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1. Introduction 
 

1.1 Background of CHF research 

 

The critical heat flux (CHF) in boiling heat transfer was vivid in the research history 

of CHF after the first treatment of CHF in the study of heat transfer was performed by 

Professor Nukiyama in 1934. Immediately following this, many opinions and theories 

on CHF were made publicly. However, almost all of that made publicly became 

forgotten in history because there was constant controversy between theories. When an 

experiment fact appeared to support a new theory, another new theory was opposed to 

the existing one in succession. It can put the significance of the theories and opinions 

forgotten to the derived things such as the experiment method, the experiment fact and 

the idea etc. brought up in experiment process in order to verify their theory, rather than 

contribution to CHF. Only these derivatives have been the world of the CHF research 

that is extremely prospered in the present. 

The sound development of knowledge for generalized saturated and subcooled pool 

boiling CHF mechanisms and those correlations for various test heater configurations 

and surface conditions in water and wetting liquid such as ethanol, liquid nitrogen, 

liquid helium and Fluorinert (FC liquids) etc, for wide range of subcoolings and 

pressures due to steady and transient heat inputs is becoming increasingly important not 

only for the academic knowledge on the complex transition phenomena but also for the 

fundamental database of following problems: the transient thermal response of reactiv-

ity accident and the engineering safety evaluation of a nuclear reactor, the design such 

as the high heat flux cooling systems using subcooled water pool boiling, the su-

per-conducting magnets cooled by liquid helium and liquid nitrogen, the thermal control 

of microelectronic assemblies cooled by FC liquids for future super-computers and so 
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on. Furthermore, the evaluation of the pool boiling CHF becomes the database for the 

derivation of subcooled flow boiling CHF correlations based on the pool boiling ones, 

and it is also an essential problem when the liquid flow in the cooling equipment stops 

due to accidents. 

Many aspects of saturated and subcooled pool boiling CHF have been investigated by 

many researchers for pressures, subcoolings, test heater configurations, surface condi-

tions, thermal properties, etc., assuming a CHF model mainly based on a kind of 

hydrodynamic instability at CHF. Recently the saturated and subcooled pool boiling 

CHF for a horizontal cylinder in water and wetting liquids were measured for compara-

tively wide range of pressures and subcoolings. It was clarified that the CHFs measured 

were mainly divided into two mechanisms for lower and higher subcooling at a pressure 

as a typical case. It was assumed that the former and latter CHFs occur due to hydrody-

namic instability (HI) and explosive-like heterogeneous spontaneous nucleation (HSN) 

on the cylinder surface respectively though the CHFs for subcooling occur only due to 

the HI or only due to the HSN depending on subcooling, pressure and liquid. 

Recently the author analyzed in detail the flow boiling CHF data from some re-

searchers. From the analysis, it was clarified that a maximum value existed in the CHFs 

as it becomes higher in the subcooling. That is, the maximum phenomenon of this flow 

boiling CHF data is an important matter from the viewpoint of engineering safety 

evaluation for cooling systems with high heat flux by increasing the subcooling. It is a 

result of the introduction of a new physical model to CHF due to the HSN described 

here, and it is certainly possible to contribute to the explanation of a general CHF 

mechanism for the cases without and with the flow that can be applied to wide range of 

liquids. Moreover, it is possible to clarify the effect that not only the heater surface 

condition but also the heater material and configuration have on the pool and the flow 

boiling CHF, and to accumulate the CHF database in a new viewpoint. 

1. Introduction 
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The scientific research on a steady-state boiling heat transfer has not been completely 

solved though there were many reports on it. There exists only a few researches on 

transient boiling heat transfer phenomena. The previous research on the transient boiling 

heat transfer was aimed to obtain critical heat flux, and the mechanism for CHF was 

divided into three: (1) The disappearance of liquid film due to evaporation under the 

steam block during nucleate boiling. (2) Fullness occupancy of the primary air bubbles on 

the surface of heater. (3) Bubble heat transfer and occupancy due to homogeneous 

spontaneous nucleation. 

The typical trend of the CHF values in relation to the periods meaning of heat genera-

tion rate is as follows: the CHF gradually increases with a decrease in period up to the 

maximum CHF from the steady state one corresponding to the CHF for a period of 20 s, 

and then the CHF decreases down to the minimum one and again increases with a 

decrease in period. This trend suggests that there exists another mechanism of CHFs for 

shorter periods different from the thermal-hydrodynamic instability (HI) model firstly 

suggested by Kutateladze (1959) and Zuber (1959). The CHFs for the shorter periods at 

which direct or semi-direct transitions to film boiling occurred in transient conduction 

regime due to a quasi-steady- state or transient heat input for the liquids including water. 

A direct transition from non-boiling convective regime to film boiling one was reported 

by Avksentyuk and Mamontova (1973) and Kutateladze et al. (1973) in liquid metals and 

wetting liquids as some peculiarities of CHF. However, the mechanism of CHFs for the 

transient heat inputs with shorter periods remained unresolved for a long time. 

The direct transition from a non-boiling regime such as natural convection and transient 

conduction regimes to film boiling without nucleate boiling was observed by Sakurai et al. 

(1992, 1993). They carried out the experiments of the CHFs for the transient heat inputs 

with various periods on a platinum horizontal cylinder in liquid nitrogen at various 

pressures, and found that direct transition to film boiling occurred in transient conduction 

1.1 Background of CHF research 
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regime. It was assumed that the transitions occurred due to the levitation of liquid on the 

cylinder surface by the explosive-like heterogeneous spontaneous nucleation (HSN) in 

originally flooded cavities without the contribution of the active cavities entraining vapors 

for boiling incipience. All the cavities on the surface that could serve as nucleation sites 

would initially be flooded since the liquid surface tension is so low that vapor are not 

entrained in surface cavities and there is no dissolved gas in liquid nitrogen except for 

possible trace amounts of helium, hydrogen and neon. The explosive-like HSN assumed 

in originally flooded cavities on a horizontal cylinder in the wetting liquid of liquid 

nitrogen at which heat transfer crisis occurs was first observed without nucleate boiling 

under natural convection regime at atmospheric pressure due to steadily increasing heat 

input at a certain HSN surface superheat which is considerably lower than the corre-

sponding the HSN on a flat surface and the homogeneous spontaneous nucleation at 

surface superheats theoretically obtained. 

The measured CHFs related to subcoolings for water, liquid nitrogen and liquid 

helium with pressures as a parameter disagreed with the corresponding values derived 

from the existing correlations given by Kutateladze (1959) based on the model of CHF 

resulting from hydrodynamic instability. However, those data were well described by 

the newly derived subcooled pool boiling CHF correlations derived by Sakurai et al. 

(1993) by assuming that CHFs occur due to the hydrodynamic instability (HI), or the 

heterogeneous spontaneous nucleation (HSN) in originally flooded cavities with liquid 

on the test heater surface. Recently Chang et al. (1998) measured CHF and correspond-

ing surface superheat at which the transition from natural convection regime to film 

boiling in a pool of FC-87, and also measured minimum film boiling heat flux and 

corresponding surface superheat. They confirmed that both surface superheats at the 

transition point from natural convection region to film boiling, and the collapse point of 

minimum film boiling caused by steadily increasing and decreasing heat inputs 

1. Introduction 
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respectively, agreed with each other. They concluded that the film boiling incipience at 

the transition point and minimum film boiling at collapse point occur due to the lower 

limit of HSN in wetting liquid of FC-72 and FC-87 based on the theory of Sakurai et al. 

(1996, 2000). Takahashi et al. (1999) has measured the dynamic heat transfer processes 

due to an exponential heat input for a 1.2 mm diameter horizontal cylinder in a pool of 

FC-72 at the pressures of 101.3 kPa and 150 kPa. They have assumed that the mecha-

nism of the direct transition from non-boiling regime to film boiling regime is a 

consequence of the HSN. 

The present work is to make clear the transition phenomena to film boiling at steady 

and transient CHF in non-wetting and wetting liquids. The generalized mechanism for 

the transitions to film boiling from single-phase conduction or transient conduction and 

fully or insufficiently developed nucleate boiling due to exponential heat generation 

rates for wide range of subcoolings and pressures were investigated in water, ethanol 

and FC-72, adding the photographic approach on the vapor bubble and vapor film 

behavior on the cylinder surface by using a high-speed video camera. 

 

1.2 Outline of the present work 

 

In Chapter 1, it describes the background of the critical heat flux in heat transfer by 

boiling. Especially, it pays attention to a physical model of the new CHF mechanism 

proposed by Sakurai et al. The research background of steady and transient CHFs is 

described. Moreover, the purpose of this research is described at the end. 

In Chapter 2, the schematic diagram of the experimental apparatus is shown. More 

details, it describes that boiling apparatus, heaters used in the experiment, the experi-

mental method and procedure and so on. 

In Chapter 3, it contains steady-state and transient boiling heat transfer characteristics 

1.2 Outline of the present work 
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caused by an exponential heat generation rates with various periods, which are investi-

gated. Steady-state and transient critical heat fluxes (CHFs) are measured using a 1.0 

mm diameter horizontal cylinder as a test heater in a pool of water and highly wetting 

liquids, such as ethanol and FC-72, over periods ranging from about 5 ms to 50 s for 

wide range of subcoolings and pressures. In this Chapter, it is confirmed that boiling 

heat transfer processes from non-boiling to film boiling or to fully-developed nucleate 

boiling (FDNB) are completely different from each other depending on the experimen-

tal liquids. Also it is recognized they depend on the heat generation rates shown with 

period. The trend of critical heat flux (CHF) values in relation to the periods is divided 

into three groups: first group for the longer period, second group for the shorter and 

third group for the intermediate one. 

In Chapter 4, the purpose of this research is to investigate the effect of the surface 

conditions of the test cylinders such as the commercially-available surface (CS) and the 

roughly-finished surface (RS) in saturated and subcooled liquids at various pressures on 

the transient pool boiling CHFs caused by the exponential heat generation rates with 

various periods. In this Chapter, it is clarified that the trend of CHF for the shorter 

periods meaning of higher heat generation rate is significantly affected by the test 

cylinder surface conditions in a pool of water, ethanol and FC-72. From the results, it is 

suggested that more study on the diverse surface conditions such as the cavity size 

distribution and surface energy on the CHF is necessary for a wider range of subcool-

ings and pressures. 

In Chapter 5, it contains the behavior of vapor bubbles and vapor film during the 

transition from non-boiling and nucleate boiling regime to film boiling due to increasing 

heat inputs, which are examined by photographs taken by a high-speed video camera. 

The purpose of this work is to make clear the transition phenomena to film boiling in 

several liquids having different wettability by the photographic approach on the vapor 

1. Introduction 



 - 7 -

bubble and vapor film behavior on the cylinder surface. In the case of the highly wetting 

liquids, the vapor film behavior during transition to fully-developed nucleate boiling is 

just similar to that of the direct transition to film boiling. This vapor film behavior that 

is rapidly growing and covering the heater surface during initial boiling can never be 

seen in the water experiment with a quasi-steady state heat generation rate. It is 

confirmed that the initial boiling behavior is significantly affected by the property and 

the wettability of the liquid. 

The final purpose of this work is to accumulate the CHF database to clarify general-

ized CHF phenomena in various liquids for wide range of subcoolings and pressures 

due to steady and transient heat inputs. This dissertation is concluded in Chapter 6, 

where the major contributions and results obtained in this work by analysis and 

experiment are represented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2 Outline of the present work 
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2. Experimental apparatus and method 
 

2.1 Pool boiling experimental apparatus 

 

The schematic diagram of the experimental apparatus is shown in Fig. 2.1. It consists 

of a boiling vessel (main tank), an experimental heater, a pressurizer, auxiliary tank for 

degassing, coolant circulation device (cooler), a control device of heat generation rate, a 

data measurement and processing system, and a high-speed video camera. The boiling 

vessel with inspection windows is made of stainless steel having an inner diameter of 

200 mm and a height of 600 mm. It is designed to use at pressure up to 2 MPa. Two 

current conductors and two potential conductors are mounted at the upper side of the 

vessel, which also are used to support the test heater. The liquid temperature in the 

boiling vessel is heated to the desired temperature by a sheathed heater installed at the 

downside of the vessel. The vessel is kept warm by micro heaters and thermally isolated 

with lagging materials. The liquid temperature is measured by K-type thermocouples. A 

pressure transducer measures the system pressure at position of the heater. 

And a high subcooling is achieved by using pressurizer of self-steamy and coolant 

circulation device of -40oC minimum in order to obtain the liquid temperature of around 

0oC, because the saturated temperature of highly wetting liquids such as ethanol, liquid 

nitrogen and FC-72 etc. is lower than that of water, and a high subcooling cannot be 

achieved at the room temperature level. 

 

2.2 Experimental heater 

 

Figure 2.2 shows the experimental heater (test heater) in detail. The heater is made of 

platinum wire having a diameter of 1.0 mm, which is horizontally mounted in the vessel. 
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The heater diameter is from the reference paper reported by J. H. Lienhard et al. (1988, 

1973) showing with the prediction curve for cylinder. As shown in the curve, non-

dimensional length L' (=               ) becomes the diameter that is considered to 

be Zuber's infinite horizontal flat plate. Two fine-50 µm diameter platinum wires were 

spot-welded on each heater as potential taps at about 10 mm from each end of the heater. 

And the effect of surface condition on the same heater, which is investigated, for having 

different surface roughness one will be shown in Chapter 4 in detail. 

The effective length of heater between the potential taps is 31 mm. The heater was 

annealed in order to maintain an even properties and its electrical resistance versus 

temperature relation was calibrated in water and glycerin baths using a precision double 

bridge circuit. The calibration accuracy was estimated to be within ±0.5 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2.2 Experimental heater and joint with conductor 

[ ] 2/1)(// vgL l ρρσ −

2.2 Experimental heater 



 - 12 -

2.3 Experimental method 

 

In the case of a steady-state boiling phenomenon, and of course a transient boiling 

one, the heat generation rate will change simultaneously with resistance changes of the 

heater. Therefore, the method of controlling heat generation rate and temperature of 

heater while calculating with a high-speed analog computer is adopted in this experi-

ment; an exponentially increasing heat is inputted regardless of the changes of heater 

temperature, and it is possible that heat generation rate is intercepted rapidly at a point 

which the heater temperature reached to the set-up value. 

In this experiment, it was used a heat generation rate control system, which was 

improved on that of Sakurai et al. (1977). The diagram of the heating device for the test 

heater, and the measuring and data processing system are shown in Fig. 2.3. The test 

heater was heated electrically by a direct current source controlled by a computer so as 

to give increasing heat input with a time. The average temperature of the test heater was 

measured by resistance thermometry using the heater itself. A double bridge circuit with 

the heater as a branch was first balanced at the bulk liquid temperature. The output 

voltages of the bridge circuit, together with the voltage drops across the potential taps of 

the heater and across a standard resistance, were amplified and passed through analog-

to-digital converters installed in computer. These voltages were simultaneously sampled 

at a constant time interval. The average temperature was obtained by using the previ-

ously calibrated resistance-temperature relation. The heat generation rate of the test 

heater was determined from the current to the heater and the voltage difference between 

potential taps on the test heater. The surface temperature was obtained by solving the 

conduction equation in the heater under the conditions of the average temperature and 

heat generation rate. The instantaneous surface heat flux was obtained from the heat 

balance equation for a given heat generation rate. 

2. Experimental apparatus and method 
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The electric current was supplied to the test heater directly with a constant voltage 

direct-current power supply (Max. current 700A) which an exponentially increasing 

heat input with time was given exactly regardless of resistance changes of heater due to 

temperature change of heater, so the heat generation rate increased with exponential 

function as follows; 

 

 

where, Q is heat generation rate, W/m3, Q0 is initial heat generation rate, W/m3, t is 

time, s. τ is period, s: the e-fold time corresponding to heat generation rate with the 

exponential increasing rates from quasi-steady to rapid ones. The heat generation rates 

of the heater were controlled and measured by a control device as shown in Fig. 2.3. 

