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.' I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Film boiling on spheres in single- and two-phase flows was studied experimentally 

and theoretically with an emphasis on establishing the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling heat transfer closure 

law, which is useful in the analysis of nuclear reactor core melt accidents. 

Systematic experimentation of film boiling on spheres in single-phase water flows was 

carried out to investigate the effects of liquid subcooling (from 0 to 40 "C), liquid velocity 

(from 0 to 2 m/s), sphere superheat (from 200 to 900 "C), sphere diameter (from 6 to 19 mm), 

and sphere material (stainless steel and brass) on film boiling heat transfer. Based on the 

experimental data a general film boiling heat transfer correlation is developed. Utilizing 

a two-phase laminar boundary-layer model for the unseparated front film region and a 

fxrbulent eddy model for the separated rear region, a theoretical model was developed to 

predict the film boiling heat transfer in all single-phase regimes. 

The film boiling from a sphere in two-phase flows was investigated both in upward 

two-phase flows (with void fraction from 0.2 to 0.65, water velocity from 0.6 to 3.2 m/s, 

and steam velocity from 3.0 to 9.0 m/s) and in downward two-phase flows (with void 

fraction from 0.7 to 0.95, water velocity from 1.9 to 6.5 m/s, and steam velocity from 1.1 to 

9.0 m/s). The saturated single-phase heat transfer correlation was found to be applicable 

to the two-phase film boiling data by making use of the actual water velocity (water 

phase velocity), and an adjustment factor of (1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa)li4 (with a being the void fraction) for 

downward flow case only. Slight adjustments of the Reynolds number exponents in the 

correlation provided an even better interpretation of the two-phase data. 

Preliminary experiments were also conducted to address the influences of multi- 

sphere structure on the film boiling heat transfer in single- and two-phase flows. 
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NOMENCLATURE 

Archimedes number, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg(p1- pv)d3/(pv.,2) 
specific heat, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD/( kg "C)] 

diameter of sphere or cylinder, [m] 

dimensionless diameter, d/  [u/y/ (pl - p, )] 
Froude number, Uf/(gd) 
gravitational constant, [kg m/sec2] 

heat transfer coefficient, q/AT 
latent heat of vaporization, u/ kg] 

latent heat plus sensible heat, hfD + 0.5Cp,ATs, 
density ratio, pl/pv 

thermal conductivity, [W/(m "C)] 

capillary length, [a/g/(pl  - p,)]1/2 

average Nusselt number, hd/K 

Prandtl number 

average surface heat flw, [W/m2] 

radius; or dimensionless ratio, [ ( , ~ p ) , / ( p p ) l ] ~ / ~  

Reynolds number of liquid phase, Uld/vl 

dimensionless subcooling, ( CplATsub)/(hfgPrl) 
dimensionless subcooling, ( CplATsub)/ (h)gPrl) 

dimensionless superheat, ( CpATsup) / ( hfgPr,) 

dimensionless superheat, ( CpvATsup)/ (h)J?r,) 

temperature, ["C] 
velocity, phase velocity 

superficial velocity 

Grashof number, gpl(T'at - z)d 3 2  /vz 

Greek symbols 
a! 

ATsub 
AT', 
E radiation emissivity 

A, critical wavelength, 2nl' 

,U viscosity, [kg/(m sec)] 

V kinematic viscosity, [m2 /sec] 

P density, [kg/m3 J 

thermal diffusivity, k;/(pCp); or void fraction 

average superheat of solid or solid wall, T, - Tsat 

liquid subcooling, Tsat - T' 
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1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAINTRODUCTION AND OVERVIEW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Film boiling is a major heat transfer mechanism that occurs when large temperature 

differences exist between a liquid and a hot surface. It has applications in cryogenic 

systems, metallurgic industries, and other areas where heating, cooling, and quenching 

of high temperature surfaces are encountered. 

In recent years, film boiling has become an important concern in the nuclear reac- 

tor safety analyses. During postulated core melt accidents (CMAs), the core/fuel may 

melt, fall into water, and fragment into spheres or sphere-like particles. The subsequent 

fuel-coolant interaction may result in spontaneous evaporation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- a destructive steam 

explosion. One of the important concerns in the analysis of fuel-coolant interaction (pre- 

mixing) is the heat transfer between the fuel particles and the water/steam two-phase flow 

in all the flow regimes, which cover from natural convection (pool film boiling) to forced 

convection, from saturated to highly subcooled, and from single-phase flow to two-phase 

flow. 

Recently, Theofanous (1987), Amarasooriya (1991) and Yuen (1994) have developed 

a three-fluid model for general systems in a wide range of flow regimes. Such models 

have been found useful for establishing upper limits on the energy of large-scale steam 

explosions. In the absence of experimental data and appropriate film boiling correlations, 

the initial computations were based on single-phase film boiling correlation and extrapola- 

tions of two-phase formulations. The situations are the same for other fuel-coolant analysis 

codes. Thus, there is a need for a complete closure law - the heat transfer correlation for 

film boiling on spheres in a wide range of single- and two-phase flow regimes. 

Regarding previous work on film boiling from spheres, it can be concluded that: 

For two-phase Flows: No experiment or analysis for sphere film boiling in two-phase 

flows can be located. For Single-Phase Flows: (1) All the meaningful single-phase film 

boiling heat transfer data were obtained through short cool-down transients (by passing 

a preheated sphere through a liquid tank). Although the short cool-down transient tech- 

nique is good enough for pool or low speed forced convection film boiling experiments, it 

is not adequate for high velocity forced convection film boiling, because the transient is too 

short. For example, with sphere speed at 2.0 m/s and pool length 0.5 m, the film boiling 

cool-down transient is only about 0.25 second! Within such a short time, the entrance 

thermal response may affect the accuracy of the experimental data. (2) The accuracy of 

the single-phase data may be very poor as a result of the large heat loss from the support- 

tube, since the sphere-support-tube diameter to sphere diameter ratios of the previous 

experimental work are about 0.12 to 0.3. (3) For each single-phase film boiling regime, 
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the basic form of heat transfer correlation has been well developed, but there are some 

uncertainties in the correlation constants, as shown in Table 2.5. (4) There is no general 

correlation or complete theoretical analysis for film boiling on spheres which covers all 

the single-phase flow regimes. There is no theoretical model for the heat transfer in the 

separated rear region of the sphere. 

The main purpose of this work is to establish the experimental data base and to de- 

rive the heat transfer correlation (closure law) for film boiling on spheres. The emphasis 

is on very high temperature film boiling (pure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling with the sphere temperature 

higher than the quenching point) in all the flow regimes, which cover from natural con- 

vection (pool film boiling) to forced convection, from saturated to highly subcooled, and 

from single-phase flow to two-phase flow. Besides this, theoretical analysis is carried 

out to understand the fundamentals of film boiling and to formulate better heat transfer 

correlations. 

A versatile two-phase flow loop/mixer has been built to provide a variety of steady 

state single- and two-phase flow to obtain reliable, high quality, and complete experiment 

data. A radio frequency induction heating technique was investigated and applied to 

heat metallic spheres directly inside the test section to maintain a steady state film boiling. 

With these setups, the film boiling heat transfer data can be obtained either by transient 

mode runs or by steady-state mode runs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn X-ray radiograph technique was applied to 

measure the void fraction of two-phase flow in the test section. Another unique feature of 

the present experiment approach is that it provides a convenient way to observe clearly 

the film boiling process, since the sphere is held still during the run. After the induction 

power is turned off, the induction coil could be moved away to allow the whole film 

boiling cool-down transient to be observed. With test spheres directly supported by small 

sheathed thermocouples (thermocouple O.D. vs test sphere O.D. being: 0.25 mm/6.35 

mm; 0.5/9.35; and 0.81/12.7), the heat loss from the support is significantly minimized 

and is relatively small. 

Systematic experimentation of film boiling on sphere in single-phase water flow has 

been carried out (Chapter 4) to investigate and check the effects of liquid subcooling (from 

0 to 40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C), liquid velocity (from 0 to 2 m/s), sphere superheat (from 200 to 900 "C), 
sphere diameter (from 6 to 19 mm), and sphere material (stainless steel and brass) on film 

boiling heat transfer. The single-phase experiment results are presented, discussed, and 

correlated in saturated pool, saturated forced convection, subcooled pool, and subcooled 

forced convection film boiling regimes, respectively; and then a general film boiling heat 

transfer correlation is developed (Chapter 6). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. I  
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtheoretical analysis of film boiling from a sphere in single-phase flows was con- 

ducted (Chapter 5). With the two-phase laminar boundary layer model (an integral 

method modified from Shigechi, Ito and Nishikawa's (1983) model) for the un-separated 

front film region and the turbulent eddy model (based on Theofanous, Home and B m -  

field's (1987) model) for the separated rear region, the combined theoretical model can 

predict the film boiling heat transfer in all regimes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' I  

The film boiling from a sphere in two-phase flows has been investigated (Chapter 7) 
both in an upward two-phase flow (with void fraction from 0.2 to 0.65, water phase velocity 

from 0.6 to 3.2 m/s, and steam phase velocity from 3.0 to 9.0 m/s) and in a downward 

two-phase flow (with void fraction from 0.7 to 0.95, water phase velocity from 1.9 to 6.5 

m/s, and steam phase velocity from 1.1 to 9.0 m/s). The void fractions were measured 

by an X-ray radiography. The calculated void fraction of downward two-phase flow, 

which is based on the acceleration due to the gravity and steam drag, agrees well with 

the X-ray measurements. The saturated single-phase heat transfer correlation is found 

to be applicable to the two-phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling data by making use of the actual water 

velocity (water phase velocity), and an adjustment factor of (1 - for downward 

flow case only. Slight adjustments of the Reynolds number exponents in the correlation 

provide an even better interpretation of the two-phase data. The power dependency on 

the Reynolds number should decrease to 0.2 in the upward two-phase case and increase 

to 0.75 in the downward two-phase case to correlate better the film boiling heat transfer 

data respectively. 

The film boiling from a multi-sphere group has also been investigated (Chapter 8) 

through a five-sphere array with four spheres placed in the front of the test sphere. The 

experiments indicate that: (1) the presence of boiling spheres in the front of the test sphere 

decreases the film boiling heat transfer in the upward two-phase flow and increases the 

heat transfer in downward two-phase flow; and (2) in a saturated single-phase upward 

flow, the presence of boiling spheres in the front of the test sphere increases the heat 

transfer in pool film boiling regime and decreases the heat transfer in forced convection 

film boiling regime. These trends are consistent with the expectation using the single- 

sphere correlation and the theoretical interpretation in conjunction with the flow field 

changes due to the presence of the four spheres ahead of the test sphere. 
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2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA REVIEW ON FILM BOILING FROM SPHERES AND HORIZONTAL 
CYLINDERS IN SINGLE-PHASE FLOWS 

2.1 Film Boiling and Radiation Effect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Boiling is the evaporation process that occurs at the interface of a liquid and a hot 

solid or another hot liquid. This process is associated with mass and heat transfer from the 

hot surface to the liquid through the vapor film. According to the temperature difference 

across the interface and the configuration of the vapor film around the interface, boiling 

is usually classified into three sub-groups: nucleate, transition and film boiling. 

In film boiling, a complete vapor film is formed at the interface which prevents the 

liquid directly contacting with the hot solid (or liquid) surface. Film boiling only exists 

when the temperature difference across the interface is large enough to sustain it (usually 

over 100 "C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 700 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C depending on subcooling, surface condition and liquid flow velocity). 

In film boiling, the heat transfer mechanism is mainly by heat conduction and radiation 

across the vapor film. The low conductivity of the vapor film through which the heat 

must be transported characterizes the low value of heat transfer coefficient. The radiation 

heat transfer contributes higher and higher percentage in the total heat flux when the 

temperature difference becomes bigger and bigger. 

According to the geometry of the interface, film boiling can be categorized into: film 

boiling on plane surfaces (vertical, horizontal upward, horizontal downward, inclined 

and curved), on cylinders, and on spheres. Actually, the film boiling on sphere and on 

cylinder are quite similar to each other, both in vapor film configurations and in the ways 

that the heat transfer data are correlated. Here, the review and discussion are limited only 

on the film boiling from cylinders and spheres. 

On the configuration of the vapor film on spheres and cylinders, several papers are 

relevant, such as Walfort (1969), Stevens and Witte (1971), Aziz and Hewitt (1986), Zvirin, 

Hewitt, and Kenning (1990), and Dix and Orozco (1990). According to these observations, 

the conclusions about the vapor film configuration on the front part of the sphere or 

cylinder (with 0 < 7r/2) are consistent: a complete vapor film either smooth or wavy is 

covered on the front of the sphere/cylinder. But, on the other hand, the descriptions of 

the film configuration on the rear part are quite diverse. There are two reasons for this 

diversity. Firstly, the shape of the rear vapor film itself depends on the liquid condition: 

the velocity of flow and the degree of subcooling. Secondly, the back film configurations 

are also significantly affected by the sphere supports, which are at the rear side. For most 
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of the previous experimental observations, the support effects were not avoided and even 

not discussed. 

Regarding the influences of the sphere/cylinder itself on the film boiling, some ex- 

perimental investigations [such as Bromley (1950) and Dhir zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1978)l indicate that, if only 

the convective heat transfer is considered, the materials, the properties and the surface 

conditions do not affect the film boiling heat transfer significantly. However, the thermal 

conductivity of the sphere may affect the temperature distribution inside the sphere, and 

the radiation heat transfer (emissivity of the surface) strongly depends on the material and 

the surface condition of the spheres/cylinders. Moreover, the materials, properties, and 

surface conditions of the sphere significantly affect the quenching (or transition) point and 

the heat transfer during the transition boiling. In conclusion, for film boiling, the sphere 

itself only affects the radiation heat transfer but not the convective heat transfer. 

On the other hand, in regard to the effects from the liquid, many quantities and 

conditions should be considered. Firstly, the properties of the liquid should be considered. 

Such properties are densities, heat conductivities and viscosities of the liquid phase and the 

vapor phase, saturation temperature at certain system pressure, latent heat of evaporation 

and surface tension at the liquid vapor interface. Secondly the liquid temperature and 

the system pressure must be specified, which determines the subcooling of the liquid. 

According to this, the film boiling is classified into: saturated and subcooled film boiling. 

In the case of saturated film boiling, most of the heat that is transferred through the 

interface becomes the heat source for evaporation, and the produced vapor does not (or 

hardly) condense. So, the front vapor film is thick and wavy; the film on back of the 

sphere becomes thicker and thicker and eventually develops into a stable (or unstable) 

vapor dome; there is a two-phase wake behind the sphere. In contrast, in the case of 

subcooled film boiling, most of the heat transferred to the interface is convected away 

into the liquid and only part of the heat becomes the heat source for net evaporation. The 

bubbles that separated from the vapor film condense very quickly and vanish after a short 

path in the liquid. Finally, according to the liquid flow velocity, the film boiling can be 

divided into two regimes: pool (or natural free convection) and forced convection film 

boiling. Experimental investigations indicate that as long as the square root of the Froude 

number is smaller than -1.5, the velocity of the liquid does not affect the film boiling heat 

transfer rate, and this serves as the criterion to distinguish the pool and forced convection 

film boiling. 

There are many aspects of film boiling; a complete review on the film boiling from 

spheres/cylinders is not intended here. Since our purpose is to get new data by using new zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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techniques and to develop a general correlation for film boiling on spheres in single- and 

two-phase flows, the review will emphasize existing film boiling analyses, correlations, 

experimental techniques and experimental results. The review is divided into four sections 

according to the flow velocity and liquid subcooling, which are saturated pool, subcooled 

pool, saturated forced convection and subcooled forced convection film boiling. 

Before the detailed review on the film boiling which only takes account to the convec- 

tive heat transfer (with the radiative heat transfer contribution being subtracted away), let 

us look how the radiation heat transfer is considered first. 

Since radiation from the sphere/tube is largely absorbed in a small thickness of the 

liquid, it serves to produce more vapor that goes into the vapor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm. This means that with 

the existence of radiation the convective contribution of film boiling heat transfer will be 

affected, and the heat transfer contributions of the convection zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand radiation can not be 

simply added. together. 

Bromley (1950) did an analysis for the case of pool film boiling and obtained an 

equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= h,( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhJh) 1'3 + hr 

He also indicated that, as long as hr is smaller than h,, the simple equation 

gives a good approximation to Eq. (2.1) within an accuracy of 5%. If hr is very large (hr/h, 

ranges up to 10.0) the following equation was suggested 

Bromley, Leroy and Robbers (1953) did a similar analysis for the case of forced con- 

vection film boiling by assuming that all heat transfer above the separation point 8, is by 

radiation, and they obtained an expression 

h = h, + h r ( 1 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8,/(47r)) (2.4) 

At high velocities, 8, equals 7r/2, so 

In all the above cases, hr is given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Since then, Eq. (2.2) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2.5) are usually used in literature when radiation is concerned. 

However, recently, Sakurai, Shiotsu and Hata (1990) did a rigorous numerical solution for 

pool zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling with subcooling. By comparing the results with and without radiation, 

they suggested that the radiation effect can be considered in the following way zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= hc + Jh, (2.7) 

J = F + ( 1  - F) / (1+  1.4hc/h,) (2.8) 

(2.9) 
F = [l - 0.25exp(-0.13Sp)]exp(-0.64R 0.6 Prl 0.65 Sp-o*73Sc1*1) 

The J factors for pool and forced convection film boiling (with the heat transfer 

coefficient h being estimated by our general correlation, see chapter 6) are plotted in 

Fig. 2.1 and Fig. 2.2 respectively; they show a big difference between the two ways of 

calculating the radiation factors, especially when the sphere superheat is low and liquid 

subcooling is large. The ratios of total heat transfer coefficients obtained by using Eq. (2.5) 

and Eq. (2.7) are given in Fig. 2.3 and Fig. 2.4 for pool and forced convection film boiling 

cases respectively. In the case of pool film boiling, the maximum difference is about 16% 

which occurs at the condition of 80 "C liquid subcooling and 1300 "C wall superheat. In 

the case of forced convection film boiling, the maximum difference is about 11% at the 

condition of 80 "C liquid subcooling and 2200 "C wall superheat. These comparisons 

indicate that the complicated Sakurai's radiation factor dose not differ greatly from the 

simple Bromley's factor of 7/8, and the Bromley's factor may still be used in a practical 

sense. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.2 Saturated Pool Film Boiling 

2.2.1 114 Power Law 

Bromley (1950) is the first work to study the pool film boiling at saturated condition 

systematically. It showed that heat transfer coefficients are independent of the tube ma- 

terials except for the radiation contribution. By an analysis that is similar to the Nusselt's 

analysis for condensation, Bromley obtained: 

Nu = C[Ar/Sp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf ] 1/4 (2.10) 

Where the Archimides number Ar is given as: Ar = ~ ( p l -  pu)d3/(pvw,2). He argued that, 

in general, the constant C is function of Sp' = [(ATSupC,,)/(ri;,Pr,>l. According to the 

stable pool film boiling experiments that were conducted with electrical heated graphite 
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3000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 2.1. Radiation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ factor in the case of pool film boiling. 

Fig. 2.2. Radiation J factor in the case of forced convection film boiling. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2-5 



1.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.1 

1.0 

0.9 

1.15 

1.10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 
\ 
n 

a3 
\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rn 

1.05 W 

1.00 

0.95 

0.90 

-0 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 I I I I I I I I - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 

- 
- 

- 
- 

- 
- 
- 

- 
- 

- 

- 
- 

- 
- 

- 

- 
- 
- 
- 
- 

- 

- 
- 
- 
- 
- 
- - 

I I 1 I I 1 I I I I I 1 I I -1 

1000 2000 

AT,,, ("c) 
3000 

Fig. 2.3. The ratio of heat transfer coefficients obtained by Eq. (2.5) and Eq. (2.7) in pool 
film boiling. 



tubes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.8- 16.2 mm) and with 7 different fluids (water, soap solution, liquid nitrogen, 

n-pentane, benzene, carbon tetrachloride and ethyl alcohol) at atmosphere pressure, he 

concluded that the constant C does not vary significantly and suggested that a constant 

C = 0.62 could be used to correlate all of his data. Thus it gives, 

Nu = 0.62[Ar/Sp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ] 1/4 (2.11) 

Ten years later, Berenson (1961) applied the Taylor-Helmhotz Hydrodynamic Insta- 

bility concept to his analysis of pool film boiling from a large horizontal surface, and he 

reached a correlation, 

Nuxc = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhAc/k, = 0.672[Arxc/Sp] 11/4 (2.12) 

which is similar to that of Bromley’s correlation for horizontal cylinder besides the substi- 

tution of critical wave length A, = 27d‘ for the tube diameter in Nu and Ar number. 

In 1963, Frederking and Clark, applied a laminar analysis which is similar to that used 

by Bromley to the pool film boiling from a sphere and got a similar correlation: 

Nu = 0.586[Ar/Sp]1/4 (2.13) 

Dhir and Purohit (1978) did an experiment with 19 and 25.4 mm spheres of steel, 

copper, and silver in water. They found that the properties of the sphere do not affect the 

heat transfer coefficient provided a stable film exists, which agrees with Bromley’s (1950) 

argument. When they correlated their pool film boiling data at saturated condition, they 

got: 

Nu = 0.8[Ar/S~]l/~ (2.14) 

The constant is higher than that in Eq. (2.13), however it is not clear which is right because 

of the following two reasons. First, because their support tube is 3 rnm in diameter, the heat 

loss from the support could contribute large portion in the total heat transfer. Second, their 

experiment was operated at the “minimum film boiling temperature” state, the boiling 

may be partially in the transition boiling regime. So their experimental data may over 

estimated the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling heat transfer from sphere, and the correlation constant C = 0.8 

may be too high for pool film boiling. 

In addition to the above literature, there are also some others that obtained or applied 

the 1/4 power law for pool zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling at both saturated and subcooled conditions, such 

as Farahat and Nasr (1975), Farahat and Halfawy (1975), Farahat (1978), Klimenko (1980), 
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Michiyoshi, Takahashi and Kikuchi (1988), Tso, Low and Ng (1990), Sakurai, Shiotsu, and 

Hata (1990a,b). Especially, when the diameter effect on the heat transfer is concerned, the 

base of the correlation is usually the 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/4 power law, this will be discussed later. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.2.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPower Law 

Through research which concerns the pool film boiling from spheres (usually, D > 20 

mm) in cryogenic liquids or in some organic liquids which have small capillary length l’, 

the correlations with 1/3 power law were developed. 

The first work may be attributed to Frederking and Clark (1963). They obtained a 1/4 
power law from their theoretical analysis, however, the 1/3 power law emerged from the 

fact that the pool film boiling heat transfer coefficients obtained from their experiments 

were independent of the diameter of the test sphere over their range of geometry. So they 

applied the 1/3 power law to correlate their data in the form of 

(2.15) Nu = 0.14[Ar/Sp] I 1 / 3  

Merte and Clark (1964) did an experiment by cooling-down a sphere ( D = 25.4 mm) 

in liquid nitrogen under different gravity conditions (0.0 < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa/g  < 1.0). Their data were 

correlated by: 

Nu = O.lS[Ar/Sp’ ( ~ / g ) ] l / ~  (2.16) 

They argued that the power increasing from Bromley‘s 1/4 to 1/3 is due to the transition 

from laminar to turbulent flow, and the transition appears to occur at a Rayleigh number 

of about 5 x lo7. 

