The plots indicate the mean values of the five tests, and the error bars 

represent the maximum and minimum values in the five tests. The time required for the 
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WF to reach certain positions increased further downstream under all the experimental 

conditions, which meant that the WF velocity decreased as the WF moved downstream 

as seen in Fig. 3.5. Although the WF reached the position of 𝑥 = 50 mm faster for the 

nozzle diameter of 0.7 mm under the conditions of �̇� = 3.0 and 4.0 g/s, the time required 

for the WF to reach each position was almost the same under the same mass flow rate 

conditions. It can also be seen from Fig. 3.8 that regardless of the nozzle diameter the WF 

moved downstream faster with an increase in the mass flow rate. The liquid jet velocity 

increased by approximately 2.5 times when the nozzle was changed from 1.1 mm to 

0.7 mm, and it led to the difference in the liquid film velocity. However, the effect of the 

mass flow rate appeared to be greater than that of the liquid jet velocity in the range of 

the experimental conditions used in this chapter (see Fig. 3.8), which corresponded to the 

results under the higher flow rate conditions [3].  

Figure 3.9 shows the mean velocity of the liquid film and the film mass flow rate per 

unit liquid film width on the 𝑥 axis under the condition of �̇� = 5.0 g/s, which Inamura 

et al. [13] theoretically predicted for the liquid film formed by an oblique jet impinging 

on the non-heated wall. The mean liquid film velocity for 𝑑 = 0.7 mm was higher at any 

position than that for 𝑑 = 1.1 mm, while the film mass flow rate per unit liquid film width 

was almost the same for both; it was suggested that the mass flow rate, that is, the amount 

of the liquid supplied to the WF, was highly significant to the reduction of the plate 

temperature at the WF, leading to the faster movement of the WF with the increase of the 

mass flow rate. 

As indicated in section 1.4.2, Karwa et al. [23] suggested the two possible reasons 

why the WF velocity decreased further downstream. The liquid film velocity may have 

negligible effects on the WF propagation. Therefore, the latter reason of Karwa et al. [23], 

i.e., the degree of heat the liquid film receives from the plate between the impingement 

point and the WF, may explain the deceleration of the WF propagation; the effect of the 

thermal boundary layer on the propagation of the WF was significant, compared with the 

effect of liquid film velocity. When the WF was located relatively close to the 

impingement point, the thickness of the thermal boundary layer in the liquid film was thin, 

and the bubbles condensed immediately after the initiation of growth, owing to 

subcooling. Furthermore, the thermal boundary layer of the liquid film at the WF 

thickened as the WF moved downstream, and it might have led to the growth of bigger 

bubbles and the prevention of WF propagation. 

In the previous studies [16, 24, 25], the WF position was often expressed using Eq. 

(1.3). In the present study, the WF position on the 𝑥-axis was well-fitted by Eq. (1.3), as 

shown in Fig. 3.5. Figure 3.10 shows the effects of the mass flow rate and liquid jet 
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velocity on the constant 𝑎  and exponent 𝑛 . As shown in Fig. 3.10(a), the value of 

constant 𝑎 increases linearly with an increase in the mass flow rate, implying that the 

value of constant 𝑎 was independent of the liquid jet velocity. These results agreed with 

the results reported in Ref. [16] because the increase in the liquid jet velocity 

corresponded to an increase in the liquid mass flow rate under the condition of a fixed 

nozzle diameter. It was also found in Fig. 3.10(b) that the value of the exponent 𝑛 

decreased slightly with the mass flow rate under the condition of 𝑑 = 0.7 mm, while it 

remained almost constant under the condition of 𝑑 = 1.1 mm. Furthermore, the value of 

exponent 𝑛 for 𝑑 = 0.7 mm is slightly higher than that for 𝑑 = 1.1 mm, under the same 

mass flow rate conditions. The values were in the range of approximately 0.4 – 0.5, close 

to the values reported in Refs. [16] and [24]. For a constant 𝑎 and exponent 𝑛, the same 

tendency as that in the previous studies on quenching with vertical jet impingement was 

observed in this study, where the liquid jet was obliquely injected onto the plate with a 

spatial temperature gradient. 

 

3.3.2 Heat transfer characteristics during quenching process 

 

Figure 3.11 shows the time history of the temperature for the front and rear sides at 

each position on the 𝑥-axis under the condition of �̇� = 5.0 g/s and 𝑑 = 0.7 mm. The 

solid lines and broken lines indicate the front and rear surface temperatures, respectively. 

The black dots indicate the temperature of the front surface when the WF reached each 

position. The front surface temperature dropped steeply compared to the rear surface 

temperature. The surface temperature at the instant WF position reached the measurement 

point took a constant value of approximately 200℃ up to around 𝑥  = 20 mm. That 

temperature decreased as the WF moved downstream. The temperature decreased from 

its initial value before the arrival of the WF further downstream. This is due to the 

conduction of heat by the plate between the wetted regions and dry regions. The area that 

exhibits temperature decrease, despite not being wetted by the liquid film, is named as 

the precursory cooling zone (PCZ) [28]. Figure 3.12 shows the value of the Peclet number 

as defined in Eq. (3.4) [29, 30] at each position.  

 

𝑃𝑒 =
𝑢wf𝛿

𝛼w
. (3.4) 

 

𝑢wf  and 𝛼w  indicate the WF velocity and thermal diffusivity of the test plate, 

respectively. In the present study, the WF velocity at each position (𝑥 = 10, 20, 30, 40, 
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and 50 mm) was calculated as the ratio of the distance between each position (10 mm) to 

the time taken to travel from one position to another. As shown in Fig. 3.12, the value of 

the Peclet number decreased in the downstream. This means that the effect of the thermal 

diffusion gradually increased, and it adequately accounted for the prominent precursory 

cooling effect by the heat conduction through the plate, in the downstream, as shown in 

Fig. 3.11. 

Figure 3.13 shows the time history of the surface heat flux, at each position under the 

condition of �̇� = 5.0 g/s and 𝑑 = 0.7 mm, for evaluating the heat transfer characteristics 

between the liquid film and the test plate. The maximum heat flux at each position was 

achieved after the WF passed, as discussed in section 3.3.1. Subsequently, the cooling 

mode gradually shifted from the nucleate boiling to the single-phase forced convection. 

As shown in Fig. 3.13, the value of the maximum heat flux achieved at each position 

decreased with an increase in the distance from the impingement point. This tendency 

was reported in the previous studies on the quenching of hot surfaces with vertical jet 

impingement [17, 25]. Figure 3.14 shows the boiling curves at each position on the 𝑥-

axis under the condition of �̇�  = 5.0 g/s for 𝑑  = 0.7 and 1.1 mm. ∆𝑇sup  denotes the 

degree of wall superheat which means the difference between the plate (wall) surface 

temperature and the saturated temperature of the test liquid. The peak value of the heat 

flux decreased further downstream as shown in Fig. 3.13, although the degree of wall 

superheat at the maximum heat flux point was nearly constant. Comparing Fig. 3.14(a) 

and (b), the heat flux for 𝑑 = 0.7 mm in the single-phase convection regime was higher 

than that for 𝑑 = 1.1 mm because the liquid film velocity for 𝑑 = 0.7 mm was higher 

than that for 𝑑 = 1.1 mm as shown in Fig. 3.9, while the values of the maximum heat 

flux in the nucleate boiling regime were similar at each position, although the liquid jet 

velocity was approximately 2.5 times different. 

Figure 3.15 shows the change in the maximum heat flux 𝑞max with the distance from 

the impingement point. The value of the maximum heat flux decreased with the distance 

from the impingement point under all conditions because the liquid film temperature 

increased further downstream from the impingement point. In addition, the maximum 

heat flux increased with an increase in the mass flow rate because the increase of the 

liquid temperature was smaller due to the higher heat capacity of the liquid film. From 

these results, it could be suggested that the WF propagation velocity was determined by 

the heat removal rate near the WF, leading to the temperature drop, and the effect of the 

mass flow rate on it was higher than that of the jet velocity, as discussed in section 3.3.1. 
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3.3.3 Amount of heat removed from plate to liquid film and evaporative fraction 

 

In the present study, the temperature profile in the 𝑥𝑦-plane was measured, and the 

distribution of the surface heat flux in the 𝑥𝑦-plane could be estimated by inverse heat 

conduction analysis. Using the values of the estimated surface heat flux in the 𝑥𝑦-plane, 

the amount of heat removed from the plate to the liquid film and the evaporative fraction 

of the liquid film were estimated to evaluate the mass fraction of the injected liquid that 

contributed to the cooling of the test plate. Figure 3.16 shows the liquid film and the 

surface heat flux distribution at 𝑡 = 0.6 s under the condition of �̇� = 5.0 g/s and 𝑑 = 

0.7 mm. The amount of heat removed from the plate to the test liquid �̇� was calculated 

for the area where the value of the estimated surface heat flux was positive according to 

the following equation. 

 

�̇� = ∬ 𝑞s𝑑𝑥𝑑𝑦 . (3.5)  

 

Figure 3.17 shows the amount of heat removed from the plate at the elapsed time when 

the WF reached close to 𝑥 = 30 mm under each mass flow rate condition; �̇� of �̇� = 

3.0, 4.0, 5.0, and 6.0 g/s corresponded to the value at 𝑡  = 1.2, 0.8, 0.6, and 0.4 s, 

respectively (see Fig. 3.8). The liquid film removed more heat from the test plate as the 

mass flow rate increased for each nozzle diameter because the maximum heat flux 

assumed a higher value with an increase in the mass flow rate, as shown in Fig. 3.15. An 

additional reason was that the wetted area increased with an increase of the mass flow 

rate as discussed in Chapter 2. Comparing the values under the same mass flow rate 

conditions, the smaller the nozzle diameter, the higher the amount of heat removed from 

the plate because the maximum heat flux was slightly higher for smaller diameters. In 

addition, the amount of heat removed from the plate by single-phase forced convection 

was greater for the smaller diameter owing to the higher velocity of the liquid film as 

shown in Fig. 3.14. 

Next, the mass fraction of the injected liquid that contributed to the cooling of the test  

plate was evaluated. To evaluate the fraction, the evaporative fraction ∅ defined in Eq. 

(3.6) was used. 

 

∅ =
�̇�

�̇�ℎlv
. (3.6) 

 

ℎlv denotes the latent heat of the test liquid. Figure 3.18 shows the evaporative fraction 
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calculated using Eq. (3.6) for the results shown in Fig. 3.17. The fraction of the injected 

liquid contributing to the cooling of the plate was nearly 10 % in the case of 𝑑 = 0.7 mm 

and 8 % in the case of 𝑑 = 1.1 mm (possibly overestimated due to effect of neglecting 

the sensible heat) and was almost the same under each mass flow rate condition, while 

the amount of heat removed from the plate increased with an increase in the mass flow 

rate. Figure 3.18 suggests that nearly 90 % or more of the injected liquid was splashed 

away from the WF without evaporation. 