The heat flux of the heater is calculated by the following equation for heat balance. 

 

 

where, D, ρh, ch and Ta are the diameter, density, specific heat and the average tem-

perature of the test heater, respectively. The test heater surface temperature can be 

calculated from unsteady heat conduction equation of the next expression by assuming 

the surface temperature around the test heater to be uniform. 

For the cylindrical test heater, we have,  

 

 

Boundary conditions are as follows, 
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where, Q (W/m3) is the internal heat generation rate, T (K) is the temperature inside 

the test heater, cka ρ/=  (m2/s) is thermal diffusivity, and k (W/mK) is thermal 

conductivity. 

The unbalanced voltage of the double bridge circuit including the heater, and the 

voltage differences between the potential taps of the heater and across the standard 

resistance were fed to the personal computer through an analog-to-digital (A/D) 

converter. The fastest sampling speed of the A/D converter is 5 µs/channel. All these 

calculations were carried out by the personal computer. The experimental error was 

estimated to be about ±1 K in the heater surface temperature and ±2 % in the heat flux. 

A high-speed video camera system (1000 frames/s with a rotary shutter exposure of 

1/10000 s) was used to observe the boiling phenomena and to confirm the start of 

boiling on the test heater surface.  

The CHF was determined at a start point that the measured average temperature rapi- 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.3 Block diagram of the heating device for the test heater, and the measuring and

data processing system. 

2. Experimental apparatus and method 
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dly increased up to the preset temperature lower than the actual burnout temperature of 

a test heater by using the burnout detector. 

 

2.4 Experimental procedure 

 

The experiment was carried out as follows. First, the liquids used in the experiment 

were degassed by keeping it boiling for 30 minutes at least in the auxiliary tank. Vapor 

was recovered to the pool with a water-cooled condenser. The liquid was fully filled in 

the boiling vessel with the free surface only in the pressurizer and sub tank. Liquid 

temperatures in the boiling vessel and in the pressurizer were separately controlled to 

realize the desired saturated and subcooled conditions. The heat input was raised with 

exponential function, Q=Q0expt/τ. τ is period of heat generation rate, s, and a shorter 

period means a higher increasing rate of heat generation. Heat flux and surface tempera-

ture of the heater was measured by the data processing system with time. 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Experimental procedure 
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3. CHFs for wide range of subcoolings and pressures in 
various liquids 

 

3.1 Introduction 

 

It is important to understand the mechanism and corresponding correlation of the 

boiling heat transfer for the effective use of existing energy conversion technology, so 

we need to accumulate a fundamental database of critical heat fluxes (CHFs) for energy 

conversion. Also, the detailed understanding of generalized saturated and subcooled 

pool boiling CHF mechanisms and corresponding correlations in water and highly 

wetting liquids such as FC fluids (Fluorinert liquid), ethanol, liquid nitrogen and liquid 

helium I, etc. are becoming increasingly important as the fundamental database for the 

design such as the high heat flux cooling systems using subcooled water pool boiling, 

the super-conducting magnets cooled by liquid helium and liquid nitrogen, the thermal 

control of microelectronic assemblies cooled by FC liquids for future super-computers. 

The present work is to make clear the generalized CHF mechanisms that can be applied 

in wide range of liquids. In this Chapter, it is confirmed that boiling heat transfer 

processes from non-boiling to film boiling or to fully-developed nucleate boiling are 

completely different from each other depending on the experimental liquids. Also it is 

recognized that they depend on the heat generation rates shown with period. 

 

3.2 Experimental conditions 

 

The boiling heat transfer processes on an experimental heater in a pool of water, etha-

nol or FC-72 due to exponential heat generation rate, Q=Q0expt/τ, ranging from 

quasi-steadily increasing one to rapidly increasing one with periods, τ, ranging from 
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around 5 ms to 50 s were measured at pressures ranging from 101.3 to 1572 kPa for liquid 

subcoolings over the range from 0 to 160 K at pressures.  

Table 1 presents several properties at normal condition in water, ethanol and FC-72. 

As seen in the table, when the physical-properties of liquids are compared with each 

other, it is shown the value becomes small with the order of water, ethanol and FC-72. 

Generally, highly wetting liquid means that it has lower surface tension than that of 

water, and it is easy to be originally flooded cavities with liquid, for example, ethanol, 

liquid nitrogen and FC liquids, etc. Among three liquids below, water has highest value 

of surface tension and FC-72 has lowest one, 1/6 of water. In the case of ethanol and 

FC-72 except for water, it is assumed that the transitions occurred due to the explo-

sive-like heterogeneous spontaneous nucleation (HSN) in originally flooded cavities 

without the contribution of the active cavities entraining vapors for boiling incipience as 

mentioned before. The vapor behavior at initial boiling due to the HSN is shown later: it 

is considerably different from that due to active cavities. 

 

 

 

 

 

 

 

 

 

 

 

 

Properties water ethanol FC-72 

Boiling Point  
(1 atm)  [°C] 100 78 56 

Liquid Specific 
Heat [kJ/(kg⋅K) 4.19 2.42 1.05 

Latent Heat of 
Vaporization [J/g] 2257 855 88 

Liquid Thermal 
Conductivity [W/(m⋅k)] 0.61 0.17 0.06 

Surface  
Tension [×10-3N/m] 72 21 12 

Critical  
Temperature [°C] 374 243 176 

Critical  
Pressure [MPa] 22 6.4 1.8 

 

Table 1 Comparison of properties in water, ethanol and FC-72 

3. CHFs for wide range of subcoolings and pressures in various liquids 
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3.3 Time-dependence of heat generation rate, surface temperature and heat flux in 

ethanol 

 

Figure 3.1 shows typical changes in the heater surface temperature, Ts, and heat flux, q, 

with time for an exponential heat generation rate, Q, (a) with a period of 1450 ms at a 

pressure of 494 kPa and (b) 32 ms at a pressure of 101.3 kPa under saturated conditions 

respectively. The heat generation rate, Q, increases exponentially regardless of the 

changes in surface temperature. The heat flux, q, increases with Q. In the case of (a) first, 

the surface temperature of heater increases with an increase in heat input. Incipient boiling 

starts at a point where corresponds to the qin beyond saturation temperature, Tsat. The 

heater temperature continues to increase up to Tov (called overshot point), then rapidly 

decreases and again gradually increases with an increase in heat input. Since the heat flux 

reaches the critical heat flux point, qcr (=CHF), the heater surface temperature rapidly 

increases with time. In the case of (b), the surface temperature of heater increases with an 

increase in heat input without temperature overshot and at the incipient boiling point the 

heat flux rapidly decreases in a short time. 

 

3.4 Typical boiling curve with transition to film boiling under saturated condition 

in ethanol 

 

Figure 3.2 shows the transient phenomenon on a graph of heat flux, q, versus surface 

superheat, ∆Tsat, for the same conditions with (a) and (b) in Fig. 3.1. The surface 

superheat ∆Tsat is defined by the difference between the surface temperature of the 

heater and the saturation temperature of liquid corresponding to the system pressure. 

The steady-state natural convection (hn) curve, the heat conduction (hc) curve and the 

steady-state film boiling curve are also shown in the figure for comparison. Here, hc is 

3.3 Time-dependence of heat generation rate, surface temperature and heat flux in ethanol 
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(a) P=494kPa, τ=1450ms

Fig. 3.1 Illustrative time traces of heat generation rate, Q, heater surface temperature,

Ts and heat flux, q. 

(b) P=101.3kPa, τ=32ms 
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calculated by the expression of Sakurai et al. (1977), and hn is obtained using the correla-

tion for laminar natural convection heat transfer derived by Takeuchi et al. (1995). 

 

where, 

 

                                                    

and                 , Ko and K1th are the modified Bessel functions of the second 

kind of zero- and first-orders. kl is the thermal conductivity of liquid (W/mk). lρ , 

plc are the density, specific heat of the liquid. τ is the period, and D is the diameter of 

heater. 

 

where, 

 

 

 

               ,                          ,  

 

 It should be noted that the physical properties of the fluid are calculated based on the 

following film temperature, which is used as a temperature of the representative. 

 

 

Where, Ts and Tl are the test heater surface temperature, and the liquid temperature, 

respectively. 

The boiling process caused by a steadily increasing heat input with a period of 1450 

ms is as follows: heat flux, q, increases along slightly above the natural convection 

curve at first and after the occurrence of initial boiling, the surface superheat rapidly 
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3.4 Typical boiling curve with transition to film boiling under saturated condition in ethanol 
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decreases, and q increases along the steady-state nucleate boiling curve and reaches the 

CHF point, qcr, near the extension of the curve and then the transition to film boiling 

occurs. The rising curve of non-boiling regime up to the initial boiling occurrence lies 

on the left hand side of the steady-state natural convection curve. It means the effect of 

heat conduction exists. This is described in the next paragraph. On the other hand, the 

boiling process caused by an exponentially increasing heat input with a period of 32 

ms, shows that the q value increases along the transient conduction heat transfer curve, 

and a transition to film boiling directly without nucleate boiling occurs. The transition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.2 Boiling heat transfer processes from non-boiling to film boiling or to fully-

developed nucleate boiling under saturated condition in ethanol. 
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processes to film boiling are completely different from each other. In the case of boiling 

process with a period of 32 ms, it is considered that the direct boiling transition on the 

heater surface from non-boiling to film boiling is due to the heterogeneous spontaneous 

nucleation (HSN) in previously flooded cavities on heater surface as suggested by 

Sakurai et al. (1995).  

 

3.5 The heat transfer in non-boiling state 

 

Figure 3.3 shows typical experimental results of the heat transfer coefficient, h, 

before the initiation of boiling for ethanol as a function of period, τ. For a reference, the 

transient heat conduction correlation (hc), the steady-state natural convection heat 

transfer correlation (hn), and the combined heat transfer correlation (hm) were also 

shown in the figure. As shown in the figure, heat transfer processes from the heater su- 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.3 Heat transfer coefficient before the initiation of boiling as a function of 

exponential period. 
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rface when the heat generation rate increased with exponential function under 

non-boiling state are as follows; as the period shortens, heat transfer due to the heat 

conduction becomes predominant from natural convection heat transfer, and in the 

region of the period over a second (τ > 1 s), the heat transfer is considered to be 

quasi-steady-state heat transfer. In this study, heat transfer processes for the periods 

longer than 10 s are considered as quasi-steady-state one because the non-boiling region 

agreed with natural convection heat transfer, and all CHFs measured for the heat inputs 

with periods longer than 10 s are almost the same. Figure 3.4 certifies also that the 

steady-state natural convection (hn) heat transfer becomes predominant in non-boiling 

regime for period of 20 s in the case of water and ethanol. 
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Fig. 3.4 The relation of q with ∆Tsat for quasi-steady state natural convection heat 

transfer. 

3. CHFs for wide range of subcoolings and pressures in various liquids 
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3.6 Typical mechanism of heat transfer crisis at CHFs due to HSN 

 

Figure 3.5 shows the transient phenomenon on a graph of heat flux, q, versus surface 

superheat, ∆Tsat, at a pressure of 101.3 kPa and a period of 10 s in ethanol. The surface 

superheat ∆Tsat is defined by the difference between the surface temperature, Tw, of the 

heater and the saturation temperature, Tsat, of liquid corresponding to the system pressure. 

The steady-state natural convection curve derived by Takeuchi et al. (1995) and the 

steady-state film boiling curve derived by Sakurai et al. (1990), are also shown in the 

figure for comparison. The boiling process caused by an exponentially increasing heat 

input with a period of 10 s at atmospheric pressure, shows that the q value increases along 

the natural convection heat transfer curve, and the boiling occurs at a surface superheat 

point of 100 K. Then it shows a transition directly to film boiling without passing the 

nucleate boiling. It was confirmed that the surface superheat of initial boiling gradually 

decreased with an increase in system pressure. It is considered that the direct boiling 

transition on the heater surface from non-boiling to film boiling is due to the heterogene-

ous spontaneous nucleation (HSN) in previously flooded cavities on heater surface 

without the contribution of active cavities in general as mentioned before. 

As seen in the table 1 of the Section 3.2, wetting liquid such as ethanol means that it 

has lower surface tension than that of water, and it is easy to be originally flooded cavities 

with liquid. Therefore, it is assumed that the transitions occurred due to the explosive-like 

heterogeneous spontaneous nucleation (HSN) in originally flooded cavities without the 

contribution of the active cavities entraining vapors for boiling incipience. Also the vapor 

behavior at initial boiling due to the HSN is considerably different from that due to active 

cavities. As shown in the subsequent experimental results of the case of water, it will be 

confirmed that the superheat temperature of initial boiling is much lower than that of the 

wetting liquid due to flooded cavities. 

3.6 Typical mechanism of heat transfer crisis at CHFs due to HSN 
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Figure 3.6 gives a series of subsequent photographs from the moment of onset of a 

vapor phase to film boiling on a surface at a pressure of 101.3 kPa in saturated ethanol. 

Figure 3.6(a) is the onset of boiling on the cylinder. The figure 3.6(b) taken at 1 ms after 

the first one shows a vapor tube due to the explosive-like HSN in flooded cavities, and 

it covers the whole cylinder surface by the large vapor tube. Figure 3.6(c) taken at 2 ms 

after the first one shows thick vapor film concentrically covering the cylinder. The 

vapor bubbles rapidly grow and completely cover the surface of the cylinder within just 

a few milliseconds. The temperature difference of the surface superheat between corre- 

Fig. 3.5 Boiling heat transfer processes from non-boiling to film boiling under saturated

condition in ethanol. Photographs shown in Fig. 3.6 were taken at points of 3.6(a) to (f)

on the graph. 
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sponding to Figs. 3.6(a) to 3.6(c) is almost the same. Figure 3.6(d) taken at 7 ms after 

the first one shows that the vapor bubbles collapse from the boiling initiation bubbles. 

Then, large vapor bubbles are broken away from the large vapor film by buoyancy force 

and move upward as shown in Fig. 3.6(e). After detachment of the large vapor bubbles, 

(a) t=0ms 

(b) t=1ms 

(c) t=2ms 

(d) t=7ms 

(e) t=44ms 

(f) t=139ms 

Fig. 3.6 Vapor film behavior during direct transition to film boiling for a period of 10 s

at a pressure of 101.3kPa in saturated ethanol. 

3.6 Typical mechanism of heat transfer crisis at CHFs due to HSN 
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solid-liquid contacts occurs, and then new thin vapor film with the Taylor unstable wave 

on the upper part of the vapor-liquid interface covering the cylinder is formed by the 

explosive-like HSN on the places of solid-liquid contact and thin film boiling. At this 

moment the surface temperature starts increasing rapidly as a result of heat transfer 

deterioration. As shown in Fig. 3.6(f), the behavior of vapor-liquid interface in film 

boiling on the cylinder similar to that for steady-state film boiling on the cylinder is 

clearly observed after the detachment of large vapor bubbles. It will be shown in 

Chapter 5 in detail about the behavior of vapor bubbles and vapor film. 

 

3.7 Transient boiling processes under saturated condition in water 

 

The typical boiling heat transfer processes due to exponential heat generation rates in 

water are shown in Fig. 3.7 on a graph of heat flux, q, versus surface superheat, ∆Tsat. 