In the researching of oscillation effect on the pool film boiling heat transfer, Rhea and 

Nevins (1969) conducted an experiment with 25.4,lg.O and 12.7 mm diameter spheres in 

liquid nitrogen, and Schmidt and Witte (1972) did an experiment with 19 mm diameter 

sphere in Freon-11. Both of them used the same correlation 

Nu = 0.14[Ar/Sp’ - {a /g  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ ~ f ~ / ( d g ) } ] ~ / ~  (2.17) 

where z and .f are the amplitude and frequency of the oscillation respectively. 

There are also some other literature that apply 1/3 power law to saturated pool film 

boiling. Such as, Frederking, Chapman, and Wang (1965), Barron and Gorgolis (1977), 

Farahat and Nasr (1978), Kliirnenko (1980), Grigoriev, Klimenko and Shelepen (1982). 
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It seems that with big diameter sphere or in cryogenic liquids, 1/3 power law should 

be used to correlate the pool film boiling heat transfer data if d/E‘ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 10. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.2.3 The Diameter Effect 

Banchero, Barker, and Boll (1955) found that Bromley’s equation did not correlate 

well with their data over a wide range of diameters. They modified Bromley’s correlation 

to the form of 

Nu = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA ( l / d  + C)d1/4[Ar/Sp’]1/4 (2.18) 

where A and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC are constants determined from experiment: A is given as about 0.045 

(i~~)(ft)-l/~, presumably for a variety of liquids, whereas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC is 9.5,36.5 and 84.0 (in)-l for 

n-pentance, oxygen, and water, respectively, at atmospheric pressure. This correlation 

does not allow the heat transfer coefficient to approach zero as the diameter approaches 

infinity. The disadvantage of this correlation is that the constant C depends on the kind 

of boiling liquid. 

In 1962, Bareen and Westwater made another contribution to the understanding of 

the diameter effect on the pool film boiling heat transfer on cylinders. By introducing the 

Berenson’s (or critical) wave length A,, they correlated all available pool film boiling heat 

transfer data on horizontal tubes by means of an empirical equation: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NU = (0.59 + 0.069Xc/d)(d/Xc)1/4[Ar/Sp’]1/4 (2.19) 

Baumeister and Hamill (1967) developed a theoretical model for pool film boiling 

from small diameter wires. Following the trend of the experiment data, they suggested 

an equation 

Hendick and Baurneister (1969) following the same idea developed a theoretical model 

for film boiling from spheres. They characterized the size of the vapor dome by the critical 

wave length zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, and applied the principle of a maximum rate of entropy production. The 

correlation is given as 
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Where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(d/Z’)2 and e*(B0), G(Bo) are functions of Bo given in graphical form. This 

correlation was verified by experimental data with small spheres ranging from 0.397 to 

12.7 mm in diameter by Hendick and Baumeister (1970). 

Irving and Westwater (1986) and Westwater, Hwalek and Irving (1986), in their re- 

search on the limitation for obtaining boiling curves by the quenching method, indicated 

that when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd /X ,  > 7.8, the heat transfer coefficient will not depend on the diameter of the 

sphere. 

Grigoriew, Klimenko and Shelepen (1982) combined the 1/4 power law and 1/3 

power law to account for the diameter effect and the turbulent effect. They use 1/4 power 

law for laminar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling when diameter is small and 1/3 power law for turbulent film 

boiling when diameter is large. 

Nu = 0.165Ar1/3Pr~’3~2(K), Ar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 x lo7 (2.22b) 

1.0 K 5 1.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f 2 ( K )  = { 0.85K1l3 K > 1.6 

where K = hfo/(CpvATSUp). This correlation, was claimed, fits well with the data from 

11 research groups which include 5 liquids and different size spheres with the diameter 

ranging from 0.25 to 96 mm. 

Sakurai, Shiotsu and et al. (1990a, 199Ob, 1992) introduced an empirical diameter- 

correction factor K(d’) to account for the diameter influence in their correlation. 

Nu/(l + 2/Nu) = K(d’)(Ar/Sp’)1/4M2/4 (2.23) 

K(d’) = 0.44d‘-1/4, 

K(d’) = 0.75/(1+ 0.28d’), 

K(d’) = 2.ld’/(l + 3.0d’), 

K(d’) = 0.415~i’~/~, 

for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd‘ < 0.14 

for 0.14 < d’ < 1.25 

for 1.25 < d‘ < 6.6 

ford’ > 6.6 

where Mc(psvs, ATsupl ATsUb) is a function of liquid and steam properties at given psvs, 

ATsupr which will be given later when the pool film boiling at subcooled condition is 

concerned. The correlation was verified by their pool film boiling steady-state experiment 
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with cylinders of diameter ranging from 0.3 to 6.0 mm, in 7 different liquids and at system 

pressures ranged from 1 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 bar. 

It is interesting to compare the above correlations. The six correlations were plotted in 

terms of Nul‘ /(Arp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/Sp‘) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ’/d inFig. 2.5 at a condition of 1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbar system pressure and 

600 “C sphere superheat. The nondimensional group for the y coordinate is independent 

of diameter, and it could be expressed as 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 1 l 1 1 1  I 1 I 1 1 1 1 1  I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA‘ #’ I !.-I . .  2 ..’ # 

Fig. 2.5. Comparison of pool film boiling correlations for saturated condition. Comparison 
of experimental data with the correlations. 

The comparison shows that in the Z‘/d range of 0.2 to 1.0, all the correlations are 

well agreed in a band less than 10% except Hendricks’s correlation which is about 20% 
higher than others. Bromley’s correlation is applicable in this range, but out of this range, 

Bromley’s under predicted the pool film boiling heat transfer. For big diameter case, all 

correlations tend to depart from Bromley’s at the Z‘/d value of about 0.15 and then keep 

at a constant level in a band of about 13%. On the other hand for small diameter, all 
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correlations start to deviate from Bromley’s at the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl ’ /d value of about 2.0 except the Grig- 

oriev’s correlation. In the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ‘/d range of 2.0 to 10.0, the Hendricks’s and Breen’s correlation 

are about 30% higher than Baumeister’s and Sakurai’s. Under other system pressure and 

superheat conditions, the comparisons is little bit different, but not significantly. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.2.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAExperiments of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPool Film Boiling From Sphere in Water 

Besides Dhir (1978), as mentioned above, there are also several other saturated pool 

film boiling experiment (conducted with cool-down transient of sphere in water) could be 

found in the literature. Bradfield (1967) obtained film boiling cool-down transient curves 

by 59 mm diameter pure copper sphere in water at temperatures of 95/53 and 27 “C and at 

atmospheric pressure. Marschall and Farrar (1975) obtained the heat transfer coefficient 

by a partially submerged inconel sphere of 18.75 mm in diameter. Toda and Mori (1982) 

did an experiment with a 12.7 mm stainless steel sphere. Aziz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, Hewitt and Kenning (1986) 

studied the film boiling on stainless steel spheres of 10 and 20 mm in diameter. 

Some of the experimental results are given in Table 2.1 in terms of the 1/4 power law 

C - 1/4 and Clt = Null /(Arlt /S~’)~/~. The latter are plotted in Fig. 2.5. It is clear that the 

experimental data are about 10-20% higher than the correlations except that Aziz’s data 

are on the line of Hendricks’s. There may be two reasons for this: firstly, in the experiments 

the water was not completely at saturated condition, and secondly the heat losses from 

the sphere support have not been concerned or correctly counted. 

2.3 Subcooled Pool Film Boiling 

2.3.1 The Addition Law 

The earliest work on the subcooled pool film boiling may go back to 1960’s. Tachibana 

and Fukui (1961) experimentally and theoretically studied the pool film boiling from fine 

nichrome wires with diameters of 0.5 and 0.8 mm in water, alcohol and carbon tetrachloride 

over a subcooling range of 0.0 to 45 “C at atmospheric pressure, but no correlation was 

generated. 

Hamill and Baumeister (1967) did a theoretical analysis of film boiling from a hori- 

zontal plate with subcooling and radiation. The analysis is based on the postulation that 

the rate of entropy production is maximized. The general solution enables the total heat 

transfer coefficient to be calculated by addition of the saturated pool film boiling coeffi- 

cient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhsat, radiation heat transfer coefficient h,, and the subcooled turbulent convective 

heat transfer contribution term, which is given by 
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Table 2.1. Experiments of Saturated Pool Film Boiling 

25.4/9.77 

19.0/7.31 

Reference 

Bradfield( 1967) 

Dhir (1978) 

Dhir (1978) 

~ 

210.0 0.86 0.49 

209.0 0.86 0.51 

Toda (1982) 12.7/4.88 

20.0/7.69 

10.0/3.80 

Aziz (1986) 

320.0 0.88 0.59 

510.0 0.91 0.45 

475.0 0.88 0.54 Aziz (1986) 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhnc = qnc/ATsub is the turbulent free-convection heat transfer coefficient for sub- 

cooled zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAliquid, and h, = ea(T;f - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT')/ATsup is the radiation heat transfer coefficient. 

Bradfield (1967) experimentally studied the effect of subcooling on pool film boiling 

from a pure copper sphere (59 mm in diameter) and obtained the film boiling cool-down 

transient heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflux curves in water at temperatures of 95, 53 and 27 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C at atmospheric 

pressure. The study shows a strong effect of the subcooling. 

Siviour and Ede (1970) investigated the subcooled pool film boiling from horizontal 

tubes of diameter 3.2 and 6.4 mrn in water with 0-80 "C liquid subcooling. They correlated 

their experimental data by the addition law: 

Nusat = 0.613[Ar/Sp]1/4, Nunc = 0.59[Grl?r~]~/~ 

where J is 0.78, Nu,. = hrd/kv, and Nu,, = hncd/kl. 

Farahat, Eggen and Armstrong (1972,1974,1975) studied the pool film boiling from 

spheres (with diameters of 25.4, 19.0, and 12.7 mm) in subcooled sodium and water. 
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Following the analysis of Hamill and Baumeister (1967), They correlated their data by 

Nu,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.75[GrPrn]1/4, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
K = 11.9(ATs,b)-0.7 , 
K = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18.8(ATs,b)-0*", 

for d = 25.4 mm 

for d = 19-13 mm 

where Nusat is calculated by Hendricks and Baumeister (1969)'s correlation, n = 1 is for 

nonmetallic fluids and n = 2 is for metallic liquids. The K is a function of liquid subcooling 

and the diameter of the sphere. 

Dhir and Purohit (1978) also applied the addition law to correlate their subcooled 

film boiling data that were obtained by cool-down transient of 19 and 25.4 mm diameter 

spheres of steel, copper and silver in water at atmospheric pressure. The correlation is 

given by 

Nut = Nusat + C,.Nur + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANunc(Sc/SP)(Pl/Pv) (2.27) 

where 

Nusat = 0.8[Ar/Sp]1/4, Nu,, = 0.9[GrPrl]1/4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.3.2 Ratio Law 

Shih and El-Wakil(l981) carried out an analysis for pool film boiling from a sphere 

by using an integral method. Based on their theoretical analysis, they obtained: 

Nu/Nusat = 1 + 13.91[ScAr/Gr]0.39 (2.28) 

They emphasized that: for subcooled film boiling it is the ratio, not the difference between 

the subcooled and the saturated film boiling Nusselt numbers, that is significant. They 

also claimed that their experiment with stainless steel spheres of 3.2, 4.8 and 6.4 mm in 

diameter in Freon-11 and Freon-113 with 0-20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C subcooling supports this correlation. 

Michiyoshi, Takahashi and Kikuchi (1988) obtained an universal correlation for sub- 

cooled pool film boiling from vertical plate, horizontal plate and sphere by an analysis 

with integral method (see Appendix A), 

Nu = K(Ar/Sp')1/4M~/4 (2.29) 
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where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE3/[1 + E/(Sp'Prl)]/(RPrlSp')2 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

E = ( A  + CB1/2)1/3 + ( A  - CB1i2)'i3 + (1/3)S~* 

= (1/27)S~*~ + (1/3)R2Sp'PqSc* + (1/4)R2Sp'2Pr; 

= (-4/27)S~*~ + (2/3)Sp'PrlSc* - (32/27)SpiPrlR2 

+ (1/4)Sp'2 Pr? + (2 /27)S~*~/R~ 

= (1/2)R2Sp'Prl, Sc* = CplATsub/h;g 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK = 0.696 for sphere, K = 0.610 for horizontal cylinder, and K = 0.793 for vertical 

plate. Comparing this correlation with their own data in water and potassium and others 

data from literature, they concluded that: the correlation is suitable for characterizing pool zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
film boiling in various nonmetallic liquids especially for water. 

Later in 1990, Tso, Low and Ng presented a detailed derivation of this correlation 

for sphere case, which is given Appendix A. They also compared their experimental data 

which were obtained by cool-down transient of copper spheres (20 and 25 mm in diameter) 

in Freon-12 over a subcooling range of 0 to 70 "C. Their data are clearly (about 50%) higher 

than the theoretical correlation. 

Sakurai, Shiotsu and Hata (199Oa) carried out a rigorous solution to a theoretical pool 

film boiling model which including the radiation contribution for the case of horizontal 

cylinder. Their study indicated that the rigorous solution is in good agreement with the 

simple analytical solution which is the same as that obtained by Michiyoshi (1988). 

Sakurai etc. (199Ob) conducted a systematic experiment with electrical heated plat- 

inum cylinders in various liquids, including water, ethanol, isopropanol, Freon-113, Freon- 

11, Liquid nitrogen and liquid argon. The experiment was carried out in a wide range 

of system pressure, liquid subcooling, surface superheat and cylinder diameter. Based 

on their experiment, they modified their analytical solution by introducing a diameter 

depending empirical function K(d') on the right hand side of the correlation and a factor 

(1 + 2/Nu)-l on the left hand side, which is only effective when Nu is very small. Their 

correlation is given as 

Nu/(l + 2/Nu) = K(d')(Ar/Sp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ) 1/4 (2.30) 

where 
X(d')  = O.44d'-lI4, 

K(d') = 0.75/(1+ 0.28d'), 

K(d') = 2,ld'/(l+ 3.0d'), 

K(d') = 0.415d'1/4, 

ford' < 0.14 
for 0.14 < d' < 1.25 

for 1.25 < d' < 6.6 

for d' > 6.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Several other theoretical studies on subcooled pool film boiling from tubes, such as 

Nishkawa, Ito and Kuroki (1972), Nishkawa and It0 (1966), Srinivasan and Rao (1984), 

Nakayama and Koyama (1986aJ986b) could also be located. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.3.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAComparison of the Correlations 

The correlations mentioned above are compared in Fig. 2.6 at a condition of 1 bar 

system pressure, 660 "C sphere superheat and 9.53 mm in diameter. The prediction of 

Shih's correlation is far above the others. Michiyoshi's, Sakurai's and Dhir's correlations 

give fairly consistent prediction except in the low subcooling case in which Dhir's is about 

15% higher than the other two. Farahat's line is higher than the others. The Siviour's cor- 

relation is lower than others when the subcooling is large. It is clear that both correlations 

in ratio form and addition form show a common trend: Nu increasing with the liquid 

subcooling approximately linearly. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThis suggests us that, with the same NuSat number 

at saturated condition and with a proper constant for calculating the Nu,, (the natural 

convective Nusselt number for liquid side), a correlation in addition form (as the one used 

by Dhir) should give the same prediction as the one in ratio forrn (as the one used by 

Michiyoshi) in a special condition. According to this thought, the following correlation 

in addition law may be constructed to match Michiyoshi's correlation for 1 bar pressure 

condition. 

Nu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Nusat + Nunc(Sc/S~)(~l//lv) (2.31) 

Nusat = 0.67[Ar/Sp I 1 / 4  ] , Nu,, = 1.45[GrPrl]1/4 

The two correlations are compared at five sphere temperatures in Fig. 2.7. It shows 

that for the sphere temperature higher than 500 "C, the simple correlation in addition 

form given by Eq. (2.31) agrees well with the correlation in ratio form given by Eq. (2.29). 

However, for the sphere temperature lower than 500 "C, the correlation in addition form 

tends to give higher predictions than the correlation in ratio form. 

Moreover, the two correlations are also compared at system pressures of 1, 10 and 

50 bars in Fig. 2.8. It is clear that the increase in pressure has much more effect on the 

correlation in ratio form than in addition form. Since the correlation in ratio form has been 

verified by experiment at high pressure, as claimed by Sakurai (1990b), the correlation in 

addition form with a fixed constant is only valid at certain pressure (for this case, it is 

atmospheric pressure). 

From the above comparisons, it can be concluded that the correlation in ratio form 

given by Eq. (2.29) or (2.30) are likely valid for various of liquids and a wide range of liquid ' I  
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subcooling, surface superheat and system pressure, while the correlation in addition form 

is only valid in certain conditions. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 2.6. Comparison of pool film boiling correlations at subcooled condition (with super- 
heat of 660 "C at 1 bar pressure). 

2.4 Saturated Forced Convection Film Boiling 

2.4.1 Mode 1 Correlation 

Bromley, Leroy and Robbers (1953) conducted a forced convection film boiling exper- 

iment with electrically heated graphite tubes (d = 9.8 - 16.2 mm) in saturated benzene, 

ethyl alcohol, n-hexane and carbon tetrachloride at atmospheric pressure. The flow ve- 

locity ranged from 0 to 4.0 m/sec. They also carried out an analysis which is based 

on Bernoulli's theorem and a consideration of the viscous drag to the vapor. From the 

analysis they obtained two dimensionless groups and correlated them according to their 

experimental data in a linear form 
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Fig. 2.7. Comparison of pool film boiling correlations in addition and ratio laws, at five 
different sphere superheats and 1 bar pressure. 

At very low flow regime (Fr1/2 < LO), this equation reduces to Eq. (2.11) that is the 

correlation for pool film boiling. At high flow regime (Fr1l2 > 2.0) the equation becomes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(2.33) Nu = 2.70Rei/2{(vl/vv)/Sp I } 1/2 

Cess and Sparrow (1961) did an analysis on film boiling from a horizontal flat plate. 

According to their analysis, at conditions of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(pp),,/(pp)l less than 0.1 and large Re, the 

following equation could be obtained 

(2.34) Nu = 1.0Re:/2{ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( z ~ ~ / z ~ , ) / S p  I } 1/2 

which is the same correlation as that of Bromley's Eq. (2.33) except that the constant is 

smaller. 

Witte (1968) did a simple analysis for film boiling on sphere with a given average 

vapor velocity U = 3/4Umsin8, which is the velocity of the potential flow. The theoretical 

result is 

(2.35) Nu = 0.698Re:l2{ (ul/z~,)/Sp I } 1/2 
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Fig. 2.8. Pressure effect on pool film boiling correlations. 

n the ratio of his theoretical constants for sphere and tube and the Bromley's 

experimental correlation for tube given by Eq. (2.33), he suggested that a constant of 2.98 

should be used for the saturated film boiling on spheres. 

Nakayama and Koyama (1986) carried out an analysis for forced convection film 

boiling on a vertical plate and reached the same result as that of Cess and Sparrow (1961). 

2.4.2 Mode 2 Correlation 

Kobayasi (1965,1966), following the analysis used by Bromley (1953)) did an analysis 

for forced convection film boiling on sphere and reached two dimensionless groups 

4 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgd3 + --- 
9 Ref vf 

Nu: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApv 1 
@ = 16-- 

Rel 1-11 (1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcosO')2 

when Fr1I2 > 1.5,9 + 0, and A -+ 0.2066, so the Nusselt number may be expressed as 

Nu = 0.393 Re:'2(1-11/~v)[R4K/S~]1/4 (2.36) 
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.. . --.--- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Wilson (1979) did a theoretical study of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling on a sphere in forced convection. 

For the case of small subcooling, he obtained equation for local Nusselt number 

(2.37) 

Epstein and Hauser (1980) applied similarity boundary theory zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand the perturbation 

method to model the forced convection film boiling in the stagnation region of a sphere or 

cylinder. They obtained a explicit solution for the film thickness. By consider two extremes 

of slight subcooling and large subcooling, they reached a theoretical Nusselt number for 

saturated film boiling in forced convection 

Nu = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.553Ret/2(pl/pv)[R4K/Sp]1/4 (2.38) 

However, by comparing with the experimental data from Bromley (1953), Motte (1957) 

and Dhir (1978) in both small subcooling and high subcooling cases, they suggest a factor 

2.04 should be applied to their theoretical equation to predict the film boiling heat transfer. 

This is definitely too high for the case of saturated film boiling, as shown later, and it is 

obvious even from the Fig. 2 in Epstein and Hauser (1980). 

Ito, Nishikawa and Shigechi (1981) theoretically studied the saturated forced convec- 

tion film boiling from a cylinder by means of integral method with two-phase boundary 

layer. Their numerical solution indicated that for Fr1I2 > 2.0 

(2.39) 

The constant is slightly different for different fluids, with 0.46 for water, 0.48 for ethanol 

and 0.51 for hexane. 

Liu, Shiotsu and Sakurai (1992) carried out an approximate analytical solution for 

saturated film boiling from a horizontal cylinder. They reached a solution in the form of 

Nu = C In(Fr) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[Ar/Sp] (2.40) 

where C is a constant which depends on the assumption of boundary condition, In(Fr) is 

a function of Fr number. Based on their experiment with water and Freon-113 at system 

pressures from 1 to 5 bar, they obtained a correlation 

Nu/(l + 2/Nu) = H(Fr, d‘)K(d’)[Ar/S~’M,]1/4 (2.41) 
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H(Fr, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd') zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= (1 + 0.68Fr2*5/4)1/2.5 + 0.45tanh{0.04(d' - 1.3)Fr) 

for the case of forced convection, H(Fr, d') = 0.75 Fr114 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH.K(4.0) = 0.554Fr1i4. Thus, 

for forced convection with d' = 4.0 (d = 10 mm), it gives approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Nu = 0.554Refi2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(pl/p,,) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[R4K/Sp] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'I4 (2.42) 

In addition to the studies mentioned above, there are several other papers that are re- 

lated with the experimental study of saturated forced convection film boiling such as Dhir 

and Purohit (1978), Aziz, Hewitt and Kenning (1986), Zvirin, Hewitt and Kenning (1990), 

and Dix and Orozco (1990). All the experiments were done by pass a preheated sphere 

through a still water pool. In aspect of analysis, Witte and Orozco (1984) did a theoretical 

study on the effect of vapor velocity profile shape on saturated and subcooled flow film 

boiling from sphere and cylinder. Their study indicated: a comparison of the analysis to 

available experimental data shows that heat transfer results based on a quadratic vapor 

velocity profile compare much better with experiments than those based on linear profile; 

the heat transfer results for linear and quadratic vapor velocity profiles become virtually 

identical as subcooling increases. 

2.4.3 Comparison and Comments 

In order to compare the two kinds of correlations, the mode 1 correlation can be 

rewritten as 

Besides using zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASP' instead of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASp, the mode 1 correlation has an extra term [ K S P ' ] - ~ / ~  in 

comparison with the mode 2 correlation (such as given by Eq. (2.42). Because the powers 

on the Re1 are the same in both kinds of correlation, the velocity dependencies are the 

same in both cases, however, the dependencies on temperature are different. The constant 

C1 is about 2.7 while the constant C2 used in the second mode correlations is about 0.5. 

Now the question is: which mode is better in taking account of the surface superheat 

and other effects, such as system pressure and different liquids? Since the mode 2 correla- 

tions come out from more rigorous analyses than mode 1 and the mode 2 correlation used 

by Liu, et a1 (1990) was claimed to be verified by various liquids at pressures range from 

1 to 5 bar, the mode 2 correlation is likely to be the better one. This is also confirmed by 

our experimental data, as shown later. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
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2.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASubcooled Forced Convection Film Boiling 

2.5.1 Theoretical Analysis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Motte and Bromley (1957) did an analysis for subcooled forced convection film boiling 

(2.44) 

by arguing that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4v  + 41 

where q is the total film boiling heat flux, qv the net heat flux that flow into the vapor layer 

and 42 is the heat flux that flow into the liquid stream. From the Bromley's correlation Eq. 