 

3.4 Conclusions 

 

An experimental study on the jet impingement cooling of a heated wall with a spatial 

temperature gradient was conducted to investigate the effect of the mass flow rate and the 

liquid jet velocity on the cooling processes, using a liquid film with an oblique 

impingement jet, by varying the nozzle diameter. Water and aluminum alloy were used as 

the test liquid and plate, respectively. The behavior of the liquid film on the heated wall 

was visualized using high-speed imaging. In addition, the temperature distribution of the 

surface opposite the cooling surface was obtained using infrared images to estimate the 

surface temperature and heat flux of the cooled side by solving the inverse problem of 

three-dimensional transient heat conduction. 

The WF gradually moved downstream, and the velocity of the WF decreased as it 

moved downstream. It was notable that the WF propagation was affected by the liquid 

mass flow rate and not by the liquid jet velocity being related to the liquid film velocity 

even though, in this study, the velocity of the liquid jet was different approximately 2.5 

times, and the WF moved faster as the mass flow rate increased. The WF position was 

well-fitted by a power function of elapsed time, and the constant had a linear relationship 

with the mass flow rate, while the exponent was in the range of approximately 0.4 – 0.5 

which agreed with the results reported in the previous studies on quenching, with a 

vertical impingement jet. 

The heat transfer characteristics during the quenching process were examined. The 

temperature at the relatively upstream location dropped immediately after the WF reached 

the respective position, while the temperature at the positions further downstream 

decreased before the arrival of the WF because of the effect of the precursory cooling 

induced by the solid heat conduction between the wetted and dry regions. The maximum 

heat flux decreased as the WF moved downstream, and the attained value was almost the 

same under the same mass flow rate conditions for the same positions, although the nozzle 

diameter was changed and the velocity of the liquid jet and formed film was different. 
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The amount of heat removed from the test plate to the liquid film was calculated, and 

the fraction of the injected liquid contributing to the cooling of the test plate was estimated. 

For evaluating the fraction, the evaporative fraction was defined as the ratio of the amount 

of heat removed from the metal plate to the product of the mass flow rate and the latent 

heat of the liquid in this chapter. The amount of heat removed from the plate increased as 

the mass flow rate increased for each nozzle diameter, and it assumed a higher value upon 

using a nozzle with a smaller diameter. However, the evaporative fraction assumed almost 

the same value for each nozzle diameter and was nearly 10% or less. These results suggest 

that nearly 90% or more of the injected liquid was splashed away from the test plate 

without evaporation. 
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Fig. 3.1 Schematic of the experimental apparatus 

 

 

Fig. 3.2 Schematics of control volume 𝑃 (a) and calculation domain (b). 
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Fig. 3.3 Temperature difference between front surface and rear surface during plate 

heating 

 

 

Fig. 3.4 Smoothing procedures of measured temperature profile for solving inverse heat 

conduction problem 
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Fig. 3.5 Direct images of liquid film at each elapsed time under the condition of 𝑑 = 0.7 

mm and 𝑚 ̇ = 5.0 g/s (left) and WF position with elapsed time (right). The images 

of the capital letters and the small letters respectively show the front views and 

the side views. (A, a): 𝑡 = 0.2 s, (B, b): 𝑡 = 0.6 s, (C, c): 𝑡 = 1.0 s, (D, d): 𝑡 = 

1.4 s 
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Fig. 3.6 Direct image of the liquid film (a), thermal images of temperature distribution of 

the front surface (b) and in the 𝑥𝑧-plane for 𝑦 = 0 (c), and estimated surface temperature 

and heat flux distribution along the 𝑥-axis for 𝑦 = 0 calculated at the elapsed time of 0.6 

s (d). Red broken line indicates the WF position  
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Fig. 3.7 Relationship between WF position and position where spatial temperature 

gradient takes its maximum value on the 𝑥-axis 

 

 

Fig. 3.8 Elapsed time when WF reaches certain positions on the 𝑥-axis 
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Fig. 3.9 Mean velocity of liquid film and film mass flow rate per unit liquid film width 

on the 𝑥 axis under the condition of �̇� = 5.0 g/s predicted by the model in []. 

 

 

 

Fig. 3.10 Effects of mass flow rate and jet velocity on constant 𝑎 (a) and exponent 𝑛 
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Fig. 3.11 Temperature history at each position on the 𝑥-axis under the condition of 𝑑 = 

0.7 mm and 𝑚 ̇ = 5.0 g/s. The black dots indicate the temperature at the moment 

when the WF reached each position 
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Fig. 3.12 Change in Peclet number under the condition of 𝑑 = 0.7 mm and �̇� = 5.0 g/s 

 

Fig. 3.13 Time history of heat flux at each position on the 𝑥-axis under the condition of 

𝑑 = 0.7 mm and 𝑚 ̇ = 5.0 g/s 
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Fig. 3.14 Boiling curves at each position on the 𝑥-axis under the condition of 𝑑 = 0.7 

mm (a) and 𝑑 = 1.1 mm (b) for 𝑚 ̇ = 5.0 g/s 

 

 

 

 

 

Fig. 3.15 History of maximum heat flux at each position on the 𝑥-axis under the condition 

of 𝑑 = 0.7 mm (a) and 𝑑 = 1.1 mm (b) 
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Fig. 3.16 Direct image of liquid film and distribution of heat flux at 𝑡 = 0.6 s under the 

condition of 𝑑 = 0.7 mm and 𝑚 ̇ = 5.0 g/s 
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Fig. 3.17 Amount of heat removed from test plate to liquid film at an elapsed time when 

the WF reached close to 𝑥 = 30 mm 

 

Fig. 3.18 Evaporative fractions at an elapsed time when the WF reached close to 𝑥 = 30 

mm 

(g/s)

(W
)

0

200

400

600

800

1000

1200

1400

1600

3.0 4.0 5.0 6.0

0.7 mm

1.1 mm

(g/s)

(-
)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

3.0 4.0 5.0 6.0

0.7 mm

1.1 mm



65 

 

Table 3.1 Experimental conditions 

Mass flow rate of test liquid  [g/s] 3.0, 4.0, 5.0, 6.0 

Nozzle diameter  [mm] 0.7, 1.1 

Jet Reynolds number [-] 
 5400, 7200, 9100, 10900 (𝑑 = 0.7 mm) 

3500, 4600, 5800, 6900 (𝑑 = 1.1 mm) 

Impingement angle [°] 10 

Degree of subcooling [K] 80 
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Chapter 4 Liquid film and heat transfer characteristics 

during cooling of a superheated wall through pulsed injection 

 

4.1 Introduction 

 

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

control of small-scale spacecraft. During the operation of the pulse firing mode, the 

situation that the fuel jets for film cooling are injected onto the hot surface owing to heat 

soak-back [1] can appear depending on the conditions of the interval between each 

pulsed-combustion event. The combustion chamber wall cannot be cooled sufficiently 

according to the interval and associated heat soak-back conditions. The operational range 

of the pulse firing mode is determined by the requirements of the cooling performance 

(i.e., the heat resistance of the thrusters). For better thermal management and a wider 

operational range of the thrusters, the cooling processes of the hot surface by the liquid 

jet impingement need to be understood. 

Whereas the heat transfer characteristics using continuous liquid jet injection were 

investigated intensively as introduced in section 1.4.2, the cooling process with 

intermittently injected liquid jets, which is found in the pulse firing mode of bipropellant 

thrusters, has not been well understood yet. Recently, Wessenberg et al. [2] investigated 

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

convection cooling mode. Abishek and Narayanaswamy [3] investigated the effects of the 

pulsed injection on the boiling heat transfer characteristics such as the heat flux in the 

nucleate boiling region and the critical heat flux (CHF) by using water and FC72 as the 

coolant. However, the effects of the pulsed injection of the liquid jet on the heat transfer 

characteristics has not been well investigated [2], and the researches on the two-phase 

cooling by the pulsed injection of the liquid jet were very limited [4]. 

Few studies have also examined the transient formation processes of the liquid film 

during pulse firing mode in actual bipropellant thrusters. Fujii et al. [5] succeeded for the 

first time in optically capturing the unsteady liquid film dynamics during the operation of 

the pulse firing mode by using a quartz glass chamber, while they confirmed that the 

liquid film length in a glass chamber was longer than that in an actual combustion 

chamber owing to the lower heat input from the chamber wall. To recognize the difference 

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

liquid film on an actual chamber wall also need to be investigated. However, the direct 
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optical observation of the physical phenomena inside the chamber wall of actual 

bipropellant thrusters is impractical because actual combustion chambers are generally 

made of niobium alloy [6], ceramic [7], or precious metals [8]. For a better understanding 

of the liquid film behavior, it can be quite beneficial if the liquid film behavior inside the 

chamber could be captured by only measuring the temperature distribution of the outer 

surface of the chamber wall. Liquid film length at a steady state in an actual chamber is 

determined from the temperature distribution on the outer surface of the chamber 

measured by an infrared camera [9], and an infrared imaging method with a high spatial 

resolution has the potential to give valuable information about the heat transfer 

characteristics between the liquid film and chamber wall [10]. 

In the present chapter, therefore, the transient cooling tests of the hot metal plate surface 

by the pulsed injection of the liquid jet conducted to gain the insight into the liquid film 

behavior during the pulsed cooling. Since the temperature measured in the opposite side 

of the cooled surface had proved to represent the cooling process in chapter 3, these 

measurement techniques were applied on the liquid film behavior during the pulse cooling. 

Then, the pulse cooling tests with the same amount of the liquid but with different flow 

rates and duty cycle (DC; the ratio of the injection duration to one period) were examined 

because the cooling performance is considered to be governed by the balance between 

the amount of cooling during injection duration and the temperature rise of the metal plate 

during injection stop period. The continuous cooling test with the time-averaged flow rate 

of the pulsed cooling tests was also conducted as for the control condition. Additionally, 

the thermal properties of the metal plate affect the temperature rise of the metal plate, and 

that eventually influences the heat transfer characteristics of the liquid film. In the present 

study, therefore, two different metal plates were employed to evaluate the effect of the 

thermal properties (i.e.; thermal diffusivity or thermal inertia) of the metal plate. 

 

4.2 Experimental description 

 

Figure 4.1 shows a schematic illustration of the experimental setup used in the present 

study for simultaneous measurement of the liquid film behavior and the temperature 

distribution. In the present study, the coordinates were defined as shown in the metal plate 

of Fig. 4.1, and the origin was set to the impingement point of the liquid jet. In this setup, 

a liquid jet was intermittently injected from the liquid tank pressurized by the compressed 

air. The opening and closing timing of the solenoid valve were controlled using signals 

from function generator (NF corporation, WF1948). A rod heater was inserted into the 

downstream part of the metal plate for heating the metal plate as shown in Fig. 3.1. The 
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rod heater was utilized to make the situation that the liquid film flows against the direction 

of the heat input (i.e.; from downstream to upstream) as is the heat flow direction inside 

the chamber wall of the bipropellant thrusters. In the present study, a liquid film behavior 

was mainly observed from the side with the backlight technique by using a high-speed 

camera (Photron FAST-CAM SA-1.1) to capture the wetting front position clearly. 