The steady-state natural convection curve, the heat conduction curve and the 

steady-state film boiling curve are also shown in the figure for comparison. The heat 

transfer processes for periods of 10 s, 1 s, 100 ms and 10 ms at a pressure of 101.3 kPa 

are shown in the figure. The processes from non-boiling to film boiling are completely 

different from each other depending on the periods. It can be found that the processes up 

to initial boiling heat fluxes, qin, are the natural convection regime for periods from 10 s 

down to around 1 s, and the heat conduction regime for periods from 100 ms down to 

10 ms as shown in the figure. It is recognized that the values of initial boiling heat flux, 

qin, increase with a decrease in period, that is, they depend on the increasing rates of 

heat inputs, respectively. The CHF values are almost equal to each other for the periods 

tested here. When an exponentially increasing heat input is applied to the heater 

immersed in the pool of water, the heater surface temperature and the heat flux in-

creased. As shown in the figure, the heat transfer processes up to, qin, show that heat 

3. CHFs for wide range of subcoolings and pressures in various liquids 
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flux, q, for the period of 1 s increases along the natural convection curve together with 

period of 10 s and natural convection heat transfer becomes predominant. As the period 

shortens, the heat conduction becomes predominant in heat transfer compared with the 

natural convection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is considered that the initial boiling occurs from active cavities entraining vapor, 

and the initial boiling occurs at a surface superheat, ∆Tsat, of around 20 K. The active 

cavities entrain vapor bubbles so that it causes the rapid increase of heat flux. After 

Fig. 3.7 Heat transfer process for periods of 10 s, 1 s, 100 ms and 10 ms saturated

condition at atmospheric pressure in water. 
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incipient boiling at a point which corresponds to the qin, the surface superheat does not 

change so much with an increase in heat input. Then, the heat fluxes reach the CHF 

point, qcr. 

The heat transfer processes for periods of 10 s and 180 ms at a pressure of 494 kPa 

are shown in the Fig. 3.8. It is assumed that the initial boiling occurs from active 

cavities entraining vapor that cause the increase of heat flux. The superheat temperature 

of initial boiling is lower and the CHF values are higher than that in the case of 101.3 

kPa. 
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Fig. 3.8 Heat transfer process for periods of 180 ms and 10 s saturated condition at

pressure of 494 kPa in water.  
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In addition, figure 3.9 shows the heat transfer process under subcooled condition in 

water, subcooling temperature of 40 K. The process up to incipient boiling agrees well 

with the heat conduction curve derived by Sakurai et al. (1977) in the case of the 

subcooled condition also. As the period shortens, the heat conduction becomes pre-

dominant in the heat transfer as mentioned before. And the CHF value is much higher 

than that of saturated condition at the same pressure shown in Fig. 3.7. 

 

3.8 Heat transfer processes during transitions to fully-developed nucleate boiling 

or to film boiling in ethanol 

Fig. 3.9 Heat transfer process for period of 180.1 ms for subcooling of 40 K at 

atmospheric pressure in water.  
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Figure 3.10 shows the transient phenomenon on a graph of heat flux, q, versus surface 

superheat, ∆Tsat, for the periods of 50 s and 100 ms at an atmospheric pressure in 

ethanol. The heat transfer process for the periods of 50 s is shown with a solid line: heat 

flux, q, increases along the natural convection curve at first and after the occurrence of 

initial boiling at a surface superheat of 80 K, the surface superheat rapidly decreases, 

and the transition to fully-developed nucleate boiling occurs and reaches the CHF point, 

qcr. On the other hand, the process for the periods of 100 ms is shown with a dashed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.10 Boiling heat transfer processes from non-boiling to film boiling or to fully-

developed nucleate boiling for periods of 50 s and 100 ms under saturated ethanol at

pressure of 101.3 kPa.  

104

105

106

100 101 102 103

q 
(W

/m
2 )

∆T
sat

 (K)

Ethanol
Pressure 101.3 kPa
Saturated Condition τ=100ms

Steady-State
Film Boiling
Sakurai et al.(1990)

Natural 
Convection
by Takeuchi et al. (1995) q

in

q
cr

q
in
=q

cr

Heat Transfer Process

Fully Developed
Nucleate Boiling
Regime

τ=50s

Heat
Conduction
Regime
by Sakurai et al.(1977) 

CHF

CHF

"A"

"B"

3. CHFs for wide range of subcoolings and pressures in various liquids 



 - 33 -

line: the curve shows that the q increases along the natural convection curve, and the 

boiling occurs at a surface superheat point of 100 K, which is a little bit higher than that 

in the case of the period of 50 s, and then shows a transition directly to film boiling 

without passing the nucleate boiling. In the case of the boiling process shown with a 

dashed line, it is considered that the direct boiling transition on the heater surface from 

non-boiling to film boiling is due to the heterogeneous spontaneous nucleation (HSN) in 

previously flooded cavities on heater surface. 

It is confirmed that the initial boiling in highly wetting liquid such as ethanol occurs 

in previously flooded cavities on heater surface, because the superheat temperature of 

initial boiling is much higher than that of water. At the point of ″A″, a large vapor tube 
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Fig. 3.11 Boiling heat transfer process for period of 168 ms at pressure of 494 kPa for 

the subcooling of 20 K.  
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is rapidly formed around each cylinder similar to that at point ″B″ due to the HSN. The 

vapor tubes then collapse rapidly, and large vapor bubbles break away from the heater 

surface. After the detachment of the vapor bubbles, nucleate boiling from the cavities 

entraining vapor occurs with a decrease in surface superheat down to that of the fully- 

developed nucleate boiling regime. 

Figure 3.11 shows boiling heat transfer process for period of 168 ms at pressure of 

494 kPa for the subcooling of 20 K in ethanol. The steady-state boiling curve for the 

same heater is also shown in the figure by a dashed line for comparison. It is assumed 

that the direct transitions occur for the periods shorter than this one. And it is confirmed 

that the incipient boiling point, qin, in this case lies on the right-hand side of the steady 

boiling curve. 

 

3.9 Heat transfer processes during transitions to fully-developed nucleate boiling or 

to film boiling at atmospheric pressure in saturated FC-72 

 

As shown in the Fig. 3.12, the heat transfer process for a period of 10 s at a pressure 

of 101.3 kPa is shown with a dashed chain line, and the steady-state natural convection 

curve and the steady-state film boiling curve are shown in the same figure for compari-

son. On the other hand, the heat transfer process including direct transition point for a 

period of 100 ms at the same pressure is also shown with a dashed line and with the heat 

conduction curve. As shown in the figure, the transition processes to film boiling are 

completely different from each other due to the period: the e-fold time corresponding to 

heat generation rate with the exponential increasing rates from quasi-steady to rapid 

ones. And the boiling occurs at higher surface superheat point than that of water. In the 

case of the boiling process with a period of 100 ms, it is considered that the direct 

boiling transition from non-boiling to film boiling is due to the heterogeneous sponta-

3. CHFs for wide range of subcoolings and pressures in various liquids 
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neous nucleation (HSN) as mentioned before. And it can be seen that the incipient 

surface superheat at which direct transition occurs, becomes a little higher with a 

decrease in period. 

In the case of a period of 10 s, after the occurrence of initial boiling, the nucleate 

boiling occurs from the cavities of entrained vapor that are formed after detachment of 

vapor bubbles with a slight decrease in surface superheat which prevents the growth of 

the HSN. If the detachment of vapor bubbles without decreasing in average surface 

superheat is realized, the direct or semi-direct transition occurs as in the case of rapidly 

increasing in heat input mentioned before. 
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3.10 Steady-state critical heat fluxes (CHFs) under saturated and subcooled 

condition 

 

In this experiments, heat transfer processes for the periods longer than 10 s were 

considered as quasi-steady-state ones because the non-boiling region agreed with 

natural convection heat transfer, and all CHFs measured for the heat inputs with periods 

longer than 10 s were almost the same. 

 

3.10.1 CHFs for wide range of subcoolings and pressures in water 

 

As described before, Sakurai et al. (1993) assumes that CHFs are explained by the 

transition mechanism based on hydrodynamic instability (HI) or heterogeneous 

spontaneous nucleation (HSN). From this opinion, he considered that there exist the 

non-linear effect of subcoolings in the CHF based on hydrodynamic instability (HI) 

from experimental results for wide range of subcoolings and pressures in various liquids. 

Eq. (3.4) is derived by modifying the Kutateladze's correlation taking into account the 

non-linear effect of high liquid subcoolings on the qcr, and shown in Figs. 3.13-3.15 by 

solid line. 

The CHFs, qcr, on horizontal cylinder in water for various pressures and subcoolings 

due to quasi-steadily increasing heat input given by exponential time function were 

measured. The obtained qcr,sub values are shown in Fig. 3.13 for subcoolings with 

pressure as a parameter. The predicted values of CHF by Eq. (3.4), Kutateladze's 

correlation and Sakurai's data are also shown in comparison with the experimental data 

in Fig. 3.13. The CHFs for the subcoolings lower than near 40K at the pressures and the 

subcoolings up to 80K at pressures lower than 199kPa almost agree with the values 

derived from Eq. (3.4). But in the case of pressures higher than 297kPa, most of the data 

3. CHFs for wide range of subcoolings and pressures in various liquids 
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does not agree with the values when subcoolings become higher than 60K. That is to say, 

the CHFs for high subcoolings at high pressures cannot be expressed by the correlation, 

Eq. (3.4). This fact means that there exists another mechanism of heat transfer crisis at 

the CHFs different from that based on the HI model as mentioned before. Sakurai et al. 

conducted an experiment on the same heater in water for more wide range of subcool-

ings and pressures, and they derived the empirical equation of CHF for high subcool-

ings at high pressures as shown Eq. (3.6). The measured qcr,sub without having the effect 

of pressure existed almost within ±5% around the qcr,sub curve for subcooling derived 

from Eq. (3.6) with the K3 value of 3.81×105. It was previously assumed that the heat 

transfer crisis at the CHFs expressed by Eq. (3.6) occurred due to the heterogeneous 

spontaneous nucleation, HSN, in originally flooded cavities on the cylinder surface with 

liquid.  

Consequently, it was clarified that the CHFs measured were mainly divided into two 

mechanisms for lower and higher subcooling at a pressure in water. It can be confirmed 

the original Sakurai et al.'s data in the several papers (1995, 1996, 2000, 2002). 
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3.10.2 CHFs in wetting liquids such as ethanol and FC-72 

 

Figure 3.14 shows steady-state CHF data related to subcoolings with pressure as a 

parameter in a pool of ethanol with corresponding CHF curves obtained by empirical 

equations, Eq. (3.4) and (3.7) for comparison. The following Eq. (3.7) representing 

qcr,sub resulting from the HSN is derived instead of Eq. (3.6) to express the subcoolings 

including the q*cr,sat resulting from the HSN for zero subcooling.  

 

 

Fig. 3.13 Comparison of prediction with qcr,sub for subcooling with pressure as a

parameter in water using Eqs.(3.4), (3.6), Kutateladze's correlation and Sakurai's data.
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Fig. 3.14 Comparison of prediction representing qcr,sub related to subcooling at pressure

as a parameter in ethanol using Eqs. (3.4) and (3.7). 

The q*cr,sat value measured or extrapolated is used. The obtained K1, K2, q*cr,sat and K4 

are shown in the table on the figure. As shown in the figure, the CHFs dependent on 

pressure exist in a very narrow range of low subcoolings near saturated condition, and 

they gradually increase with an increase in subcooling. It also seems that they are 

almost independent of the pressures for the subcooling higher than around 40 K. As 

mentioned before, Sakurai et al. (1996) has reported that CHF data obtained for high 

subcoolings at high pressures in a pool of water were due to the HSN. In the case of 

CHF data in a pool of ethanol which is highly wetting liquid, the surface tension is 

lower than that of water and its contact angle between liquid and heater surface is 

smaller than that of water, so that it may be easy for a wetting liquid such as ethanol to 

flood cavities on a heater surface. Therefore, it can be seen on the figure that the CHFs 
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Fig. 3.15 Comparison of prediction representing qcr,sub related to subcooling at pressure

as a parameter in FC-72 using Eqs. (3.4) and (3.7). 

from lower subcooling near saturated condition than that of water is due to HSN. As 

shown in the regime for the subcoolings higher than about 100 K with the correspond-

ing CHF curves obtained from Eq. (3.7), the experimental data slightly depending on 

the pressures agree with the corresponding predicted values. In the case of FC-72, the 

dependability of pressure in the high subcooling regime becomes more certain. Figure 

3.15 describes this. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 shows the qcr,sub data in FC-72 for the subcoolings ranging from zero to 

140 K at the pressure of 155, 494, 886 and 1278 kPa with corresponding HI curves 

derived from Eq. (3.4), and the corresponding HSN curves derived from Eq. (3.7). In 

the case of FC-72 with having lower values of property in critical pressure or surface 
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Fig. 3.16 Comparison of CHF data for FC-72 with the corresponding CHF curves

obtained from Eqs. (3.4) and (3.5). 

tension etc. than that of ethanol, the dependability of pressure in the high subcooling 

regime becomes more remarkable than ethanol. And the CHFs depend on pressure for 

the subcooling over the range from 140 K to 20 K except the saturated condition 

because of the properties different with ethanol and water. The qcr,sub data at the pressure 

of 155 kPa are divided into two groups for the subcoolings: the former qcr,sub data agreed 

with the corresponding HI curve representing the CHF resulting from the HI at the 

saturated condition. The latter qcr,sub for the pressures of 155 and 1278 kPa for the 

subcoolings are well expressed the corresponding HSN curves derived from Eq. (3.7). 

The q*cr,sat and K4 are supposed by extrapolation. It should be noted that each HSN 

curve representing the CHF resulting from the HSN measured exist depending on 

pressure. In conclusion, it can be assumed that the similar trends of qcr,sub for higher 

subcooling at higher pressures will be obtained for water also as shown in ethanol, when 

it goes further into higher subcooling. As shown in Fig. 3.16, most of the data do not 

agree with the values derived from Eqs. (3.4) and (3.5). 
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Fig. 3.17 Critical heat fluxes under saturated conditions at elevated pressures. 

3.10.3 Saturated CHFs for various pressures in the liquids 

 

The CHFs measured under saturated conditions at the pressures tested here are shown 

in Fig. 3.17 with the curve obtained from the saturated CHF correlation by Eq. (3.5) 

with K1 value of 0.17. As shown in the figure, the CHF curves correlation by Eq. (3.5) 

increase with increasing in pressure up to the maximum CHF value, and then the curves 

decrease from the value. That is why the mechanism of heat transfer crisis at CHF and 

the properties, i.e., latent heat of vaporization, surface tension, density of saturation 

liquid etc. are affected in CHF correlation by Eq. (3.5). And they take a maximum at 

around 1/3 regime of the critical pressure, Pcr,l. Sakurai et al. (1992, 1996) have carried 

out the experiments of the CHFs in cryogenic liquids such as liquid helium and liquid 

nitrogen, and it is confirmed that the curves derived from Eq. (3.5) well agree with the 
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CHF values at lower pressure regime, though the CHFs at higher pressure regime are 

significantly lower than those estimated from Eq. (3.5) based on the HI model for qcr,sat. 

From this result, they have suggested another mechanism assumed that the transition 

occurs due to the HSN. This experiment also brought a similar result. 

 

3.11 Transient heat transfer up to heat transfer crisis 

 

There exist two types of boiling incipience on the cylinder surface in a liquid due to 

an increasing heat input; one is that from originally unflooded active cavities entraining 

vapor and the other is that from another mechanism without contribution of the active 

cavities. The former is observed in water and the latter is in ethanol and FC-72. The 

latter boiling mechanism was suggested by Sakurai et al. (1993) to be due to the HSN 

from originally flooded cavities on the cylinder surface in the liquids. The heat transfer 

processes including the transition from the non-boiling regime to film boiling or to 

fully-developed nucleate boiling (FDNB) on a horizontal cylinder due to the exponen-

tially increasing heat inputs at pressure was classified into three groups. 