(2.32), they obtained the qu. They suggested that qt may be evaluated in three different 

ways according to the turbulence intensity of flow system. By a universal expression they 

give a correlation in the form of 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat is the turbulent eddy diffusivity for heat. This correlation has been used by Chou 

and Witte (1992) to compare their analysis with experimental data. 

Cess and Sparrow (1961b), following their analysis for saturated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling in Cess 

and Sparrow (1961a), carried out a boundary-layer analysis for forced convection film 

boiling on a flat plate in subcooled liquid. For the case of high subcooling, their explicit 

expression can be rearranged in the form of average Nusselt number. 

Wilson (1979) did a theoretical study of film boiling on a sphere in forced convection. 

He assumed that the liquid velocity field, including the liquid boundary-layer, could be 

given by a potential flow distribution. Then the integral method was used to the vapor 

boundary-layer. By applying Pohlausen-type integral technique, an ordinary differential 

equation of the film thickness was obtained. For low subcooling and high subcooling cases, 

the differential equation can be integrated analytically. In the case of low subcooling the 

result is given in the form of Eq. (2.37). In the case of large subcooling, the solution can be 

expressed in the form of local Nusselt number 

Nu(@ = C(6)Re:/2Pr:/2(p2/pv)(Sc/Sp) (2.47) 

As mentioned early, Epstein and Hauser (1980) did an analysis of forced convection 

film boiling in the stagnation region of a sphere or cylinder and obtained an explicit 
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solution of the film thickness. By considering the two extremes of slightly subcooling 

and large subcooling, they obtained two simple expressions. The Nusselt number for the 

saturated case is given in Eq. (2.38), and for the large subcooling case is given as 

Nu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.977Re:/2Pr:/2(pl/pv)(Sc/Sp) (2.48) 

Then they simply combined them for all subcooling cases in the following way 

NU = {Nu:,,  NU^^^}^/^ (2.49) 

By comparing with the experimental data from Bromley (1953)) Motte (1957) and Dhir 

(1978) in both small subcooling and high subcooling cases, they suggested that a factor 

2.04 should be applied to the theoretical equation Eq. (2.49) to predict the film boiling heat 

transfer. 

Fodemski and Hall (1982) in their analysis of forced convection film boiling in sub- 

cooled liquid applied the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAordinary forced convection correlation 

(2.50) 

to calculate the heat flow into the liquid stream. In the case of large subcooling, the film 

boiling heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflux zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq will approximately equal the convective heat flux qjc. Eq. (2.49) can be 

rearranged into the form of Eq. (2.47). 

Shigechi and Ito (1983) extended Ito et a1 (1981)'s study for saturated film boiling 

to subcooled case. The integral method was applied to both liquid boundary-layer and 

vapor film layer to get differential equations. The numerical solution given by the Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 in their report shows that, for Fr > 0.5 and large subcooling Sc > 0.05, the following 

expression holds for all the three liquids: water, ethanol and hexane. 

Nu = 1.15Re:/2Pr2/2(pl/p,)(S~/S~) (2.51) 

All the above theoretical analyses except Motte et a1 (1957) reached the same expres- 

sion except the constant, as given by Eq. (2.51), for large subcooled forced convection film 

boiling, and this may also be interpreted as 
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So, it can be concluded that at large subcooling cases, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx qjCr and Eq. (2.51) is the best 

formula for correlating the subcooled forced convection film boiling heat transfer data, as 

we know right now. 

Since all the studies mentioned above have laminar assumption in the analysis, the 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/2 power on Reynolds number and Prandtl number may only be correct in laminar flow 

film boiling. If the flow around the sphere is turbulent the power should be higher than 

1/2 as in the case of conventional forced convection. 

Additional theoretical work can be found in Fodemski (1985,1992), Hsiao, Witte and 

Cox (1975), Orozco, Stellman and Poulikakos (1987), and Walsh (1979). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.5.2 Experiment a1 Studies 

Motte and Bromley (1957) conducted a film boiling experiment with electrically heated 

graphite tube in subcooled ethyl alcohol, benzene, carbon tetrachoride, and hexane. The 

diameters of the test tube were 9.8,12.6 and 16.2 mm; the flow velocity ranged from 1.0 

to 4.0 m/s; the liquid subcooling was from 0. to 40 "C, and the system pressure was 

at atmospheric pressure. They also studied the turbulence effect by putting screens in 

the upstream of the test section, and they found that this can cause approximately 30% 

increase in one of their dimensionless group, which is given by the left hand side of Eq. 

(2.45). 

Shigechi and It0 (1983) cited the forced convection film boiling data from Nishikawa 

et a1 (1978). The experiment was carried out with 16 mm diameter cylinder in water at 5, 

10, and 15 "C subcooling and at atmospheric pressure. 

For subcooled forced convection film boiling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcylinders, those are the only two 

experiments that could be located. On the other hand, there are lots of experiments for 

film boiling on sphere in subcooled liquids, some of them are summarized in Table 2.2. 

All the experiments were conducted at atmospheric pressure. Most of the experiments 

were done by a cool-down transient through a still water pool in a very short time interval, 

except Jacobson and Shair's (1970) and Orozco and Witte's (1986) (will be discussed latter). 

The maximum sphere traveling length is given in the table by L. The sphere traveling time 

in the liquid can be calculated from L/U which is much less than 0.5 s for most of the high 

speed cases. In such a short time, the thermal response of the sphere and the entrance 

effect will limit the accuracy of the experimental data. This implies that the accuracy of 

all the large velocity data obtained from above experiments are questionable. 
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Table 2.2. Film Boiling Experiments with Spheres 

D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(mm)/ 
L (m) 

6.3Y0.3 
12.7 

I9.0/0.9 
25.4/0.9 
19.0/0.8 
20.0/0.2 

38. I 
38.4/3.0 
16,32/1.5 

Reference 

Walford 1969 
Jacobson I970 
S tevence 1 97 1 
Stevence 1973 
Dhir 1978 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Aziz 1986 

Material 

nickel 
steel 

copper 
silver 

s. steel 
copper 

copper 
copper 

copper 

Subcooling 

(“C) 
5-60 

50-80 

23-76 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40-76 

0-50 
0-20 

9-19 
0-20 

Liquid 

water 
water 

Velocity 
(m/sec) 

0.50-1.80 
0.04-0.27 

1.52 
2.90-6.00 

0.02-0.45 
0.01-1.80 

1.60-2.32 
0.50- 1.90 

water 
water 
water 
water 

Freon- 1 1 
Freon- 1 13 

water 0-40 I 1.60-2.40 

On the other hand, with low speed (lower than 0.5 m/s) the obtained data may be 

reasonably correct, but they are not in the forced convection regime. Dhir and Purohit’s 

(1978) experiment is an example of a such case. They suggested a correlation 

(2.53) 

which is only valid in the regime of 0.046 < Fr1j2 < 1.03 (1200 < Re2 < 19000). Where 

Nup,, = 0.13 (Ar/Sp)lj4 is the Nusselt number at saturated pool film condition. 

Jacobson and Shair (1970) conducted an experiment with continually heating the test 

sphere by induction. The sphere was supported by the liquid flow with a Lavit disk 

in the front of the sphere. The temperature of the sphere was determined with a Pyro 

microptical pyrometer. Although the experimental techniques are quite interesting, the 

test flow velocity is too low to be interesting. 

Orozco and Witte (1986) heated their test sphere by circulating Dowtherm G through 

a passage in a hemisphere sphere. Although this technique avoids the short transient 

problem, it may be difficult to account for the heat loss at the back side of the sphere. 

From their experiment, a correlation was suggested in the form of 

Nu = 18.73 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( p v / p l )  [Rel ScPrl 2 ] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 /8Sp f -3 /2  (2.54) 

Dix and Orozco (1990) carried out a study on local heat transfer distribution on a 

sphere surface. They concluded that in the stable pool film boiling, the heat flux were 

relatively uniform as a function of angular position along the surface of the sphere. In 
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forced convection film boiling, significant heat flux were recorded in the vapor wake region 

of the sphere; and these heat flux varied from 0.3 to 1.5 times of the heat flux at the front 

stagnation region. The heat flux in rear wake region were most noticeably affected by 

detachment of the vapor wake because of the subcooling. But the authors did not pay 

attention to and discuss the effects of the big support tube both on the observation and on 

local heat transfer result in the rear part of the sphere. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.5.3 Comments and Conclusion 

There are no good experiments for film boiling on sphere in subcooled forced con- 

vection regime (with high Fr number} because the cool-down transient technique used by 

most of the experiments is not suitable for high speed test. 

The equations in the form of Nu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= CRe:’2Pr:’2(~l/~v)(Sc/Sp) are likely to be the 

best way to correlate large subcooled film boiling in forced convection regime. But the 1 /2 
power on Re and Pr may not be good for turbulent flow film boiling. How to combine the 

saturated and large subcooled correlations to express the small subcooled film boiling is 

a very practical issue and it is addressed in this work. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.6 Summary of the Previous Studies and the Goals of the Present zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWork 

In conclusion, regarding the previous work on film boiling from spheres, the exper- 

imental studies are summarized in Table 2.3 and the theoretical studies are summarized 

in Table 2.4. According to the experimental and theoretical studies, the best heat transfer 

correlations for film boiling on spheres in single-phase flows are listed in Table 2.5. 

Regarding previous work on film boiling from spheres, it can be concluded that: 

For two-phase Flows: No experiment or analysis for sphere film boiling in two-phase 

flows can be located. For Single-phase Flows: (1) All the meaningful single-phase film 

boiling heat transfer data were obtained through short cool-down transients (by passing 

a preheated sphere through a liquid tank). Although the short cool-down transient tech- 

nique is good enough for pool or low speed forced convection film boiling experiments, it 

is not adequate for high velocity forced convection film boiling, because the transient is too 

short. For example, with sphere speed at 2.0 m/s and pool length 0.5 m, the film boiling 

cool-down transient is only about 0.25 second! Within such a short time, the entrance 

thermal response may affect the accuracy of the experimental data. (2) The accuracy of 

the single-phase data may be very poor as a result of the large heat loss from the support- 

tube, since the sphere-support-tube diameter to sphere diameter ratios of the previous 

experimental work are about 0.12 to 0.3. (3) For each single-phase film boiling regime, 

. ’~ 
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the basic form of heat transfer correlation has been well developed, but there are some 

uncertainties in the correlation constants, as shown in Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) There is no general 

correlation or complete theoretical analysis for film boiling on spheres which covers all 

the single-phase flow regimes. There is no theoretical model for the heat transfer in the 

separated rear region of the sphere. 

The main purpose of this work is to establish the experimental data base and to derive 

the heat transfer correlation (closure law) for film boiling on spheres. The emphasis is on 

very high temperature film boiling (pure film boiling with the sphere temperature higher 

than the quenching point) in all the flow regimes, which cover from natural convection 

(pool film boiling) to forced convection, from saturated to highly subcooled, and from 

single-phase flow to two-phase flow. Besides this, theoretical analysis is carried out to 

understand the fundamentals of film boiling and to formulate better heat transfer correla- 

tions. The key techniques and scopes of the present experimental work are listed in Table 

2.3 and the basic models used in the present theoretical analysis are shown in Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.4. 

The goals of the present study are: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Build a robust and flexible experimental system for sphere film boiling experiment in 

both single- and two- phase flows. 

0 Obtain high quality single-phase film boiling heat transfer data, clarify the uncertain- 

ties and construct a general correlation. 

0 Develop a theoretical model to predict the film boiling heat transfer in single-phase 

flows with an emphasis on the modeling of the separated rear region. 

0 Establish data base for sphere film boiling in two-phase flows and formulate heat 

transfer correlations. 

0 Study the influence of multi-sphere array structure on the sphere film boiling heat 

transfer in single- and two- phase flows. 

In the following chapters each individual aspect of these goals will be presented in 

detail respectively. 
' ' I  
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3 EXPERIMENTAL APPROACHES AND TECHNIQUES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In order to get film boiling heat transfer data in well defined flow conditions (either 

two-phase or single-phase), the flow inside the test section must reaih a steady state be- 

fore the heat transfer data are collected. This requires an adequate and well-controlled 

heat supply to sustain a high temperature (over -1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C) film boiling in a steady-state 

flow. This is a very significant experimental challenge, since all the conventional heating 

techniques do not work in this case. For instance, the conventional internal electrical heat- 

ing cannot work at such a high temperature; the surface heating by electric current is not 

possible for spherical geometry; and the internal convective heating (circulating hot liquid 

into a passage inside the test sphere) is impossible in high temperature cases. Moreover, 

all these techniques require either insulated wires €or electric power supply or channels 

for heating fluid and they unavoidably cause large amounts of heat loss and disturbance 

on the flow field. After extensive experimentation with various alternatives, the radio fre- 

quency induction heating method was selected for our experiment. Eventually, it became 

possible to heat the sphere and to sustain film boiling at a temperature over 1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C in 

any desired flow conditions. Besides the cool-down transient technique, the heat flux can 

also be obtained through a steady state operation based on the induction power coupling 

calibration. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 -  1 i ?  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb 4 

Other major difficulties are the generation and characterization of the two-phase flows 

in various two-phase flow regimes. A well designed two-phase mixer was used to generate 

the two-phase flows. An X-ray radiography was applied to measure the void fraction in 

the test section for two-phase runs. 

3.1 Flow Loop 

The flow loop is schematically illustrated in Fig. 3.1. The water loop is built up with 

copper tube of 38 mm (1.5 in.) I.D. The steam loop is built up with copper tube of 25.4 

mm ( 1.0 in.) I.D. The arrangement of the mixer/test-section assembly is reversible so that 

they can be connected to the "top separator" or to the "water tank," to generate upward 

flow and downward flow respectively. The up-flow geometry is necessary for single- 

phase flow and low void fraction bubbly two-phase flow, while the down-flow geometry 

is more suitable for high void fraction two-phase flow. However, for very high liquid 

velocity two-phase flows, either upward or downward geometry could be used. 

Water is recirculated with a p u p  and thermostatically maintained to a fixed temper- 

ature. The steam is supplied from lab lines, filtered, metered and used in a once-through 
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fashion, i.e., vented into the atmosphere or to a condenser after separation. All loop 

components are externally insulated except the test section. 

All flow measurements are made with venturis. The pressure differences given by the 

venturis are read both by mercury U-tubes and by Validyne pressure transducers which 

are interfaced with a PC computer through a data acquisition system. Venturis of different 

sizes can be easily switched into the loop for different ranges of flow rate. The water flow 

rate measurement is calibrated by volumetric method, providing a measurement accuracy 

of about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA&4%. The steam flow rate measurement is calibrated and checked by calorimetric 

method, which confirms a measurement accuracy of about &5%. 

In the present arrangement, the loop system is designed to be operated at atmospheric 

pressure. However, with modifications of the water tank and test section, the whole loop 

can be operated at system pressure of 10 bar. The maximum water flow rate is 50 GPM, 

which provides superficial water flow velocity of 2 m/s in the test section. The peak steam 

supply rate is 12 gram/s, which gives an equivalent superficial steam velocity of 20 m/s 

in the test section. 

3.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATwo-Phase Mixer 

The two-phase mixer is schematically illustrated in Fig. 3.2. The tube needles are 

made of brass. On each tube needle assembly, there are a total of 69 tubes on a square grid 

of 3.81 mm center zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto center. Three tube-needle assemblies are used in the experiment. The 

sizes of the tubes and the ratios of tube-hole opening area to base area of these assemblies 

are as follows: 

No. 1 tube-needle assembly: 1.37 mm I.D.; 1.83 mm 0.D; 10.2% , 

No. 2 tube-needle assembly: 1.80 mm I.D.; 2.41 mm O.D.; 17.5%, 

No. 3 tube-needle assembly: 2.31 mm I.D.; 2.77 mm O.D.; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28.9% . 
With opening and closing the valves, the loop can supply either water or steam into 

each of two chambers in the mixer. The mixing is achieved by injecting or flowing one 

phase of the flow into another through the tube needles. 

To generate an upward bubbly two-phase flow, the steam is supplied to the needle 

chamber and introduced into the water flow through the tube needles. On the other hand, 

to generate high void fraction droplet or jet flow, the water drop or jet is introduced into the 

steam flow through the tube-needles, and the downward flow arrangement is preferred. 

To generate a high speed mist/jet flow, either of the above arrangements may be used. 
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Steam Go back To zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, V d & l  
UP-FIOW 
Test section 

a. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, Induction Heating Coil 4 Down-Flow 
Thermocouples Test section 

(38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmm I.D.) 

Fig. 3.1. Schematic of the flow loop. 

Fig. 3.2. Schematic illustration of the two-phase mixer. The tubes (69 total) are on a square 
grid of 3.81 mm center to center. 
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3.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATest Section and Test Spheres zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The test section, as shown in Fig. 3.1, consists of two pieces of Pyrex tube and a middle 

flange which serves as the sphere support. The circular test section is 38 mm in diameter 

and 330 mm in length. The induction copper-tube coil is tightly wound on the outer side 

of the test section (which is 47 mm O.D.) and hooked up to a RF induction power supply. 

The test sphere is supported from the middle flange, as shown in Fig. 3.3, with its 

distance from the entrance of the test section usually being 170 mm (or 4.3 pipe diame- 

ters). Stainless steel and brass balls/spheres of 6.35,9.53,12.7,19.1 mm 0.D are used in the 

experiments. The spheres are drilled, as shown in Fig. 3.4, to accept thermocouples (stain- 

less steel sheathed, K type) at three positions: the forward stagnation point, the center, 

and the rear stagnation point zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- these are referred to as positions 1,2 and 3, respectively. 

The three thermocouple assembly is used to show the temperature distribution inside the 

sphere. Since the Biot number is about 0.3 at subcooled forced convection case and is 

much aller at saturated condition, the lump capacity mode is assumed for simplicity. So, 

in all the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAruns for heat transfer data only one thermocouple was installed in the test sphere 

with its tip located on the center line and 1/4 diameter from the front stagnation. The 

temperature measured from this thermocouple is treated as the average temperature of 

the sphere. The sphere is directly supported by these sheathed thermocouples (in some 

tests only one is used to minimize the heat loss from the thermocouples). Approximately 

15 mm from the sphere, as shown in Fig. 3.3, the thermocouple stems are reinforced by a 

stainless steel tube of 1.53 mm O.D., which is fixed to the end of a steel duct-beam. At the 

other end of the duct-beam, four strain gauges are installed on the surface inside the duct 

to measure the force/drag on the sphere. The duct keeps the strain gauges away from 

water and steam and also serves as a passage for the thermocouples to pass through. The 

sphere itself and the thermocouple sheaths provide an adequate shielding from the RF 

electromagnetic field to allow undisturbed thermocouple signals, even with the induction 

heating power on. 

The reason for supporting the sphere directly by thermocouple is to minimize the heat 

loss from the support. In our experiments, 0.25 mm O.D. sheathed thermocouples are used 

for 6.35 mm O.D. spheres; 0.5 mm sheathed thermocouples for 9.53 mm spheres; and 0.81 

mm sheathed thermocouples for 12.7 and 19.1 mm spheres. With these selections, the 

thermocouple to sphere diameter-ratios are less than 0.06 (the corresponding area-ratios 

are less than 1%). In contrast, Dhir and Purohit’s (1978) diameter-ratios are about 0.15; 

Aziz, Hewitt and Kenning’s (1986) ratios are 0.3 and 0.15; Dix and Orozco’s (1990) ratio is 

0.25. Thus, the heat loss from the supports is significantly minimized in our experiments. 
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Sheathed Thermocouples 

1.53 mm O.D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS.S.  Tube zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
Strain Gage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I Steel Duct 

Thermocdples 38 mm I.D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFlow Passage 

Fig. 3.3. Schematic illustration of the test sphere support flange. 

Sphere: 316 SS, 9.53 mm 
Thermocouple: K Type, 0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT3 

mm 0. .D 

Fig. 3.4. Schematic of the instrumented test sphere. 
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Our experiment also indicates that, in the case 9.53 mm O.D. sphere, using three 0.5 mm 

O.D. thermocouples instead of only one will cause about a 20% increase in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling 

heat transfer with all the other conditions being the same. Actually, the mechanism of this 

increasing is quite complicated because the adding of two more thermocouples not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAonly 
triples the heat transfer surface but also helps to drain more water to the surface on the 

back of the sphere. This means the increase of heat loss is more than twice. This will be 

discussed at some depth later on. 

The arrangement of the test-section/support-flange assembly is also reversible such 

that the sphere support tube can be located either down-stream of the sphere (as shown in 

Fig. 3.1), which is more suitable for heat transfer tests, or up-stream of the sphere, which is 

more suitable for film configuration observation (because the disturbance of the support 

to the vapor film on the rear part of the sphere can be avoided). The distance of the test 

sphere to the entrance of the test section can be adjusted by changing the lengths of the 

two Pyrex tubes if necessary. 

3.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAInduction Heating and Power Calibration 

The test section (47 mm O.D.) is wound by 10 turns of 4.5 mm O.D. copper tube coil 

with the test sphere located at the center of it, as shown in Fig. 3.1. The coil is hooked up 

to an RF induction power supply unit (RFC 3160) which is able to supply a peak of 20 kW 

induction power at frequency of 250-800 kHz. 

The induction power coupling (the heating power obtained by the sphere) not only 

depends on the relative position of the sphere to the coil but also depends on the physical 

properties of the sphere and the medium inside the coil. The more ferric the metallic mate- 

rial, the better the coupling. The electromagnetic properties of the sphere may change with 

temperature and thus the power coupling is also temperature dependent. The medium 

inside and around the coil influences the intensity of the electromagnetic field, so it also 

affects the power coupling. If the operating condition of the induction power supply and 

the medium inside/around the sphere are fixed, the power coupling then only depends 

on the induction power level (monitored by the plate current) and the sphere temperature. 

The main mode of operation, in our experiments, is to follow the transient cool-down 

of the test sphere from a well established steady-state. The instantaneous heat fluxes can 

be deduced from the energy balance on the sphere and the quantitative knowledge of 

induction power coupling is not needed in this case. In this manner, from a single cool- 

down transient with the sphere temperatures transients and the information of the heat 
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, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .  , * .  

capacity of the sphere, we can obtain a large number of data pairs, heat fluxes at respective 

sphere temperatures, between the initial and the final (just before quenching) states. 

Besides the transient mode operation, it is also interesting to obtain data at steady-state 

(without the cool-down transient), which is uniquely possible in the present experimental 

set-up. In particular, this experimental technique may be used to enhance the robustness 

of the data base generated by the transient mode zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAruns. However, this method requires 

the information of the power coupled to the sphere during the steady-state run, which is 

referred to as induction power calibration, and we discovered that it is not as straightfor- 

ward as we initially anticipated. Specifically, in the early stages of the work, we didn‘t 

know how the presence of water as the medium in the test-section would affect the power 

coupling, and how we would tackle and quantify the influence of water. After lots of ex- 

perimentation, eventually, we found out that compared with the case with air as medium, 

the presence of pure water (distilled or deionized) as medium in the test section decreases 

the power coupling; and the electric conductivity of the water affects the power coupling 

significantly. More interesting and useful discovery was that the influence of the electric 

conductivity of water on the power coupling diminished essentially when the conductiv- 

ity is over -200 micromho, and beyond this point the power coupling is the same as that 

with air as the medium. This means that the power calibration obtained in air could be 

used to determine the power coupling when water or steam is present in the test section 

during the steady-state mode operation, as long as the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwater electrical conductivity is 

higher than 200 micromho. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThis will be demonstrated later. 