Additionally, high-speed imaging from the front (cooled) side was also conducted as in 

chapter 3. The frame rate and exposure time were 500 fps and 20 μs. The spatial resolution 

for the side and the front view was 0.16 mm/pixel and 0.09 mm/pixel, respectively. The 

temperature distribution of the rear surface of the metal plate was measured by an infra-

red camera (NIPPON AVIONICS InfReC R550Pro). The frame rate and spatial resolution 

for the temperature measurement were 60 fps and 0.22 mm/pixel. The rear side of the 

metal plate was painted with blackbody spray for ensuring an emissivity of 0.94. For 

investigating the effects of the thermal properties of the metal plate on the pulsed cooling, 

aluminum alloy (A5052) and copper (C1100) were employed as the test plate with a 

thickness of 3 mm, a width of 50 mm, and a length of a straight part of 80 mm. The values 

of the thermal properties of each metal are listed in Table 4.1. The temperature 

measurement area was restricted with a length of 70 mm and a width of 46 mm. In the 

present study, the oxidization of the metal surface unavoidably occurred, and the oxide 

layer on the surface affects the cooling process [11]. Therefore, the metal surface was 

fully oxide by heating and the cooling tests were conducted several times before the data 

acquisition to ensure the stable surface properties and reproducibility. 

For the test liquid, water was employed as was in chapter 3. The nozzle diameter 𝑑 

(i.e.; liquid jet diameter) and the impingement angle 𝜃 were fixed at 1.1 mm and 10°, 

respectively. The ratio of the distance between the nozzle outlet and the test plate (i.e.; 

liquid jet length) to the nozzle diameter 𝐿/𝑑 was set to 6. The test liquid (approximately 

20°C) was injected onto the test plate when the temperature of the impingement point was 

raised to 220°C. For raising the metal temperature, the temperature of the rod heater was 

set to 600°C and 500°C in the case of aluminum alloy and copper plate respectively to 

match the temperature of the impingement point to 220°C while forming a stable initial 

temperature distribution. The initial temperature distribution on the 𝑥-axis is shown in 

Fig. 4.2. For the conditions of the pulsed injection, the pulse frequency 𝑓p was set to 1.0 

Hz, which corresponded to the pulse period 𝜏p (=1/𝑓p) = 1.0 s. The number of pulses 

was fixed three. The flow rate of the test liquid and the duty cycle were varied while the 

total injection quantity of the test liquid was kept constant in each pulse period. 

Additionally, the continuous injection test with the time-averaged flow rate of the pulsed 

cooling test was also conducted to compare the total removed heat by the liquid film of 
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the pulsed and continuous cooling tests. The pulsed injection conditions were summarized 

in Table 4.2. For each condition, the cooling tests were conducted five times. 

To evaluate the heat transfer characteristics between the liquid film and the metal 

surface, the temperature and heat flux on the front (cooled) surface need to be estimated. 

For the estimation, the inverse heat conduction problem was solved in the same way as 

in Chapter 3. Detailed information about the inverse heat conduction problem and the 

data reduction are described in section 3.2.2. A rectangular computation domain with a 

width of 46 mm, a length of 70 mm (measurement area), and a thickness of 3 mm were 

divided into 69×105×3 cells. The treatment of the initial and boundary conditions was the 

same as that in section 3.2.2. The temperature dependence of the thermal properties was 

not considered in this chapter. 

 

4.3 Results and discussion 

 

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

characteristics between the liquid film and the metal surface in the pulsed cooling test. 

Next, the liquid film behavior and the removed heat by the liquid film in the pulsed and 

continuous cooling tests are compared. In the following, each injection and non-injection 

period is defined as “Nth ON time” and “Nth OFF time”, respectively. For example, 1st ON 

time and 1st OFF time under the condition of 𝑓p = 1.0 Hz and 50% DC correspond to the 

periods of 𝑡 = 0 s ~ 0.5 s and 𝑡 = 0.5 s ~ 1.0 s, although there are both open and close 

response time of the solenoid valve to be exact. Additionally, “Nth period” indicates the 

period of 𝑡 = (𝑁 − 1) ∙ 𝜏p s - 𝑁 ∙ 𝜏p s. 

 

 

4.3.1 Liquid film behavior and heat transfer characteristics during pulse cooling 

 

In this section, the result for the aluminum alloy under the condition of 50% DC was 

used as the representative data to explain the liquid film behavior and heat transfer 

characteristics during the pulsed cooling. Figure 4.3 shows the direct image of the liquid 

film taken from the front and the distributions of the estimated temperature and heat flux 

on the front surface at the elapsed time of 0.5 s, corresponding to the end of injection for 

the 1st period. During the 1st ON time, the wetting front gradually propagated downstream 

from the start of injection and eventually reached the position shown in Fig. 4.3. In the 

present study, the distance from the impingement point to the wetting front on the 𝑥-axis 

was defined as 𝑥wf as shown in Fig. 4.3. The maximum heat flux was achieved in the 
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wetted area of the vicinity of the wetting front as shown in section 3.3, while the relatively 

higher value of the heat flux was observed in the region near the impingement point. 

These trends of the result during 1st ON time were the same as our previous research for 

the continuous cooling test in section 3.3. 

Figure 4.4 shows the time series of the visualization images and the estimated 

temperature and heat flux on the front surface during the 1st OFF time. It should be noted 

that the contour range for the heat flux is different from that in Fig. 4.3. As shown in Fig. 

4.4, the residual liquid film was consumed due to evaporation and ejection of the droplet 

with the rupture of the bubble induced by the nucleate boiling, which is going to be 

examined in chapter 5 in detail. The nucleate boiling of the residual liquid film occurred 

in the downstream part because the metal plate was relatively high when the injection of 

the liquid jet was cut off. The position where the nucleate boiling was observed slightly 

moved upstream owing to the temperature rise of the metal plate surface, and then, the 

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

liquid film was also observed during the pulse firing mode in a quartz chamber [5]. The 

processes of the residual liquid film consumption with the nucleate boiling mentioned 

above were successfully captured in the results of the surface heat flux distribution 

estimated by solving the inverse heat conduction problem. 

Figure 4.5 shows the cooling processes around the beginning of the 2nd and 3rd periods. 

The white dashed lines indicate the wetting front position at the end of the previous ON 

time. For the 2nd period, the liquid film rapidly expanded downstream, and at 𝑡 = 1.1 s, 

reached the wetting front position at the end of the 1st ON time because the temperature 

of the metal plate surface did not rise to the initial state of the cooling test during the 1st 

OFF time as shown in Fig. 4.5. Comparing the 2nd and 3rd periods, it was observed that 

the liquid film expanded further downstream for the 3rd period in 0.1 s after the start of 

the third injection because the surface temperature of 𝑡 = 2.0 s was lower than that of 𝑡 

= 1.0 s. The surface heat flux immediately after the start of 2nd and 3rd injections indicated 

a higher value owing to the rapid propagation of the liquid film as shown in 𝑡 = 1.05 and 

2.05 s of Fig. 4.5. Subsequently, the value of the surface heat flux decreased especially 

the region from near the impingement point to the middle of the liquid film because the 

surface temperature decreased owing to the rapid film propagation, leading to the 

decrease in the temperature difference between the metal surface and the liquid film. The 

wetting front rapidly propagated and reached further downstream with each successive 

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

exceed the degree of the temperature drop in the previous ON time. 

To obtain an overview of the liquid film formation and cooling processes during the 
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pulsed cooling test as indicated thus far, the time history of the wetting front position and 

the estimated temperature on the front surface at a certain position (𝑥 = 30.3 mm) on the 

𝑥-axis are shown in Fig. 4.6. Results of the continuous cooling test under the same flow 

rate condition (360 mL/min) are indicated as a dashed line in Fig. 4.6 (a). Additionally, in 

Fig. 4.6 (b), the time history of the position at which the value of the spatial temperature 

gradient 𝑑𝑇w/𝑑𝑥  on the 𝑥 -axis took its maximum value 𝑥g  was also plotted. The 

temperature of the metal plate decreased with the number of injections, while its value 

was higher than that in the continuous cooling test under the same flow rate condition. 

For the liquid film behavior, the wetting front position of the 2nd and 3rd periods appeared 

upstream of its position at the previous end of injection owing to the temperature rise 

during each OFF time and eventually propagated further downstream. In addition, it 

should be noted that the position of the wetting front corresponding to the position where 

the value of 𝑑𝑇w/𝑑𝑥  achieved its maximum value regardless of the pulse period, as 

observed in the quenching processes of the continuous injection in chapter 3. The results 

in this section demonstrated that the liquid film behavior during both the ON and OFF 

time could be captured by measuring the opposite side temperature of the cooled side and 

solving the inverse heat conduction problem. 

 

4.3.2 Cooling performance for pulsed cooling 

 

a) Evaluation of wetting front behavior 

 

The wetting front behavior was discussed based on the visualization results. Figure 

4.7 shows the wetting front position at the end of each ON time for aluminum alloy and 

copper plate. The results of continuous cooling at 𝑡  = 1.0, 2.0, and 3.0 s were also 

indicated as the gray color bar in Fig. 4.7 for reference. For the 1st period, the wetting 

front propagated further downstream as DC decreased in both types of metal plates. In 

the aluminum alloy plate, the position of the wetting front was almost the same for the 

conditions of from 30% DC to 60% DC and decrease with the increase in DC from 72% 

to continuous cooling for the 2nd and 3rd periods. On the other hand, the wetting front 

formed on the copper plate represented approximately the same position in the 2nd period 

except the condition of 30% DC. Eventually, the position in higher DC conditions (i.e.; 

conditions close to continuous injection) became the same as the condition of 30% DC. 

This tendency was considered to be caused by the difference in the temperature rise during 

the OFF time, which could affect the wetting front propagation in the subsequent ON time, 

because the injection patterns were the same in both metal plates. Therefore, the position 
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where the wetting front appeared after the start of 2nd and 3rd injection was analyzed from 

the visualization images.  

Figure 4.8 shows the example of the visualization results at the end of the 1st ON time 

and from the start of the 2nd injection and the distance between the wetting front position 

at the end of the Nth ON time and where it appeared in the (N+1)th ON time ∆𝑥b. It was 

observed from Fig. 4.8 (a) that the liquid film expanded immediately after the start of re-

injection and the wetting front appeared upstream of its position at the previous end of 

the OFF time as mentioned in Section 4.3.1. The difference between the position of WF 

at the end of 1st ON time and that at the start of 2nd/3rd ON time (∆𝑥b) in the copper 

plate was larger than that of the aluminum alloy plate due to the high thermal diffusivity 

of the copper plate. In addition, for the copper plate, there was almost no difference 

between ∆𝑥b of the 2nd and 3rd periods, while ∆𝑥b of the 3rd period for the aluminum 

alloy plate considerably decreased comparing to that of the 2nd period. Thus, the longer 

OFF time affected the wetting front behavior for the copper plate, leading to the result 

shown in Fig. 4.7 (b). On the other hand, the effect of the longer OFF time was weak for 

the aluminum alloy plate, especially during the 2nd OFF time, which led to the further 

downstream position of the wetting front under the lower DC conditions. 