The heat transfer processes in response to the exponential heat inputs with the periods 

of 1 s and 20 ms at pressures of 101.3 and 494 kPa in ethanol are shown on the graph of 

heat flux q versus surface superheat ∆Tsat in Fig. 3.18. First, the transitions from 

non-boiling regime to fully-developed nucleate boiling (FDNB) occur in the natural 

convection regime for periods longer than a certain value dependent upon the pressure 

at pressures higher than atmospheric. In the case of a period of 1 s at a pressure of 494 

kPa, the heat transfer process shows the typical case like this transition shown with a 

dashed chain line. At the transition point ◊ (qin for 494 kPa), the wall superheat and the 

heat flux rapidly change through the process to FDNB heat transfer. The decrease of 

wall superheat is due to the activation of originally flooded cavities. The heat flux then 

3.11 Transient heat transfer up to heat transfer crisis 
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increases gradually with an increase in wall superheat up to critical heat flux qcr point, 

where the transition from FDNB to film boiling occurs due to the HI (Kutateladze, 

1959; Zuber, 1959) in the two-phase region near the heater surface. The process from 

the non-boiling regime to film boiling thorough FDNB is divided into the first group. 

Fig. 3.18 Transitions from non-boiling to film boiling or to fully-developed nucleate

boiling caused by exponential heat inputs in saturated ethanol at pressures of 101.3 and

494 kPa. 
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On the other hand, the direct transitions occur for almost of all the periods at pres-

sures lower than around atmospheric and for shorter periods at pressures higher than 

atmospheric. Direct transitions show the heat transfer processes at pressure of 101.3 kPa 

and for the period of 20 ms at pressure of 494 kPa. At the direct transition points, a thick 

vapor film formed on the whole heater surface. And the heat transfer processes approach 

the steady-state film boiling curve on the graph: the steady-state film boiling curve can 

be evaluated by using the correlation (Sakurai et al., 1992). The critical heat flux, qcr, at 

the direct transition which is equal to the initial boiling heat flux, qin, is due to HSN as 

mentioned before. This process is divided into the second group. According to the 

experiment here, the direct transitions occurred for periods ranging from 5 ms to 20 s at 

atmospheric pressure and for periods ranging from 5 ms to 400 ms at pressure of 494 

kPa. 

In addition, although it is not shown in this figure, it could be also observed the third 

group with an intermediate period between first and second group. The qcr of the third 

group between the first and second one occurs by HSN before reaching the critical heat 

flux in FDNB. 

Fig. 3.19 shows transient CHFs, qcr, and initial boiling heat fluxes, qin, versus periods, 

τ , ranging from 5 ms to 20 s in saturated ethanol at pressures of 101.3 kPa and 494 kPa. 

The qcr for the periods can be separated into two principal groups as shown in the 

figure; the first group is shown with a solid line at pressure of 494 kPa, and the second 

groups are shown with a dashed line at both pressures and with a dashed chain line at 

pressure of 101.3 kPa, respectively.  

It can be assumed that the qcr values for the first group at pressure of 494 kPa are on 

the extension of FDNB curve on q versus ∆Tsat as shown in Fig. 3.18. These values are 

considerably higher than the corresponding boiling initiation heat fluxes qin. And the 

value of qcr increases gradually with a decrease in the period from 20 s down to around 

3.11 Transient heat transfer up to heat transfer crisis 
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400 ms. The increasing trend of qcr is explained by the time lag of the HI which starts at 

the steady-state critical heat flux, qst (Sakurai et al., 1993). The qcr of the second group 

(τ ≤ 400 ms) at pressure of 494 kPa is due to the direct transition from single phase 

conduction regime to film boiling; the value qcr is equal to qin. In addition, the direct 

transition at pressure of 101.3 kPa for a period ranging from 5 ms to 20 s is also shown 

in Fig. 3.19: direct transitions occur for all the periods tested here. 

The relationship between qcr and τ for a pressure of 494 kPa in saturated water is 

shown in Fig. 3.20. The relationship is similar to that for the pressure of 494 kPa in 

ethanol shown in Fig. 3.19 except that the values of qcr for periods shorter than 40 ms 

are not equal to qin. The reason is that the boiling incipience on the heater surface in 

water causes an increasing heat input from originally unflooded active cavities entrain-

104

105

106

107

10-3 10-2 10-1 100 101 102

q in
, q

cr
  (

W
/m

2 )

τ  (s)

Ethanol
Sat. Condition

Pressure 494 kPa Pressure 101.3 kPa
q

cr
q

in

q
in

 = q
cr q

in
 = q

cr
Direct
Transition( )

Direct
Transition( )

101.3 kPa

494 kPa First Group
at 494 kPa

Second Group
at 101.3 kPa

Second Group
at 101.3 kPa and 494 kPa

494 kPa

101.3 kPa
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ing vapor bubbles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.12 Typical trend of the CHF values in relation to the periods 

 

The results of the CHF values, qcr, for Q0expt/τ with the periods, τ, ranging from 20 s 

down to 5 ms for saturated water at the pressures of 101.3 and 494 kPa, and for the 

subcooling, ∆Tsub, of 60 K at same pressure obtained for the horizontal cylinder are 

shown in Fig. 3.21. The qcr values for all periods at pressure of 101.3 kPa increase up to 

the maximum qcr first, then decrease down to the minimum qcr and again increase with 

the decreases in exponential period; they are clearly classified into three groups for the 

period. First one is for the periods longer than 60 ms, second one is for the periods 

shorter than 20 ms, and third one is for the period between 20 and 60 ms. Fukuda et al. 

(1995) suggested the several empirical equations representing transient CHF values 

Fig. 3.20 The relation between boiling initiation heat flux qin, critical heat flux qcr and

exponential period τ in saturated water at pressure of 494 kPa. 
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versus periods belonging to the first and second group in a pool of water for wide 

range of subcoolings and pressures. The CHF belonging to the first group with longer 

periods occurs with a FDNB heat transfer process. At the second group with shorter 

periods, the direct or semi-direct transition to film boiling occurs with explosive-like 

boiling from non-boiling. The CHF belonging to the first group caused by the heat 

inputs with a long period under a lower subcooling condition and a higher subcooled 

one is expressed by the Eq. (3.8) and Eq. (3.9), respectively. The CHF belonging to the 

second group with a shorter period is expressed by the Eq. (3.10). As shown in the 

subsequent experimental results, the empirical equations (3.8), (3.9), and (3.10) are 

effective for not only water but also the highly wetting liquids such as ethanol and 

FC-72. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.21 The relation between qcr and τ for saturated condition and subcooling of 60K

at pressures of 101.3 and 494 kPa in water. 
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where the qst,sub is given by the quasi-steady-state CHF data in each experiment. 

 

 

where                                           , and               . 

Ko and K1th are the modified Bessel functions of the second kind of zero- and first- 

orders. hc is the heat transfer coefficient resulting from transient heat conduction, 

∆Tin(τ) is the initial boiling surface superheat due to the HSN in conduction regime, and 

∆Tsub is liquid subcooling. 

The trend of qcr expressed by the Eq. (3.8) is due to the hydrodynamic instability (HI) 

at which the transition from fully-developed nucleate boiling (FDNB) to film boiling 

occurs. The transition mechanism has been already pointed out by Kutateladze (1959) 

and Zuber (1959). The trend that the qcr values gradually increases with a decrease in 

period for the group is explained by the time lag of the HI by which the transition to 

film boiling occurs at steady-state qcr (Sakurai et al., 1995). On the other hand, in the 

case of water, the steady-state CHF, qst,sub, values for the subcooling higher than around 

60 K at the higher pressures except the pressures lower than around 300 kPa become 

lower than those expected by the correlation based on the HI. It was assumed by 

Sakurai et al. (1996) that the transition to film boiling at the steady-state CHF, qst,sub, 

due to the heat input with the long period such as 20 s for subcoolings higher than 

around 60 K at pressures higher than around 400 kPa occurs due to the HSN at a lower 

limit of HSN temperature. Therefore, the trend of qcr values related to periods, ex-

pressed by the Eq. (3.9), becomes different from the corresponding curve estimated by 

Eq. (3.8) due to the HI. The qcr data in relation to the periods also gradually increases 
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with a decrease in period because the HSN surface superheat depends on an increasing 

rate of surface superheat as mentioned previously by Sakurai et al (1995). 

The second group of qcr for the periods shorter than the period corresponding the 

minimum qcr is expressed by the Eq. (3.10). The qcr values for the periods at each 

pressure are expressed by a linear asymptotic line on a log-log graph, and those are 

considered that the direct boiling transition on the heater surface from non-boiling to 

film boiling. The values of ∆Tin(τ) in Eq. (3.10) are experimentally measured for periods 

at pressures. Those depend on the increasing rates of surface superheat, pressures and 

liquid subcoolings (Fukuda et al., 1995) (Sakurai et al., 1995).  

As shown in the Fig. 3.21, the qcr values at pressure of 101.3 kPa are classified 

clearly into three groups for the period tested here. On the other hand, the second groups 

of qcr for the saturated and subcooled conditions at the pressure of 494 kPa were not 

observed. It can be supposed from Fig. 3.21 that the direct transitions occur for the 

periods shorter than about 1 ms at the pressure of 494 kPa in water. The qcr values for 

the periods belonging to the first group at the saturated pressures of 101.3 and 494 kPa 

are well expressed by Eq. (3.8) that represents the CHF due to the HI. The qcr values for 

the subcooling of 60 K at the pressure of 494 kPa are well expressed by Eq. (3.9) that 

represents the CHF due to the HSN as mentioned above, so those occur due to the 

explosive-like HSN at the lower limit of HSN surface superheat though the nucleate 

boiling due to active cavities on fully-developed nucleate boiling (FDNB) coexist.  

 

3.13 Transient critical heat flux (CHF) in ethanol 

 

3.13.1 The qcr for period under saturated condition 

 

Figure 3.22 shows transient CHFs, qcr versus the periods, τ, ranging from around 50 s 

down to 5 ms under saturated condition at various pressures in ethanol. As shown in the 

3. CHFs for wide range of subcoolings and pressures in various liquids 
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figure, the qcr values for all periods gradually increase with a decrease in period up to 

the maximum CHF from the steady state one corresponding to the CHF for a period of 

20 s or more, and then decrease down to the minimum one and again increase with a 

decrease in period. Also the CHF values in relation to the periods can be divided into 

three principal groups as shown in the figure; the first groups are shown with a solid 

line, and the second groups are shown with a dashed line. The qcr values for the periods 

belonging to the first group at the saturated pressures are well expressed by Eq. (3.8), 

also the qcr values for short periods belonging to the second group for each pressure are 

approximately expressed by Eq. (3.10).  

In the case of the saturated condition at various pressures, the qcr values for periods 

belonging to the first group are well dependent on pressure similar to water. The 

increasing trend of qcr is explained by the time lag of heat transfer crisis at steady-state 

critical heat flux, qst. As for the second group shown with a dashed line at each pressure, 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3.22 The relation between qcr and τ for saturated condition in ethanol. 
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the qcr decreases with an increase in pressure with a constant period because the lower 

limit of HSN surface superheat decreases with an increase in pressure. As seen in the 

figure, the shortest period for the qcr belonging to the third group becomes shorter with 

an increase in pressure. Therefore, the qcr at the longest period which belongs to the 

second group could not be observed at higher pressures by the heat input with the 

shortest period tested here. The minimum qcr for the period under the pressure of 494 

kPa for the saturated condition is observed at around 400 ms. It should be noted that the 

value is about 14% of steady-state one corresponding to the CHF for the period of 20 s. 

As a result from the experimental data, the minimum qcr values within the second group 

at each pressure were much lower than the corresponding steady state CHF. This fact 

means that conduction heat transfer becomes more predominant as the period becomes 

shorter than natural convection heat transfer. Therefore, the heat transfer coefficient 

becomes higher due to heat conduction and a direct or semi-direct transition to film 

boiling occurs at the heat flux point that is higher than that of natural convection. 

 

3.13.2 The qcr for period under subcooled condition 

 

The experimental data obtained for the pressure of 690 kPa for the subcoolings over 

range of 0 to 100 K in ethanol are shown in Fig. 3.23 versus exponential period as a 

typical. The curves representing the qcr for τ for the subcooling of 0 K, namely the 

saturated condition, derived form Eq. (3.8) is shown in the figure with a solid line. The 

values of qcr increase gradually with a decrease in period up to those at the periods 

around 2 s for the subcooling of 0 K. As mentioned before, the trend of qcr for τ was 

explained as the time lag of heat transfer crisis which occurs at steady-state qcr. On the 

other hand, the values of qcr for periods for subcoolings higher than 20 K are expressed 

by the Eq. (3.9) with a dashed chain line, and those are lower than the values predicted 

3. CHFs for wide range of subcoolings and pressures in various liquids 
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by the Eq. (3.8). The values of qcr for the liquid subcoolig of 100 K increase more 

gradually with a decrease in period up to those at the period around 0.4 s. The trend of 

qcr for period is explained due to the effect of increase in HSN surface superheat 

dependent on the increasing rate of surface superheat at the incipience of HSN. 

The value of qcr for the period of 20 s, namely steady-state critical heat flux, for 

subcooling of 0 K is a little bit lower than that described by Eq. (3.4) based on HI, so 

the qst,sub value measured in the experiment was used and expressed by Eq. (3.8). And 

the values for the subcoolings higher than 20 K are due to the HSN and described by Eq. 

(3.7) as mentioned in Section 3.10.2 and can be seen in Fig. 3.14. 

As for the second group shown with a dashed line at each subcooling, the qcr in-

creases with an increase in subcooling and well dependent on liquid subcooling. As 

Fig. 3.23 The relation between qcr and τ for various subcoolings at pressure of 690 kPa

in ethanol. 
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seen in the figure also, the longest period for the qcr belonging to the second group 

becomes shorter with an increase in subcooling. It can be assumed that the qcr at the 

longest period which belongs to the second group won't be observed at higher subcool-

ings for the exponential heat input with the shortest period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24 shows transient CHFs, qcr versus periods, τ, for the subcooling of 60K 

and 120 K at each pressure in ethanol. The qcr values are clearly divided into three 

principal groups depending on the periods. The first group with a period longer than 

around 1 s is shown with a dashed chain line expressed by Eq. (3.9), and the second 

group with a period shorter than around 0.1 s is shown with a dashed line expressed by 

Eq. (3.10). As seen in the figure, qcr values clearly increase with an increase in subcool-

ing. However they are almost independent of pressure. The steady-state CHFs for high 

Fig. 3.24 The relation between qcr and τ for subcoolings of 60 and 120 K at various

pressures in ethanol. 
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subcooling at the pressures are also independent of the pressures. Sakurai et al. (1995) 

have explained this fact by assuming that the transition to film boiling at the 

steady-state CHFs occurs due to the explosive-like HSN in FDNB regime. The mini-

mum CHFs for the period of around 200 ms are observed. The trend of qcr for periods 

belonging to the first and second groups are well expressed because the CHFs at which 

the transitions to film boiling occur due to the HSN instead of the hydrodynamic 

instability as mentioned before. 

 

3.14 Transient critical heat flux (CHF) in FC-72 

 

3.14.1 The qcr for period under saturated condition 

 

The qcr versus periods ranged from 20 s down to 5 ms at several pressures for satu-

rated condition in a pool of FC-72 are shown in Fig. 3.25. The qcr values for all periods 

gradually increase up to the maximum qcr first, then decrease down to the minimum qcr 

and again increase with the decreases in exponential period. The trend of qcr values 

versus periods is clearly divided into three groups similar to ethanol. The first group 

with a period longer than 1 s at pressures is shown with a solid line, and the second 

group with a period shorter than around 0.1 s is shown with a dashed line. 

Here, it should be observed that the trend of qcr values belonging to the first group 

with a period longer than about 1 s in FC-72 is quite different with ethanol and water as 

shown in the figure. The qcr values belonging to the first group are almost independent 

of pressure, and there is no large difference among the qcr values at all the pressures 

expressed by Eq. (3.8) shown with a solid line. The steady-state CHFs under saturated 

condition are also almost independent of pressure. The steady-state critical heat fluxes 

for the subcooling of 0 K were well described by Eqs. (3.4) & (3.5) based on HI as 

3.14 Transient critical heat flux (CHF) in FC-72 
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mentioned in Section 3.10.2 and can be seen in Fig. 3.16. On the other hand, the qcr 

values for short periods belonging to the second group are approximately expressed by 

Eq. (3.10) shown with a dashed line. The trend of qcr values for the second group is 

almost the same with those for the ethanol under saturated condition. 