The power calibration in air was carried out as follows. With the test sphere in its 

usual position in the test section, the power was turned on and maintained at a given level 

until the sphere reached a temperature of -1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA“C, at which the power was triggered 

off. This process was repeated at various power levels indicated by the “plate current” 

of the induction power supply (the plate current is also read by the PC computer). A 
typical temperature transient is shown in Fig. 3.5. From these temperature data, which 

were recorded on the PC computer at sampling rate of 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz, the power coupled to the 

sphere could be obtained as a function of the sphere temperature as shown in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.6 
(actually it shows the normalized power with respect to the sphere surface area). This 

involves getting the temperature gradient (carried out with a “local” sliding curve-fit to 5 
consecutive readings) and using the energy balance equation, 
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Fig. 3.5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA typical temperature transient during a calibration run in air. The insert shows 
a magrufied portion. 

In this equation, the heat capacity of the sphere material (stainless steel or brass) as a 

function of temperature is from Touloukian and Buyco (1970). The heat transfer coefficient, 

which accounts for the natural convection heat loss from the sphere to the air, was estimated 

by the correlation from Yuge (1960). The corrected or the true power obtained from Eq. 

(3.1) is also shown in Fig. 3.6. The emissivity of radiation can be obtained by matching 

the corrected power to zero for the whole cool-down period; thus obtained emissivities 

for new and "aged" stainless steel spheres are 0.5 and 0.8 respectively. From these results, 

a composite of calibration curves could be assembled as shown in Fig. 3.7. So, for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

given power setting (plate current) and sphere temperature, the coupling power could be 

determined. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.5 X-Ray Radiography for Void Fraction Measurement 

' I  

X-ray radiograph is a photographic record produced by the passage of X-rays through 

an object onto a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm. In our application, the X-rays produced by anX-ray tube pass through 

the test tube and then expose the film behind it, as illustrated in Fig. 3.8. Since the water 

has a much higher attenuation factor than the air and steam, the attenuation of the X- 

rays and thus the lightness of image on the film depends on the water fraction (or void 
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Fig. 3.7. Calibration (in air) of the power delivered to the sphere with its temperature as 
the parameter. 
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. -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
fraction) inside the test tube. So from the analysis of the lightness of the X-ray radiograph, 

the average void fraction inside the test tube can be determined. 

To obtain a quantitative measurement of void fraction, another glass tube called a 

calibration tube, which is the same as the test tube was set beside the test tube. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA calibration 

piece, as shown in Fig. 3.10, was set inside the calibration tube. The calibration piece, 

which is made from a stepped aluminum piece with empty holes inside, provides various 

voids inside the calibration tube, as illustrated in Fig. 3.9. 

Two typical X-ray radiographs obtained from downward and upward two-phase 

flows are shown in Figs. 3.11 (a) and (b) respectively. By comparing the lightness near the 

center line of the test tube with the lightness of the holes in the calibration piece on the 

same film, the average void fraction in the test tube could be obtained. Radio graphing 

the calibration tube and the test tube on the same film by the same exposure not only 

avoids the error caused by the intensity differences of different X-ray exposures, but also 

eliminates the errors from the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm development processing. 

Another nice aspect of this radiograph technique is that with selected film (Kodak 

Industrix AA film), optimized X-ray generator voltage, and optimized distance from X-ray 

tube to target, the lightness of the X-ray radiograph is almost linear to the void fraction 

inside the tube, as indicated by Fig. 3.12. This allows us easily to extrapolate the void 

fraction that falls between two adjacent samples provided by the calibration piece. 

The radiograph can be made either "off line" (without boiling sphere in the test tube) 

to determine the void fraction of coming two-phase flow at certain flow conditions, or "on 

line" (with boiling sphere in the test tube) to have an overall radiograph of the sphere film 

boiling in a two-phase flow. The results will be presented and discussed in Chapter 7. 

3.6 Experiment Procedures and Data Reduction 

For all the experiments, the film boiling is established by the following procedures: 

depleting the water from the test section, heating up the sphere to a temperature over the 

quenching point, turning on the water flow and then adjusting the power level to let the 

film boiling stabilized at a certain flow condition with a desired sphere temperature. 

In a transient mode operation, after the flow reaches steady state and the sphere 

temperature stabilizes, the induction power is triggered off and the temperature transients 

are recorded by the PC computer at a sampling rate of 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz. A typical temperature 

transient is shown in Fig. 3.13. The total heat flux is obtained from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
msCp(Tw) - dTw (3.2) 

xD2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQt = - 

which is also illustrated in Fig. 3.13. 
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Fig. 3.8. Schematic diagram showing the fundamentals of a X-ray radiograph void fraction 
measurement technique. 

X-Ray zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L 

L 

Calibration 
Tube 

Film 

Aluminum 
Calibration 
Piece 

Fig. 3.9. Schematic illustration of void made by the caliberatiion piece in the caliberation 
tube. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 3.10. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA photograph of the void fraction caliberation piece. 
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Fig. 3.11. X-ray radiographs obtained with (a) downward two-phase flow and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b) upward 
two phase flow. 
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Fig. 3.12. The correspondent radiograph lightness of the void generated by the caliberation 
piece. 

In a steady-state mode operation, the power level is adjusted from one to another 

(either increase, decrease, or randomly). A each level, the temperature (or film boiling) is 

allowed to stabilize, as shown in Fig. 3.14. The total heat flux (including both convective 

and radiative contribution) at each steady state, as shown by the plateau in Fig. 3.14, can 

be obtained from the respective plate currents and the sphere average temperature in 

conjunction with the power calibration that is shown in Fig. 3.7. 

As usually treated in the literature, the total heat flux is split into convective and 

radiative contributions.’ The radiation from the sphere is to be largely absorbed in a thin 

layer of the liquid and hence will help to produce vapor and thus affect the convective con- 

tribution, so a radiation-factor J is usually used when radiation contribution is subtracted 

out from the total heat flux. Thus the convective heat flux is given by 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq,. = EU[T: - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT’] and J = 7/8 which comes from Bromley, Leroy and Robbers 

(1953), as discussed in Section 2.1. The emissivity of radiation is obtained experimentally 

by matching the transient cool down of the sphere in still air with the radiation and natural zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3- 14 
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convection heat loses; see Liu and Theofanous (1992). Thus obtained emissivity for new 

and "aged" stainless steel sphere are about 0.5 and 0.8 respectively. 

Based on the convective heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflux, all the data were reduced to heat transfer coeffi- 

cients, usually presented in terms of Nusselt numbers. All the properties are evaluated 

at the film temperatures, which are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(T, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT,)/2 and (T' + %)/2 for vapor and liquid 

respectively. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.7 
the Sphere 

A Consideration for the Non-Uniform Temperature Distribution within 

As it is known, during the film boiling cool-down transient, neither the heat flux nor 

the temperature are uniform on the surface of the sphere or within the sphere. For instance, 

at the front stagnation point, the heat flux is higher and the temperature is lower than any 

other part of the surface; the center temperature is higher than the temperatures on the 

surface. However, in most cases the maximum temperature difference within the sphere 

is much smaller compared to the average sphere superheat, especially when the superheat 

is high and thermal conductivity of the sphere is large. For example, for a transient cool- 

down of a stainless steel sphere (which has a very low thermal conductivity) in a saturated 

single-phase film boiling, the temperature differences between the front stagnation point 

and the center are only about 50 "C, which is less than 10% of the superheat. In the case 

of a brass sphere, the difference is about 10 times smaller than this. So in both the above 

cases, the temperature distribution inside the sphere and on the surface can be assumed 

to be uniform and the temperature measured at any location within the sphere could be 

used as the characteristic sphere temperature. 

Based on the discussion above and the concern to avoid too much heat loss from more 

thermocouples, in most of our single-phase experiments for obtaining the heat transfer 

data, only one thermocouple was used to support and measure the temperature of the 

sphere. The tip of the thermocouple is located on the center line and 1/4 diameter from 

the front stagnation point. 

But this isothermal assumption is not good in some extreme cases when the liquid- 

phase velocity is high and the subcooling is large, especially when the sphere thermal 

conductivity is low (as in the case of stainless steel). According to our rough analysis for 

the cool-down transient of stainless steel spheres in a single-phase forced convection with 

velocity of 2 m/s and 30 "C subcooling, the temperature difference between the surface 

and the center could be about 20% of the sphere average superheat. This is also confirmed 

by our experimental measurement with three thermocouples. However even in these 
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cases, the temperature at 1/4 diameter from the front stagnation point can also be regarded 

as the sphere average temperature because the temperature at the front stagnation point is 

very low and all the back half of the sphere remaiped at relative high temperatures, which 

are equal or even higher zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan the temperature of the center of the sphere. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFILM BOILING IN SINGLEPHASE FLOWS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Experiments on film boiling from spheres in single-phase water flows have been con- 

ducted systematically to observe the vapor film configurations and to investigate and 

check the effects of water flow velocity, water subcooling, sphere superheat, sphere diam- 

eter, and sphere material on the film boiling heat transfer. The ranges of the experimental 

parameters are: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Water Velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 0.0-2.3 m/s; Re zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 2 - lo5; Fr 5 80 

0 Water Subcooling: 0.040.0 "C 

0 Sphere Superheat: 900 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO C  - Quench 

0 Sphere Diameter: 6.0-19.0 mm 

The average liquid (water) velocity at the equator of the test sphere is used as the charac- 

teristic velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUl in the single phase data reduction. Thus defined velocities are 6 and 

11% higher than the average velocity based on the test tube cross section for 9.53 and 12.7 

mm diameter spheres respectively. Due to the parabolic velocity profile inside the test 

tube, thus defined velocity is also more appropriate in representing the local velocity at 

the front stagnation point of the sphere. 

The flow in the test section was arranged upward. Stainless steel spheres with outer 

diameter of 6.35, 9.53, 12.7 and 19.1 mm and brass spheres with outer diameter of 9.53 

and 12.7 mm were used in the experiments. In order to minimize the heat loss, in most of 

the tests, only one sheathed thermocouple was installed in the sphere with its tip located 

at 1/4 diameter from the front stagnation point. The experiments were conducted with 

distilled water, deionized water and tap water. Also, tests were made with the sphere at 

different stages of oxidation: essentially metallic, slightly oxidized but still mostly metallic 

in appearance, well oxidized (dark, but smooth), and heavily oxidized and corroded. In 

each case, the emissivity was measured by the power-calibration procedure described in 

Chapter 3 and was found to gradually progress from 0.5 - 0.6 to 0.8- 0.9 through these four 

stages of oxidation. Most of the data were obtained from transient cool-down operations; 

however, steady-state operations were also carried out to obtain the heat transfer data at 

saturated conditions. 

In this chapter, the observations of vapor film configurations and heat transfer results 

of film boiling on a 12.7 mm diameter stainless steel sphere are presented first. Then, the 

heat transfer data are presented in several different ways according to the correlations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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discussed in Chapter 2 and the fitness of these correlations is discussed; the diameter and 

material effects are checked and correlated. Finally, the results obtained by steady state 

mode operation are presented and compared. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAObservations of Film Configurations of Film Boiling 

One of the unique features of the present experimental approach is that it provides a 

convenient way to observe the film boiling process clearly, because the sphere is held still 

during the test. In the cool-down transient mode operation, after the induction power is 

triggered off, the induction coil can be moved away so the whole film boiling cool-down 

transient can be observed. 

In order to get rid of the support wire's influence on the rear part of the film, in the 

runs for observation purpose, the sphere can be held by a small sheathed thermocouple 

from the front stagnation point. In this way, our experiment provided very unique and 

realistic observations of the film boiling on the sphere. The observations were videotaped 

for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAru~ls at wide ranges of flow velocity (0 to 2 m/s), liquid subcooling (0 to 40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C), sphere 

superheat (200 to 900 "C) and diameter of the spheres zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6.35, 9.53, 12.7, and 19.0 mm). 

Normal camera pictures were also taken at a shutter speed of 1/2000 second in all typical 

flow conditions. Typical pictures that were taken from the film boiling on a stainless steel 

sphere (12.7 mm in diameter) supported with one sheathed thermocouple (0.81 mm O.D.) 

are shown and discussed as follows. 

Pool film boilinn in saturated water: As shown in Fig. 4.1, the test spheres were sup- 

ported from the up-stream (front stagnation point) in the first three cases (a,b,c), and were 

held from the down-stream (rear stagnation point) in the last three cases (d,e,f) . The 

whole vapor surface is quite wavy and the induced free convection is turbulent, especially 

when the sphere temperature is high, as shown in Fig. 4.1 (a) and (d). However, as the 

sphere temperature decreases, the vapor surface at the front part of the sphere tends to 

be smoother, especially when the diameter is small, as shown in Fig. 4.1 (c) and (e). On 

the rear part of the sphere, there is always a periodic generation and detachment of vapor 

dome, which makes a two-phase wake behind the sphere. 

Pool film boiling in subcooled water: As shown in Fig. 4.2, for subcooled pool film 

boiling, the vapor film is smooth on the front part of the sphere. There is a small vapor dome 

at the back of the sphere. Small bubbles periodically detach from the top of the dome. 

The frequency of the bubble detachment depends on the sphere temperature and the 

subcooling of the water. When the sphere temperature is high, the detachment frequency 
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is fast. When the sphere temperature is low, the detachment frequency is low or even zero 

(with no vapor escaping). Figure 4.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(f) was taken during the quenching. 

Forced convection film boiling in saturated water flow: In forced convection saturated 

film boiling, as shown in Fig. 4.3 (a,b,c), a large and long "perfect" vapor wake can be seen 

regardless of what the sphere temperature is. The higher the sphere temperature and the 

faster the flow, the longer is the vapor wake, which may be as long as 10 times the sphere 

diameter. Big vapor slugs always periodically detach from the tail of the wake. Generally, 

the film on the front part of the sphere is quite wavy, as in the case of saturated pool film 

boiling. It is very interesting that a little bit of water subcooling (just about 0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C) can 

destroy the "perfection" of the wake behind the sphere, especially when the sphere tem- 

perature is low. In this case, the tail of the wake is tom apart and some water is dripped 

and bounces on the back surface of the sphere in the wake, as shown in Fig. 4.3 (d) and 

(e). This also happens when the sphere is supported from the up-stream and it is worse 

when the support is at the rear stagnation point. This may be part of the reason why only 

one degree subcooling could cause about 3040% increase in the overall film boiling heat 

transfer from a sphere that is supported from the rear stagnation point. 

Forced convection film boiling in subcooled water flow: In this regime, thevapor wake 

at the back of the sphere disappears and a wavy vapor film is formed on the back of the 

sphere, as shown in Fig. 4.4. The film on the front part of the sphere is always smooth, 

as in the case of subcooled pool film boiling. In the case of moderate water velocity, as 

shown in Fig. 4.4 (a, b, d and e), there is almost no vapor escaping from the vapor film 

and the surface of the back film is very wavy in the equator region. When the water ve- 

locity becomes large, the occasional escape of vapor bubbles from the vapor film near the 

upper-equator region can be observed, but the bubbles disappear in the subcooled liquid 

quickly. 

In the subcooled cases, either from up-stream or from down-stream, the support 

(the thermocouple) makes no difference on the observation. However in the saturated 

cases, there are some differences between the film configurations that were obtained by 

up-stream support and by down-stream support, although the differences are not very 

significant. The best way of supporting is up-stream, if the observation is the only concern. 

The observed phenomena for typical film boiling regimes are summarily sketched in 

Fig. 4.5. In general, for saturated film boiling, the front vapor film is wavy and on the back 

of the sphere there is large vapor wake in forced convection and a periodic detachment 

of vapor dome in natural convection. For subcooled film boiling, the front film is always 
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smooth, the back film is wavy and very few or no vapor bubbles can be observed in the 

water. 

Most of the above observations are new and could provide good bases for theoretical 

analysis in helping us to understand the mechanism of film boiling in different film boiling 

regimes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.2 Film Boiling in Saturated Conditions 

The total heat flux of one typical series of transient mode zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAru~ls (with 316 stainless steel 

spheres of 12.7 mm in diameter) are shown in Fig. 4.6. The influences of temperature and 

flow velocity on the total heat flux are very clear. The quench temperatures are about 

250 "C for pool film boiling and increase gradually with the water flow velocity in the 

forced convection regime. More data are tabled in Appendix C. 

Thesame dataareplottedintermsofNuvsReinFig. 4.7, whereNu= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqcD/(ATsup/ICv), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqt - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqr, Re = U D / y ,  and the IC, is evaluated at the film temperature (T, + 0.5ATSup). 

It is obvious that: (1) the Nu is nearly independent of Re, when Re is less than 20000 

(Fr1l2 = 1.5, pool film boiling regime); (2) Nu increases with Re, when Re is larger than 

20000 (forced convection film boiling regime). With constant flow rates, the Nu decreases 

significantly when the sphere temperature increases. 

Pool Film Boiling Intermetation 

Basically, there are two ways to correlate the heat transfer data for pool film boiling 

in saturated liquid, which are regarded (by us) as 1/4-power law and 1/3-power law: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 4 4  

( 4 4  

1/4-Power Law : 

1/3-Power Law : 

Nu = Csat,N{Ar/Sp I } 1/4 

Nu = CSat,N{Ar/Sp I } 1/3 

The data are plotted in terms of the 1/4-power law in Fig. 4.8. For Fr1i2 < 1.5, the heat 

transfer characteristic N~/(Ar/sp ' ) ' /~  ranges from 0.59 to 0.70, which approximates the 

Bromley's (1961) experimental constant of 0.62, Frederking and Clark's (1963) theoretical 

constant 0.586, and Dhir's (1978) experimental constant 0.8. In Fig. 4.9, the data are pre- 

is about 0.15, which is exactly the same as that of Merte and Clark (1964). The data are also 

ranges from 0.65 to 0.75, which is in agreement with the theoretical value of 0.696 from 

Michiyoshi et al. (1988) analysis. 

, 

sented in the form of the 1/3-power law; the heat transfer characteristic Nu/(Ar/Sp I ) 1/3 

plotted in the form of Michiyoshi's (1988) correlation in Fig. 4.10. The Nu/(McAr/Sp I ) 1/4 
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Saturated Pool zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFilm Boiling Subcooled Pool Film Boiling 

complete6 saturated -0.5 C subcooling 

Saturated Film Boiling in Forced Convection 

at moderate velocity at high velocity 
Subcooled Film Boiling in Forced Convection 

Fig. 4.5. Sketches of typical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling configurations. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4-9 



500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300 
\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 
A4 

t;; 
W 

200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
100 

-0 

- 

200 400 600 800 

Sphere Temperature ("C) 

Fig. 4.6. Total heat flux transients from a typical series of transient mode runs in saturated 
experiment. 
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Fig. 4.7. Saturated film boiling data plotted in the form of Nu vs Re. 
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.Pig. 4.8. Saturated film boiling data plotted in the form of 1 /4 power law. 
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Fig. 4.9. Saturated film boiling data plotted in the form of 1/3 power law. 
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Fig. 4.10. Saturated film boiling data plotted in the form of Eq. (2.29). 

The Fr1/2 ranges from 0 to 1.5 for pool film boiling, which is in agreement with that 

found by Bromley et al. (1961) for cylinders. In general, all the three correlations could 

be used to express the saturated pool film boiling Nusselt number even without changing 

the constant, but the 1/3-power law correlation is better for taking account of the sphere 

temperature effect. However, for general purposes, the Michiyoshi's formula (which is in 

1 /4-power law) is preferred since it also covers subcooled conditions, correlates system 

pressure effects and is better for small diameter spheres. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Forced Convection Film Boiling In Saturated Water Flow 

As mentioned in our literature review, there are two kinds of correlations: 

Mode 1: Nu = Cs,t,F1Re:/2(pl/pv) [R4/Sp'2]1/4 (4.3) 

(4.4) 
Mode 2: Nu = Cs,t,pzRe:/2(pl/~,)[R4K/S1) I ] 1/4 

where Rel = Re = UD/vt. The mode 1 correlation was first obtained by Bromley (1961) 

and the mode 2 correlation may be derived from Kobayasi's (1965) or Wilson's (1979) 

analyses, the latter is presented in Appendix B. 
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Figure 4.11 shows the data plotted in the form of mode 1 correlation; the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat,F1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 

Nu/(Re:12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(p l /pv)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[R4/SpI2] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'I4) changes sigruficantly with the sphere temperature and 

ranges from 2.0 to 3.2. In terms of mode 1 correlation, the value obtained from Bromley's 

(1961) experiment for cylinder is 2.7. On the other hand, in terms of mode 2 correlation, the 

dataareplottedinFig. 4.12. It is obviousthat the Csat,Fa = N~/{Re: '~(p1/p,)[~~~/Sp] ' /~} 

depends zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmuch less on the sphere temperature and is about 0.5 in the forced convec- 

tion regimes, which can be compared with the theoretical constants 0.393 of Kobayasi 

(1965,1966), 0.553 of Epstein and Hauser (1980), 0.46 of Nishikawa et al. (1981), and the 

experimental constant of 0.554 from Liu, Shiotsu and Sakurai's (1992) cylinder experimen- 

tal correlation. In addition, Figs. 4.11 and 4.12 also indicate that forced convection film 

boiling starts from Fr1I2 of 2.0, which also agrees with that found by Bromley (1953). 

It is obvious that the mode 2 correlation is better than mode 1, as it was indicated in our 

literature review in Chapter 2, and the constant is 0.5 based on our experiment. Therefore, 

mode 2 correlation is recommended for forced convection film boiling in saturated water 

flows. 

The Sensitive Effect of Little Liquid Su  bcoolinq 

In saturated film boiling experiments, the liquid is usually regarded as being satu- 

rated. But in reality, the liquid may not be 100% saturated because of the heat loss, and 

this may affect the interpretation of the results. Therefore, experimental assessment of the 

effect of a little subcooling on the film boiling heat transfer is very useful. 

The experimental data obtained at conditions of 0.0, 1.0 and 2.0 "C subcooling are 

shown in Fig. 4.13 in terms of mode 2 correlation. It is obvious that only one or two degrees 

subcooling can have a significant effect on the film boiling heat transfer, especially in the 

forced convection regime. It also implies that the so claimed saturated condition by Aziz 
(1986) may have about one degree of subcooling. 

4.3 Film Boiling in Subcooled Conditions 

Figure 4.14 shows the total heat flux of one typical series of transient mode runs of 

film boiling on a 12.7 mm stainless steel sphere in 80 "C tap water. The influences of 

temperature and flow velocity on the total heat flux could be easily identified. The quench 

temperature is about 300 "C in still water and increases slowly with the water velocity when 

the velocity is small (0 < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU < 0.5 m/s), and increases quickly when the velocity is high. 

The quench temperatures are much higher than those obtained at saturated conditions. 

More data are tabled in Appendix D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.11. Saturated film boiling data plotted in the form of mode 1 forced convection film 
boiling correlation. 
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Fig. 4.12. Saturated film boiling data are plotted in the form of mode 2 forced convection 
film boiling correlation. 
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Fig. 4.13. The effect of little liquid subcooling on the film boiling heat transfer. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 4.14. The total heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflux transients from a typical series of transient mode runs in 
20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C subcooled water. 
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The experimental Nusselt numbers obtained in 10 and 20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA“C subcooling conditions 
are shown in Figs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.15 and 4.16 respectively. Unlike the case in a saturated condition, the 
Nu always increases with the Re, first slowly and then quickly when Re is greater than 
10000, especially when the subcooling is high. As in the case of the saturated condition, 
the Nusselt number decreases significantly when the sphere temperature increases. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Pool Film Boiling in Subcooled Water 

For pool zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling in subcooled liquid, correlations in addition law [such as Farahat 
(1972), Siviour (1970) and Dhir (1978)l and correlations in ratio law [such as Michiyoshi 
(1988) and Sakurai (199Ob)l are usually used to correlate the heat transfer data, as indi- 
cated in Chapter 2. Thus, our experimental data are compared with these correlations, as 
shown in Fig. 4.17, at a condition of sphere temperature 760 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA“C; the experimental data is 
about 8% higher than Michiyoshi’s correlation and about 14% higher than Sakurai’s ratio 
correlation for cylinders. Compared with Dhir’s correlation, our data is a little lower for 
low subcooling and a little higher for large subcooling. 