 

b) Evaluation of wetting front behavior 

 

The removed heat from the metal plate to the liquid film was discussed, and the 

performance of the pulsed cooling and continuous cooling test was evaluated. The rate of 

heat transfer from the metal plate to the liquid film �̇� was calculated from Eq. (2). 

 

�̇� = ∫ 𝑞s𝑑𝐴wet
𝐴wet

     𝐴wet ∶ area where 𝑞s ≥ 𝑞th (2) 

 

The wetted area 𝐴wet was determined as the area where the local surface heat flux 𝑞s 

was equal to or larger than a threshold value 𝑞th  because the value of 𝐴wet  was 

overestimated if the wetted area was simply defined as the area with the positive value of 

𝑞s as shown in Fig. 4.4. The value of 𝑞th was determined from the value of 𝑞s in the 

non-cooling (only heating) test; 𝑞th = 0.2 and 0.4 MW/m2 for the aluminum alloy and 

copper plate, respectively. Figure 4.9 shows the calculated results of �̇� and 𝐴wet for 

the conditions of 30, 50, 80% DC and continuous cooling. For the 1st period, the heat was 

transferred more rapidly under the lower DC condition due to the higher flow rate of the 

liquid. The slope 𝑑�̇�/𝑑𝑡 gradually decreased because the velocity of the wetting front 
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and the value of the maximum heat flux achieved in the nucleate boiling region decreased 

as the wetting front was located further downstream as indicated in section 3.3. Especially 

in the continuous cooling of the aluminum alloy plate, �̇�  kept almost constant from 

around 𝑡 = 0.6 s, although the wetted area gradually expanded. In contrast, �̇� in the 

copper plate continued to increase with time. There are possible two reasons of this 

tendency of �̇�  in the aluminum alloy plate. One is that the effect of the wetted area 

expansion competed with that of the decrease in the surface heat flux within the nucleate 

boiling region. Another is that the single-phase forced convection region gradually 

became dominant in the wetted area, leading to a small temperature change with time. 

The temperature of the aluminum alloy plate decreased more easily because the thermal 

inertia of the aluminum alloy is lower than that of the copper plate. Thus, the ratio of the 

single-phase forced convection area to the total wetted area was larger for the aluminum 

alloy plate, and finally the trend of �̇� mentioned above appeared. Immediately after the 

start of the 2nd injection, �̇� increased more rapidly than in the 1st period and had a sharp 

spike because the liquid film expanded downstream in a short time as shown in Fig. 4.5. 

Afterward, �̇� for the aluminum alloy plate kept constant value or decreased while that 

of the copper plate increased a little bit. The trend of �̇� for the 3rd period was not much 

different from that for the 2nd period. 

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

of the removed heat by the liquid film during the Nth pulse period 𝑄𝑁th
 was calculated 

by integrating �̇� in the time direction as follows. 

 

𝑄𝑁th
= ∫ �̇�

𝑁∙𝜏p

(𝑁−1)∙𝜏p

𝑑𝑡 (3) 

 

Figure 4.10 shows the calculated results of 𝑄𝑁th
 . The arrows in each color, which 

correspond to the color of legends in Fig. 4.10, indicate the value of 𝑄𝑁th
  for the 

continuous cooling test calculated from Eq. (3) by setting the Nth period to 𝑡 = (N-1)∙ 𝜏p 

- N∙ 𝜏p . 𝑄1st
  increased with the increase in DC for both types of metal plates, even 

though �̇� was higher and the wetted area further expanded in the lower DC (i.e.; higher 

flow rate) conditions. This tendency suggested that the longer injection time with the 

lower flow rate was more effective for cooling with the same usage of the liquid in the 

situation that the surface temperature was high and the boiling heat transfer was dominant. 

For the 2nd and 3rd periods in the aluminum alloy, the same tendency appeared in the range 

from 30% DC to 50% DC, while 𝑄2nd
 and 𝑄3rd

 decreased with the increase in DC from 

60%. Additionally, the amount of the removed heat did not change much from the 2nd 
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period to the 3rd period for 72% DC and continuous cooling because �̇� showed constant 

value in higher DC conditions as shown in Fig. 4.9. This suggested that the shorter 

injection time with the higher flow rate was a favor to remove the heat in the case that the 

surface temperature was not much high and the single-phase forced convection region 

occupied the wetted area. In contrast, 𝑄2nd
 and 𝑄3rd

 for the copper plate increased with 

the increase in DC as was in the 1st period. There were two possible reasons for this. One 

is that the boiling heat transfer was dominant for each period because of the high thermal 

inertia. The other is that the wetting front propagation in higher DC was suppressed due 

to the high thermal diffusivity of the copper plate as discussed in Figs. 4.7 and 4.8. Figure 

4.11 shows the time history of the minimum value of the temperature difference ∆𝑇min 

as defined by Eq. (4). 

 

∆𝑇min(𝑡) = min[𝑇s(𝑥, 𝑦, 𝑡) − 𝑇s(𝑥, 𝑦, 0)] (4) 

 

As discussed above, the copper plate was more difficult to be cooled than the 

aluminum alloy plate for any DC owing to the higher thermal inertia. Figure 4.12 shows 

the contribution of the heat removal per each degree of wall superheat ∆𝑇sup to the total 

amount of the removed heat during each period. The 𝑑𝑄𝑁th
/𝑄𝑁th

  for the continuous 

cooling was calculated in the same way as Fig. 4.10. In lower DC conditions (30% DC 

and 50% DC in Fig. 4.12) for the aluminum alloy plate, the peak of the removed heat for 

each pulse period appeared in nearly the same range of ∆𝑇sup because the temperature 

relatively became high during each OFF time. In higher DC conditions (80% DC and 

continuous cooling in Fig. 4.12), however, the peak shifted to the lower ∆𝑇sup, which 

meant that the dominant mode of the heat transfer changed from boiling to single-phase 

forced convection. For the copper plate, the heat was transferred in the narrower range of 

∆𝑇sup compared to the case of the aluminum alloy plate. In addition, the peak was in a 

higher degree of wall superheat due to the high thermal inertia as discussed in Fig. 4.11, 

although the peak gradually shifted in higher DC conditions. 

Finally, the performance of the pulsed cooling was compared to that of the continuous 

one. The total amount of the removed heat 𝑄t(= ∑ 𝑄𝑁𝑡ℎ
) was calculated, and then, the 

non-dimensional removed heat 𝑄∗ defined as Eq. (5) was used for evaluating the cooling 

performance. 

 

𝑄∗ =
𝑄tpulse

𝑄tcontinuous

(5) 
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The calculated results of 𝑄∗ is shown in Fig. 4.13. For the aluminum alloy plate, 𝑄∗ 

was greater than unity for each DC condition, which meant more heat was removed in the 

pulsed cooling test. In addition, 𝑄∗ had a peak in the range from 50% DC to 60% DC 

because 𝑄2nd
 and 𝑄3rd

 had a peak in that range. As discussed in Figs. 4.10 and 4.12, it 

was assumed that the longer injection time with a lower flow rate was more favorable for 

removing heat when the boiling heat transfer was dominant, and vice versa. Therefore, it 

could be concluded that the appropriate balance of the ON/OFF time produced the 

situation that boiling and single-phase forced convection heat transfer competed for the 

amount of removed heat with each other, resulting in a peak of 𝑄∗ for the aluminum 

alloy plate. In contrast, 𝑄∗ monotonously decreased with the decrease in the duty cycle 

for the copper plate because boiling heat transfer was dominant for removing heat due to 

the higher thermal inertia, and the wetting front propagation was suppressed owing to the 

higher thermal diffusivity. 

 

4.4 Conclusions 

 

Cooling tests of the superheated metal plate by intermittent injection of the liquid jet 

were carried out to enrich the understanding of the liquid film behavior and the heat 

transfer characteristics during the pulsed cooling processes. The liquid film behavior and 

the metal temperature were simultaneously measured by using a high-speed camera and 

an infrared camera. In the pulsed cooling tests, the flow rate and duty cycle were varied 

under the same injection quantity from the viewpoint that the cooling performance needs 

to be enhanced with the same usage of the coolant. The continuous cooling test with the 

time-averaged flow rate of the pulsed cooling was also conducted. In the present study, 

two types of metal plates (aluminum alloy and copper) were used to investigate the effects 

of the thermal properties of the metal plate on the cooling performance.  

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

of the cooling. Since the injection was cut off, the residual liquid film was consumed with 

nucleate boiling. Immediately after re-injection, the liquid film rapidly expanded because 

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

drop during the previous ON time in the present study. Therefore, the metal plate was 

cooled with each injection. The unsteady liquid film behavior and heat transfer 

characteristics were successfully captured by measuring the opposite side temperature of 

the cooled surface by the liquid film and the solution of the inverse heat conduction 

problem. 

The wetting front position and the amount of the removed heat by the liquid film were 
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evaluated for each condition. For the 1st pulse, in which boiling was the dominant mode 

for cooling, the longer injection was more effective for removing heat although the 

wetting front was shorter in the higher duty cycle. In subsequent pulses, the amount of 

the removed heat had a peak in the range of a certain duty cycle for the aluminum alloy. 

This came from the situation that the cooling mode shifted from boiling to single-phase 

forced convection especially in higher duty cycle conditions. In contrast, the same 

tendency as the 1st pulse was observed in the copper plate. There were two possible 

reasons for that trend. One is that the dominant mode of the heat transfer could be boiling 

during subsequent pulses because the temperature of the copper plate did not easily 

change due to the high thermal inertia. The other is that the wetting front propagation was 

more suppressed in longer OFF time conditions owing to the high thermal diffusivity of 

the plate. 
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Fig. 4.1 Schematic of the experimental apparatus 

 

 

Fig. 4.2 Initial temperature distribution on the 𝑥-axis for each metal plate 
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Fig. 4.3 Direct image of liquid film (left) and estimated temperature (middle) and heat 

flux (right) distribution on the front surface at 𝑡 = 0.5 s.  
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Fig. 4.4 Evaporation process of liquid film during 1st OFF time; direct image (upper) 

and estimated temperature (middle) and heat flux (bottom) distribution on the 

front surface 
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Fig. 4.5 Propagation process of liquid film during 2nd (left) and 3rd (right) period; direct 

image (upper) and estimated temperature (middle) and heat flux (bottom) 

distribution on the front surface. White dashed lines in each direct image indicate 

the wetting front position at the end of the previous ON time. 
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Fig. 4.6 Time history of temperature at 𝑥 = 30.3 mm on the x-axis (left) and position of 

𝑥wf and 𝑥g (right) 

 

 

Fig. 4.7 Wetting front position at end of each ON time; (left) aluminum alloy, (right) 

copper 
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Fig. 4.8 Side view of propagation process of liquid film after re-injection (upper) and 

∆𝑥b under each condition (bottom) 
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Fig. 4.9 Time history of rate of heat transfer and wetted area; (A, a) aluminum alloy, (B, 

b) copper. 
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Fig. 4.10 Amount of removed heat during each period; (left) aluminum alloy, (right) 

copper 

 