 

3.14.2 The qcr for period under subcooled condition at a fixed pressure 

 

The qcr versus periods ranged from 20 s down to 5 ms at a pressure of 494 kPa for 

subcoolings of 20, 40 and 60 K in a pool of FC-72 are shown in Fig. 3.26. The trend of 

qcr values versus periods is clearly divided into three groups similar to ethanol. The qcr 

values are well dependent on subcooling. Those belonging to the first group are 

Fig. 3.25 The relation between qcr and τ for saturated condition at various pressures in

FC-72. 
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expressed by Eq. (3.9), and the qcr values for short periods belonging to the second 

group are approximately expressed by Eq. (3.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.14.3 The qcr for period at subcoolings of 60 and 80 K at pressures 

 

As shown in Fig. 3.16, the steady-state qcr values for the subcoolings are well de-

pendent on pressures except the values around low subcooling near saturated condition, 

besides there is a rapid inclination in the values with an increase in pressure as it 

becomes higher in subcooling.  

The qcr for τ at the pressures for the subcoolings of 60 and 80 K in a pool of FC-72 

are shown in Fig. 3.27 and Fig. 3.28, respectively. The trend of qcr values belonging to 

the first group with a period longer than about 1 s is quite different with ethanol and 

Fig. 3.26 The relation between qcr and τ at pressure of 494 kPa for various subcoolings

in FC-72. 
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Fig. 3.27 The relation between qcr and τ for subcooling of 60 K at various pressures in

FC-72. 

Fig. 3.28 The relation between qcr and τ for subcooling of 80 K at various pressures in

FC-72. 
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water as shown in the figure. In the case of the subcooled condition at the pressures, 

those are well dependent on pressure; those become lower as it becomes higher in 

pressure that are expressed by Eq. (3.9) shown with a dashed chain line. The values of 

the first group are gradually increasing with a decrease in period. The increase of 

surface temperature increasing rate due to the decrease of period causes the slight 

increase of initial boiling superheat by the HSN; the increase of HSN surface superheat 

induces the slight increase of the qcr with the decrease in period. On the other hand, the 

qcr values for short periods belonging to the second group are expressed by Eq. (3.10) 

shown with a dashed line. Those are also almost independent of pressure as same as 

ethanol under high subcooled condition. 

Consequently, it should be noted that the trend of the transient qcr values belonging to 

the first group different with ethanol and water is due to steady-state CHF data. As 

known well, the CHFs are considerably affected by the properties of boiling liquids that 

are changeable due to a temperature and pressure. Therefore, the properties of boiling 

liquid, i.e., latent heat of vaporization, surface tension, density of saturation liquid etc. 

are affected in CHF as well as the mechanism of heat transfer crisis at CHF. 

 

3.15 Summary 

 

(1) The processes from non-boiling to film boiling were completely different from each 

other depending on the period. The values of initial boiling heat flux increased with 

a decrease in period, namely, as the period shortens, the heat conduction became 

predominant in heat transfer compared with the natural convection.  

(2) The vapor behavior at initial boiling due to the HSN was considerably different 

from that due to active cavities; it covered the whole cylinder surface by the large 

vapor tube in a short time. It is considered that the direct boiling transition on the 

3.15 Summary 
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heater surface from non-boiling to film boiling is due to the HSN in previously 

flooded cavities on heater surface without the contribution of active cavities in gen-

eral. 

(3) The quasi-steady-state CHFs measured were mainly divided into two mechanisms 

for lower and higher subcooling at a pressure; the former and latter CHFs occurred 

due to hydrodynamic instability (HI) and explosive-like heterogeneous spontaneous 

nucleation (HSN) on the cylinder surface respectively. The dependability of pres-

sure in the high subcooling regime became different depending on the boiling liq-

uids. 

(4) The transient CHFs were clearly classified into three principal groups for the 

periods: first group for the longer period, second group for the shorter and third 

group for the intermediate. And those were dependent on subcooling whichever 

groups in the case of a constant pressure. 
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4. Subcooled pool boiling CHFs for different surface 
condition of heater in various liquids 

 

4.1 Introduction 

 

The development of knowledge for generalized pool boiling CHF mechanisms and 

those correlations for cylinder surface conditions in water and wetting liquids are 

becoming increasingly important as the fundamental database for not only the design of 

high heat flux cooling system recently needed but also the derivation of subcooled flow 

boiling CHF correlations based on the pool boiling ones. Boiling CHF was assumed to 

happen based on hydrodynamic instability (HI), and the value was thought to be 

unaffected by the surface condition of heater so far. However, it has been understood 

that the CHF value changes systematically depending on experimental conditions 

according to a series of experiment of our research group. Then it has presented that 

there exists a new physical model due to explosive-like heterogeneous spontaneous 

nucleation (HSN) on the cylinder surface. Especially, the HSN appears remarkably in 

transient boil CHF. HI model hardly depends on the heater surface condition. According 

to the new physical model, however, it is thought basically that HSN model depends on 

the surface energy and the cavity size distribution from a physical model on CHF, 

therefore it physically influences the surface condition. The research of the effect of 

cylinder surface conditions on CHF remained unresolved for a long time. Recently the 

experiment in a pool of water was conducted by Sakurai (2000, 2002) and Fukuda et al. 

(2000, 2002, 2004), and reviewed in detail. The present work is also in a series of the 

research process, which is changed into highly wetting liquids besides water to clarify 

the effect of surface condition in various wetting liquids. The purpose of the present 

work is to investigate the effect of the surface conditions such as the commer-
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cially-available surface (CS) and the roughly-finished surface (RS) with the different 

cavity size distribution and surface energy for saturated and subcooled liquids at various 

pressures on the transient pool boiling CHFs caused by the exponential heat generation 

rate shown with the periods. Also, it is clarified that the trend of CHF for the shorter 

periods meaning of higher heat generation rate is significantly affected by the test 

cylinder surface conditions in the experimental liquids. It is suggested that more study 

on the diverse surface conditions with different liquid-solid contact angle on the CHF is 

necessary. 

 

4.2 Experimental conditions 

 

Boiling heat transfer processes on a test heater in a pool of water, ethanol or FC-72 

with different mechanisms due to a heat generation rate increased by exponential 

function, Q=Q0expt/τ, ranging from quasi-steadily increasing one to rapidly increasing 

one with periods, τ, ranging from around 50 s to 5 ms are measured for a 1.0-mm 

diameter horizontal cylinders at pressures ranging from 101.3 to 1867 kPa for liquid 

subcoolings over the ranges from 0 to 160 K at pressures. 

Experiments were performed on the following test heaters: Two horizontal cylinder 

test heaters of 1.0 mm in diameter were used. One is no surface preparation as shown in 

Fig. 4.1a, and the other one is finished by Emery-4 paper as shown in Fig. 4.1b. They 

have the different surface conditions of CS and RS, respectively. The photographs of 

heater surfaces were taken by a Scanning Electron Microscope (SEM). The roughness 

profiles are also shown in the figures. Arithmetical mean roughness, Ra, is as follows:  

CS = 0.11 µm 

RS = 0.24 µm 

Experimental apparatus and method were already shown in Chapter 2 in detail. 

4. Subcooled pool boiling CHFs for different surface condition of heater in various liquids 
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Fig. 4.1a CS photo and roughness profile 
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 Fig. 4.1b RS photo and roughness profile 
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4.3 Previous work on CHF for the test cylinders with different surface condition in 

water 

 

4.3.1 Steady-state CHF for the horizontal cylinders with different surface rough-

ness 

 

The CHF data measured using the roughly-finished surface (RS) and heater surface 

like mirror (MS) cylinders for subcoolings at pressures were compared with the 

corresponding CHFs using a horizontal cylinder with commercially-available surface 

(CS) by Sakurai and Fukuda (2002). It was concluded that the CHFs resulting from the 

HI and the HSN have the different effects of the surface condition. There existed the 

CHFs resulting from the HI measured for the horizontal cylinders with CS, RS and MS 

for lower subcoolings at lower pressures; the CHFs almost agree with one another at the 

same subcooling independently of the surface conditions. The CHFs resulting from the 

HSN for the MS cylinder were extremely lower than the corresponding CHFs for CS 

and RS cylinders at higher pressures. They also mentioned that the effect of the surface 

energy measured by contact angle which is the another aspect of surface condition 

different from surface roughness, on the CHFs resulting from the HI and HSN have got 

to be considered. 

 

4.3.2 Effect of surface conditions on transient CHFs in water 

 

The results of the CHF values, qcr, for Q=Q0expt/τ with the periods, τ, ranging from 

20 s down to 5 ms for saturated water at the pressures of 101.3 and 494 kPa, and for the 

subcooling, ∆Tsub, of 60 K at the pressure of 494 kPa obtained for the cylinder with CS 

are shown in Fig. 4.2. The qcr values for saturated conditions at the pressure of 101.3 

4.3 Previous work on CHF for the test cylinders with different surface condition in water 
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kPa for the cylinder with RS derived by Fukuda et al. (2000, 2004), are also shown in 

the figure for comparison. The qcr values for all period at pressure of 101.3 kPa increase 

up to the maximum qcr first, then decrease down to the minimum qcr and again increase 

with the decreases in period. They are clearly separated into three groups; the first, 

second and third groups of qcr are for the long periods, for the short and the intermediate 

tested here as shown in the figure. On the other hand, the second groups of qcr for the 

saturated and subcooled conditions at the pressure of 494 kPa are not observed as 

shown in Fig. 4.2. 

As mentioned before, Fukuda et al. (1995) suggested the several empirical equations 

representing transient CHF values versus periods belonging to the first and second 

groups in a pool of water for wide range of subcoolings and pressures. The CHF 

belonging to the first group caused by the heat inputs with a long period under a lower 

subcooled condition and a higher subcooled one is expressed by the Eq. (3.8) and Eq. 

(3.9), respectively. The CHF belonging to the second group with a short period is 

expressed by the Eq. (3.10). The qcr values for the periods belonging to the first group at 

the saturated pressures of 101.3 and 494 kPa are well expressed by Eq. (3.8) which 

represents the CHF due to the HI, also those for the cylinder with CS and RS at the 

pressure of 101.3 kPa almost agreed with each other as shown in the figure. The qcr 

values for the subcooling of 60 K at the pressure of 494 kPa are well expressed by Eq. 

(3.9) which represents the CHF due to the HSN as mentioned before, so they occur due 

to the explosive-like HSN at the lower limit of HSN surface superheat though the 

nucleate boiling due to active cavities on fully-developed nucleate boiling (FDNB) 

coexist. 

According to Fukuda et al. (2000, 2004) research, the three groups of the CHFs for 

the periods in a pool of water were clearly observed for the cylinder with RS, though the 

CHFs for short periods belonging to the second group expressed by Eq. (3.10) were not 

4. Subcooled pool boiling CHFs for different surface condition of heater in various liquids 
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observed for the cylinder with CS except those for the saturated condition at around 

atmospheric pressure. And the CHFs for longer periods at low and high subcoolings 

belonging to the first group obtained for the cylinder with RS at pressures higher than 

around 400 kPa were expressed by Eq. (3.8) representing the CHF due to the HI and Eq. 

(3.9) representing the CHF due to the HSN respectively. Those agreed corresponding 

with those obtained for the cylinder with CS. As shown in the Fig. 4.2, the second group 

does not appear for CS cylinder at the pressure of 494 kPa even during a shortest period 

test here. The reason is assumed that cavity contribution to vapor forming are more than 

RS cylinder, so that the heat flux slight increases with insufficient nucleate boiling. It 

can be supposed that the direct transitions belonging to the second group occur for the 

periods shorter than about 1 ms at the pressure of 494 kPa in water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 The relation between qcr and τ at pressures of 101.3 and 494 kPa for the

cylinder with CS in water. 
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4.4 CHF for the test cylinders with different surface roughness in boiling liquids 

except water 

 

4.4.1 Trend of heat transfer processes for different surface conditions in ethanol 

 

Figures 4.3 and 4.4 show the transient phenomenon at a pressure of 494 kPa for 

subcoolings of 0 K and 40 K in ethanol on a graph of heat flux, q, versus surface 

superheat, ∆Tsat, defined by the difference between heater surface temperature and 

saturation temperature corresponding to the system pressure. The steady-state natural 

convection curve derived by Takeuchi et al. (1995), the heat conduction heat transfer 

curve derived by Sakurai et al. (1977) and the steady-state film boiling curve derived by 

Sakurai et al. (1990), are also shown in the figure for comparison. 

The boiling processes caused by a steadily increasing heat input with a period of 8.1 s 

are as follows: heat flux, q, increases along the natural convection curve at first and 

after the occurrence of initial boiling, the surface superheat rapidly decreases, and q 

increases along the fully-developed nucleate boiling (FDNB) regime and reaches the 

CHF point, qcr, and then the transition to film boiling occurs. On the other hand, the 

boiling processes caused by an exponentially increasing heat input with a period of 30 

ms, show that the q value increases along the transient conduction heat transfer curve, 

and a directly transition to film boiling without nucleate boiling occurs. As suggested by 

Fukuda et al. (1995) and Sakurai et al. (1995), the transition processes are divided into 

several groups and the transient CHFs caused by increasing heat inputs in a pool of 

water depend on the periods, the processes are divided into two principal groups. The 

CHF belonging to the first group with longer periods occurs with a FDNB heat transfer 

process. At the second group with shorter periods, the direct transition to film boiling 

occurs with explosive-like boiling from non-boiling. As shown in the figure, the boiling 

4. Subcooled pool boiling CHFs for different surface condition of heater in various liquids 
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process with a period of 8.1 s belongs to the first group and the one with a period of 30 

ms belongs to the second group. In addition, although it is not shown in this figure, it 

could be also observed the third group with an intermediate period between the first and 

the second group. In the case of the boiling process with a period of 30 ms, it is 

considered that the direct boiling transition on the heater surface from non-boiling to 

film boiling is due to the heterogeneous spontaneous nucleation (HSN) in previously 

flooded cavities on heater surface as suggested by Sakurai et al. (1995). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

104

105

106

107

100 101 102 103

q 
(W

/m
2 )

∆T
sat

 (K)

Ethanol
Pressure 494 kPa
Saturated Condition

q
in

q
cr

q
in
=q

cr

CS

CS

1st Group (τ=8.1s)

RS 

2nd Group (τ=30ms)

RS

FDNB
Regime

qcr

Steady-State
Film Boiling
Sakurai et al.(1990)

Heat
Conduction
Regime
by Sakurai 
et al.(1977) 

Natural 
Convection
by Takeuchi et al. (1995)

Fig. 4.3 Boiling heat transfer processes for various surface conditions from non-boiling

to film boiling or to fully-developed nucleate boiling under saturated ethanol at a pressure

of 494 kPa. 
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As shown in the figures, boiling initiation heat fluxes, qin, are different according to 

the periods for an exponential heat input with time, but initial boiling surface superheat 

at that time doesn't so much affected by the surface conditions such as CS and RS of test 

cylinder. The critical heat fluxes, qcr, belonging to the first group are almost same each 

other, and qcr, belonging to the second group are almost same also though the values for 

the RS cylinder are slightly high compared with that for the cylinder with CS. Also in 

the case of the first group, it can be seen to that the curves for the test cylinder with RS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

104

105

106

107

100 101 102 103

q 
(W

/m
2 )

∆T
sat

 (K)

Ethanol
Pressure 494 kPa
Subcooling 40 K

q
in

q
cr

q
in
=q

cr

CS

CS

1st Group (τ=8.1s)

RS 

2nd Group (τ=30ms)

RS

FDNB
Regime

qcr

Steady-State
Film Boiling
Sakurai et al.(1990)

Heat
Conduction
Regime
by Sakurai 
et al.(1977) 

Natural 
Convection
by Takeuchi et al. (1995)

Fig. 4.4 Boiling heat transfer processes for various surface conditions from non-boiling

to film boiling or to fully-developed nucleate boiling at a pressure of 494 kPa for subcool-

ing of 40 K. 
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move to the lower surface superheat side than those for the cylinder with CS in the 

FDNB regime. At the points of boiling initiation belonging to the first group, a large 

vapor tube is rapidly formed around each cylinder similar to that of boiling initiation 

belonging to the second group, then the vapor tubes collapsed rapidly, and large vapor 

bubbles broke away from the cylinder surface. After the detachment of the vapor 

bubbles, nucleate boiling from the active cavities entraining vapor occurred with a 

decrease in surface superheat down to that of the FDNB regime. 