The experimental data, including all the data with sphere temperatures from 900 “C to 
quench, are plotted in form of Michiyoshi’s correlation in Fig. 4.18, and it shows agreement 
wifbin a f15% band. The Michyoshi’s correlation is given as 

Nu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.696(Ar/Sp‘)1/4M2/4 (4.5) 

where 

M~ = 13~/[1+ E/ ( s~ ’P~) ] / (RP~~s~’ )~  

E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( A  + CB’/2)1/3 + ( A  - CB1/2)’/3 + (1/3)Sc* 

B = ( -4/27)S~*~ + (2/3)Sp’PqSc* - (32/27)Sp’PqR2 

C = (1/2)R2Sp‘Prl, Sc* = CplAT,,b/h;, 

A = (1/27)S~*~ + (1/3)R2Sp’PrlSc* + (1/4)R2Sp”PrT 

+ (1/4)Sp’2PrT + (2 /27 )S~”~ /R~  

Forced Convection Film Boiling in Subcooled Water Flows 

To give a sense of how the water subcooling and water velocity affect the film boiling 
heat transfer, the ratios of experimental Nusselt number over the corresponding saturated 
pool film boiling Nusselt number are plotted in Fig. 4.19. In general, the subcooling 
has a stronger effect than the flow velocity; the velocity influence is enhanced when the 
subcooling is large. 

For highly subcooled forced convection film boiling, as mentioned in Chapter 2, sev- 
eral analyses suggested the same correlation in the form of 

This expression is not suitable for saturated or small subcooled cases. So in order to 
correlate all the forced convection film boiling by one equation, the following expression 
may be suggested 
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Fig. 4.15. Subcooled film boiling data plotted in the form of Nu vs Re. 

Fig. 4.16. Subcooled film boiling data plotted in the form of Nu vs Re. 
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Fig. 4.17. A comparison of subcooled film boiling data with the correlations, at sp1it:l.c 
superheat of 660 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C and 1 bar pressure. 
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Fig. 4.18. Subcooled film boiling data correlated in the form of Eq. (2.29). 
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where the Nu, is the corresponding Nusselt number for saturated forced convection film 

boiling, given by Nu, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo.SRe:/'((~-~l/p~)[R~K/sp']~/~. Physically, Eq. (4.7) may be inter- 
preted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas: the total heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflw equals the heat that is required to sustain the vapor film plus 
the heat that convected into the liquid stream. The Constant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc i u b , F  and the power n on 
Rel should be determined by experimental data. 

In terms of Eq. (4.6), the experimental data obtained at 20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C subcooling are plot- 
ted in Fig. 4.20. The sphere superheat influence is well correlated and the heat transfer 

characteristic C s U b , ~  = Nu/{Re, Prl (pl/,uv)(Sc/Sp)} varies from 1.5 to 2.0, in contrast 
with the theoretical constant of 0.977 from Epstein and Hauser's (1980) analysis and the 
suggested (by them) constant of 2.04. 

According to our highly subcooled forced convection film boiling experimental data, 
we found that the best constants for Eq. (4.7) are cLu6,F = 0.072 and n = 0.77 in order to 
correlate well with the data. Thus, Eq. (4.7) becomes 

1/2 1/2 

Nu = Nu, + 0.072Re:*77Pr:/2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(pl / p v )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Sc'/Sp') (4.8) 

The reason for our empirical power n being greater than 1/2 is due to the turbulence effect. 
The fact that turbulence increases the power on the Reynolds number is also shown in 
Wang and Peng's (1992) study of film boiling on a horizontal flat plate in forced convection, 
where the power n is 0.8. 

In the form of Eq. (4.8), the data are plotted in Fig. 4.21; the sphere superheat effect 
is still well correlated. More data obtained at various subcooling conditions are shown in 

Fig. 4.22. For Fr1i2 greater than 2.0, the c&,F  = (N~-Nu,)/Re~*~~Pr~/~(p~/p,)(Sc/Sp) is 
about 0.072. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.4 

Four different sizes of spheres (6.35,9.53,12.7 and 19.1 mm O.D.) were used in our 
experiment to check the effect of sphere diameter on the film boiling heat transfer. The 
diameter effects on correlation Eq. (4.4) for saturated forced convection film boiling and 
the effects on correlation Eq. (4.8) for subcooled forced convection film boiling are shown 
in Figs. 4.23 and 4.24 respectively. The results indicate that in our diameter range from 
0.635 to 19.1 mm, the diameter effects on forced convection film boiling correlations are 
not distinguishable. 

The same conclusion was obtained for pool zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling if Eq. (4.5) is used to correlate 
the data. However, according to several previous studies on pool film boiling, as indicated 
in the literature review in Chapter 2, this correlation does not work well for very small and 
very large diameter spheres. Sakurai et al. (1990b), based on their systematic experimental 
data obtained from film boiling on cylinders, modified their analytical solution (which is 
the same as Michiyoshi's correlation Eq. (4.5), by introducing a diameter-effect correction- 
factor K(d') on the right hand side of the equation and a factor (1 + 2/Nu)-l on the left 
hand side to correlate their small wire/cylinder film boiling data well. Since the film 
boilings on spheres and on cylinders are quite similar, it is reasonable to assume that the 
Sakurai's diameter-eff ect correction- factor for cylinders should also apply to the case of 
spheres. Comparing our data with Sakurai's correlation, we found our experimental data 

Diameter Effect on Film Boiling 
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I 

Fig. 4.19. The enhancement of liquid subcooling and velocity on the film boiling lieat 
transfer. 
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Fig. 4.20. Subcooled film boiling data plotted in the form of Eq. (4.6). 
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Fig. 4.23. Data obtained from different sizes of sphere at saturated condition, plotted in 
terms of saturated forced convection correlation. 
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Fig. 4.24. Data obtained from different sizes of sphere at subcooled conditions, plotted it1 

terms of subcooled forced convection correlation. 
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are about 10% to 14% higher zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan their correlation. In addition, according to Michiyoshi’s 
et a1 (1988) theoretical analysis, the Nusselt number for spheres is 14% higher zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan that 
for horizontal cylinders. Therefore a factor of 1.14 is applied to Sakurai’s et a1 (199Ob) 
correlation to correlate our sphere pool film boiling experimental data,land the agreement 
turned out to be very good within a &15% band, as shown in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.25. The complete 
correlation for pool film boiling at both saturated and subcooled conditions is given as 

Nu/(l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 2/Nu) = K,(d’)(Ar/Sp’)1’4~~/4 (4.9) 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMc is the same as that in Eq. (4.5) and Kc(&) is calculated by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
K,(d’) = 0.5d‘-1/4, 
K,(d’) = 0.86/(1 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.28d’), 
Kc(d’) = 2.4d’/(l 3- 3.Od’), 
Kc(d’) = 0.47d’1/4, 

for d’ < 0.14 
for 0.14 < d‘ < 1.25 
for 1.25 < d‘ < 6.6 
for d‘ > 6.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4.5 

Our experiments were conducted with distilled water, deionized water, tap water, 
and deionized water with salt additions. The experiment shows that the kind of water 
used has no effect on the heat transfer data obtained from the transient mode operation, 
and it only affects the speed of sphere surface oxidation. 

For the cool-down transient experimental technique, one concern is that the nonuni- 
formity of temperature distribution in the stainless steel sphere may affect the accuracy 
of the film boiling heat transfer data. This was investigated and checked by doing the 
transient experiment with brass spheres of diameters 9.53 and 12.7 mm, which have a 
thermal conductivity that is 10 times higher than stainless steel. The total film boiling heat 
flux obtained with a brass sphere in saturated water is shown in Fig. 4.26; it is very close to 
that obtained with a stainless steel sphere, and the only difference is that the brass sphere 
has a little lower quench temperature than the stainless steel sphere, especially when the 
water velocity is high. 

The ratios of experimental Nusselt numbers (obtained with brass) over the predicted 
Nusselt numbers from Eq. (4.9) for pool film boiling are shown in Fig. 4.27, which shows 
excellent agreement when Fr1l2 is smaller than 1. For forced convection, the ratios of 
experimental Nusselt numbers over the predicted Nusselt numbers from Eq. (4.4) are 
shown in Fig. 4.28, which also shows good agreement when Fr1I2 is greater than 2. This 
indicates that the film boiling heat transfer does not depend on the sphere material. It also 
implies that the nonuniformity of temperature distribution in the stainless steel sphere 
does not affect the accuracy of film boiling heat transfer data significantly. 

4.6 Steady-State Mode Operation Results 
Steady-state mode operations have been conducted with stainless-steel spheres in 

waters with different water electrical conductivities. The ratios of experimental data over 
the predicted values from Eq. (4.4) which is obtained from transient mode experiment 
are shown in Fig. 4.29. If we assume that the film boiling heat transfer in the transient 
state and steady state are the same, these data are seen to confirm the applicability of the 
power calibration (in air) to an all-water flow system, provided the electrical conductivity 
is adequately large (over 200 micromho). 

Material and Water Effects on Film Boiling 
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M c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 4.25. Data obtained from different sizes of sphere at subcooled pool film boiling 
conditions (from 0.0 to 40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C). 
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Fig. 4.26. Total heat flux transients from a typical series of transient mode runs in the 
saturated condition with a brass sphere. 
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Fig. 4.27. Data obtained from brass sphere are compared with pool film boiling correlation. 

Fig. 4.28. Data obtained from brass sphere are compared with forced convection film 
boiling correlation. 
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Fig. 4.29. The effect of water electrical conductivity (shown in parenthesis in micromho) 
on the power coupling to the sphere. D.W. is for distilled water; D.1.W is for deionized 
water; T-LC.W. and T-HCW. are for low conductivity and high conductivity tap water 
respectively. 
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5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA THEORETICAL ANALYSIS OF FILM BOILING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IN SINGLEPHASE FLOWS 

5.1 Introduction to the Theoretical Analysis 

As zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe literature review in Chapter 2 indicates, from theoretical aspect, film boiling 

on spheres has been studied extensively. However, there is still no theoretical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling 

model that, by itself, covers all the single-phase film boiling regimes for spheres (from nat- 

ural to forced convection and from completely saturated to highly subcooled conditions). 

Frederking and Clark's (1963) analysis, which is similar to Nusselt's analysis for conden- 

sation on a vertical wall, is only for saturated natural convection. Witte's (1968) simple 

analysis, which uses the potential velocity around the sphere as the vapor velocity, is only 

for saturated forced convection. Kobayasi (1965), following the Bromley's (1953) analysis, 

is only for saturated cases. Epstein's (1980) model, which applies similarity boundary 

layer theory and perturbation method to the front stagnation point of the sphere, is only 

for forced convection, either saturated or highly subcooled. Michiyoshi (1988) and Tso 

(1990) obtained a close form analytical solution for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnatural free convection film boiling on 

a sphere. 

For film boiling on cylinders, there are also many pieces-wise analyses. For example, 

Bromley (1953) carried out an analysis for saturatedcases based onBernoulli's theorem and 

a consideration of viscous drag to the vapor. Motte and Bromley (1957) also did an analysis 

for subcooled forced convection film boiling from an energy partition and turbulent point 

of view. Liu, Shiotu and Sakurai (1992) did an analysis for saturated forced convection 

by means of an integral method with a single-phase boundary layer. Shigechi, Ito and 

Nishikawa's (1983) analytical model, which is based on an integral method with a two- 

phase laminar boundary-layer theory, covers all the single-phase film boiling regimes, 

although it must be solved numerically. 

In this chapter, an analysis which is similar to that of Shigechi, Ito and Nishikawa 

(1983) is carried zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAout for a sphere in all the film boiling regimes. There are two major 

differences between OUT model and Shigechi's. First, the boundaries around the sphere 

are axial symmetric instead of two-dimensional as for cylinders. Secondly, the potential 

flow over a sphere is different from that over a cylinder. Additionally in our model, the film 

properties and the effective latent heat of evaporation are used instead of the properties 

at the safxration point. 

Shigechi, It0 and Nishikawa's analysis treats the separated rear region with an arbi- 

trary film thickness function. This is fine for the saturated case since the heat transfer in 
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this region is very small compared with that in the unseparated front region. However, 

with this arbitrary thickness function for the rear separated region, the overall heat transfer 

becomes arbitrary for subcooled cases because the rear region also contributes a significant 

amount in heat transfer. In this work, a turbulent eddy model [Theofanous et a1 (1976)l is 

applied to calculate the heat transfer in the separated rear region for the subcooled forced 

convection cases, which agree with the experimental data very well. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPhysical Model and Fundamental Equations 

Consider zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling from a sphere with a uniform surface temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT,, which 

is placed in a stream of liquid flowing upward with a uniform velocity Uoo, as shown 

in Fig. 5.1. The gravitational force is opposite to the coming flow direction. The liquid 

is subcooled by AT8,, below the saturation temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-88 corresponding to the system 

pressure. The following assumptions are made. 

(1) The vapor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm and the liquid (water) flow adjacent to the vapor-liquid interface are 

regarded as boundary-layers. This is a two-phase boundary-layer. 

(2) The flows in the vapor and liquid boundary-layer are steady laminar flow and the 

flow outside the liquid boundary-layer is a potential flow. 

(3) Physical properties are constant and are evaluated at the film temperatures. The 

density of vapor is negligible compared with that of liquid when the vapor momentum 

equation is concerned. 

(4) The inertia terms in the momentum equation and the convection terms in the energy 

equation for vapor film layer are neglected for simplicity. The effects of convective 

terms are compensated by using an effective latent heat of vaporization h;g at the 

interface. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
hig zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= hig + O.5Cp,ATsUp 

(5) The vapor-liquid interface is smooth and the pressure difference due to surface tension 

is small and not considered. 

(6) Radiation heat transfer is not considered. 

Under the above assumptions, the fundamental equations for the vapor layer are as 

follows 

Continuity equation: 
1au,  dv, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu, 

r 80 89 T 
+ - + --cote = o -- 
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Fig. 5.1 Physical model and coordinate system. 

Momentum equation: 

Energy equation: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a2Tv 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkv- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
832 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5.3) 

For the potential flow outside the liquid boundary-layer, the pressure is given by 

Thus the pressure gradient is 

sin28 
T 88 

Neglecting the pressure difference due to curvature of the vapor-liquid interface, using 

the assumption that the pressure in the vapor layer equals the pressure in the liquid layer, 

which is assumed to be the pressure of potential flow around the sphere, substituting the 

above equation into the vapor layer momentum Eq. (5.2) and taking account of the third 

assumption, the following equation is obtained 

sin26 = 0 Pv zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd2uv Pl 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPi u& i- g-sin8 i- --- -- 
Pv zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8Y2 Pv 8 P v  f 
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For the liquid boundary-layer, the three governing equations are as follows: 

Continuitv equation: 

Momentum equation: 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAau1 avl u1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA88 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdy r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ - + -cot8 = 0 -- (5.5) 

The boundary conditions and the compatibility conditions at the vapor-liquid inter- 

face are 

y = 0: 

y = s: 

y = s + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6,: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

uv = ?Iv = 0 

Tu = Tw 

uv = u1 = 216 

(2)& = O 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

y = s + sT: 

=T, 
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The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm in Eq. (5.14) is given by 

(5.18) 

cote zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApu ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr d8 Jd u,dy + 7 I” uvdy)  (5.19) 

Before transforming these equations into dimensionless forms, integrating Eq. (5.1) 

with respect to y from 0 to 6 and substituting the result into Eq. (5.19), we have 

Integrating the vapor layer energy equation, Eq. (5.3), with the boundary conditions, Eqs. 

(5.9) and (5.13), we obtain a linear temperature distribution. Substituting it into Eq. (5.14) 

and applying Eq. (5.19), we have zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

TLJ - Ts 
h;,p, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1 r !- de I” u,dy + r JD” uvdy)  = k,, s 

u, dS TLJ - T* 
hlf,p, (vu - --) r d8 = -IC, s 

We define the dimensionless variables and parameters as follows: 

114 114 

1* = (8) ; u*  = (Agr)lI2; v* = (8) 
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(5.21) 

(5.22) 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

(5.27) 

(5.28) 

(5.29) 

(5.30) 

(5.31) 

(5.32) 



The dimensionless governing equations and boundary conditions now become as follows: 

For €he vapor film: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
au, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAav, 
ae ay zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ - + UVcot6 = 0 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A A 

-$ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUvdY + cote zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 UvdY = 

For the liquid boundary layer: 

au1 av; - + - + u1cote = 0 ae ay 

The boundary conditions: 

AtY=O: 
u, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvu = 0 

A t Y = A :  

(Vu - U v g ) A  = K zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Vi - U i g )  
A 

A t Y = A + A , :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u1 = &,A, = (3/2)F1/2~ine 

(5.39) 

(5.40) 

(5.41) 

(5.42) 

(5.43) 

(5.44) 

(5.45) 

(5.46) 

(5.33) 

(5.34) 

(5.35) 

(5.36) 

(5.37) 

(5.38) 

, 
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@AT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5.47) 

(g)AT = 0 (5.48) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.3 Method zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Solution 

Integrating Eq. (5.34) twice with respect to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY and determining the integral constant 

by boundary condition Eqs. (5.39) and (5.40), we have a vapor layer velocity distribution 

function 

As an approximation, we assume quadratic functions of Y for the radial distributions 

of tangential velocity Ut and temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 in the liquid boundary layer and determine 

the constants of these functions by Eqs. (5.40), (5.45) and (5.46) for Ul, and by Eqs. (5.43), 
(5.47) and (5.48) for 0. So the velocity and temperature distributions in the liquid layer 

are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

0 = SC' [I - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(31 
where 

( = Y - A = (3 - S)/U* 

Integrating Eqs. (5.36) and (5.37) from A to A + A, with respect to Y we have 

(5.50) 

(5.51) 

(5.52) 

(5.53) 
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Eliminating zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%,A, between the above two equations and transforming the integral variable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y to 5, we get 

(5.55) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 
8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ -FA, Sh28 + Ul,A,cote 

Integration of Eq. (5.38) from A to A + AT with respect to Y and applying Eq. (5.36) yields 

(5.56) 

Applying Eq. (5.44) and transforming the integration variable Y to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE, we obtain 

SC' Sp' + cot8 lAT UlOdc + ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASC' + &) (&) (g) = 0 (5.57) 
AT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK A  

Substitution of Eqs. (5.49) and (5.50) into Eq. (5.41) yields a relationship between Au and 

A as follows: 

A 
4 (3/2)F1/2sin~ - UA 

A, = - 
B2K 2uA - KA2(1 + (9/4)F cos8)sinQ 

(5.58) 

Substituting Eq. (5.49) for U,, Eq. (5.50) for Ul, and Eq. (5.51) for 0 into Eqs. (5.35), 

(5.55) and (5.57) and eliminating A, by Eq. (5.58), the final differential equations for A, 
AT and UA are 

- F2c 
dA dUA 

de F 2 l Z  + F22- - 

(5.59) 

(5.60) 

(5.61) 

where Fl1, F1 ,FlC.. . F3= are functions of the variables A, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU-, AT and 8, and of the 

parameters Bl, Fr, K,  Prl, R, Sc' and Sp'. The algebraic expressions of these functions for 
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the case of A, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> AT are as follows: 

For the case of A, < AT, which occurs in subcooled natural convection conditions, 

the functions that are different from those of the case of A, > AT are given as follows: 

SC'AT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsine [ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 - (1 - 2) '1 - A, { ZUaF1/2cos0 - 
5 

F2, = Prl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB1- 
3 
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(5.63) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Since the Prandtl number of water is always larger than 1.0, we may assume that the 

A, is always larger than or equal to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAT at the front stagnation point. Our model shows 

that this is true. So the functions for the case of A, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> AT are always used at the front 

stagnation point. These functions are then continually used as long as A, > AT, as in the 

cases of subcooled forced convection. However, for the subcooled natural convection, AT 
is equal to or almost equal to A,  in the front and rear stagnation regions, but larger than 

A, when away from the stagnation points. In the computation, as long as A, < AT, the 

functions given by Eq. (5.63) are used. 

Because of the singularity at the stagnation point 8 = 0, a forward-integration of Eqs. 

(5.59) to (5.61) cannot be directly performed. To overcome this difficulty, we assume that 

A = A0 + A202, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUA = B18 and AT = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACO + C202 in the region from 8 = 0 to 0.05 rad. 

Substituting them into Eqs. (5.59), (5.60) and (5.61) and solving the resulting equations for 

Ao, A2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB1, CO and C2 by the Newton method, the starting values of A, UA and AT are 

determined. Then starting from 8 = 0.05 rad, Eqs. (5.59), (5.60) and (5.61) are forward 

integrated by means of Fourth-Order-Runge-Kutta method with a step interval of 0.001 

rad. 

The numerical integration can be performed up to the rear stagnation point without 

any problem as long as Fr < 2/9. However, when Fr > 2/9, the integration blow up at 
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a certain angle between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= n/2 and 0 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn, depending on the Fr; we call it separation. 

After the separation, the numerical integration based on the model given above can not 

be performed further. To account for ,the heat transfer in the region after separation, as a 

preliminary model, it is assumed that a film with a uniform equivalence thickness zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, is 

covered all over the separated rear part of the sphere. The heat transfer in that region is 

merely the heat conduction through the film. According to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOUT experimental observations 

and heat transfer data, it is also assumed that A, = A,, where As is the dimensionless 

vapor film thickness at the separation point. The effect of the equivalent film thickness 

on the overall heat transfer will be discussed latter. This is just a preliminary model for 

the heat transfer in the separated rear region, later a better turbulent heat transfer model 

based on Theofanous et al.'s (1976) model will be used to calculate the heat transfer in this 

region. 

After solving the Eqs. (5.59), (5.60) and (5.61), the heat transfer characteristics are 

calculated as follows: 

Local heat transfer coefficient in terms of A, 

Average heat transfer coefficient in terms of Aav, 

Average Jusselt number in terms of A,,, 

where Aav is defined by 

d - sin0-dO = 0.5 
Aav rd2  A 2 
1 

(5.64) 

(5.65) 

(5.66) 

(5.67) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.4 Results and Discussion 

' I  
The numerical calculation was carried out for water at atmospheric pressure. The 

superheat ATsup, subcooling ATSub and Fr number were given first. Then the density ratio 

K, p p  ratio R, Prandtl number of liquid Prl, buoyant force parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABL, dimensionless 

5-1 1 

' I  



superheat Sp', and dimensionless subcooling Sc' were evaluated at film temperatures of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(T, + T,)/2 and Tf,l = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3 + T,)/2. The ranges of Fr , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAsup and Asub are: 

Fr = 0.01-500; 

The corresponding values for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK,  R, Prl and BL are 2300-6200, 0.004-0.0055, 1.76- 
3.0 and 0.46-0.86 respectively. The corresponding ranges of Sp' and Sc' are 0.25-1.2 and 

0-0.023 respectively. 

Asup = 300-2000 "C; Asub = 0-80 "C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Separation Point, Vapor Film and Liquid Boundary-Layer Thickness 

As mentioned earlier, the vapor film boundary layer separates if Fr is larger zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan 2/9. 