 

Fig. 4.11 Time history of minimum value of temperature difference defined by Eq. (4); 

(left) aluminum alloy, (right) copper 

  

0

200

400

600

800

1000

1200

1400

0 20 40 60 80 100

1st period

2nd period

3rd period

0

200

400

600

800

1000

1200

1400

0 20 40 60 80 100

1st period

2nd period

3rd period

DC (%)

(J
)

DC (%)
(J

)

Aluminum alloy Copper

1st period

2nd period

3rd period

1st period

2nd period

3rd period

-250

-200

-150

-100

-50

0

0 0.5 1 1.5 2 2.5 3

-250

-200

-150

-100

-50

0

0 0.5 1 1.5 2 2.5 3

Time (s)

(K
)

Time (s)

(K
)

DC 30%

DC 50%

DC 80%

DC 100%

DC 30%

DC 50%

DC 80%

DC 100%

Aluminum alloy Copper



86 

 

 

0

0
.0

4

0
.0

8

0
.1

2

0
.1

6

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

3
0

_
1

s
t

_
E

O
I

C
1

1
0

0
_

D
C

3
0

_
2

n
d

_
E

O
I

C
1

1
0

0
_

D
C

3
0

_
3

rd
_
E

O
I 0

0
.0

4

0
.0

8

0
.1

2

0
.1

6

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

5
0

_
1

s
t

_
E

O
I

C
1

1
0

0
_

D
C

5
0

_
2

n
d

_
E

O
I

C
1

1
0

0
_

D
C

5
0

_
3

rd
_
E

O
I 0

0
.0

4

0
.0

8

0
.1

2

0
.1

6

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

8
0

_
1

s
t

_
E

O
I

C
1

1
0

0
_

D
C

8
0

_
2

n
d

_
E

O
I

C
1

1
0

0
_

D
C

8
0

_
3

rd
_
E

O
I 0

0
.0

4

0
.0

8

0
.1

2

0
.1

6

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

1
0

0
_

1
s

t_
E

O
I

C
1

1
0

0
_

D
C

1
0

0
_

2
n

d
_
E

O
I

C
1

1
0

0
_

D
C

1
0

0
_

3
r

d
_
E

O
I

(-)

(K
)

(-)

(K
)

(-)

(K
)

(-)

(K
)

0

0
.0

4

0
.0

8

0
.1

2

0
.1

6

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

A
5

0
5
2

_
D

C
3

0
_

1
s
t

_
E

O
I

A
5

0
5
2

_
D

C
3

0
_

2
n

d
_

E
O

I

A
5

0
5
2

_
D

C
3

0
_

3
rd

_
E

O
I 0

0
.0

4

0
.0

8

0
.1

2

0
.1

6

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

A
5

0
5
2

_
D

C
5

0
_

1
s
t

_
E

O
I

A
5

0
5
2

_
D

C
5

0
_

2
n

d
_

E
O

I

A
5

0
5
2

_
D

C
5

0
_

3
rd

_
E

O
I 0

0
.0

4

0
.0

8

0
.1

2

0
.1

6

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

A
5

0
5
2

_
D

C
8

0
_

1
s
t

_
E

O
I

A
5

0
5
2

_
D

C
8

0
_

2
n

d
_

E
O

I

A
5

0
5
2

_
D

C
8

0
_

3
rd

_
E

O
I 0

0
.0

4

0
.0

8

0
.1

2

0
.1

6

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

A
5

0
5
2

_
D

C
1

0
0

_
1

s
t_

E
O

I

A
5

0
5
2

_
D

C
1

0
0

_
2

n
d

_
E

O
I

A
5

0
5
2

_
D

C
1

0
0

_
3

r
d
_
E

O
I

(-)

(K
)

(-)

(K
)

(-)

(K
)

(-)

(K
)

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2

0
.1

4

0
.1

6

0
.1

8

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

3
0

_
1

s
t_

E
O

I

C
1

1
0

0
_

D
C

3
0

_
2

n
d

_
E

O
I

C
1
1
0
0
_
D

C
3
0
_
3
rd

_
E

O
I

1
s
t

2
n
d

3
rd

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2

0
.1

4

0
.1

6

0
.1

8

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

3
0

_
1

s
t_

E
O

I

C
1

1
0

0
_

D
C

3
0

_
2

n
d

_
E

O
I

C
1
1
0
0
_
D

C
3
0
_
3
rd

_
E

O
I

1
s
t

2
n
d

3
rd

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2

0
.1

4

0
.1

6

0
.1

8

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

3
0

_
1

s
t_

E
O

I

C
1

1
0

0
_

D
C

3
0

_
2

n
d

_
E

O
I

C
1
1
0
0
_
D

C
3
0
_
3
rd

_
E

O
I

1
s
t

2
n
d

3
rd

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2

0
.1

4

0
.1

6

0
.1

8

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

3
0

_
1

s
t_

E
O

I

C
1

1
0

0
_

D
C

3
0

_
2

n
d

_
E

O
I

C
1
1
0
0
_
D

C
3
0
_
3
rd

_
E

O
I

1
s
t

2
n
d

3
rd

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2

0
.1

4

0
.1

6

0
.1

8

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

3
0

_
1

s
t_

E
O

I

C
1

1
0

0
_

D
C

3
0

_
2

n
d

_
E

O
I

C
1
1
0
0
_
D

C
3
0
_
3
rd

_
E

O
I

1
s
t

2
n
d

3
rd

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2

0
.1

4

0
.1

6

0
.1

8

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

3
0

_
1

s
t_

E
O

I

C
1

1
0

0
_

D
C

3
0

_
2

n
d

_
E

O
I

C
1
1
0
0
_
D

C
3
0
_
3
rd

_
E

O
I

1
s
t

2
n
d

3
rd

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2

0
.1

4

0
.1

6

0
.1

8

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

3
0

_
1

s
t_

E
O

I

C
1

1
0

0
_

D
C

3
0

_
2

n
d

_
E

O
I

C
1
1
0
0
_
D

C
3
0
_
3
rd

_
E

O
I

1
s
t

2
n
d

3
rd

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2

0
.1

4

0
.1

6

0
.1

8

0
.2

-5
0

0
5
0

1
0

0
1
5

0
2
0

0

C
1

1
0

0
_

D
C

3
0

_
1

s
t_

E
O

I

C
1

1
0

0
_

D
C

3
0

_
2

n
d

_
E

O
I

C
1
1
0
0
_
D

C
3
0
_
3
rd

_
E

O
I

1
s
t

2
n
d

3
rd

(A
)

(B
)

(C
)

(D
)

(a
)

(b
)

(c
)

(d
)

P
e

a
k
 p

o
s
. 
s
h

if
t

F
ig

. 
4
.1

2
 C

o
n
tr

ib
u
ti

o
n
 o

f 
re

m
o
v
ed

 h
ea

t 
p
er

 e
ac

h
 d

eg
re

e 
o
f 

w
al

l 
su

p
er

h
ea

t 
to

 t
o
ta

l 
am

o
u

n
t 

o
f 

re
m

o
v

ed
 h

ea
t 

d
u

ri
n

g
 e

ac
h

 

p
er

io
d
. 

(A
, 

a)
 3

0
%

 D
C

, 
(B

, 
b

) 
5
0
%

 D
C

, 
(C

, 
c)

 8
0
%

 D
C

, 
(D

, 
d
) 

co
n
ti

n
u

o
u
s 

in
je

ct
io

n
. 

C
ap

it
al

 l
et

te
rs

 a
n
d

 s
m

al
l 

le
tt

e
rs

 

re
sp

ec
ti

v
el

y
 i

n
d
ic

at
e 

re
su

lt
s 

o
f 

al
u
m

in
u
m

 a
ll

o
y
 a

n
d
 c

o
p
p

er
 p

la
te

 



87 

 

 

Fig. 4.13 Non-dimensional removed heat by liquid film calculated by Eq. (5) 
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Table 4.1 Thermal properties of metal plate 

Material 
Aluminum alloy 

(A5052) 

Copper 

(C1100) 

Density 𝜌w, kg/m3 2680 8900 

Specific heat 𝑐w, J/kg・K 900 385 

Heat conductivity 𝑘w, W/m・K 137 391 

Thermal diffusivity 𝛼w, m2/s 5.68×10-5 1.14×10-4 

Thermal inertia √𝜌w𝑐w𝑘w, kJ/(m2
・s0.5

・K) 18.2 36.6 

 

 

Table 4.2 injection patterns 

Duty cycle, % Flow rate, mL/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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Chapter 5 Boiling induced atomization appeared in a liquid 

film formed by wall impinging jet on a superheated wall 

 

5.1 Introduction 

 

One of the important factors, which affect the cooling performances in the fields such 

as liquid rocket engines and emergency cooling systems of the nuclear reactor core, is the 

droplet entrainment from the liquid film into the core gas flow [1]. The droplet 

entrainment is caused by the hydrodynamic instabilities of the liquid-gas interface owing 

to the high shear stress between the fast gas and the liquid film [2] or bubble bursting in 

the liquid film induced by nucleate boiling [3, 4]. The liquid flow rate for the cooling of 

the wall is reduced by the droplet entrainment, leading to the deterioration of the cooling 

performance; shortening of the liquid film length in liquid rocket engines [2], or the 

burnout in the nuclear reactor systems [5]. Therefore, the total volume of droplet 

dispersion from the liquid film and its mechanisms need to be elucidated for predicting 

the cooling performance and preventing the thermal failure of industrial devices. The 

mechanism of the droplet entrainment by the liquid-gas interface instabilities has been 

investigated through the visualization measurement [6, 7], and the development of the 

theoretical model [8]. On the other hand, there is limited information on the droplet 

dispersion from the liquid film flow by the boiling phenomena [4], although detailed 

results on the secondary droplets from the interaction with boiling between the droplet 

and the hot surface can be found in relation to the spray cooling, direct injection engines 

[9, 10]. 

The atomization with droplet dispersion from the liquid film induced by boiling 

phenomena also occurs during the jet impingement cooling process [11]. It is of great 

importance to know the characteristic values such as the number, size and velocity of the 

droplets in the cooling processes [12]. In this study, therefore, boiling induced atomization 

processes that appeared in the liquid film by wall impinging jet on the superheated wall 

were visualized via magnified high-speed imaging to gain insight into the atomization 

processes and obtain experimental findings, such as the droplet diameter and velocity 

produced by the boiling phenomena. 
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5.2 Experimental description 

 

The basic configuration of the experimental apparatus was the same as that in chapter 

4. Unlike in chapter 4, the magnified high-speed imaging system was adopted in the 

apparatus in this chapter to visualize the atomization processes that appeared in the liquid 

film in detail. Bellows, a lens (Nikon Zoom-Nikkor, focal length 35-70 mm, F#3.3), and 

a high-speed camera (Photron FASTCAM SA1.1) were used for the magnified high-speed 

imaging with the backlight technique. The frame rate was set to 20,000 and 54,000 fps to 

visualize atomization processes. The exposure time was set to 8.3 µs and 5.4 µs at the 

frame rate of 20,000 fps and 54,000 fps, respectively. The spatial resolution for magnified 

imaging was 5.74 µm/pixel. The metal plate (aluminum alloy A5052, 2 mm thick, 50 mm 

wide and 66 mm long) was heated by using a rod heater. The test liquid was water at a 

room temperature of approximately 20℃. The same procedure as in chapters 3 and 4 was 

applied to measure and analyze the temperature of the metal plate. To solve the inverse 

heat conduction problem, the metal plate with a width of 50 mm, a length of 46 mm 

(temperature measurement area), and a thickness of 2 mm was divided into 50×46×20 

cells. The mass flow rate of the test liquid, nozzle diameter and impingement angle which 

were parameters affecting the liquid film formation were respectively fixed at 5.0 g/s, 0.7 

mm and 10° because the objective of this study was to clarify the boiling-induced 

atomization appeared in the liquid film on the heated wall. The injection of the test liquid 

was started when the wall temperature of the impingement point rose to 250℃ . 