After all, the critical heat fluxes, qcr, and boiling initiation heat fluxes, qin, obtained 

for the cylinder with CS are similar to those obtained for the cylinder with RS according 

to above test conditions, though the transition processes to film boiling becomes 

completely different due to the exponentially increasing heat inputs with the period. 

 

4.4.2 Effect of surface condition on steady-state CHFs for wide range of subcool-

ings and pressures 

 

The subcooled pool boiling CHFs in ethanol were measured using the horizontal 

cylinders with commercial and rough surfaces for the subcoolings up to about 160 K at 

the pressures from 0.1 to 2 MPa respectively. As shown in the Fig. 4.5, the CHF data 

measured for the RS cylinder were compared with the corresponding CHFs for the 

cylinder with CS. The CHFs measured using the RS and CS cylinders clearly agreed 

with each other for subcoolings from zero to 20 K at pressures. It is confirmed that the 

CHFs for low subcoolings at pressures have not the effect of cylinder surface condition. 

In the case of the subcooling higher than 40 K, the CHFs measured for the CS cylinder 

almost agree with that of RS one, though the CHF data for the rough cylinder at some 

pressures are slightly larger than that of the CS cylinder. Moreover, in the range of 

subcooling higher than 120 K, the CHF data become constant to an asymptotic value 
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with an increase in subcooling. The reason why the qcr,sub becomes constant for the 

subcoolings higher than a certain subcooling with an increase in subcooling for both 

cylinders needs further consideration in detail. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 shows steady-state CHF versus subcooling measured using 1.0 mm di-

ameter CS and RS at pressures of 886 and 1278 kPa in FC-72 with the corresponding 

HSN curves derived from Eq. (3.7). The CHF data gradually increase with an increase 

in subcooling, also they are dependent on pressure for the subcooling over the range 

from 20 to 140 K except the saturated condition. As shown at pressure of 1278 kPa with 

the corresponding HSN curves for the cylinders with CS and RS, the experimental data 

slightly depending on the cylinder surface conditions agree well with the corresponding 

Fig. 4.5 The relation between steady-state qcr,sub and subcooling for surface conditions

with RS and CS. 
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predicted values. The CHFs slightly depending on the cylinder surface conditions for 

the subcooling are shown at a pressure of 886 kPa also. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.3 Effect of surface condition on transient CHFs at various pressures in ethanol  

 

Figures 4.7 and 4.8 show transient CHFs, qcr versus periods, τ, ranging from around 

50 s down to 5 ms under saturated ethanol at various pressures, and for the liquid 

subcooling of 60 K at the pressure of 494 kPa on the cylinders with CS and RS, 

respectively. The trend of qcr values related to periods for the cylinder with CS and RS 

Fig. 4.6 The Comparison of prediction with qcr,sub for the subcooling measured by

cylinders with CS and RS at pressures of 886 and 1278 kPa in FC-72 using Eq. (3.7). 
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are clearly divided into three groups as shown in the figures. The first group is shown 

with a solid and dashed chain lines, and the second group is shown with a dashed line. 

Besides this, the third group with an intermediate period between the first and second 

groups can be observed as shown in the figures. The qcr values belonging to the first 

group for periods at saturated pressures for cylinders with CS and RS are expressed by 

Eq. (3.8) that represents the CHF due to the HI depending on pressures, and those at a 

pressure of 494 kPa for the subcooling of 60 K were expressed by Eq. (3.9) that 

represents the CHF due to the HSN mentioned before. The curves of the qcr for the 

periods for the cylinder with CS and RS almost agree with each other. 

On the other hand, the qcr values for a shorter period of 100 ms belonging to the 

second group were approximately expressed by Eq. (3.10), though the qcr values for RS 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 The relation between qcr and τ at pressures of 101.3, 297, 494 and 1082kPa for

the cylinder with CS in ethanol. 
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cylinder existed at slightly higher than CS cylinder. In addition, the qcr values decrease 

with an increase in pressure with a fixed period because the lower limit of HSN surface 

superheat decreases with an increase in pressure (Sakurai et al., 1995). The qcr values 

also increase with a decrease in period. The direct or semi-direct transitions at the CHF 

occurs from non-boiling regime to film boiling without or with the heat flux increase for 

a short period of time, and the minimum qcr values for the longest period for the second 

group at each pressure are much lower than the corresponding steady-state CHF. The 

minimum qcr values obtained for CS cylinder disagree with those obtained for RS 

cylinder. A range of period for third group qcr for the cylinder with RS becomes narrow 

in comparison with that for the cylinder with CS. As a result, a range of period for the 

second group qcr becomes wider in a range of period. In the case of RS cylinder, a fini- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

Fig. 4.8 The relation between qcr and τ at pressures of 101.3, 297, 494 and 1082kPa for 

the cylinder with RS in ethanol. 
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shed treatment by emery paper was done to eliminate cavity contribution to vapor 

forming. Therefore it is difficult to occur the initial boiling then could result in the direct 

boiling transition from non-boiling to film boiling due to HSN. Consequently, the qcr 

values belonging to the second and third group are considerably affected by the surface 

conditions. 

 

4.4.4 Effect of surface conditions on the CHFs at various pressures for subcooled 

condition in ethanol 

 

The qcr values versus the periods for a subcoolings of 60 and 120 K at the pressures 

ranged from 494 to 1082 kPa for cylinders with CS and RS are shown in Figs. 4.9 and 

4.10, respectively. As seen in the figures, the CHF values are clearly divided into three 

principal groups depending on the periods. The qcr values belonging to the first group 

with a period longer than around 1 s were expressed by Eq. (3.9) representing the CHF 

due to HSN even for the steady-state one. The curves of the qcr versus periods for 

cylinders with CS and RS almost agreed with each other. However, it is almost inde-

pendent of pressure. The steady-state CHFs values for high subcooling at the pressures 

are also independent of the pressures. Sakurai et al. (1995) have explained this fact by 

assuming that the transition to film boiling at the steady-state CHF occurs due to 

explosive-like HSN in FDNB regime as mentioned before. On the other hand, the qcr 

values belonging to the second group with a period shorter than around 0.1 s were 

approximately expressed by Eq. (3.10) as shown in the figure. They are also independ-

ent of pressure. In the case of the subcooling of 60 K at a pressure of 494 kPa in the Fig. 

4.9, the minimum qcr values for periods of around 100 ms for a cylinder with CS and 

around 400 ms for a cylinder with RS are observed, respectively. Therefore, a range in 

period for the second group CHF for RS cylinder becomes wide in comparison with that 
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Fig. 4.9 The relation between qcr and τ for subcooling of 60 K at various pressures for

the cylinders with CS and RS in ethanol. 

Fig. 4.10 The relation between qcr and τ for subcooling of 120 K at various pressures

for the cylinders with CS and RS in ethanol. 
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of a CS cylinder within range in period tested here. It should be noted that the minimum 

qcr under the pressure of 494 kPa in the Fig. 4.9 is observed about 14% of the corre-

sponding steady-state CHF for the cylinder with CS, and about 11% of the correspond-

ing steady-state CHF for a cylinder with RS. In the case of the subcooling of 120 K in 

the Fig. 4.10, a range in period for the second group CHF for RS and RS cylinders are 

not different from each other tested here. The ratio of minimum CHF to steady state one 

for the CS cylinder is same with that of subcooling of 60 K as well as the RS cylinder. 

As a result, it is observed that the trend of CHFs for period belonging to the second 

group is affected by the cylinder surface conditions. 

 

4.4.5 Effect of surface conditions on CHFs for various subcoolings at a pressure of 

494 kPa in FC-72 

 

The qcr versus periods ranged from 20 s down to 5 ms for a cylinder with CS at a 

pressure of 494 kPa for subcoolings of 20, 40 and 60 K in a pool of FC-72 are shown in 

Fig. 4.11 in comparison with those for a cylinder with RS. The trend of qcr values versus 

periods for each cylinder is clearly divided into three groups similar to ethanol. The qcr 

values are well dependent on subcooling. Those belonging to the first group for 

cylinders with CS and RS become almost same with each other as it becomes longer in 

period, and are expressed by Eq. (3.9). On the other hand, the qcr values for short 

periods belonging to the second group for each cylinder are approximately expressed by 

Eq. (3.10), though the qcr values for cylinders with RS become slightly higher with a 

decrease in period compared with that for a cylinder with CS. 

The qcr values in relation to periods gradually increase with a decrease in period up to 

a maximum qcr from a corresponding steady-state qcr for a period of 20 s, then decreases 

down to a minimum qcr. Here, qcr of CS cylinder for a range in period of the first group 
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becomes wider in comparison with that for RS cylinder. In other words, the transition 

from the first group to the second group for RS cylinder occurs at longer period than 

that for CS cylinder. It means that a range in period for qcr of the second group becomes 

wider. Consequently, it should be noted that there exists an effect of surface condition 

on the CHF belonging to the second and third groups similar to ethanol.  

Figure 4.12 shows the qcr versus τ for a cylinder with CS at pressures of 101.3, 297, 

494 and 886 kPa in saturated FC-72 in comparison with those for a cylinder with RS 

represented by (a), (b), (c) and (d), respectively. In the case of the Fig. 4.12 (a), the 

pressure of 101.3 kPa, it should considered that the qcr values for the periods longer than 

1 s show completely different from each other depending on the surface condition: the 

values for the CS cylinder is the one from occurrence of FDNB in the natural convec-

tion regime, therefore they are considerably higher than that for the RS cylinder which 

Fig. 4.11 The relation between qcr and τ for various subcoolings at a pressure of 494

kPa for the cylinders with CS and RS in FC-72. 

104

105

106

107

10-3 10-2 10-1 100 101 102

FC-72
Pressure 494 kPa

q cr
 (W

/m
2 )

τ (s)

Eq.(3.10)

Eq.(3.9)

60 K
40 K

∆Tsub

20 K

1st Group for ∆Tsub=60K

2nd Group
for ∆Tsub=60 K

3rd Group 
for ∆Tsub=60K

CS RS

4.4 CHF for the test cylinders with different surface roughness in boiling liquids except water



 - 80 -

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

direct transition occurs for all the periods. It can be supposed for the RS cylinder that 

the transitions to FDNB occur for the periods much longer than around 30 s. In the case 

of the pressures of 297, 494 and 886 kPa shown with Fig. 4.12 (b), (c) and (d), the qcr 

values for longer period belonging to the first group for cylinders with CS and RS are 

almost same with each other as it becomes longer in period. On the other hand, the qcr 

values for short periods belonging to the second group for the cylinder with RS are 

same or slightly higher compared with that for the cylinder with CS. It should be noted 

that the transition from the first group to the second group for RS cylinder occurs at 

longer period than that for CS cylinder. It means that a range in period for qcr of the 
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Fig. 4.12 The relation between qcr and τ at various pressures for the cylinders with CS

and RS in saturated FC-72. 
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second group becomes wider. The periods at the minimum qcr within the second group 

for the RS cylinder are as follows: 30 s at (a), 4 s at (b), 0.8 s at (c) and 0.2 s at (d). It 

means those are considerably affected by the surface condition on the CHF belonging to 

the second and third groups. It is suggested that more study on the effects of surface 

conditions such as the cavity size distribution and surface energy on the CHF is 

necessary. 

 

4.5 Summary 

 

This work is to find the mechanism in the transient boiling CHF, which is confirmed 

that it depends on the HI and HSN. It is clarified that there exist two different CHF 

mechanisms related to the period, and the CHF for the shorter periods is affected by the 

cylinder surface conditions in highly wetting liquids such as ethanol and FC-72. And of 

course this, the CHFs belonging to the first group with the longer period are also 

classified into two mechanisms depending on the lower and higher subcooling, and it is 

assumed that the CHFs measured are not affected with the surface roughness tested here. 

It is suggested that more study on the diverse surface conditions such as the cavity size 

distribution and surface energy on the CHF is necessary for a wider range of subcool-

ings and pressures. The results are as follows. 

(1) The effect of surface condition on steady-state CHFs for wide range of subcoolings 

and pressures was investigated. The CHFs measured for the CS cylinder almost 

agreed with that of RS one though the data for the rough cylinder at some pressures 

were slightly larger than that of the CS cylinder. 

(2) The transient CHFs are clearly existed into three groups in ethanol and FC-72 for 

the cylinders with CS and RS, though the values for the shorter periods belonging to 

the second group for the cylinder with CS were not observed in the case of water 

4.5 Summary 
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tested here except those for the saturated condition at around atmospheric pressure. 

(3) The transient CHFs belonging to the first group for longer periods at lower and 

higher subcoolings at the pressure tested obtained for the cylinder with RS, ex-

pressed by Eq. (3.8) representing CHF due to the HI, and Eq. (3.9) representing 

CHF due to the HSN, respectively, are similar to those obtained for the cylinder with 

CS. On the other hand, the second groups of CHFs for the shorter periods for each 

cylinder are approximately expressed by Eq. (3.10) which gives the theoretical con-

duction heat flux corresponding to a short period at the corresponding HSN surface 

superheat depending on the period, though the CHF values for RS cylinder existed 

at slightly higher than the CS cylinder. 

(4) The period range of the third group CHF for the cylinder with RS became narrow in 

comparison with that for the cylinder with CS. As a result, the period range of the 

second group CHF became wide in the range of the periods. The minimum CHF 

values for the longest period for the second group at each pressure were much lower 

than the corresponding steady-state CHF, and the minimum CHF values obtained for 

CS cylinder disagreed with those obtained for RS cylinder. Consequently, the CHF 

values belonging to the second and third group were considerably affected by the 

surface conditions. 
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5. Photographic Study on Transient Phenomena in Pool 
Boiling CHF for Various Liquids 
 

5.1 Introduction 

 

The correct understanding and prediction of the transient critical heat fluxes (CHFs) 

for various test heater configurations and surface conditions in water and wetting liquids 

such as FC fluids (Fluorinert liquid), liquid nitrogen and liquid helium I, etc. are 

becoming increasingly important as the fundamental database for the design such as the 

high heat flux cooling systems using subcooled water pool boiling and for the safety 

assessment of nuclear reactor accidents caused by a power burst, and so on. Further-

more, the evaluation of the pool boiling CHF becomes an essential problem when the 

liquid flow in the cooling equipment stops due to accidents. 

The anomalous trend of CHFs caused by an exponential heat inputs, Q0expt/τ, for 

period, τ, that the CHF up to a maximum one, and then it decreases down to a minimum 

CHF and finally again increases with a decrease in period, has been observed many 

years ago by Sakurai and Shiotsu (1974, 1977) in a pool a water. The CHFs for the 

shorter periods at which direct or semi-direct transitions to film boiling occurred in 

transient conduction regime due to a quasi-steadily increasing or increasing heat input 

for the liquids including water. A direct transition from non-boiling convective regime 

to film boiling one was reported by Avksentyuk and Mamontova (1973) and Kutate-

ladze et al. (1973) in liquid metals and wetting liquids as some peculiarities of CHF. 

However, the CHF mechanism of CHFs for the heat inputs with shorter periods 

remained unresolved for a long time. 