This critical Froude number is larger than the 1/8 that was obtained by Shigechi, Ito and 

Nishikawa (1983) for a cylinder. The separation points of the numerical integration, i.e. 

the angles at which the integration breaks down, are shown in Fig. 5.2. When Fr 2/9, 

the separation angles can be expressed exactly by 

(5.68) 

for both saturated and subcooled conditions. This is also different from that obtained by 

Shigechi et al. (1983) for a cylinder, which was 8, = cos-l(1/8 Fr). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 

a 
(d 
L 

W 

k 
(d 
PI 
a, 

t/l 

3.0 

2.5 

2.0 

1.5 
0.1 1 10 

Fr 1'2 

Fig. 5.2. The dependence of the separation angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, of the theoretical model on the Froude 
number Fr. 
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No liquid layer separation (Le. numerical integration breaking down) was found 
prior to the separation of vapor layer, although the liquid momentum boundary layer 
thickness zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, is much larger than the vapor layer thickness A for highly subcooled forced 
convection conditions. In these cases, the liquid-vapor interface velocity is almost equal 
to the velocity of the potential flow and the liquid momentum boundary layer is almost 
a layer with uniform velocity. For this case, the thickness A, is not important in the 
calculation. To verify this argument, another numerical integration scheme based on the 
assumption that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.5 F1/2 sin6 was developed for the cases whenever A,/A > 5. It 
shows that the vapor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm thickness, hence the heat transfer, was not affected significantly 
by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis modification. 

The angular distributions of the reciprocal of the dimensionless vapor film thickness 
1/D, which is proportional to the local heat transfer coefficient, are shown in Figs. 5.3 
and 5.4 for saturated and subcooled cases respectively. In these figures, the slopes of the 
curve are discontinuous at the separation point for the cases of Fr = 1.0,3.0 and 30.0. Fig. 
5.3 shows that, for saturated forced convection cases, there is significant variation in heat 
transfer in the front part of the sphere and most of the heat transfer is contributed from 
this regime. In contrast, for subcooled forced convection, Fig. 5.4 shows that there is less 
variation in the front part of the sphere (except in the vicinity of the front stagnation point), 
and the rear part of the sphere is as equally important as the front part in transfer heat. 

For saturated film boiling, the angular variation of the ratio A,/A is shown in Fig. 
5.5. It shows that, in the front part of the sphere, this ratio essentially only depends on the 
superheat AT,, and is independent of the angle 6. But, for the rear part of the sphere, this 
ratio decreases as the angle 8 increases in the case of natural free convection film boiling 
(Fr < 0.01). 

For subcooled conditions, the ratios of A,/A and AT/A are shown against the angle 
in Figs. 5.6 and 5.7 respectively. Fig. 5.6 indicates that, unlike the saturated case, the ratio 
A,/A becomes more Froude number dependent when it is highly subcooled. Fig. 5.7 
shows that, except in the vicinity of the front stagnation point, the ratio AT/A decreases 
with the angle for all flow conditions. Comparing Fig. 5.6 with Fig. 5.7, it is obvious that 
A T / A ~  is always smaller than or equal to one. 

Heat Transfer Results at Saturated Conditions 

The variation of (Nu/Re:/')(pV/pl) against the Froude number Fr and superheat 

AT,, is shown in Fig. 5.8. The variation of Csat,F1 = (N~/Re:/~)(p,/pl)(Sp'~/R~)~/~, 
(the heat transfer characteristic of mode 1 forced convection saturated film boiling corre- 
lation), is shown in Fig. 5.9 with the superheat as the parameter. It is obvious that both 
of these two heat transfer characteristics are superheat dependent. As mentioned in the 
previous chapters, the best way to correlate the saturated film boiling heat transfer is by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 5.3. Angular distribution of the dimensionless local heat transfer coefficients for 
saturated film boiling with AT', = 1000 "C. 
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Fig. 5.4. Angular distribution of the dimensionless local heat transfer coefficients at sub- 
cooled condition. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 5.5. Angular variation of A,/A at saturated conditions. 
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Fig. 5.6. Angular variation of A,/A at subcooled conditions. 
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0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5 1 .o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.5 2.0 2.5 3.0 
Angle (rad) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 5.7. Angular variation of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAT/A at subcooled conditions. 
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Fr 1'2 

Fig. 5.8. The relationship between (Nu/Re:j2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(p,,/pl) and Froude number Fr at saturated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
film boiling conditions. 
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0.1 1 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1'2 

Fig. 5.9. The relationship between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat,F1 and Froude number Fr at saturated film boiling 
conditions. 

for natural free convection and forced convection respectively. The dependences of these 

two heat transfer characteristics on Fr112 are shown in Fig. 5.10 at two significantly dif- 

ferent superheat conditions. It shows that they are much less dependent on the superheat 

than are the (Nu/Re;I2)(pv/pl) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat ,~ l  = ( N ~ / R e i / ~ ) ( p ~ / p l )  ( S P ' ~ / B ~ ) ~ / ~ .  

In the pool film boiling regime, C s a t , ~  is about 0.6, which can be compared with the 

value of 0.58 from Ito, Nishikawa and Shigechi's (1981) analysis for a cylinder, 0.62 from 

Bromley's (1950) experimental data for cylinders, 0.586 from Frederking's zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1963) analysis 

for a sphere and -0.60 from Michiyosh's (1988) analysis for a sphere. On the other hand, 

for forced convection, Csat,F is about 0.5, which is very close to the values of 0.46 obtained 

by Ito, Nishikawa and Shigechi (1981), 0.454 form Kobayasi's (1965) theory for spheres 

and 0.553 from Epstein and Hauser's (1980) analysis for a sphere and cylinder. 

Figures 5.11 and 5.12 compared two sets of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAour experimental data with the theory in 

terms of C s a t , ~  and Csat ,F respectively. They indicate that the agreement of the theory 

with the experiment is perfect in the forced convection regime. However, in the pool film 

boiling regime, the experimental data are about 1020% higher than the theory. 
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Fig. 5.10. The dependence of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC s a t , ~  and C s a t l ~  on Froude number Fr at saturated film 
boiling conditions. 
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Fig. 5.11. A comparison of saturated experimental data with the theory in terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC s a t , ~ .  
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In the theoretical model zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, the equivalent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm thickness beyond the separation point 

is arbitrarily assumed to be two times that of the film thickness at the separation point, 

i.e., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, = A,. It is interesting to see what would be the result if the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, is assumed to 

be infinity, i.e. no heat transfer contribution from the region beyond the separation. The 

comparison is shown in Fig. 5.13. It shows that with the assumption of A, = A,, the rear 

part of the sphere contributes about 16% in the overall heat transfer in forced convection 

regime for this particular case. 

In conclusion, for saturated film boiling, our theoretical analysis agrees well with 

the existing analyses either for spheres or for cylinders and also agrees well with our 

experiment. 

Heat Transfer Results at Subcooled Conditions 

Figures 5.14 and 5.15 show the dependence of (Nu/Re:/2)(pv/pl) on the Froude 

number with subcooling ATsub as the parameter at superheat AT,,, of 600 "C and 1200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
"C respectively. These two figures indicate that the effect of subcooling is more remarkable 

for the larger Froude number Fr and the smaller superheat AT,,. 

Based on the discussion in the previous chapters, the following two heat transfer 

characteristics are the best choices to correlate the subcooled film boiling heat transfer 

for pool film boiling (5.71) 

(5.72) 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, in Eq. (5.71) is a complicated function of subcooling ATsubr superheat all\, and 

sphere diameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd, which is given by Eq. (4.5). The variation of these two dimensionless 

groups are shown in Fig. 5.16 at three conditions. It is obvious that CS,b,N is less dependent 

on the subcooling Arsub, superheat ATsub and the Froude number Fr in the natural free 

convection regime (Frli2 < 0.2), and Cs.ub,F is less dependent on the subcooling &! ' , ,b,  
superheat ATsub and the Froude number Fr in the forced convection regime (Fr1I2 > 1.0). 

For pool film boiling, the variation of CsublN against subcooling AT,,, is plotted in 

Fig. 5.17 with superheat ATsup as the parameter. When ATsub equals 0, Le., at a saturated 

condition, Csub,~ equals 0.696, which is exactly the same as that obtained by Michiyosh 

(1988). However, it increases slightly when the subcooling increases. Figure 5.17 indi- 

cates that, even when the Froude number is as small as 0.01, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC s u ~ , ~  is not invariant of 
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Fig. 5.12. A comparison of saturated experimental data with the theory in terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACSqtLt,~. 
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Fig. 5.13. The influence of the equivalent film thickness A, on the overall heat transfer 
results at saturated film boiling conditions. 
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Fig. 5.14. The relationship between (Nu/Re:/2)(pv/pl) and Froude number Fr at sub- 
cooled film boiling conditions with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAT,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 600 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C. 
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Fig. 5.15. The relationship between (Nu/Re:I2)(pv/pl) and Froude number Fr at sub- 
cooled film boiling conditions with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAT,, = 1200 "C. 
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Fig. 5.16. The dependence of CSub,N and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC&,,F on Froude number Fr at subcooled film 
boiling conditions. 
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Fig. 5.17. The dependence of C s u b , ~  on subcooling ATszcb in natural free convection filiii 
boiling. 
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subcooling, superheat and Froude number. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn an approximation sense, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC s u b , ~  may be 

regarded as a constant (about 0.72) if the subcooling is lower than 20°C. 

In the case of forced convection, the variations of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACSPLb,~ and C s a t , ~  against subcooling 

AT,,b are shown in Fig. 5.18 with the superheat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAT,,, as the parameter. It indicates 

that the higher the superheat, the less the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat,F depends on subcooling. This means 

that when the superheat is very high, the saturated forced convection correlation may 

be approximately used for the subcooled condition. It also shows that the lower the 

superheat, the earlier the C&,F levels out (i.e., CS,&,,F tends to be a constant at smaller 

subcooling). The constant that the Csub,F tends to reach is about 1.5. In comparison, the 

Csub,P obtained by Shigechi, Ito and Nishikawa (1983) for a cylinder is 1.16, and the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAone 

obtained from Epstein and Hauser's (1980) analysis for a sphere and cylinder is 0.977. 
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0 . 10 20 30 40 50 60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA70 8 0  

ATub (C) 

Fig. 5.18. The dependence of Csat,F and Csub,P on subcooling ATsub in forced convection 
film boiling. 

The comparisons of the experimental data of this work with the predictions of the 

theory in terms of Cs,b,F are shown in Figs. 5.19 (a) and 5.19 (b) for two subcooling 

conditions respectively. The comparisons indicate that in the natural convection and trail- 

sition regimes (Fr1I2 < 2.0), contrary to the saturated case, the theoretical predictions 

are about 20% higher than the experimental data especially when the superheat is low. 
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Fig. 5.19(a). A comparison of 20 "C subcooled experimental data with the preliminary 
theory in terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsub,F.  
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Fig. 5.19(b). A comparison of 30 "C subcooled experimental data with the preliminary 
theory in terms of Csub,F.  
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But when the Fr1j2 is larger than 2.0, the prediction is lower than the experimental data. 

The comparisons also clearly show that the turning point of the theory happens at a lower 

Fr than the experimental data. The reason for this difference may be that the vapor film 

separates at a larger angle in reality than the mode predicted. The experimental data also 

clearly exhibit a higher power dependency on the Reynolds number than the 0.5 that is 

predicted by the theory as given by Eq. (5.72). 

When subcooling in forced convection conditions is high, the overall heat transfer 

result is very sensitive to the choice of the equivalent film thickness of the rear part be- 

cause the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm that covers the rear part of the sphere is thin. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs indicated earlier, in our 

preliminary model, the assumption A, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= A, is completely arbitrary, so it certainly cannot 

predict the experiment well. 

In conclusion, when there is no separation (i.e., for the pool zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling), the two- 

phase laminar boundary-layer theory agrees well with the experiment, some previous 

analyses and correlations. This preliminary model also works well for saturated forced 

convection film boiling, even when there is separation. However, this preliminary model 

does not work well in the subcooled forced convection and transition regimes because it 

does not model the heat transfer in the rear part correctly. A model that considers the 

heat transfer in the rear separated region for subcooled forced convection film boiling, 

therefore, developed next. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.5 A Turbulent Heat Transfer Model for the Separated Rear Region 

As mentioned in Chapter 4 Section 1, the experimental observation shows that a thin 

vapor film covers all of the sphere in the case of subcooled forced convection. The film 

on the front part is always smooth, but wavy on the rear side. So, we may still use the 

laminar model to calculate the heat transfer for the front unseparated region, and use a 

turbulent eddy model to calculate the heat transfer in the rear separated region. 

Theofanous, Home and Brumfield (1976) studied the turbulent mass transfer at the 

free gas-liquid interface. By a dimensional analysis or an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAunsteady mass transfer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAeddy 

model, they obtained two mass transfer coefficient correlations, with the constants being 

determined by experiments. This model can be readily converted to a heat transfer sit- 

uation, and Liang and Peter-Griffith (1994) did so by applying this model to calculate 

the condensation of steam in subcooled water. In the following, the same model will be 

extended to calculate the turbulent heat transfer across the vapor-water interface in the 

rear separated region when the Froude number Fr is larger than 6. 
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It is reasonable to consider the flow behind the sphere as large turbulent eddies, with 

length scale zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= r and velocity u = cU, where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU is the main stream flow velocity and c is a 

constant. Because of the viscous dissipation, it may also be assumed that the large eddies 

break down to Kolmogorov microscale eddies with their length and velocity being 

(5.73) 

Because of the existence of film on the sphere surface, the eddies behind the sphere behave 

like eddies in a free stream. Therefore, the dissipation rate may be related with the large 

turbulent eddies by the well known empirical formula [Tennekes and Lumley (1972) 1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E = u 3 / 1  (5.74) 

The small eddies are carried by the large eddies to the free vapor-water interface on the 

back of the sphere to participate in heat transfer from time zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt = 0 to tezp = r/u. Following 

the analysis of Theofanous et al., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1976), unsteady heat transfer into the small eddy is 

calculated by taking the velocity field around the small eddy to be that of the Fortescue- 

Pearson (1970) roll cell. The mathematical governing equation, then, is 

(5.75) 

where Um = 21 /2uk .  The initial and boundary conditions are 

T = T1- T, = 0 at t = 0, 

T=O a t y = m ,  

T = ATw6 aty = 0, t > 0. 

Defining 7 = y/S(z, t) ,  the problem becomes a search for T = T(7) with the following 

two ordinary differential equations 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE is an arbitrary constant. The solution is 

(5.77) 
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Hence, the average heat transfer coefficient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh is 

where 

F ( r )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIT I' ( co thd  + c ~ s n x ' ) ~ ' ~  dx'dt' 
2&- 0 

and 

?- = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd % e z p u k / l k  

In the case when Fr > 6, (Fr112 > 2.5), Re > 10000 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
?-=A- rb >> 1 

I k l u k  

(5.79) 

(5.80) 

(5.81) 

(5.82) 

So, F(7) is constant and is equal to one. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As done by Theofanous et al., (1976), the experimental constant of 0.25 is used instead 

of the analytical constant of 1.07. Finally, the heat transfer coefficient for the rear separated 

region is 

= 0.25p~C~,lPrF~/~ (4$c6g3d) 'I8 Fr318 (5.83) 

In this formula, the only unknown is the constant c, which turned out to be 0.23 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.1 by 

matching the computation with the experimental data. 

Eq. (5.83) is only good for forced convection film boiling when Fr > 6.0. Applying 

this model to the transition region (from Fr = 2/9 to 6) will result in a 10-20% higher heat 

transfer in comparison to the experimental data. For a better prediction in the transition 

regime, the following equation is used 

(5.84) 

where hFr=d is calculated from Eq. (5.83) with Fr = 6, and n is 3/4, which is determined by 

matching the calculated Nusselt number with experimental data in the transition regime. 

The results of the new model are compared with the experiment data in Figs. 5.20(a) 

and 5.20(b) for the cases of 20 "C and 30 "C subcooling respectively. The new model 
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agrees with the experiment much better than the preliminary model of the previous section. 

However the experimental data still show a little higher power dependency on the velocity 

(or the Froude number) than the theory. There may be two reasons for this discrepancy. 

First, the heat transfer in the unseparated front part may also be affected by the turbulence 

in the coming flow. Secondly, this.rear turbulent model is not good enough to account for 

the heat transfer perfectly, because the flow and vapor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm in this separated region is so 

complicated. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r \ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo 500 

550 
600 Experiment 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 650 
+ 700 

- -600 Calculation 

1 .o 
0.1 1 .o 

Fr'" 

10.0 

Fig. 5.20(a). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA comparison of 20 "C subcooled experimental data with the turbulent model 
theory in terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACjub,p 

Coupled with the turbulent model, the variation of the two predicted heat transfer 

characteristics, Cs&,N and Csub,~,  are shown in Fig. 5.21. It indicates that CszLb ,~~  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Csub,p are still essentially independent of subcooling and superheat AT,,, in the 

free convection and forced convection regimes respectively. 

In conclusion, with the laminar model for the front unseparated film and the turbulent 

eddy model for the rear separated region, the combined theoretical model can predict well 

all the cases of single-phase film boiling. 
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Fig. 5.20(b). A comparison of 30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C subcooled experimental data with the turbulent model 
theory in terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACs&,F. 
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Fig. 5.21. The dependence of C&,N and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsub,F of modified turbulent model on Froude 
number Fr at subcooled film boiling conditions. 
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6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGENERAL CORRELATION FOR FILM BOILING 
IN SINGLE-PHASE FLOWS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6.1 Constructing the General Correlation 

The experimental data presented in Chapter 4 and theoretical analysis in Chapter 

5 indicate that the following "partial" correlations could be well used to correlate and 

predict the film boiling heat transfer in particular regimes. 

Pool Film Boiling Correlation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= E3/[l + E/(s~ 'Prr>l / (RPr~s~')~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E = ( A  + CB1/2)1/3 + ( A  - CB1/2)1/3 + (1/3)Sc* 

A = (1/27)S~*~ + (1/3)R2Sp'PrlSc* + (1/4)R2Sp'2Prf 

B = (-4/27)S~*~ + (2/3)Sp'Pr&* - (32/27)Sp'PriR2 

+ (1/4)Sp'2Pr: + (2 /27 )S~*~/R~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C = (1/2) R2Sp'Prl, Sc* = 0.93Pr~.22CpiATszLb/h;g 

Kc(d') = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5d'-1/4, 

Kc(d') = 0.86/(1 + 0.28d'), 

Kc(d') = 2.4d'/(l+ 3.0d'), 

KC(d') = 0.47~!'~/~, 

for d' < 0.14 

for 0.14 < d' < 1.25 

for 1.25 < d' < 6.6 

for d' > 6.6 

This is applicable for both saturated and subcooled conditions as long as Fr1i2 is 

smaller than 0.2. The analytical derivation of the base formula of this correlation is given 

in Appendix A. The Kc(d') ranges from 0.70 to 0.78 as sphere diameter changes from 6.0 

to 19.0 mm. 

At the saturated condition, ME/4 is about 0.86, so [Kc(d')ME/4] varies from 0.6 to 0.67, 

(6.2) 
and thus Eq. (6.1) becomes 

Nu, = 0.64(Ar/Sp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ) 1/4 

Forced Convection Film Boiling At Saturated Conditions 

(6.3) 
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Forced Convection Film Boiling At S u  bcooled Conditions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.77 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA05Pz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASd Nuf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Nu, + 0.072Rel Prl' -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Pv zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASPt 

Eq. (6.4) coupled with Eq. (6.3) could essentially predicate all the forced convection 

film boiling (Fr1/2 > 2.5), including all the saturated, small subcooled and large subcooled 

cases. The comparisons of the forced convection film boiling experimental data with the 

predication of Eq. (6.4) are given in Figs. 6.1,6.2 and 6.3 for saturated, small subcooling 

(0 < ATsub < 20 "C), and large subcooling respectively. The agreements are good in all 

the three cases. 

Now we are ready to construct a general correlation. After some trial and error, we 

found that Eq. (6.1) and Eq. (6.4) could be combined in the following way for film boiling 

on spheres in all regimes: 

Combined Correlation 

Nu = [Nu: + [ F ( F ~ ) N u ~ ] ~ ]  'I5 

where the empirical function 

0.2 

1+ I - 1 I F(Fr) = 1 - 

is introduced to correlate the transition data. Figure 6.4 gives the comparison of the 

experimental data obtained at all conditions with the correlation (6.5), and it shows that 

most of the data points are in a band within H5%. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6.2 Comparisons of the General Correlation With the Theory 

The Nusselt number calculated from the general correlation Eq. (6.5), at saturated 

condition, are compared with the theory and experiment in terms of C s a t , ~  and Csat,f;', 

in Figs. 6.5 and 6.6 respectively. For subcooled cases, with the modified turbulent model 

Eq. (5.85) , the comparisons are given in Figs. 6.7 (a) and 6.7 (b) in terms of Csub,l.'. They 

all show good agreement among the experiment, theory and correlation. For subcooled 

cases, with the turbulent model Eq. (5.83), comparisons are given in Figs 6.8(a) and 6.8(b). 
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Fig. 6.1. Forced convection data obtained in saturated water flow are comDared with Ea. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(6.3). 
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Fig. 6.2. Forced convection data obtained in little subcooled (0-20 "C) water flow are 
compared with Eq. (6.4). 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.3. Forced convection data obtained in large subcooled zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(> 20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C) water flow are 
compared with Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6.4). 

2.0 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1 1 1 1  I I I I I l l 1  

- 
- 
- 
- 
- 

- 
a - 

-0.0 I I I I I I  1 I I I I l l 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.5 5 10 

Fig. 6.4. Data obtained at all conditions are compared with correlation (6.5). 
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Fig. 6.5. A comparison of the general correlation with the theory and experiment in terms 
of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(=t&,N at saturated conditions. 
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Fig. 6.6. A comparison of the general correlation with the theory and the experiment in 
terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC&,F at saturated conditions. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 1 1 1  I 1 I I I I I I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATw=GOO.'C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 6.7(a). A comparison of general correlation with the modified turbulent model theory 
and the experiment at 20 "C subcooling. 

5 I I I 1  I I I I  1 I I I l l 1 1  

II 
4 

t, 
? 

X Tw=600. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Tw=7OO. 
* Tw=750. 
+ Tw=800. 
o Tw=810. 

Cor re l a t ion  
Theory 

.-.-.-._._._._. 

1 I I I I 1 1 1 1  I I I I I I I I  

0.1 0.2 0.5 1 2 5 10 
Fr1I2 

Fig. 6.7(b). A comparison of general correlation with the modified turbulent model theory 
and the experiment at 30 "C subcooling. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 6.8(a). A comparison of general correlation with the turbulent model theory and the 
experiment at 20 "C subcooling. 
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Fig. 6.8(b). A comparison of general correlation with the turbulent model theory and the 
experiment at 30 "C subcooling. 
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6.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAComparisons of the General Correlation with Others 

In the case of saturated pool film boiling, the comparison is given in Fig. 6.9; it shows 

that our correlation is a little lower than Hendrik‘s correlation (which is for sphere) and 

a little higher than others. For the subcooled pool film boiling, the comparison at the 

sphere temperature of 760 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA“C is shown in Fig. 4.17; it shows zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOUT correlation is lower than 

Farahat’s and higher than all others. 

For saturated forced convection, the comparison is given in Fig. 6.10. Our correlation 

is quite close to Bromley’s correlation but is only about half of Epstein’s et a1 (1980) corre- 

lation. Dhir‘s et al (1978) correlation, which is not valid for this high velocity case, gives 

much higher Nusselt number than the others. 