Experimental conditions and imaging conditions are listed in Table 5.1. 

 To investigate the relationship between the liquid film thickness and the splashed 

droplet, the thickness of the liquid film on the plate with non-heat-input condition (i.e., 

without boiling) for the steady state was measured using a confocal fiber displacement 

sensor (Omron ZW-7000). The injection condition for the measurement of the liquid film 

thickness was the same as that in the visualization test. 

 

5.3 Results and discussion 

 

The contents of this section are composed of the following. Section 5.3.1 represents 

the characteristic atomization processes observed in the liquid film on the superheated 

wall. Therefore, the visualization results at a fixed imaging position of 𝑥 = 10 mm are 

shown in section 5.3.1. In section 5.3.2, atomization processes with the bubble bursting 

which can be seen in the nucleate boiling regime are visualized by changing the imaging 

position (𝑥 = 2, 5, 10, 15, 20 mm) and theoretically investigated. Finally, section 5.3.3 
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provides the total volume of the dispersed droplet from the liquid film by the nucleate 

boiling estimated from the measured frequency of the bubble bursting and the mean 

droplet diameter indicated in section 5.3.2. 

Before starting the description of the results and discussion, the several assumptions 

for measurement and analysis of the atomization processes listed below are adopted. 

(1) In the case of the oblique impingement of the liquid jet, the stagnation point and 

impingement point are strictly different, but it was assumed that both were the same 

because it was difficult to determine the stagnation point directly from the images. 

(2) As described later, the target in this chapter is the atomization processes along the 

rim of the liquid film. Thus, a coordinate system along the rim of the liquid film 

should be set up for discussion. However, the liquid film expands as the metal is 

cooled, leading to the movement of the coordinate system over time. For 

simplification, therefore, the measurement results and analysis were based on the 𝑥 

axis. 

(3) Bubbles do not grow in a perfectly hemispherical or spherical shape. However, only 

the bubble height (i.e., the distance between the bubble top and the metal surface) 

can be measured from the obtained images with the present experimental setup. In 

this chapter, therefore, the bubble height is considered as the bubble radius. 

(4) The thermal boundary layer in the liquid film is considered to be laminar, although 

the turbulent thermal boundary layer is possible to grow in the liquid film when 

bubble growth occurs. 

 

5.3.1 Characteristic atomization processes appeared in liquid film on superheated 

wall 

 

Figure 5.1 shows (a) the top view and (b) the side view of the liquid film formed on 

the superheated wall. The liquid film was fully deflected from the wall at the leading edge, 

as indicated in chapters 3 and 4. As shown in Fig. 5.1 (a) and (b), many droplets scattered 

from the rim of the liquid film near the WF (region Ⅰ) and upstream of the WF (region Ⅱ). 

The dispersed droplets in Fig. 5.1(b) were assumed to be caused by the boiling 

phenomena (nucleate, transition and film boiling). In addition, it was of interest that the 

size of droplets near the WF seemed to be larger than those upstream the WF. 

To investigate the atomization processes in the regions Ⅰ and Ⅱ, the measurement 

position was fixed at 𝑥 = 10 mm and two different timings from the start of injection 

were selected. Figure 5.2 shows direct images of the liquid film at a different time and 

the yellow rectangle in each image represents the imaging area (i.e., near the WF and 
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upstream the WF). Figure 5.3 shows the sequential events observed at each visualized 

area in Figs. 5.2(a) and (b) In Fig. 5.3, the flow direction of the liquid film was from the 

left side to the right side. In Fig. 5.3(a), the atomization process in the region Ⅰ of Fig. 

5.2(b) with a relatively higher degree of wall superheat is shown, and it was clearly 

observed that the amplitude of the unstable wave on the ligament surface increased and 

the large droplet pinched off from the ligament. In Fig. 5.3(b) corresponding to the region 

Ⅱ of Fig. 5.2(b), on the other hand, the nucleate boiling can be clearly observed. The 

bubble grew according to Eq. (5.1) as shown in Fig. 5.4, which meant the bubble growth 

was determined by the heat transfer from the liquid phase to the gas phase [13]. 

 

𝑏 ~ √𝛼𝑡∗ (5.1) 

 

𝑏 , 𝛼  and 𝑡∗  denote the bubble radius, the thermal diffusivity of the liquid and the 

elapsed time since the bubble start to grow, respectively. The bubble eventually burst, 

leading to the subsequent fragmentation from the ligament to the small droplets. It was 

reported that two kinds of droplets (i.e., jet droplets and film droplets) could be produced 

through the bubble bursting event [14]. Under the condition of the present experiment, no 

jet drops were observed because only a dry patch was formed on the wall after the bursting 

event, while many film drops were produced as shown in Fig. 5.3(b). Here, the thickness 

of the bubble cap ℎ and droplet diameter 𝑑 from the bubble bursting was considered. 

Figure 5.5 shows the direct images and schematic illustrations of a sequential event of the 

fragmentation processes with bubble bursting. From these images, the retraction velocity 

of the liquid film after the puncture of the bubble, which is known as Taylor-Culick 

velocity 𝑉TC [15, 16] indicated in Eq. (5.2), was measured, and then, the value of ℎ was 

estimated.  

 

𝑉TC = √
2𝜎

𝜌lℎ
(5.2) 

 

𝜎 and 𝜌l are the surface tension and density of the liquid, respectively. Figure 5.6 shows 

the relationship between the bubble radius just before rupture 𝑏∗ and the estimated value 

of ℎ calculated from Eq. (5.2). Although there was variation owing to the measurement 

from images (because the estimated value of ℎ is proportional to 𝑣2 as indicated in Eq. 

(5.2)), it can be seen that ℎ ≈ 10 μm at any 𝑏∗. Then, the size of droplets from bursting 

bubbles was analyzed although droplets that were in focus and clearly visible were able 
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to be measured at only four of the results in Fig. 5.6 (shown as black plots). In the previous 

study, the mean droplet diameter 〈𝑑〉  from the bursting was scaled as Eq. (5.3) 

considering that a Rayleigh-Taylor instability induced by centripetal acceleration during 

retraction lead to the formation of ligaments which were then stretched out by 

centrifugation and the subsequent disintegration due to a Plateau-Rayleigh instability [17, 

18]. 

 

〈𝑑〉~𝑏∗3/8ℎ5/8 (5.3) 

 

Figure 5.7 shows the measurement result of the droplet diameter according to Eq. (5.3) 

using the estimated value of ℎ. The droplet size of film droplets may be well predicted 

by Eq. (5.3) although there were only four cases in which droplets were clearly visible to 

be measured. 

Then, the relationship between the ejection velocity and the droplet diameter was 

investigated. Figure 5.8 shows the measurement results of the droplet velocity in 𝑧 

direction 𝑣𝑛 against the droplet diameter. For the measurement of 𝑣𝑛, only spherical 

droplets were analyzed to facilitate the analysis. The bold line in Fig. 5.8 indicates the 

local Weber number, which was defined as Eq. (5.4), of unity. 

 

𝑊𝑒 =
𝜌l𝑣n

2𝑑

𝜎
(5.4) 

 

Although the plots were scattered in a certain range owing to the image measurement, 𝑣𝑛 

was distributed around 𝑊𝑒~𝑂 (1), which indicated that 𝑣𝑛  and 𝑑  were governed by 

the relationship between the inertia force of the ligament and the surface tension. The 

fragmentation from the ligament occurred around 𝑊𝑒~𝑂(1). 

 

5.3.2 Droplet size produced by the nucleate boiling in the liquid film 

 

Results in section 5.3.1 indicated that the droplet diameter from the bursting bubble 

was determined by the maximum bubble radius and bubble cap thickness. They are likely 

to change along the flow direction of the liquid film because the superheated state of the 

liquid film varies based on location. In this section, therefore, the variation of the 

maximum bubble radius, bubble cap thickness, and mean droplet diameter along the flow 

direction was evaluated by the visualization results at each position (𝑥 = 2, 5, 10, 15, 20 

mm). 
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Figure 5.9 shows a schematic of the nucleate boiling induced atomization that 

appeared in the rim of the liquid film formed by the impinging jet. The initially cold liquid 

film is gradually heated by the wall inside the thermal boundary layer and its thickness 

increases from the stagnation point as the liquid film flows downstream. Based on 

assumption (4), the thermal boundary layer thickness 𝛿α at a certain distance from the 

stagnation point 𝑥′ is given by 

 

𝛿α~√𝛼 ∙ 𝑡(𝑥′) (5.5) 

 

where 𝑡(𝑥′) denote the constant and the time it takes for the liquid film to move to the 

position 𝑥′  from the stagnation point, respectively. 𝑡(𝑥′)  can be represented by Eq. 

(5.5) using the advection velocity of the liquid film 𝑢f, according to assumption (2). 

 

𝑡(𝑥′) = ∫
𝑑𝜉

𝑢f(𝜉)

𝑥′

0

(5.6) 

 

From assumption (1) (i.e., 𝑥′ = 𝑥), 𝑡(𝑥) can be estimated by measuring the advection 

velocity of the liquid film. In Fig. 5.10(a), the rim of the liquid film at a certain time and 

5.56 µs after that time (equivalent to 3 frames at the frame rate of 54,000 fps) are shown. 

𝑢f at each position was obtained by the traveled distance of the ligament formed by the 

boiling. Fig. 5.10(b) shows the measurement and calculated results of 𝑢f and 𝑡(𝑥) at 

each position from the impingement point, in which the error bars of 𝑢f are the standard 

error. The liquid film moved at the constant velocity of about 5 m/s up to 𝑥 = 5 mm and 

then decelerated because the liquid film was fully covered by the boundary layer, leading 

to the rapid increase of 𝑡(𝑥) further downstream. 

At each point, the bubble grew according to Eq. (5.1) as shown in Fig. 5.4. Assuming 

that the volume equivalent to δα
3  evaporates on the wall, being the bubble with the radius 

of 𝑏. Considering the mass conservation just before bursting, the following equation can 

be deduced by using the maximum bubble radius of 𝑏∗. 