The direct transition from a non-boiling regime such as natural convection and tran-

sient conduction regimes to film boiling without nucleate boiling was observed by 
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Sakurai et al. (1992, 1993). They carried out the experiments of the CHFs for the heat 

inputs with various periods on a platinum horizontal cylinder in liquid nitrogen at 

various pressures, and found that direct transition to film boiling occurred in transient 

conduction regime. It was assumed that the transitions occurred due to the levitation of 

liquid on the cylinder surface by the explosive-like heterogeneous spontaneous nuclea-

tion (HSN) in originally flooded cavities without the contribution of the active cavities 

entraining vapors for boiling incipience. All the cavities on the surface that could serve 

as nucleation sites would initially be flooded since the liquid surface tension is so low 

that vapor are not entrained in surface cavities and there is no dissolved gas in liquid 

nitrogen except for possible trace amounts of helium, hydrogen and neon. The explo-

sive-like HSN assumed in originally flooded cavities on a horizontal cylinder in the 

wetting liquid of liquid nitrogen at which heat transfer crisis occurs was first observed 

without nucleate boiling under natural convection regime at atmospheric pressure due to 

steadily increasing heat input at a certain HSN surface superheat which is considerably 

lower than the corresponding the HSN on a flat surface and the homogeneous sponta-

neous nucleation at surface superheats theoretically obtained. They carried out the water 

experiment at wide range of pressures and subcoolings. They assumed that the heat 

transfer crisis at CHF for the short periods also occur mainly due to the HSN in initially 

flooded cavities though the vapor bubbles from the active cavities coexist with those 

due to the HSN; the bubbles from active cavities lead to the occurrence of the HSN at 

lower surface superheat because of the decrease of surface superheat increasing rate due 

to the increase of heat transfer by the bubbles growing in the liquid on the surface at 

near CHF due to the HSN. 

It was confirmed the transition mechanism to film boiling by a photographic study on 

the vapor bubble and vapor film behavior on the cylinder surface by Sakurai et al. 

(2000). They concluded by the photographs that the semi-direct transition from 

5. Photographic Study on Transient Phenomena in Pool Boiling CHF for Various Liquids 
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conduction regime to film boiling with nucleate boiling due to the rapidly increasing 

heat inputs in water occurs due to Heterogeneous Spontaneous Nucleation (HSN) in 

originally flooded cavities with or without nucleate boiling at around the lower limit of 

HSN surface superheat. Fukuda et al. (2004) investigated the effect of the surface 

conditions of the platinum horizontal test cylinders with two different surface conditions 

in a pool of saturated and subcooled water at various pressures. As the result, it was 

confirmed that the photographs of vapor bubbles and film behavior during transitions to 

film boiling in water for the cylinders with various surfaces were not different with each 

other not only for quasi-steadily increasing heat input but also for rapidly increasing one. 

However, the boiling heat transfer phenomenon is significantly affected by the surface 

tension of the liquid and the wettability on the heater surface but the mechanism has not 

been clarified yet.  

The purpose of this work is to make clear the transition phenomena to film boiling in 

several liquids having different wettability by the photographic approach on the vapor 

bubble and vapor film behavior on the cylinder surface by using a high-speed video 

camera. 

 

5.2 Experimental conditions 

 

Boiling heat transfer processes on a test heater in a pool of water, ethanol or FC-72 

with different mechanisms due to exponentially increasing heat generation rate, 

Q=Q0expt/τ, ranging from quasi-steadily increasing one to rapidly increasing one with 

periods, τ, ranging from around 50 s to 5 ms were measured for a 1.0-mm diameter 

horizontal cylinder made of platinum wire at pressures ranging from 101.3 to 1867 kPa 

for liquid subcoolings over the ranges from 0 to 160 K at pressures. A high-speed video 

camera system (1000 frames/s with a rotary shutter exposure of 1/10000 s) was used to 

5.2 Experimental conditions 
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observe the boiling phenomena and to confirm the start of simultaneous boiling on the 

test heater surface. Experimental apparatus and method were already shown in Chapter 

2 in detail. 

 

5.3 Previous work on boiling heat transfer processes and critical heat fluxes  

 

The CHFs, qcr, for Q0 expt/τ versus the exponential periods, τ, ranging from around 20 

s down to 5 ms on a 1.0-mm diameter platinum horizontal cylinder in saturated ethanol 

at pressures of 101.3 and 494 kPa are shown in Fig. 5.1. At the CHFs for periods tested 

here at the pressure of 101.3 kPa, direct transitions from non-boiling regime such at 

natural convection or transient conduction to film boiling occur. The CHF, qcrD, at the 

direct transition agrees with corresponding heat flux of initial boiling, qin. On the other 

hand, the CHF for the period at the pressure of 494 kPa first gradually increase with a 

decrease in period up to the maximum CHF from the steady state one corresponding to 

the CHF for a period of 20 s, and then decrease down to the minimum one at around 

period of 0.2 s and again increase with a decrease in period. The CHFs measured are 

separated into the three groups for the periods; first group for the longer period, second 

group for the shorter and third group for the intermediate. At the CHFs for the short 

periods belonging to the second group, the direct transitions to film boiling occur: the 

CHF agrees with the initial heat flux, qin, at the short period. The CHFs for the periods 

belonging to the first and second groups are well expressed by the following equations, 

respectively. They are same ones with the Eqs. (3.8) and (3.10). 

 

 

 

 

( )5.0
, 21.01 −+= τsubstcr qq (5.1)

( )subinccrD TThq ∆+∆= )(τ (5.2)

where the qst,sub is given by the quasi-steady-state CHF data in each experiment. 

, for first group 

, for second group 

5. Photographic Study on Transient Phenomena in Pool Boiling CHF for Various Liquids 



 - 87 -

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

where                                           , and              .   

Ko and K1th are the modified Bessel functions of the second kind of zero- and first-orders. 

hc is the heat transfer coefficient resulting from transient heat conduction, ∆Tsub is liquid 

subcooling and ∆Tin(τ) is the initial boiling surface superheat due to the HSN in 

conduction regime: those depend on the increasing rates of surface superheat, pressures 

and liquid subcoolings (Sakurai et al., 1992). Eq. (5.1) represents the CHF due to the HI 

belonging to the first group. Eqs. (5.1) and (5.2) are just the same with corresponding 

CHFs for water. Therefore, the empirical equations (5.1) and (5.2) are effective for not 

only water but also the highly wetting liquids such as ethanol and FC-72. 

The minimum CHF for the period under the pressure of 494 kPa is observed at 

around 0.2 s. It should be noted that the value is about 11% of steady-state one corre-

2/1]/[ τρµ lpll kc=2/1
01

2/1 )/()2/(/)2/()/( τρµµτρ plllthplllc ckDKDKckh ≅=

Fig. 5.1 Initial boiling heat flux qin, critical heat flux qcr versus period τ in saturated

ethanol at pressures of 101.3 and 494 kPa. 
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sponding to the CHF for the period of 20 s. As a result, the minimum CHF value within 

the second group is much lower than the corresponding steady state CHF. This fact 

means that conduction heat transfer becomes more predominant as the period becomes 

shorter than natural convection heat transfer. Therefore, the heat transfer coefficient 

becomes higher due to heat conduction and a direct transition to film boiling occurs at 

the heat flux point that is higher than that of natural convection. 

 

5.4 Heat transfer processes under saturated condition in water 

 

Typical boiling heat transfer processes due to exponentially increasing heat inputs in 

water are shown in Fig. 5.2 on a graph of heat flux, q, versus surface superheat, ∆Tsat. 

The surface superheat ∆Tsat is defined by the difference between the surface temperature, 

Tw, of the heater and the saturation temperature, Tsat, of liquid corresponding to the 

system pressure. The steady-state natural convection curve derived by Takeuchi et al. 

(1995), the heat conduction curve derived by Sakurai et al. (1977) and the steady-state 

film boiling curve derived by Sakurai et al. (1990) are also shown in the figure for 

comparison. 

The heat transfer processes for periods of 10 s, 1 s, 100 ms and 10 ms at a pressure of 

101.3 kPa are shown in the figure. The processes from non-boiling to film boiling are 

completely different from each other depending on the periods. It can be found that the 

processes up to initial boiling heat fluxes, qin, are the natural convection regime for 

periods from 10 s down to around 1 s, and the heat conduction regime for periods from 

100 ms down to 10 ms as shown in the figure. It is recognized that the values of initial 

boiling heat flux, qin, increase with a decrease in period, that is, they depend on the 

increasing rates of heat inputs, respectively. The CHF values are almost equal to each 

other for the periods tested here. 
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When an exponentially increasing heat input is applied to the heater immersed in the 

pool of water, the heater surface temperature and the heat flux increased. As shown in 

the figure, the heat transfer processes up to, qin, show that heat flux, q, for the period of 

1 s increases along the natural convection curve together with period of 10 s and natural 

convection heat transfer becomes predominant. As the period shortens, the heat 

conduction becomes predominant in heat transfer compared with the natural convection. 

Fig. 5.2 Heat transfer process for periods of 10 ms and 10 s saturated condition at

atmospheric pressure in water. Photographs shown in Figs. 5.3 & 5.4 were taken at

points of 5.3(a) to (f) and 5.4(a) to (f) on the graph, respectively. 
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5.4.1 Photographs of vapor film behavior during semi-direct transition to film 

boiling in water 

 

Figure 5.3 shows the semi-direct transition from transient conduction regime to film 

boiling with nucleate boiling due to a rapidly increasing heat input for the period of 10 

ms at the pressure of 101.3 kPa in saturated water. The mechanism of semi-direct 

transition to film boiling with nucleate boiling from active cavities entrained vapor for 

the short period occurs finally due to the HSN at around the lower limit of HSN surface 

superheat in originally flooded cavities observed by Sakurai et al. (1992, 1993). The 

photographs in Fig. 5.3 are shown to confirm the assumptions. The corresponding 

points on the heat transfer process curve on the q versus ∆Tsat graph for each photograph 

at the points of 5.3(a) to (f) are shown in Fig. 5.2 with a dashed line. Figure 5.3(a) is the 

photograph at point 5.3(a), which is the onset of boiling. It shows the cylinder in 

transient conduction regime with a few initial vapor bubbles. The time, t, beside each 

photograph shows the elapsed time after the time of first photograph, Fig. 5.3(a). Figure 

5.3(b) is the photograph after a time passage of 2 ms from point (a). Figures 5.3(b), 

5.3(c) and 5.3(d) show vapor bubbles around the cylinder occurred from active cavities 

of entrained vapor which cause the rapid increase of heat flux without the detachment of 

vapor bubbles. The heat flux for Fig. 5.3(d) is around the CHF. A large vapor film 

covers the cylinder including all the vapor bubbles from active cavities as shown in Fig. 

5.3(d). As seen in Fig. 5.3(e), the large vapor film with the Taylor unstable wave on the 

top of the vapor film moves upward with a decrease in heat flux and an increase in 

surface superheat. After that, the large vapor bubbles are separated from the vapor film 

with the approximate interval of the most dangerous Taylor wave length, and levitate in 

the liquid as seen in Fig. 5.3(f). The heat flux approaches around minimum film boiling 

heat flux and then increases along the steady-state film boiling heat flux with an 
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increase in surface superheat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) t=0ms 

(b) t=2ms 

(c) t=5ms 

(d) t=9ms 

(e) t=18ms 

(f) t=49ms 

Fig. 5.3 Vapor film behavior during

semi-direct transition to film boiling

for a period of 10 ms at a pressure of

101.3kPa in saturated water. 

(a) t=0s 

(b) t=6.8s 

(c) t=12.8s 

(d) t=23.6s 

(e) t=28.2s 

(f) t=31.2s 

Fig. 5.4 Vapor film behavior during

transition to fully-developed nucleate

boiling for a period of 10 s at a pressure

of 101.3kPa in saturated water. 
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5.4.2 Photographs of vapor film behavior during transition to nucleate boiling in 

water 

 

Figure 5.4 is taken using a high-speed video camera for the vapor behavior on a 

horizontal cylinder during transition to nucleate boiling due to a slowly increasing heat 

input for a period of 10 s at a pressure of 101.3 kPa in saturated water. The photographs 

in the figure are shown to confirm the assumptions where the corresponding points on 

the heat transfer process curve at the points of 5.4(a) to (f) are shown in Fig. 5.2 with a 

solid line. Figure 5.4(a) is the onset of boiling and it can be seen with a few initial vapor 

bubbles. Figures 5.4(b) and 5.4(c) are the photographs after the time passage of 6.8 s 

and 12.8 s from point (a), respectively. It takes a long time for the vapor bubbles to 

spread to the whole surface of the test heater as shown in the figure. The vapor bubbles 

around the heater occur from active cavities of entrained vapor that cause the increase of 

heat flux. After incipient boiling at a point that corresponds to the qin, the surface 

superheat, ∆Tsat, does not change so much with an increase in heat input. As shown in 

Fig. 5.4(d), the small bubble nucleus commences to coalesce in the nucleate boiling 

region to form coalesced bubbles. The detached coalesced bubbles continuously 

increase in size with increases in the heat flux at the points of 5.4(e) to (f). 

 

5.5 Heat transfer processes with a constant period at pressures of 101.3 and 494 

kPa under saturated condition in ethanol 

 

Figure 5.5 shows the transient phenomenon on a graph of heat flux, q, versus surface 

superheat, ∆Tsat, for the period of 10 s at each pressure. The heat transfer process at a 

pressure of 494 kPa is shown with a dashed chain line: heat flux, q, increases along the 

natural convection curve at first and after the occurrence of initial boiling at a surface 
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superheat of 60 K, the surface superheat rapidly decreases, and the transition to fully- 

developed nucleate boiling occurs and reaches the CHF point, qcr. On the other hand, 

the process at a pressure of 101.3 kPa is shown with a dashed line where photographs 

were taken at the points of 5.6(a) to (g): the curve shows that the q increases along the 

natural convection curve, and the boiling occurs at a surface superheat point of 100 K, 

which is higher than that in the case of the process at 494 kPa, and then shows a 

transition directly to film boiling without passing the nucleate boiling. In the case of the 

boiling process shown with a dashed line, it is considered that the direct boiling 

transition on the heater surface from non-boiling to film boiling is due to the heteroge-

neous spontaneous nucleation (HSN) in previously flooded cavities on heater surface as 

suggested by Sakurai et al. (1992, 1993, 1995). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5 Boiling heat transfer processes from non-boiling to film boiling or to fully

developed nucleate boiling under saturated condition in ethanol. Photographs shown in

Fig. 5.6 were taken at points of 5.6(a) to (g) on the graph. 
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Figure 5.6 gives a series of subsequent photographs from the moment of onset of a 

vapor phase to film boiling on a surface at a pressure of 101.3 kPa in saturated ethanol.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6(a) is the onset of boiling on the cylinder. The figure 5.6(b) taken at 1 ms 

(a) t=0ms 

(b) t=1ms 

(c) t=2ms 

(d) t=6ms 

(e) t=21ms 

(f) t=61ms 

(g) t=141ms 

Fig. 5.6 Vapor film behavior during direct transition to film boiling for a period of 10 s

at a pressure of 101.3kPa in saturated ethanol. 
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after the first one shows a vapor tube due to the explosive-like HSN in flooded cavities, 

and it covers the whole cylinder surface by the large vapor tube. Figure 5.6(c) taken at 2 

ms after the first one shows thick vapor film concentrically covering the cylinder. The 

vapor bubbles rapidly grow and completely cover the surface of the cylinder within just 

a few milliseconds. The temperature difference of the surface superheat between 

corresponding to Figs. 5.6(a) to (c) is almost the same. Figure 5.6(d) taken at 6 ms after 

the first one shows that the vapor bubbles collapse from the boiling initiation bubbles. 