Figure 6.11 shows the comparison for the case of subcooled forced convection. It 

indicates that our correlation agrees very well with Epstein’s correlation at high sphere 

superheat, and about 10-20% lower than it at low superheat (400-600 “C). Compared to 

our correlation, Dhir’s correlation is lower when the sphere temperature is low and higher 

when the sphere temperature is high. Orozco’s correlation is extremely low compared with 

the others. 

Figures 6.12 through 6.14 give more comparisons of our correlation with Epstein’s 

and Dhir’s correlations. The general conclusions are: (1) for complete saturated film 

boiling, both Epstein’s and Dhir’s correlations give much higher (more than a factor of 

two) predication than ours; (2) for large subcooling and high velocity, our correlation 

agrees with Epstein’s correlation and is higher than Dhir’s correlation. (3) At the transition 

regime from natural to forced convection with large subcooling, our correlation gives the 

lowest value and Epstein’s gives the highest value. 
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Fig. 6.9. The present general correlation is compared with other saturated pool film boiling 
correlations. 
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Fig. 6.10. Comparison of our general correlation with other correlations at saturated forced 
convection condition (V = 1.5 m/s). 
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Fig. 6.11. Comparison of our general correlation with other correlations at highly sub- 
cooled forced convection condition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(ATSUb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 "C, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU = 1.5 m/s). 
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Fig. 6.12. Comparison of our general correlation with other correlation at forced convec- 
tion regime (U = 1.5 m/s). 

6-10 



' I  
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.13. Comparison of OUT general correlation with other correlation at saturated con- 
dition. I 

Fig. 6.14. Comparison of our general correlation with other correlation at subcooled con- 
dition. 
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7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFILM BOILING IN TWO-PHASE FLOWS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling from a sphere in two-phase flows has been studied in two parts, 

film boiling in upward two-phase flow and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling in downward two-phase flow. 

The experiments were carried out with 316 stainless steel spheres of 12.7 mm in diameter, 

saturated water and saturated steam in atmospheric pressure. 

In both cases, prior to heat transfer tests, the void fractions (or water fraction) in the 

test section were investigated and measured ”off line” by the X-ray radiography. The 

X-ray radiographs were also taken during the ”on line” heat transfer runs. The two-phase 

flow that we characterize and communicate here is the two-phase flow that comes towards 

the test sphere, other than the disturbed flow behind the boiling spheres. 

All two-phase film boiling heat transfer experiments were conducted by transient 

mode runs. The experimental data are interpreted and correlated in different ways, and 

the final experimental correlations are suggested. 

7.1 Upward Two-Phase Flow Generation and Void Fraction Measurement 

The upward two-phase flows were generated within the two-phase mixer by injecting 

saturated steam into a saturated upward water flow through the tube-needle assembly, 

as shown in Fig. 3.2. Only No.1 tube-needle assembly, see Section 3.2, was used in the 

upward two-phase experiment to generate the two-phase flows. 

By varying the water and steam flow rates, different two-phase flows were generated 

in the test tube. In the our present experiment, the superficial water velocity covers from 0.3 

to 1.6 m/s, and the superficial steam velocity varies from 1.4 to 4.5 m/s. The void fractions 

in the test tube, which can not be determined theoretically, were detected and measured 

by the X-ray radiographic method, as presented in Section 3.5. For each combination of 

water and steam flow rates, the radiograph of the generated two-phase flow was taken, 

and the void fraction was determined by analyzing the darkness of the obtained X-ray 

pictures. Typical X-ray radiographs of the center part of the test tube obtained at different 

steam flow rates are shown in Figs. 7.1 through 7.5 respectively. The void fractions in the 

test section were determined in an ”off line” fashion, without the test sphere inside the 

test section. 

The direct observation of two-phase flow inside the test tube and the pictures in Figs. 

7.1 through 7.5 indicate that there are three flow regimes: (1) with low water flow rate, 

especially when the steam flow rate is also low, the two-phase flow is “bubbly” flow with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7- 1 



vly = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.97 

0.55 0.79 

1.26 1.61 

X-Ray radiographs obtained with 
rficial steam velocity at 1.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Vw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.55 0.79 

0.97 1.26 1.61 

Fig. 7.2 X-Ray radiographs obtained with 
superficial steam velocity at 2.1 m/s. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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V, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm(S 0.55 

0.97 

Fig. 7.3 

1.26 

X-Ray radiographs obtained with 

0.79 

superficial steam velocity at 2.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/s. 
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P' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.' 
', zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt *-: 

Vw = 0.38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmls 

0.97 

0.55 0.79 

1.26 1.61 

Fig. 7.4 X-Ray radiographs obtained with 
superficial steam velocity at 3.2 m/s. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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V, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/s 0.55 

0.97 

Fig. 7.5 

0.79 

. I  

1.26 1.61 

X-Ray radiographs obtained with 
superficial steam velocity at 4.5 m/s. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7-6 



void fraction from 0.65 to 0.4; (2) with high water flow rate but low steam flow rate, the 

flow looks like a single-phase flow with lots of smaU bubbles; (3) with both high water 

flow rate and high steam flow rate, the two-phase flow appears as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan upward mist-jet flow 

with void fraction about 0.5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I. I 

Because of the variant nature of the two-phase flows (both in time and in space), 

especially for the bubbly flow case, several X-ray pictures were taken for each water/steam 

flow combination to get the average void fraction for that flow condition. The obtained 

water fractions at superficial steam velocities of 1.4,2.1,2.7,3.2 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.5 m/s are shown in 

Figs. 7.6 through 7.10, respectively. The water fraction covers range from 35% to 80%. 

After knowing the superficial water and steam velocities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(V, and v$) and the void 

fraction of the two-phase flow (a) the water and the steam velocities can be calculated by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
uw = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvw/aw = V,/(l - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa) (7.1) 

In our present experiment, the water velocity varies from 0.6 to 3.2 m/s and the steam 

velocity varies from 3.0 to 9.0 m/s. 

Typical radiographs of film boiling on sphere in two-phase flow are shown in Fig. 7.11. 

For most two-phase cases, it is impossible to distinguish the vapor film from the steam 

void of the coming two-phase flow, except the cases when the void fraction is very low. 

For comparison, the radiographs of film boiling on a sphere in saturated single-phase flow 

are also shown in Fig. 7.11. It is very clear that the film configuration in single-phase flow 

observed from X-ray pictures are completely consistent with those from photo pictures. 

7.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFilm Boiling in Upward Two-Phase Flows 

Setting the steam flow rate at certain level, the film boiling heat transfer experiment 

was carried out by adjusting the water flow rate from one value to another. The water 

and steam velocities were calculated by Eqs. (7.1) and (7.2). Typical experiment data are 

tabled in Appendix E. 
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U6-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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80-  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlinear regression - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 Superficial Steam Velocity = 1.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd s  

L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CI 
Q) 

5 20- 

8.b ' '014 ' ' o ' i  ' '0;s' ' ' 1 I ' ' 1.2 I ' ' ' 1.4 ' ' ' ' 1.6 I ' ' " zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.8 
Superficial Water Velocity (m/s) 

Superficial Steam Velocity = 2.1 m / s  - 

Fig. 7.6. Measured water fraction. The symbols represent measurements obtained at dif- 
ferent times. 

Fig. 7.7. Measured water fraction. The symbols represent measurements obtained at 
different times. 

7-8 



80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
linear regression zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v 

m 

si * O E  i Superficial Steam Velocity = 2.7 m/s 

Superficial Water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVelocity (m/s) 

Fig. 7.8. Measured water fraction. The symbols represent measurements obtained at 
different times. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2ol Superficial Steam Velocity = 3.2 m/s 11 
t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj 

o " " " " " " " " " " " " " " " " '  
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

Superficial Water Velocity (m/s) 

Fig. 7.9. Measured water fraction. The symbols represent measurements obtained at dif- 
ferent times. 
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80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
g 20- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

Superficial Steam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVelocity = 4.5 m/s - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

Superficial Water Velocity (m/s) 

Fig. 7.10. Measured water fraction. The symbols represent measurements obtained at 
different times. 

Choosing the superficial water velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV, as the characteristic flow velocity and 
defining the Reynolds number as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

VWlD Re = - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V1 

the experimental Nusselt numbers 
hD 

NU=- 

(7.3) 

(7.4) 

were plotted in Fig. 7.12 and 7.13 for two steam flow rates respectively. As in the case of 
single-phase film boiling, the Nu number depends both on the superficial water velocity 
and the sphere superheat. The comparison of Fig. 7.12 with Fig. 7.13 also indicates that 
the higher the steam flow rate, the higher the Nu number. In terms of the saturated 
single-phase film boiling heat transfer characteristic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(7.5) 

the data that are plotted in Figs. 7.12 and 7.13 were re-plotted in Figs. 7.14 and 7.15, 
respectively. In the same way, more data obtained with other steam flow rates are shown 
in Fig. 7.16. They show that the sphere superheat effect is well correlated in all the upward 
two-phase cases as in the case of single-phase flow. However, the CLat,P is no longer a 
constant of 0.5 as in the case of single-phase flow, and it varies from 0.45 to 0.95, They also 
show that the heat transfer characteristic C:at decreases with Re and increases with the 
superficial steam velocity. It is obvious that ihe superficial water velocity is not a good 
characteristic velocity for the upward two-phase film boiling. ' I  
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Fig. 7.11 X-Ray radiographs of film boiling from sphere in upward 

superficial Steam velocity/superficial water velocityhoid fraction. 
two- and single- phase flow. The numbers stand for: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 7.12. Film boiling Nusselt number obtained in upward two-phase flow with superfi- 
cial steam velocity at 1.4 m/s. 

Fig. 7.13. Film boiling Nusselt number obtained in upward two-phase flow with superfi- 
cial steam velocity at 4.5 m/s. 
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Fig. 7.14. Film boiling Nusselt number obtained in upward two-phase flow with supcrfi- 
cia1 steam velocity at 1.4 m/s. 
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Fig. 7.15. Film boiling Nusselt number obtained in upward two-phase flow with superfi- 
cial steam velocity at 4.5 m/s. 
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Fig. 7.16. All the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling heat transfer data obtained in upward two-phase flow, plot- 
ted in terms of superficial water velocity Vu. Repeated symbols represent data of different 
sphere superheats. 

Instead of using the superficial water velocity, now, the water velocity (or called water 
phase velocity) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU,,, calculated from Eq. (7.1) is used as the characteristic velocity to define 
the Reynolds number 

VUID 
Re1 = - 

Based on this definition, all the experiment data were re-plotted in Fig. 7.17 in terms of 

(7.6) 
Vl 

It shows that the effects of water flow and steam flow are correlated much better in this 
way, and the C s a t , ~  ranges from 0.4 to 0.5, which is very close to the single-phase flow 
value of 0.5. 

Figure 7.17 also clearly shows that there are two two-phase flow regimes. One is the 
upward mist-jet flow regime ( include the nearly single-phase flow regime) with Reynolds 
number bigger than 7 x lo4. In this regime, the data are well correlated by 

1/4 Nu = 0.42Retl2E ( sp') R4 K 

P V  

within a &lo% band. The other regime is the upward bubbly two-phase flow regime with 
the Reynolds number smaller than 7 x lo4. 

. ' I  
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Fig. 7.17. All the film boiling heat transfer data obtained in upward two-phase flow, plot- 
ted in terms of superficial water velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV,. Repeated symbols represent data of different 
sphere superheats. 

-0 
50000 100000 150000 

Re, = Up / V, 

Fig. 7.18. All the film boiling heat transfer data obtained in upward two-phase flow, plot- 
ted in terms of Eq. (7.9). Repeated symbols represent data of different sphere superheats. 
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In order to correlated the data in the bubbly flow regime better, we tried to adjust 
the exponent on the Reynolds number in Eq. (7.7) to fit the experiment data. With an 
exponent of 0.2 on Reynolds number, all the experiment data are re-plotted in Fig. 7.18. 
The thus resulted correlation is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1/4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR4K 
Nu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 12.5Rel (7.9) 

which correlates the data within a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf10% band, for Reynolds number less than 1.2 x lo5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7.3 
Prediction 

Downward Two-Phase Flow Generation, Void Fraction Measurement and 

The downward two-phase flows were generated by injecting water jets into a down- 

ward steam flow. All the three tube-needle assemblies (see Section 3.2) were used as the 

water injector. Both water and steam flow rates can be adjusted independently to produce 

the downward two-phase flows. The superficial water velocity varies from 0.07 to 1.6 

m/s, and the superficial steam velocity changes from 1.0 to 4.5 m/s. 

The water jet velocity and the void fraction at the test sphere location can be predicated 

based on the geometry of the tube-needle assembly and the acceleration of the water due to 

the gravity and the drag force of the steam flow. The equations that govern the acceleration 

of the water drop are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dUW 3 c D  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApv 

-$I+--- I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUs - U w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI (Us - U w )  
4 D Pw d t  

= uw dh 
dt  
- 

(7.10) 

(7.11) 

where D is the sphere diameter and CD is the drag coefficient. 

In the computation, the inner diameter of the tube-needle was used to approximate 

the diameter of the water drops in the test section, and a value of 0.5 was chosen for 

the drag coefficient CD. The drag force of the water-steam interaction is much smaller 

than the gravity in our case. So the calculation is not sensitive to the selections of the 

drop diameter and the drag coefficient. Once the water jet velocity at the tube outlet UW,o 
(calculated based on the water flow rate and tube-needle inner diameter) and the water 

drop-jet velocity at the test sphere location Uw are known, 

fraction can be calculated as follows 

u w  0 Ahole 

u w  Abase 
a, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=A- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a = l - a w  
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the water fraction and the void 

(7.12) 

(7.13) 



The void fractions of the downward two-phase flow are also measured by the X-ray 

radiography as in the case of upward two-phase flow. Figures 7.19,7.20 and 7.21 show the 

X-ray pictures of the downward two-phase flows at the center part of the test section (where 

the test sphere is located) with No.1, No.2 and No.3 tube-needle assemblies respectively. 

These radiographs are obtained with the superficial steam velocity at 4.5 m/s, and the 

radiographs with other superficial steam velocities 1.0,1.4,2.1 and 3.2 m/s are quite the 

same. These radiographs clearly show that when the water jet velocity is low, the two- 

phase flow looks more like a droplet flow; and when the water jet velocity is high, the 

two-phase flow shows more like a jet flow. 

Figure 7.22 shows typical X-ray pictures of the sphere film boiling in downward two- 

phase flow. We cannot get detailed information of the vapor film on the sphere, although 

somewhat higher void fraction regions can be seen behind the spheres. 

The measured and the predicted void fractions are compared in Figs. 7.23,7.24 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand 

7.25 for the two-phase flows generated by No.1, No.2 and No.3 tube-needle assemblies, 

respectively. They show that the predicted void fractions reasonably agree with the X-ray 

measurements. Therefore, Eqs. (7.10) through (7.13) can be used to calculate the water 

velocity and void fraction of the two-phase flow at the test sphere location. 

With all combinations of the water flow rate and steam flow rate, the downward two- 

phase flows cover void fraction range from 70% to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%%, with the water velocity ranges 

from 1.9 to 6.5 m/s and the steam velocity ranges from 1.1 to 9.0 m/s. 

7.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFilm Boiling of Downward Two-Phase Flows 

All the three tube-needle assemblies are used in the downward two-phase flow film 

boiling heat transfer experiment. With each tube-needle assembly, the superficial steam 

flow rate were first set at one of following values 1.0,1.4,2.1,3.2 and4.5 m/s, then transient 

mode runs were carried out by varying the water flow rate. Typical downward two-phase 

heat transfer experimental data are tabled in Appendix F. 

Defining the Reynolds number with the superficial water velocity, as in Eq. (7.3), the 

experiment data are plotted in terms of the saturated single-phase film boiling heat trans- 

fer characteristic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACLat in Figs. 7.26, 7.27 and 7.28 for No.1, N0.2 and No.3 tube-needle 

assemblies respectively. In these figures the superficial steam velocity are shown as the 

parameters, and the repeated symbols represent data of different sphere superheats (from 

400 to 800 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C). These figures indicate that, as in the case of upward single- and two- 

phase flows, the effect of sphere superheat is well correlated in all the cases of downward 
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&,p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.67 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.36 

2.96 4.05 

2.19 

5.78 

Fig. 7.19 X-Ray radiographs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof downwrd two-phase flow 
generated by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo. 1 tube-needle assembly. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7-18 



&,p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.56 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/s 

2.93 

1.64 

3.40 

2.02 

5.69 

Fig. 7.20 X-Ray radiographs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof downwrd two-phase flow 
generated by No. 2 tube-needle assembly. 



0.59 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/S 1.22 2.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' I  

2.51 3.58 4.65 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 7.21 X-Ray radiographs of downwrd two-phase flow 

generated by No. 3 tube-needle assembly. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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:,i, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC , ) , '  9 , , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 7.22 X-Ray radiographs of film boiling on sphere in downward 
two-phase flow generated by No. 1 tubeneedle assembly. 
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Fig. 7.23. Comparison of measured void fraction with the predicted. 

Fig. 7.24. Comparison of measured void fraction with the predicted. 
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Fig. 7.25. Comparison of measured void fraction with the predicted. 
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Fig. 7.26. Film boiling heat transfer data obtained in downward two-phase flow generated 
by No.1 tube-needle assembly, plotted in terms of superficial water velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV,. 
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Fig. 7.28. Film boiling heat transfer data obtained in downward two-phase flow generated 
by No.3 tube-needle assembly, plotted in terms of superficial water velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVw. 
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two-phase flows. They also show that the heat transfer characteristic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACLat,F is no longer 

a constant of 0.5, and it varies from 0.7 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.3. When the Reynolds number is high, the 

steam velocity has very little or no effect on the Ciat F ;  but when the Reynolds number is 

small, the steam velocity has a significant effect on the c i a t , F .  Comparing the three figures 

that obtained with different tube-needle assemblies, it is obvious that the smaller the tube 

inner diameter, the higher the heat transfer characteristic CiUtlF. 

- 'V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I - 
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As in the case of upward two-phase flow, we now define the Reynolds number Rel 

based on the water velocity at the test sphere location, which is calculated by Eqs. (7.10) 

through (7.13). In terms of the heat transfer characteristic Csat,F, the data obtained with 

superficial steam velocities at 1.0 and 4.5 m/s are plotted in Figs. 7.29 and 7.30 respectively, 

with the number of tube-needle assembly as the parameter. It is obvious that: the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsut,p is 

still not a constant; it increases with the Reynolds number; the smaller the diameter of the 

tube diameter, the higher is the Csat,F; the steam velocity almost has no influence on the 

Csat,F. In general, based on the water-phase velocity, unlike the upward two-phase flow, 

C s a t , ~  is not a proper heat transfer characteristic to correlate the downward two-phase 

flow heat transfer data. 

0.1 
L? 

-0.0 

o Tube No. 2 
f Tube No. 3 

- 

1 I I I I I I I 

Fig. 7.29. Film boiling heat transfer data obtained in downward two-phase flow with 
superficial steam velocity at 1.0 m/s, plotted in terms of Csat.p. 

I 
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Fig. 7.30. Film boiling heat transfer data obtained in downward two-phase flow with 
superficial steam velocity at 4.5 m/s, plotted in terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat.p 

There are reasons for this. First, in the upward two-phase flows the water fractions 

are higher (from 35% to 80%) than those in the downward two-phase flows (from 5% to 

30%). Secondly, in the case of upward two-phase flows, the gravity is opposite to the flow 

direction, so it helps to accumulate more water at the front stagnation point than in the 

case of downward two-phase flows. So for the film boiling in upward two-phase flows, 

from the sphere point of view, it is like in a saturated single-phase water flow. This is why 

the saturated single-phase film boiling heat transfer characteristic Csat, F still works well 

for the film boiling in upward two-phase flows. On the other hand, in the downward 

two-phase flows, there is no much water accumulated at the front stagnation point, and 

the film boiling may be thought as in a low density single-phase flow with an equivalent 

density 

Pe = QwPwater (7.14) 

Substituting this equivalent density as the liquid phase density into the heat transfer 

characteristic Csat ,F,  Eq. (7.7), we have new heat transfer characteristic 

(7.15) 

which is just the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC s a t , ~  divided by a factor of ail4. 
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With the new heat transfer Characteristic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACD,twO, the experiment data that plotted 

in Figs. 7.29 and 7.30 are re-plotted in Figs. 7.31 and 7.32 respectively. In the same way, 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.33 shows all the data of downward two-phase flow, which represents all the data 

obtained with different sphere superheats, different tube-needle assemblies, and different 

steam and water velocities. It is obvious that this heat transfer characteristic correlates 

well all the effects, except that it increases slightly with the Reynolds number Rel (or 

water-phase velocity). Moreover, the CDltwo only varies only from 0.4 to 0.5, and it is very 

close to the saturated single-phase value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat,F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.5. So, in an approximation sense, the 

heat transfer characteristic Eq. (7.15) can be used to correlate the downward two-phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
film boiling heat transfer in the following formula zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

R4 K 
Nu = O.45Rel 

PW 

within a f20% band. 

(7.16) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

x Tube No. 1 
o 'rube No. 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 + Tube No. 3 
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Re, = Us I u, 

Fig. 7.31. Film boiling heat transfer data obtained in downward two-phase flow with 
superficial steam velocity at 1.0 m/s, plotted in terms of CDltwo. 

The systematically increasing of the CDltwo with Rel suggests us that the exponent on 

the Reynolds number in Eqs. (7.15) or (7.16) should be higher. By fitting the correlation 

with the experimental data, it was found that a power of 0.75 could be used instead of 0.5. 
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Fig. 7.32. Film boiling heat transfer data obtained in downward two-phase flow with 
superficial steam velocity at 4.5 m/s, plotted in terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC D , ~ ~ ~ .  
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Fig. 7.33. AIl the film boiling heat transfer data obtained in downward two-phase flow 
with superficial steam velocity at 1.0 m/s, plotted in terms of C D , ~ ~ ~ .  Repeated symbols 
represent data from different tube-neddle assemblies and with different sphere superheats. 
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In terms of the further modified new heat transfer characteristic 

(7.17) 

all the downward two-phase data are shown in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.34. It correlates the data much better 

than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACD,twO, and the corresponding correlation is 

which correlates the data within a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf10% band. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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(7.18) 

Fig. 7.34. All the film boiling heat transfer data obtained in downward two-phase flow 
with superficial steam velocity at 4.5 m/s, plotted in terms of Ch Repeated symbols 
represent data from different tube-neddle assemblies and with diffirent sphere superheats. 

.( I 

7.5 Conclusion 

The void fractions of upward and downward two-phase flow were measured by the 

X-ray radiography. The calculated void fraction of downward two-phase flow, which 

is based on the acceleration due to the gravity and steam drag, agrees well with the 

radiographic measurements. 

I 
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The upward two-phase flows cover void fraction range from 0.2 to 0.65 with the water 

velocity from 0.6 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.2 m/s and the steam velocity from 3.0 to 9.0 m/s. When the water 

velocity is low, the flow appears like a bubbly flow; when the water velocity is high, the 

flow shows like a mist-jet flow. Based on the water velocity, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling heat transfer 

data can be essentially correlated by the saturated single-phase heat transfer characteristic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C s a t , ~ ,  with an equation of 

R4K 
Nu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.42Re:/2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1-11 (w) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P V  

The modified correlation 

R4K 1/4 
Nu = 12.5ReYa2fi ( w )  

P V  

(7.19) 

(7.20) 

fits the experimental data better (within a f10% band), for 3 x lo4 < Rel < 1.2 x lo5. 