 

𝜌l𝛿𝛼
3 ≈ 𝜌g𝑏∗3 (5.7) 

 

𝜌l and 𝜌g denote the density of the working fluid at the liquid phase and gas phase, 

respectively. In the present study, the working fluid was water and 𝑏∗ was derived from 

Eq. (5.7) by using the density of water at both phase under atmospheric pressure. 
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𝑏∗ ≈ 12𝛿𝛼 (5.8) 

 

Figure 5.11 shows the relationship between 𝑏∗  and 𝛿𝛼 , in which 𝛿𝛼  was calculated 

from Eq. (5.5) and 𝑡(𝑥) shown in Fig. 5.10(b). For 𝑏∗ in Fig. 5.11, the averaged values 

of about 120 measured data at each position is indicated. The maximum bubble radius 

increased along the flow direction of the liquid film because the thermal boundary layer 

developed further downstream. Eq. (5.8) could predict the order of magnitude of 𝑏∗ and 

its trend against 𝛿𝛼. 

Next, the variation of the bubble cap thickness ℎ  along the flow direction was 

investigated. As discussed in Fig. 5.7, Eq. (5.3) proposed by Lhuissier and Villermaux 

[17, 18] well predicted the relationship of 𝑏∗ , ℎ , and 〈𝑑〉 . Here, the value of ℎ  was 

estimated from Eq. (5.3) by measuring 𝑏∗ and the produced droplet diameter 𝑑 from 

the visualization images because 𝑏∗ and 𝑑 could be measured more easily than 𝑉TC. 

Figure 5.12 shows the estimated results of ℎ at each position, in which the error bars are 

the standard error. Additionally, the averaged value of ℎ at 𝑥 = 10 mm estimated from 

Eq. (5.3) (i.e.; the averaged value of the plots in Fig. 5.6). As shown in Fig. 5.12, the 

bubble cap thickened further downstream. The bubble cap thickness can be associated in 

some way with the liquid film thickness 𝐻 because some part of the liquid film above 

the nucleation point is elevated as the bubble grows. Figure 5.13 shows the distribution 

of 𝐻  at the rim along the flow direction. The liquid film thickness at the rim also 

increased further downstream, which can lead to the thickening of the bubble cap. 

Finally, Figure 5.14 shows the averaged value of the droplet diameter at each position. 

The error bars are the standard error. As shown in Fig. 5.14, the larger droplets were 

produced further downstream through the bubble bursting event because the maximum 

bubble size and bubble cap thickness increased as the liquid film moved downstream as 

mentioned above. 

 

5.3.3 Estimation of the total volume of dispersed droplets from a liquid film 

 

In this section, the total volume of the dispersed droplets from the liquid film is 

estimated. First, the frequency of the bubble bursting was measured from the visualization 

image. The measurement area was again fixed at 𝑥 = 10 mm. Figure 5.15 shows the time 

history of the degree of wall superheat ∆𝑇sup and the surface heat flux 𝑞s estimated by 

solving the inverse heat conduction problem. The number of times of the bubble bursting 

𝐶 was counted every ∆𝑡 in the periods highlighted in orange in Fig. 5.15 (∆𝑡; time step 

of the temperature measurement). Figure 5.16 shows the counting results against the 
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degree of wall superheat. The frequency of the bubble bursting per unit area 𝐹  was 

calculated from the width and depth of the measurement area, ∆𝑡, and 𝐶. The width of 

the measurement area ∆𝑥  was 1.44 mm. The depth of the measurement area was 

assumed to be equal to the lope width 𝑤lp which meant the width of the thickened region 

of the liquid film in the 𝑦 direction, because the bubble growth and bursting occurred in 

the thickened region. Figure 5.17 shows the measurement result of the liquid film 

thickness distribution in the 𝑦 direction. From Fig. 5.17, the lope width was set to 1 mm. 

As shown in Fig. 5.16, the number of the bubble bursting decreased with the decrease in 

∆𝑇sup  because the number of the active nucleation site and the bubble growth rate 

decreases as the surface temperature of the wall decreases. To verify the counting value 

of 𝐶, the heat flux from the metal surface was estimated by following equation. 

 

𝑞est = 𝜌v ∙ (
2

3
𝜋𝑏∗3) ∙ ℎlv ∙ 𝐹 (11) 

 

ℎlv denotes the latent heat. The calculated results of 𝑞est are shown in Fig. 5.18 with 

the estimated heat flux by solving the inverse problem. Although the value of 𝑞est was 

lower than 𝑞s  because the heat value determined by 𝑏∗  did not include all the heat 

removed from the wall by the liquid film, the order of magnitude of 𝑞est (~1 MW/m2) 

was equal to that of 𝑞s. Therefore, the counting results of 𝐶 was reasonable. 

Using the measurement results of 𝐶, the accumulated volume of dispersed droplets 

from the liquid film was then estimated. Figure 5.19 shows the direct image of the liquid 

film at 𝑡 = 0.6 s taken from the top, and the accumulated volume of dispersed droplets 

at this time was estimated. The white grids in Fig. 5.19 indicate the grids for solving the 

inverse problem; the estimated temperature could be obtained for each grid. For the 

estimation of the dispersed droplets, the rim of the liquid film was divided into five 

sections as shown in the areas highlighted in each color in Fig. 5.19. Each section in Fig. 

5.19 is named section 1, 2, 3, 4, and 5 from left to right, and section 1, 2, 3, 4, and 5 

include 𝑥 = 2, 5, 10, 15, and 20 mm, respectively. The accumulated volume of dispersed 

droplets from each section �̇�𝑑𝑖 (𝑖 = 1, 2, 3, 4, and 5) was calculated to estimate the total 

volume from the liquid film �̇�𝑑 (= ∑ 2�̇�𝑑𝑖). Figure 5.20 shows the averaged value of 

∆𝑇sup in each section. ∆𝑇sup generally increased further downstream although only the 

value in section 1 showed the opposite trend because the liquid film width of the region 

was smaller than that in other sections and the temperature did not easily decrease. Using 

the value of ∆𝑇sup  in Fig. 5.20, the represented value of 𝐹  in each section can be 

derived from the tentative approximation formula of ∆𝑇sup and 𝐹 as indicated in Fig. 
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5.16. When the value of 〈𝑑〉 in each section is represented by that at 𝑥 = 2, 5, 10, 15, 

and 20 mm in Fig. 5.14, �̇�𝑑𝑖 can be calculated by the following equation. 

 

�̇�𝑑𝑖 = 𝜌l ∙ {
4

3
𝜋 (

〈𝑑〉𝑖

2
)

3

} ∙ (𝐹 ∙ 𝑤lp ∙ 𝑙𝑖) ∙ 𝑁𝑑 (12) 

 

𝑙𝑖 and 𝑁𝑑 denote the length of each section and the number of droplets produced in one 

event of bubble bursting. From the visualization images, it was found that 𝑁𝑑~1, and the 

value of 𝑁𝑑 for the calculation of �̇�𝑑𝑖 was tentatively determined to be 4, referring to 

the direct images in Fig. 5.5. Figure 5.21 shows the calculated results of �̇�𝑑𝑖 or �̇�𝑑𝑖/�̇�, 

in which �̇� indicates the mass flow rate of the injected test liquid (�̇� = 5.0 g/s). Even 

though ∆𝑇sup in section 1 was higher than that in section 2 and 3, �̇�𝑑1 took the smallest 

value because 〈𝑑〉1  was the smallest. From section 2 to section 5, the value of �̇�𝑑𝑖 

increased rapidly further downstream because the effects of ∆𝑇sup  and 〈𝑑〉𝑖 

superimposed on �̇�𝑑𝑖 . However, the ratio of the accumulated volume of dispersed 

droplets from each section to the injection flow rate of the test liquid 2�̇�𝑑𝑖/�̇� was less 

than 1%, and �̇�𝑑/�̇� was reached only 2%. Consequently, it can be concluded that the 

total volume of dispersed droplets induced by the nucleate boiling from the liquid film is 

negligible against the injection flow rate of the liquid during jet impingement cooling. 

 

5.4 Conclusions 

 

To clarify the boiling induced atomization processes occurred in the liquid film 

through the wall impinging jet on the superheated wall, the fragmentation events were 

visualized via the magnified high-speed imaging with the backlight technique.  

In the liquid film, two characteristic types of atomization processes were mainly 

visualized. One was that the large droplet pinched off from the ligament formed on the 

relatively high temperature wall (i.e., near the wetting front). The other was that the 

droplets were produced through the bubble bursting event in the nucleate boiling regime. 

For the droplets from the bursting bubble produced by the nucleate boiling, the 

ejection velocity of the droplets was distributed around the local Weber number of unity 

and determined by the relationship between the inertia force of the ligament and the 

surface tension. The mean diameter of the droplets was characterized by the maximum 

radius of the bubble and bubble cap thickness. In addition, the further downstream, the 

larger droplets dispersed from the liquid film because the maximum bubble radius and 
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bubble cap thickness increased owing to the development of the thermal boundary layer 

and liquid film thickness along the flow direction. 

The accumulated volume of the dispersed droplets from the rim of the liquid film 

increased further downstream because both the droplet size and frequency of bubble 

bursting increased. However, the loss of the liquid flow rate for cooling caused by the 

boiling induced atomization was negligible. 
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Fig. 5.1 Direct image of liquid film formed on a heated wall; (a) from top of the liquid 

film, (b) from side of the liquid film 
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Fig. 5.2 Measurement position on a liquid film (a) 0.30 s after start of injection, (b) 0.50 

s after start of injection   
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(a) Disintegration of droplets at the position near WF obtained at 0.3 s after start of 

injection 

 

 

(b) Fragmentation via bubble bursting at the position away from WF obtained at 0.5 s 

after start of injection 

 

Fig. 5.3 Time series of boiling induced atomization at different timing   
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Fig. 5.4 Heat-transfer-governed bubble growth process 

 

 

Fig. 5.5 Direct images and schematic illustration of fragmentation processes with bubble 

bursting for measuring Taylor-Culick velocity 
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Fig. 5.6 Estimated value of thickness of bubble cap 

 

 

Fig. 5.7 Mean diameter of some droplets from bursting bubble at 𝑥 = 10 mm. The bold 

line indicates Eq. (5.3).  
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Fig. 5.8 Relationship between ejection velocity and droplet diameter. The bold line 

indicates 𝑊𝑒 defined by Eq. (5.4) of unity. 

 

 

Fig. 5.9 Schematic of nucleate boiling induced atomization appeared in a liquid film 
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Fig. 5.10 Magnified images of the ligament on the rim at a certain time (upper) and 5.56 

µs after that time (bottom) (a) and liquid film velocity and calculated time 

required to reach at each position (b) 
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Fig. 5.11 Relationship between maximum bubble radius and thermal boundary layer 

thickness with a prefactor in Eq. (5.5) of 2. The bold line indicates Eq. (5.8).  