Then, large vapor bubbles are broken away from the large vapor film by buoyancy force 

and move upward as shown in Figs. 5.6(e) to (f). After detachment of the large vapor 

bubbles, solid-liquid contacts occurs, and then new thin vapor film with the Taylor 

unstable wave on the upper part of the vapor-liquid interface covering the cylinder is 

formed by the explosive-like HSN on the places of solid-liquid contact and thin film 

boiling. At this moment the surface temperature starts increasing rapidly as a result of 

heat transfer deterioration. As shown in figure 5.6(g), the behavior of vapor-liquid 

interface in film boiling on the cylinder similar to that for steady-state film boiling on 

the cylinder is clearly observed after the detachment of large vapor bubbles. 

 

5.6 Heat transfer processes during transitions to fully-developed nucleate boiling 

or to film boiling at a pressure of 101.3 kPa in saturated ethanol 

 

Figure 5.7 shows the heat transfer processes in saturated ethanol on a graph of heat 

flux, q, versus surface superheat, ∆Tsat, for the periods of 50 s and 100 ms at atmos-

pheric pressure. It is confirmed that the initial boiling in highly wetting liquid such as 

ethanol occurs in previously flooded cavities on heater surface, because the superheat 

temperature of initial boiling is much higher than that of water. The heat transfer 

process for a period of 50 s is shown with a solid line where photographs were taken at 

5.6 Heat transfer processes during transitions to fully-developed nucleate boiling or to film 
boiling at a pressure of 101.3 kPa in saturated ethanol 
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the points of 5.8(a) to (f). On the other hand, the process for a period of 100 ms is 

shown with a dashed line where photographs were taken at the points of 5.9(a) to (f): 

the boiling occurs at a surface superheat point of 100 K, which is higher than that in the 

case of the process at period of 50 s, and then shows a transition directly to film boiling 

without passing the nucleate boiling. It is considered that the direct boiling transition 

from non-boiling to film boiling is due to the heterogeneous spontaneous nucleation 

(HSN) as mention before. 

Then the Figs 5.8 and 5.9 give a series of subsequent photographs at this condition. In 

the case of a period of 100ms at first, the photo no. 5.9(b) taken at 2 ms shows a vapor 

tube due to the explosive boiling in flooded cavities, the vapor bubbles are rapidly 

growing and covering the heater surface within just a few milliseconds. A photo no. 

5.9(d) taken at 27 ms shows the vapor bubbles collapse from the boiling initiation 

bubbles. Then, large vapor bubbles are broken away from the large vapor film by 

buoyancy force and move upward. On the other hand, in the case of a period of 50 s, it 

covers the whole heater surface by the large vapor tube. The occurrence behavior of 

initial boiling is just similar to that of the direct transition for 100 ms. This vapor film 

behavior that are rapidly growing and covering the heater surface during boiling 

initiation could never be seen in the water experiment with quasi-steadily increasing 

exponential heat input. After the detachment of large vapor bubbles, transition to fully- 

developed nucleate boiling occurs. 

 

5.7 Heat transfer processes during transitions to fully-developed nucleate boiling 

or to film boiling at atmospheric pressure in saturated FC-72 

 

As shown in the Fig. 5.10, the heat transfer process for a period of 10 s at a pressure of 

101.3 kPa is shown with a dashed chain line where photographs were taken at the points 
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of 5.12(a) to (f), and with the steady-state natural convection curve derived by Takeuchi 

et al. (1995) and the steady-state film boiling curve derived by Sakurai et al. (1990) for 

comparison. On the other hand, the heat transfer process including direct transition 

point for a period of 100 ms at the same pressure is also shown with a dashed line where 

photographs were taken at the points of 5.11(a) to (f), and with the heat conduction 

curve derived by Sakurai et al. (1977). As shown in the figure, the transition processes 

to film boiling are completely different from each other due to the exponential period: 

namely the heat inputs correspond to those with the increasing rates from quasi-steady 

to rapid ones.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7 Boiling heat transfer processes for periods of 50 s and 100 ms under saturated

condition at atmospheric pressure in ethanol from non-boiling to film boiling or to fully 

developed nucleate boiling. Photographs were shown in Figs. 5.8 & 5.9. 
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(a)=0ms 

(b)=5ms 

(c)=52ms 

(d)=807ms 

(e)=14.3s 

(f)=64.4s 

(a) t=0ms 

(b) t=2ms 

(c) t=5ms 

(d) t=27ms 

(e) t=67ms 

(f) t=127ms 

Fig. 5.9 Vapor film behavior during

direct transition to film boiling for a

period of 100 ms at a pressure of

101.3kPa in saturated ethanol. 

Fig. 5.8 Vapor film behavior during

transition to fully developed nucleate

boiling for a period of 50 s at a pressure

of 101.3kPa in saturated ethanol. 
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In the case of the boiling process with a period of 100 ms, it is considered that the direct 

boiling transition from non-boiling to film boiling is due to the heterogeneous sponta-

neous nucleation (HSN) as mentioned before. And it can be seen that the incipient 

surface superheat at which direct transition occurs, becomes a little higher with a 

decrease in period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.10 Boiling heat transfer processes from non-boiling to film boiling or to fully 

developed nucleate boiling under saturated condition in FC-72. Photographs shown in 

Figs. 5.11 & 5.12 were taken at points of 5.11(a) to (f) and 5.12(a) to (f) on the graph,

respectively. 
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5.7.1 Photographs of vapor film behavior during transition to film boiling in FC-72 

 

Figure 5.11 shows the photographs of transient boiling behavior taken by a 

high-speed video camera at the corresponding points shown in Fig. 5.10. Figure 5.11(a) 

is the photograph at point (a), which is the onset of boiling. Figure 5.11(b) is the 

photograph after a time passage of 1 ms from point (a). The vapor bubbles are rapidly 

growing and surrounding the surface of test heater. The rapid growth of vapor bubbles is 

due to heterogeneous spontaneous nucleation (HSN) within the flooded cavities of test 

heater. As shown in the Fig. 5.11(c), the vapor bubbles covered almost all the heater 

surface within a time less than 5 ms. Figure 5.11(d) is the photograph after a time 

passage of 27 ms from point (a). It is seen that the vapor bubbles are separated from the 

surface of test heater. The bubble size along the same direction of axis as the heater is 

almost equal to the size of Taylor’s hydrodynamic instability wavelength. Figure 5.11(e) 

is the photograph of the time at which 67 ms elapsed from point (a). The film boiling 

appears after the departure of vapor bubbles. Figure 5.11(f) is the photograph after the 

time passage of 127 ms from point (a) and is the stable film boiling after passing the 

point (e).   

 

5.7.2 Photographs of vapor film behavior during transition to fully-developed 

nucleate boiling in FC-72 

 

Figure 5.12 shows the photographs for typical vapor film and vapor bubble behaviors 

in the transition to developed nucleate boiling caused by quasi-steadily increasing 

exponential heat input with a period of 10 s at a pressure of 101.3 kPa at the corre-

sponding points shown in Fig. 5.10. The vapor bubbles are rapidly growing and 

surrounding the surface of test heater, and the test heater is almost fully covered with 
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the vapor bubbles as shown in the Fig. 5.12(d). The vapor film behavior shown in 

5.12(a) to (d) is just similar to that of the direct transition for a period of 100 ms at the 

(a) t=0ms 

(b) t=1ms 

(c) t=4ms 

(d) t=27ms 

(e) t=67ms 

(f) t=127ms 

(a) t=0ms 

(b) t=2ms 

(c) t=6ms 

(d) t=22ms 

(e) t=87ms 

(f) t=8.8s 

Fig. 5.12 Vapor film behavior during

transition to fully developed nucleate

boiling for a period of 10 s at a pressure

of 101.3 kPa in saturated FC-72. 

Fig. 5.11 Vapor film behavior during

direct transition to film boiling for a

period of 100 ms at a pressure of

101.3kPa in saturated FC-72. 

5.7 Heat transfer processes during transitions to fully-developed nucleate boiling or to film 
boiling at atmospheric pressure in saturated FC-72 
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same pressure in Fig. 5.11. The time dependence of the vapor film behavior is also 

similar to that shown in Figs. 5.11(a) to (d) except that after the detachment of large 

vapor bubbles transition to film boiling occurs. This vapor film behavior that are rapidly 

growing and covering the heater surface during boiling initiation could never be seen in 

the water experiment with quasi-steadily increasing exponential heat input. In the case 

of the initial boiling behavior in a pool of ethanol, of course FC-72, which are highly 

wetting liquids, the surface tension is lower than that of water and its contact angle 

between liquid and heater surface is smaller than that of water, so that it may be easy for 

a wetting liquid to previously flooded cavities on a heater surface. Therefore, it can be 

assumed that the initial boiling is due to not active cavities but flooded cavities on a 

heater surface. 

In the case of Fig. 5.11, after the detachment of large vapor bubbles, the new film 

boiling is formed by the explosive-like HSN. On the other hand, as seen in Figs. 5.12(e) 

to (f), the nucleate boiling occurs from the cavities of entrained vapor that are formed 

after detachment of vapor bubbles with a slight decrease in surface superheat which 

prevents the growth of the HSN. If the detachment of vapor bubbles without decreasing 

in average surface superheat is realized, the direct or semi-direct transition occurs as in 

the case of rapidly increasing in heat input mentioned before. 

 

5.8 Summary 

 

The vapor behavior on the horizontal test cylinder during the transition from natural 

convection and transient conduction regimes to film boiling in water and highly wetting 

liquids such as ethanol and FC-72 due to various exponentially increasing heat inputs 

including a quasi-steadily increasing heat input to a rapid increasing one was examined 

by the photographs taken using a high-speed video camera. 
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In the case of the highly wetting liquids, the vapor film behavior during transition to 

fully-developed nucleate boiling was just similar to that of the direct transition to film 

boiling. This vapor film behavior that rapidly grew and covered the heater surface 

during initial boiling could never be seen in the water experiment with a quasi-steadily 

increasing exponential heat input. It was confirmed that the initial boiling behavior is 

significantly affected by the property and the wettability of the liquid. The direct 

transition at the CHF from non-boiling regime to film boiling one occurred without a 

heat flux increase for a short period within second group while semi-direct transition 

occurred with one. It was certain that the direct or semi-direct transition occurs in the 

case of rapidly increasing heat input when the detachment of vapor bubbles without 

decreasing of average surface superheat is realized. The transient CHFs are clearly 

divided into three principal groups for the periods and well dependent on subcooling at 

the fixed pressure. And the minimum CHF values within the second group at each 

pressure were much lower than the corresponding steady state CHF. Also the ratio of 

minimum CHF to steady state one was different depending on the liquids. 
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6. Conclusions 
 

Steady-state and transient boiling heat transfer characteristics caused by an exponen-

tial heat generation rates with various period were investigated. Steady-state and 

transient critical heat fluxes (CHFs) were measured using a 1.0 mm diameter horizontal 

cylinder in a pool of water and highly wetting liquids, such as ethanol and FC-72, over 

periods ranging from about 5 ms to 50 s for wide ranges of subcooling and pressure. 

 

In Chapter 3, it was confirmed that boiling heat transfer processes from non-boiling 

to film boiling or to fully-developed nucleate boiling were completely different from 

each other depending on the experimental liquids. Also it is recognized they depend on 

the heat generation rates shown with period. 

(1) The processes from non-boiling to film boiling were completely different from each 

other depending on the period. The values of initial boiling heat flux increased with a 

decrease in period, that is, as the period shortens, the heat conduction became pre-

dominant in heat transfer compared with the natural convection.  

(2) The vapor behavior at initial boiling due to the HSN was considerably different from 

that due to active cavities; it covered the whole cylinder surface by the large vapor 

tube in a short time. It was considered that the direct boiling transition on the heater 

surface from non-boiling to film boiling was due to the HSN in previously flooded 

cavities on heater surface without the contribution of active cavities in general. 

(3) The quasi-steady-state CHFs measured were mainly divided into two mechanisms for 

lower and higher subcooling at a pressure; the former and latter CHFs occur due to 

hydrodynamic instability (HI) and explosive-like heterogeneous spontaneous nuclea-

tion (HSN) on the cylinder surface respectively. The dependability of pressure in the 

high subcooling regime became different depending on the boiling liquids. 
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(4) The transient CHFs were clearly classified into three principal groups for the periods: 

first group for the longer period, second group for the shorter and third group for the 

intermediate. And those were dependent on subcooling whichever groups in the case 

of a constant pressure. 

 

In Chapter 4, it was investigated the effect of the surface conditions of the test cylin-

ders such as the commercially-available surface (CS) and the roughly-finished surface 

(RS) with different cavity size distribution and surface energy in saturated and sub-

cooled test liquids at various pressures on the transient pool boiling CHFs caused by the 

exponential heat generation rate shown with the periods. 

(1) The effect of surface condition on steady-state CHFs for wide range of subcoolings 

and pressures was investigated. The CHFs measured for the CS cylinder almost 

agreed with that of RS one though the data for the rough cylinder at some pressures 

were slightly larger than that of the CS cylinder. 

(2) The transient CHFs were clearly existed into three groups in ethanol and FC-72 for 

the cylinders with CS and RS, though the values for the shorter periods belonging to 

the second group for the cylinder with CS were not observed in the case of water 

tested here except those for the saturated condition at around atmospheric pressure. 

(3) The transient CHFs belonging to the first group for longer periods at lower and 

higher subcoolings at the pressure tested obtained for the cylinder with RS, ex-

pressed by Eq. (3.8) representing CHF due to the HI, and Eq. (3.9) representing 

CHF due to the HSN, respectively, were similar to those obtained for the cylinder 

with CS. On the other hand, the second groups of CHFs for the shorter periods for 

each cylinder were approximately expressed by Eq. (3.10) which gave the theoreti-

cal conduction heat flux corresponding to a short period at the corresponding HSN 

surface superheat depending on the period, though the CHF values for RS cylinder 

6. Conclusions 
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existed at slightly higher than the CS cylinder. 

(4) The period range of the third group CHF for the cylinder with RS became narrow in 

comparison with that for the cylinder with CS. As a result, the period range of the 

second group CHF became wide in the range of the periods. The minimum CHF 

values for the longest period for the second group at each pressure were much lower 

than the corresponding steady-state CHF, and the minimum CHF values obtained for 

CS cylinder disagreed with those obtained for RS cylinder. Consequently, the CHF 

values belonging to the second and third group were considerably affected by the 

surface conditions. 

 

In Chapter 5, it was clarified the transition phenomena to film boiling in several 

liquids having different wettability by the photographic approach on the vapor bubble 

and vapor film behavior on the cylinder surface by using a high-speed video camera. 

More in detail, the vapor behavior on the horizontal test cylinder during the transition 

from natural convection and transient conduction regimes to film boiling in water and 

highly wetting liquids such as ethanol and FC-72 due to exponential heat generation 

rates including a quasi-steadily increasing to a rapid increasing one was examined by 

the photographs taken using a high-speed video camera. 

In the case of the highly wetting liquids, the vapor film behavior during transition to 

fully-developed nucleate boiling was just similar to that of the direct transition to film 

boiling. This vapor film behavior that rapidly grew and covered the heater surface during 

initial boiling could never be seen in the water experiment with a quasi-steadily increasing 

exponential heat input. It was confirmed that the initial boiling behavior is significantly 

affected by the property and the wettability of the liquid. The direct transition at the CHF 

from non-boiling regime to film boiling one occurred without a heat flux increase for a 

short period within second group while semi-direct transition occurred with one. It was 
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certain that the direct or semi-direct transition occurs in the case of rapidly increasing heat 

input when the detachment of vapor bubbles without decreasing of average surface 

superheat is realized. The transient CHFs are clearly divided into three principal groups 

for the periods and well dependent on subcooling at the fixed pressure. And the minimum 

CHF values within the second group at each pressure were much lower than the corre-

sponding steady state CHF. Also the ratio of minimum CHF to steady state one was 

different depending on the liquids. 

 

6. Conclusions 
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