 

 

Fig. 5.12 Change of bubble cap thickness along the flow direction of liquid film 
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Fig. 5.13 Distribution of liquid film thickness at the rim along the flow direction 

 

 

Fig. 5.14 Mean diameter of the droplets produced from the liquid film at each position 
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Fig. 5.15 Time history of degree of wall superheat and estimated surface heat flux 

 

 

Fig. 5.16 Number and frequency of bubble bursting against degree of wall superheat 
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Fig. 5.17 Distribution of liquid film thickness in the 𝑦 direction at 𝑥 = 10 mm 

 

 

Fig. 5.18 Comparison of estimated surface heat flux and heat flux determined by 

frequency of bubble bursting and maximum bubble diameter 
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Fig. 5.19 Direct image of liquid film at 𝑡 = 0.6 s taken from the top 
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Fig. 5.20 Averaged value of degree of wall superheat in each section 

 

 

Fig. 5.21 Accumulated volume of scattered droplets from each section 
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Table 5.1 Experimental conditions and imaging conditions 

Mass flow rate of test liquid [g/s] 5.0 

Nozzle diameter [mm] 0.7 

Impingement angle [deg.] 10 

Frame rate for magnified high-speed imaging [fps] 20000, 54000 

Frame rate for IR imaging [fps] 60 
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Chapter 6 Summary and recommendations for future work 

 

6.1 Summary 

 

Bipropellant thrusters, which are used for attitude control and orbit maneuvering of 

small-scale spacecraft and satellites, employ a liquid film cooling technique, in which a 

part of the liquid fuel is injected onto the chamber wall to form liquid films, for avoiding 

thermal failure of the combustion chamber. To realize the reduction and optimization of 

the liquid fuel for liquid film cooling based not on the empirical knowledge or numerous 

combustion tests but on an understanding of the physical phenomena, a deeper 

understanding of the fundamental phenomena of liquid film cooling is in great demand. 

In this study, the formation processes of liquid film and heat transfer characteristics 

between the formed liquid film and the heated chamber wall were experimentally and 

theoretically investigated to extract the key physical parameters which govern the liquid 

film formation. 

 

In chapter 1, the background and the objective of this study is described through a 

literature review of the role of rocket engines in the space industry, the classification of 

rocket engines, overviews of the key physical phenomena inside the combustion chamber 

of bipropellant thrusters, and the previous studies on the liquid film formation processes.  

 

In chapter 2, the liquid film distribution on a cold wall surface below the saturated 

temperature of the liquid was investigated by varying injection parameters including 

liquid flow rate, nozzle diameter, impingement angle, and liquid jet length to find out the 

key physical parameters to the formation of the liquid film. The main findings in chapter 

2 are summarized as follows. 

(1) When the liquid jet length became longer, the number of dispersed droplets increased 

near the impingement point of the liquid jet. However, the distance from the nozzle 

exit to the impinging point have no significant influence on the liquid film 

distribution when the distance is shorter than the breakup length. 

(2) The maximum film width, which is one of the important length scales representing 

the liquid film distribution, increased with the increase in both the liquid jet velocity 

and impingement angle. 

(3) The vertical component of the liquid jet velocity to the wall surface indicated a linear 

relationship with the maximum film width under each nozzle diameter condition. The 
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slope of the linear relationships was different with each nozzle diameter, which 

indicated the nozzle diameter was one of the factors affecting the film distribution. 

(4) The maximum film width divided by the nozzle diameter could be uniformly 

organized in terms of the product of the Weber number and the sinusoid of the 

impingement angle, based on a dimensional analysis. 

 

In chapter 3, the quenching of a heated metal plate with a spatial temperature gradient 

by continuous injection of a liquid jet was conducted to investigate the formation 

processes of the liquid film on a superheated surface. The visualization of the liquid film 

behavior by a high-speed camera and the temperature measurement of the metal plate by 

an infrared camera was synchronized to connect the liquid film state and the heat transfer 

characteristics. The effects of the liquid jet velocity and liquid flow rate on the liquid film 

formation were examined. The main findings in chapter 3 are summarized as follows. 

(1) To estimate the temperature and heat flux on the cooled surface by the liquid film 

from the measurement temperature profile on the opposite surface, the numerical 

scheme for solving the inverse problem of the transient three-dimensional heat 

conduction was developed. 

(2) The leading edge of the liquid film called the wetting front where a large amount of 

the liquid deflected from the wall surface appeared in the present study. The wetting 

front gradually propagated downstream, and the propagation velocity decreased as 

the wetting front moved downstream. The wetting front propagated faster with the 

increase in the liquid flow rate under each nozzle diameter condition. 

(3) The wetting front propagation was governed by not the liquid jet velocity but the 

liquid flow rate, which suggested that the liquid flow rate, that is, the amount of the 

liquid supplied to the WF was significant to the faster propagation of the wetting 

front. 

(4) The position of the wetting front was corresponded to the position where the 

temperature gradient along the flow direction of the liquid film took maximum value. 

(5) The maximum value of the heat flux, which appeared in the vicinity of the wetting 

front, decreased as the wetting front moved downstream because the liquid film 

temperature increased further downstream. In addition, the maximum heat flux 

increased with an increase in the liquid flow rate because the liquid film temperature 

near the wetting front was lower owing to the higher heat capacity of the liquid film. 

(6) Nearly 90% or more of the injected liquid was deflected away from the wall surface 

without evaporation. 
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In chapter 4, transient cooling of the superheated metal plate by intermittent injection 

of the liquid jet was conducted to obtain a better understanding of the liquid film behavior 

during the pulsed cooling processes. From the results in chapter 3, injection patterns under 

the same injection quantity of the liquid were examined on two types of metal plates 

(aluminum alloy and copper). The main findings in chapter 4 are summarized as follows. 

(1) The trend of the wetting front propagation during the 1st injection duration was the 

same as that observed in chapter 3. During the injection stop period, the residual 

liquid film on the metal surface was consumed with nucleate boiling. In the present 

study, the wetting front propagated further downstream with each injection because 

the temperature rise of the metal plate during the injection stop period did not exceed 

the temperature drop during the previous injection period. 

(2) The unsteady liquid film behavior and heat transfer characteristics during both the 

injection and injection stop period were successfully captured by measuring the 

change of the temperature distribution on the backside and the solution of the inverse 

heat conduction problem developed in chapter 3. 

(3) In both of the plates, the longer injection period with the lower liquid flow rate was 

effective in the heat removal during the 1st period, in which boiling heat transfer was 

dominant for heat removal. In the aluminum alloy, the amount of the removed heat 

by the liquid film had a peak at a certain duty cycle because the metal temperature 

easily decreased owing to the lower thermal inertia and the cooling mode shifted 

from boiling to single-phase forced convection, especially in higher duty cycle 

conditions. On the other hand, for the copper plate, the tendency of the amount of the 

removed heat against the duty cycle in the 2nd and 3rd period was the same as that in 

the 1st period because the metal temperature did not easily decrease and the wetting 

front propagation was more suppressed in longer OFF time conditions due to the 

higher thermal diffusivity of the metal plate. 

 

In chapter 5, the boiling induced atomization processes that appeared in the liquid film 

on a superheated surface were visualized via magnified high-speed imaging with the 

backlight technique to obtain information about the characteristic values of the dispersed 

droplets which may cause the reduction of the liquid film flow rate. The main findings in 

chapter 5 are summarized as follows. 

 

(1) Two characteristic types of atomization processes were mainly visualized. One was 

that the large droplet pinched off from the ligament formed on the relatively high 

temperature wall (i.e., near the wetting front). The other was that the droplets were 
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produced through the bubble bursting event in the nucleate boiling regime. 

(2) The ejection velocity of the droplets was distributed around the local Weber number 

of unity and determined by the relationship between the inertia force of the ligament 

and the surface tension. 

(3) The droplet diameter produced via the bubble bursting event in the nucleate boiling 

regime was well characterized by both the maximum bubble diameter and the bubble 

cap thickness. 

(4) The thermal boundary layer thickness was convinced as the characteristic length 

scale determining the amount of evaporation and the maximum bubble size. The 

bubble cap thickened further downstream. From these, the size of droplets produced 

via the bubble bursting became larger downstream. 

(5) The accumulated amount of the dispersed droplets from the rim of the liquid film 

increased further downstream because both the droplet size and frequency of bubble 

bursting increased. However, the loss of the liquid flow rate for cooling caused by 

the boiling induced atomization was negligible. 

 

As mentioned above, the results of experimental and theoretical analysis of the liquid film 

formation processes via an oblique jet impingement were summarized in this thesis. The 

findings obtained in the present study can lead to well-controlled thermal management 

and higher performance of bipropellant thrusters. 

 

6.2 Recommendations for future work 

 

As a final part of the thesis, the remaining issues of the present study and prospective 

of this research topic are discussed. 

First, the remaining issues of the present study are listed below. 

 

(1) The effects of the physical properties on the formation processes of the liquid film 

need to be investigated furthermore. For the liquid film distribution on a cold wall, 

the developed theoretical model predicting the maximum film width includes the 

term of the surface tension, and the effect should be investigated by using different 

working fluids or aqueous solutions. For the liquid film behavior and heat transfer 

characteristics of the liquid film, the effect of evaporation characteristics should be 

investigated because it affects both the heat transfer characteristics of the liquid film 

and the behavior of the residual liquid film during the pulsed cooling. 

(2) The effects of the surface state on the formation processes and heat transfer 
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characteristics of the liquid film should be investigated. For the distribution of the 

liquid film on a cold wall, the data of the maximum film width obtained in this study 

indicate a trend slightly shallower slope than the theoretical model. One of the 

possible reasons is that the effect of the wettability did not include in the proposed 

model. The effect of wettability needs to be incorporate properly for the improvement 

of the model. For the liquid film behavior and heat transfer characteristics of the 

liquid film, the effects of both surface roughness and oxide film on the surface should 

be evaluated quantitively and modeled for being incorporated into the prediction of 

the liquid film length in bipropellant thrusters, because there is a piece of 

experimental evidence conducted by JAXA that the liquid film length was drastically 

changed when the wall surface state varied even though the injection condition of the 

propellant was the same. 

(3) The most important issue is to elucidate the physical mechanism of why the liquid 

film is splashed away from a superheated surface. The mechanism of the wetting 

front needs to be modeled including the effects mentioned above and introduced for 

the theoretical model for predicting the liquid film length. 

 

Finally, the prospectives of this research topic are discussed. In the present study, the 

existence of the fast combustion gas was neglected to investigate the liquid film/wall 

surface interaction in detail. As the next step of the present study, the liquid film behavior 

in the presence of a high-speed gas flow adjacent to liquid film should be investigated to 

understand the liquid film/fast gas interaction. For the cooling processes on a hot surface, 

there are two possible effects of the presence of high-speed gas flow that are thought to 

affect heat transfer characteristics. One is the reduction of the liquid film flow rate for 

cooling owing to the droplet entrainment induced by the liquid/gas interface instability. 

The other is that the liquid film flow becomes the Couette flow. When the velocity 

distribution in the liquid film changes, the temperature distribution also changes, which 

strongly affect the bubble dynamics for the boiling phenomena and the heat transfer 

characteristics between the liquid film and the wall. These possible effects should be 

investigated in detail and evaluated quantitively in future work. 
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