The downward two-phase flows are droplet-jet flows and cover void fraction from 

0.7 to 0.95 with water velocity from 1.9 to 6.5 m/s and steam velocity from 1.1 to 9.0 m/s. 

Based on the water phase velocity and with an adjustment factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA&I4, the saturated single- 

phase film boiling heat transfer characteristic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat,p can also correlate all the downward 

two-phase film boiling heat transfer data within a 3~20% band with the equation 

R4K lI4 
Nu = 0.45Re:’2fi (,) a,,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA114 

P V  

(7.21) 

With an increase of the exponent on the Reynolds number (from 0.5 to 0.75), the following 

equation fits the experimental data even better (within a f10% band) 

1/4 R4 K 
Nu = 0.0235Rel 

P V  

(7.22) 



8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFILM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABOILING FROM A MULTI-SPHERE ARRAY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In the analysis of fuel-coolant interaction (or premixing), the concern about film boil- 

ing is from a group of spheres instead of one sphere. Obviously, the presence of solid 

spheres and the addition of vapor from the film boiling will change the local water flow 

velocity and the void fraction. It may be that the single sphere film boiling correlations are 

not applicable to the film boiling from a multi-sphere group. However, because the local 

velocity and void fraction around the sphere in question already represent all the effects, 

as long as they are known, the film boiling correlation for a single sphere in two-phase 

flow could be used to calculate the film boiling heat transfer from a sphere that is among 

a multi-sphere group. 

In order to verify this, the "on-line" local velocity and void fraction should be mea- 

sured with multi-sphere array present in the test section and film boiling on. But, it 

is impossible to get these measurements with the present X-ray radiographic method. 

However, in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis work, as a preliminary step towards the problem of film boiling from 

multi-sphere arrays, the influence on heat transfer with the presence of four spheres in the 

front of the test sphere are investigated experimentally. 

The experiments have been conducted in upward single-phase flow, upward two- 

phase flow and downward two-phase flow. The multi-sphere array is constructed as 

illustrated in Fig. 8.1, with the back-center sphere as the test sphere. All these experiments 

are carried out with transient mode runs. All the four fore-spheres and the test sphere were 

heated up and experience cool down transients (in film boiling condition) from 900 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C to 

quench. In all the multi-sphere experiments, the runs were conducted and the data from 

the test sphere were reduced in the same way as in the corresponding single sphere cases, 

and the reduced heat transfer characteristics are compared with those obtained with a 

single sphere. 

8.1 Film Boiling From A Multi-Sphere Array in Saturated Single-phase Flows 

For film boiling from a multi-sphere array in saturated single-phase flows, the su- 

perficial water velocity is used to characterize the flow. The experiment data is shown in 

Fig. 8.2 in terms of the pool film correlation (1/4power law). It shows that for Fr112 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 1.0, 

the Nu/(Ar/Sp')l14 values are about 0.87, which is higher than the 0.64 that is obtained 

for a single sphere. The same data are re-plotted in Fig. 8.3 in terms of forced convection 

film boiling correlation. For Fr112 > 2.0, the heat transfer characteristic is about 0.4, which 

is lower than the 0.5 that is obtain for a single sphere. 
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L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

More clearly, the comparison is given in Fig. 8.4 in terms of the ratios of the multi- 

sphere experimental data over the general correlation for a single sphere, Eq. (6.5). It is 

obvious that, in the pool film boiling regime, the multi-sphere data are about 20% higher 

than that of the single sphere. This is because the boilings on the fore-spheres make the 

convection in the water more turbulent and thus enhance the film boiling heat transfer on 

the test sphere. However, in the forced convection regime, the boiling on the fore-spheres 

creates some void fraction and, possibly, some superheated vapor in the water flow, so the 

film boiling heat transfer decreases, which is also about 20%. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8.2 Film Boiling From zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA Multi-Sphere Array in Upward Two-Phase Flows 

As in the case of single-sphere film boiling in upward two-phase flows, the upward 

two-phase flow was created by injecting saturated steam into a saturated water flow 

through the No. 1 tube-needle assembly. The runs were carried out in three subsets with 

the superficial steam velocity at 1.4, 2.7 and 4.5 m/s, respectively. For each subset, the 

superficial water velocity was changed from 0.3 to 1.4 m/s to carry out each run. 

Again, as in the case of single-sphere upward two-phase flow, the data were reduced 

with water and steam properties at film temperatures and with the coming water-phase 

velocity as the characteristic velocity. In terms of Eq. (7.8), which is more applicable for 

high Reynolds number, the data are shown in Fig. 8.5. In terms of Eq. (7.9), which is more 

proper for low Reynolds number, the same data are shown in Fig. 8.6. In these fibwres, 

the repeated symbols represent the data of different sphere superheats. They show clearly 

that, as in the forced convection single-phase flow, the film boiling heat transfer decreases 

about 15% when four boiling spheres are placed in the front of the test sphere. The reason 

for this is that the boiling on the fore-spheres increases the void fraction and may produce 

superheated vapor in the front of the test sphere. 

8.3 Film Boiling From A Multi-Sphere Array in Downward Two-Phase Flows 

Basically, here we just repeat the film boiling heat transfer experiment in downward 

two-phase flow with four fore-spheres placed in the front of the test sphere, as shown in 

Fig. 8.1. The experiment was carried out in three subsets with No. 1, No. 2 and No .3 
tube-needle assemblies respectively. For each subset, the superficial steam velocity was 

set at certain value (1.0, 2.1 or 4.5 m/s) first, and then the water velocity was changed to 

make each run. 

The experiment data are reduced in the same way as in the case of a single-sphere. 

The data obtained with No. 1, No. 2 and No. 3 tube-needle assemblies are shown in Figs. 
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8.7 through 8.9 respectively. For each case, the data are plotted in terms of Eq. (7.16) 

and Eq. (7.18) respectively in (a) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b), and the repeated symbols represent the data 

with different sphere superheats. These data indicate that, in all cases, the film boiling 

heat transfer increases significantly with four boiling spheres placed in the front of the 

test sphere. They also show that the bigger the tube-needle inner diameter, the higher is 

the increase. The reason of this enhancement is quite obvious: the presence of the fore- 

spheres concentrates more water towards the front of the test sphere, which yields high 

water fraction and high water flow velocity. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAConclusion 

The film boiling from a multi-sphere group has also been investigated through a 

five-sphere array with four spheres placed in the front of the test sphere. The experiments 

indicate that: (1) the presence of boiling spheres in the front of the test sphere decreases the 

film boiling heat transfer in the upward two-phase flow and increases the heat transfer in 

downward two-phase flow; and (2) in a saturated single-phase upward flow, the presence 

of boiling spheres in the front of the test sphere increases the heat transfer in pool film 

boiling regime and decreases the heat transfer in forced convection zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling regime. 

These trends are consistent with the expectation using the single-sphere correlation and 

the theoretical interpretation in conjunction with the flow field changes due to the presence 

of the four spheres ahead of the test sphere. 

8-3 



D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.5 mm I 

Top view Side View 

Fig. 8.1. Schematic of the multi-sphere array. 

\ 
=r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'Z 

Fig. 8.2. Heat transfer data of film boiling from multi-sphere array in saturated single- 
phase flow, plotted in terms of pool film boiling correlation. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 8.4. Comparison of the data from multi-sphere array in single-phase flow with the 
general correlation Eq. (6.5). 
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Fig. 8.5. Heat transfer data of film boiling from multi-sphere array in upward two-phase 
flow, plotted in terms of Eq. (7.8). 
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Fig. 8.6. Heat transfer data of film boiling from multi-sphere array in upward two-phase 
flow, plotted in terms of Eq. (7.9). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 8.7(a). Heat transfer data of film boiling from multi-sphere array in downward two- 
phase flow generated by No. 1 tube-needle assembly, plotted in terms of Eq. (7.16). 
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Fig. 8.7(b). Heat transfer data of film boiling from multi-sphere array in downward two- 
phase flow generated by No. 1 tube-needle assembly plotted in terms of Eq. (7.18). 
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Fig. 8.8(a). Heat transfer data of film boiling from multi-sphere array in downward two- 
phase flow generated by No. 2 tube-needle assembly, plotted in terms of Eq. (7.16). 
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Fig. 8.9(a). Heat transfer data of film boiling from multi-sphere array in downward two- 
phase flow generated by No. 3 tube-needle assembly, plotted in terms of Ey. (7.16). 
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Pig. 8.9(b). Heat transfer data of film boiling from multi-sphere array in downward two- 
phase flow generated by No. 3 tube-needle assembly, plotted in terms of Eq. (7.18). 
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9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACONCLUSIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1. A flexible experimental system has been built and robust experimental techniques 

have been developed to test film boiling from very high temperature spheres in a 

wide variety of two-phase flows. 

2. Single-phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm boiling experiments have been conducted systematically (with liq- 

uid subcooling from 0 to 40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C, liquid velocity from 0 to 2 m/s, sphere superheat from 

200 to 900 "C, sphere diameter from 6 to 19 mm) to obtain high quality heat transfer 

data. A general correlation has been developed. 

3. Utilizing an two-phase laminar boundary-layer model for the unseparated front film 

region and a turbulent eddy model for the separated rear region, a theoretical model 

has been developed to predict the film boiling heat transfer in all single-phase regimes. 

4. Two-phase film boiling data have been obtained in a wide variety of flow regimes. The 

upward two-phase flows cover void fraction from 0.2 to 0.65, water velocity from 0.6 

to 3.2 m/s, and steam velocity from 3.0 to 9.0 m/s. The downward two-phase flows 

cover void fraction from 0.7 to 0.95, water velocity from 1.9 to 6.5 m/s, and steam 

velocity from 1.1 to 9.0 m/s. The saturated single-phase heat transfer correlation is 

found to be applicable to the two-phase film boiling data by making use of the actual 

water velocity (water phase velocity), and an adjustment factor of (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa)lI4 (with a 
being the void fraction) for downward flow case only. 

5. Preliminary experiments on film boiling from a multi-sphere array indicate that: (1) 

the presence of boiling spheres in the front of the test sphere decrease the heat transfer 

in upward two-phase flows and increase the heat transfer in downward two-phase 

flows; and (2) in a saturated single-phase upward flow, the presence of boiling spheres 

in the front of the test sphere increases the heat transfer in pool film boiling and 

decreases the heat transfer in forced convection film boiling. 
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APPENDIX A 

A DERIVATION OF THE CORRELATION FOR 
POOL FILM BOILING ON A SPHERE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure A1 shows the physical model and coordinates, with the sphere radius, vapor 

layer thickness and liquid layer thickness being zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR, A, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6, respectively. Based on the 

assumptions of thin layer in an incompressible fluid and no radiation effects, the one 

dimensional laminar momentum and energy boundary layer governing equations for the 

buoyancy-induced vapor motion are 

aT, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa2TV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PvCpvUv- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdX = kv- a$! 

The corresponding equations of the free-convection in the liquid boundary layer are 

Figure Al.  A.-Jdel and coordinate system for subcooled pool film boiling. 
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In order to carry out an analytical solution to the above boundary layer equations, 

further assumptions are made: 

(1) Convective terms are neglected, and the effects are compensated by using an effective 

latent heat of vaporization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh;g in the later on energy integral equation. 

(2) The buoyancy term in the liquid momentum equation is neglected. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(3) The wall temperature is uniform at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT,, and the vapor-liquid interface is smooth and 

is at Taat(Tw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> Tsat > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATm). . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(4) The thickness of the momentum boundary layer is assumed to be the same as that of 

the thermal boundary layer in liquid phase. 

The necessary velocity boundary conditions are assumed to be non-slip condition at 

the wall and at the vapor-liquid interface, continuous interfacial shear, and stationary bulk 

liquid beyond the boundary of the liquid layer. The full.set of conditions are expressed by 

Atg=O: 

At3 = A andz = 6: 

Atz=6:  

The governing eqi 

and 6. The results are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

u, = 0 

'Tu = Tw 

u1 = 0 

Ti = T, 

ation may now be solved completely in terms of the mknoi 



( A l l )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATsat - ATsuba zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
where f = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApl/pv and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 = 6/A. The integral heat balance are performed on the vapor and 

liquid layers, giving 

Cpif I” uipi(3 - T,)2nR sin$dz = 2nR sin4 (A13) 

Substituting Eqs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A8) through (All) into the two integral Eqs. (A12) and (A13), and as- 

suming s to be independent of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx, yields 

The solution to Eqs. (A14) and (A15) , respectively, are 

where 

Combining Eqs. (A16) and (A17) produces a cubic equation for 5, which has at lest one 

real root: 

( A W  
h ATsub 5 = (Wl + w;’2)1/3 + (W1 - W,’/”) + 

3kvAT9up 

where ,. 
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2c2 4c; 

Now we are ready to evaluate the heat transfer coefficient. The average heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflux from 

the sphere surface is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 1 “  ly=o) = 0.5kvATsu, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 T d q 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsin4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqx = - (2nRsin$)Rd4 (-kv- 

47rR2 8.y 

Hence the average Nusselt number is 

Substituting Eq. (A17) into (A24) yields 

By using Eq. (A19) and rearranging Eq. (A25), we have 

where 
M, = E ~ / [ I +  E / ( S P ’ P ~ ~ ) ~ / ( R P ~ ~ S ~ ’ ) ~  

E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( A  + CB1/2)1/3 + ( A  - CB1/2)1/3 + (1/3)Sc* 

A = (1/27)S~*~ + (1/3)R2Sp’PrlSc* + (1/4)R2Sp’2Pr; 

B = (-4/27)S~*~ + (2/3)Sp’PrlSc* - (32/27)Sp’PrlR2 

+ (1/4)Sp’2Pr: + (2 /27 )S~*~/B~  

C = (1/2)R2Sp’Prl 

h;g = hfg + 0 . 5 ~ p v ~ T s u p ,  SP’ = CpvATs,ip/(h;gl‘rv) 

sc* = cplA~Sub/h;p fi = [(PP)v/(Pp)l]’/2 

(A23) 

The similar analysis can be carried out for pool film boiling on horizontal cylinder and 

on vertical plate. The same formulation can be obtained except that the constant CO is 

different; CO for cylinder case is 0.61 and for plate case is 0.793. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX B 

A DERIVATION OF THE CORRELATION FOR 
FORCED CONVECTION FILM BOILING ON A SPHERE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A sphere of radius zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR and temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT, is held in a uniform stream of liquid which 

has undisturbed velocity U and temperature Tl. We suppose that T, is constant but may 

depend on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6. The temperature at the vapor-liquid interface is the saturation temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T3. We suppose that the thickness of the vapor film and of the thermal boundary layer 

in the liquid phase is small compared with radius R. In these regions thin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilm theory or 

boundary-layer theory is applied. 

Liquid Laver 

It is supposed that the velocity field is given by a potential flow. According to K.H. 

Hsiao, L.C. Witte and J.E. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACox (1975), in spherical polar coordinates zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(T, 8, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4) centered on 

the sphere and with 0 measured from the direction of the incoming steam, the velocity 

components are 

U L  [- (1 - f) cose, (1 + g) sine, 01 

We also confine the analysis in the region where the flow remains attached (unseparated). 

To find the temperature field, a dimensionless boundary-layer coordinate y = [(T/R) - 

1]Pe'/2 is introduced, and then the dimensionless energy equation takes the form 

3 dT* dT* a2T* 
-sin6--3ycos6-=- 
2 ae a9 aP= 

and the boundary condition are 

T * = l  on g=O; T*=O at g = o o  

The solution of this problem is 

T* = erfc[yf(6)1 
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAconstant of integration has been determined by the requirement that f(0) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA# 0; in fact 

f(0) = (3/2)Oe5. 

Thus, the the temperature gradient at the liquid-vapor interface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(y = 0) can be found 

as 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 7r1l2 1 

Vapor Laver 

Here we choose coordinates (s, n) where s is length measured around the sphere from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B = 0 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn is length measured normal to the surfaces; thus s = OB and n, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7' - IC. The 

velocity components are (u, v). Making the usual boundary-layer approximations, thc 

equations of continuity, momentum and energy take the forms of 

aV 

sin 8 8s an 
(usin8) + - = 0 

l a  -- 

au au 1 a p  a2u u-++v- = --- 
as an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApv as 

1 aP 
Pv an 

0 = _-- 

dT aT d2T 
u- +v- = 

8s an 
The vapor-liquid interface is located at n = ni(s). The boundary conditions are 

k v m  

(nc;) 

(139) 

u=O, T=T, o n n = 0  

u = Us = 3/2UsinB, T = T, onn = ni (13 10) 

Equation (B8) indicates that the pressure in the vapor layer is independent of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA71. as 

usual in boundary layer theory, and therefore equals p ( n i ) ,  the pressure at the interface. 

By continuity of normal stress at the interface, this is equal to the pressure in the liqiiicl n t 

the interface, and this in turn may be found from the potential flow of the liquid by means 

of Bernoulli's equation, which gives . 

p = constant - (1311) 

. '~ 
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To effect an analytical solution, further assumption is made: convective terms (on the 

left side) in the momentum Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(B7) and energy Eq. (B9) are neglected. T~LIS the solutions 

can be obtained as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n nL 
ni n: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Ai- + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA2- 

T - Ts = AT&., (1 - t) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(B13) 

where A1 and A2 are determined from the following two equations, one is from momentum 

Eq. (B7) and the other one is from the boundary condition Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(B10). 

Ai + A2 = U, (Bllj) 

Integrating continuity Eq. (B6) from n = 0 to n = ni gives 

-- 1 d  [ ~ i n B L ~ ~ " d n ]  = ( u 2  dn- - v )  = G, 
sin8 ds zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ni 

(Blfi) 

where Gv is the volume rate of evaporation of liquid at the location 8 per unit interface 

area. G, is coupled to the temperature fields by means of heat balance and evaporation 

at the interface, thus it gives 

Substituting Eqs. (B4), (B12) and (B13) into Eq. (B17) yields 

A1 and A2 can be eliminated by means of Eqs. (B14) and (B15). Then, in terns of the 

dimensionless vapor film thickness n* = ni /R Eq. (B18) becomes 

[sin 8 (n*3 sin 9 cos 9 + an* sin e)] = - - rf(8) 
1 d  -- 

sin 8 dB n* 

where 
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Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(B19) cannot be solved in closed form, but can be integrated numerically in 

any particular case. However, this is not convenient for practical uses and not helpful for 

developing general correlations. So, instead we will show how the equation may be sim- 

plified in two special cases and then integrate it analytically. Therefore, we can gain more 

insight into which terms are likely to be important. Furthermore, the simplified solutions 

have the great advantage to provide dimensionless groups for developing correlations 

with only the constant to be determined by experiment. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Large Subcooling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACase 

Here we begin by supposing that the left hand side of Eq. (B19) is negligible, and 

the main balance is between the two terms on the right. This express mathematically the 

situation in which almost all the heat arriving at the interface is convected away in the 

liquid, and very liftle is used to produce vapor. This can be justified by following. First 

we suggest that the order of magnitude of n* is ,f3/~, 

Y 

Thus, after some rearrangement of (B19) we have zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6) 

1 d  1 
e-- [s in0(H3sin6cos0+AHsin8) ]  = - - 

san zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 dB H 

(B20) 

where 

If zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE is small and A is not large, the left hand side of Eq. (821) could be reasonably 

be neglected. It is easy to see that these requirements can be met in the case of large 

subcooling. For water/steam system, if AT,, = 800 "C, AT,,, need only be 20 "C to give 

E = 0.16 and A = 0.1. The higher is the subcooling and the lower is the sphere superheat 

the better is the approximation. 

So the solution is simply 
1 H = -  

f (0) 

to the first approximation. 

B-6 

. 



It is easily to show that the Nusselt number is essentially the reciprocal of the nondi- 

mensional film thickness 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n* NU0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(B23) 

Therefore, for the case of large subcooling 

This the local Nusselt number. The average Nusselt number is defined as 

Where 8, is the angle of separation, which is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT for the case of large subcooling. Thus, the 

average Nusselt number is in the form of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 / 2  Pl sc 

Pv  SP 
Nu=CRe, -- 

where 
1 sin0 c = 1 -de = 0.5642 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(B26) 

This constant is much smaller than the experimental constant of 1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 2.0. 

Saturated Case 

In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis case we begin by neglecting the subcooling altogether, so that we set zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 = 0 in 

Eq. (B21). After some trial and error it is found that the main balance is between the first 

term in the bracket on the left, which comes from the pressure gradient, and the term in 

p/n* on the right. This suggests that the order of magnitude of n* is /3ll4, and it gives 

Substituting it into Eq. (B19) yields 

1 d  1 -- [sin e (s3 sin 8 COS e + hijj sin e)]  = - 
s ine dB 9 

where the 6 is given by 
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where the numerical values are appropriate for water/steam system. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 is small as long as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AT,,, is large, so the term with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 in Eq. (B29) is clearly negligible in most cases. Thus the 

analytical solution for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT? is 

It should be noted that this solution is valid only in the region 8 < n/2. Actually, for 

saturated forced convection film boiling, the vapor film gradually develops into a big 

vapor wake/dome, starting from the region near 6 = 7r/2. 

Therefore for small subcooling (or saturated) cases, the Nusselt number can be ex- 

pressed as 

By the definition of Eq. (B25) and integration from 0 = 0 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn/2, the average Nusselt 

number may be correlated in the form of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1/4 

Nu = CRe:l2 (--) 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP?PV l/* = CRe:/2H (-) R4K zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SP P?P1 P V  

where 

and 

As in the case of large subcooling, this theoretical constant is considerably low, comparing 

with the constant 0.5 which is obtained from the experiment. 

B-8 

~ . 



APPENDIX C 

TYPICAL SATURATED SINGLE-PHASE EXPERIMENT DATA 





APPENDIX C 

TYPICAL SATURATED SINGLE-PHASE EXPERIMENT DATA 

Test Sphere Diameter: 6.35 mm 
Support Thermocouple Wire Diameter: 0.51 mm 

Test Sphere Material: 316 Stainless Steel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RUN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 Tz=lOO.l(C) K=O.OlO(m/s) Fr= 0.002 Re= 225.1 

672 
790 
575 
493 
426 
369 
320 
278 

162.33 
190.06 
133.30 
109.65 
87.36 
72.60 
61.57 
52.26 

4c 

138.92 
152.30 
118.33 
99.87 
80.78 
68.08 
58.44 
50.06 

ht (W/m"C) 

284.21 
275.99 
281.21 
279.45 
269.00 
271.12 
281.12 
294.91 

hC 

243.22 
221.16 
249.64 
254.51 
248.73 
254.25 
266.80 
282.54 

29.88 
24.02 

29.88 
24.02 

34.22 34.22 
38.48 38.48 
40.87 
45.05 
50.63 
56.93 

40.87 
45.05 
50.63 
56.93 

RUN 2 Tl=lOO.O(C) l4=O.l12(m/s) Fr= 0.197 Re= 2500.1 

~W(C) 4t(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 4c ht (W/m2/C) hc Nut Nuc 

698 182.60 156.47 . 305.94 262.16 31.33 31.33 
600 146.54 129.68 293.79 259.98 34.64 34.64 
518 121.16 109.97 290.49 263.66 38.67 38.67 
448 100.64 93.07 289.56 267.79 42.75 42.75 
389 83.35 78.15 289.17 271.14 46.74 46.74 
338 70.33 66.72 296.30 281.06 51.94 51.94 
294 60.35 57.82 312.20 299.11 58.93 58.93 

RUN 3 %=lOO.l(C) K=0.216(m/s) Fr= 0.730 Re= 4815.2 

TW(C) 4t(kW/m2) 4c ht (W/m2/C) h, Nut 

814 
693 
595 
513 
442 
380 
328 
284 

226.60 
175.58 
140.68 
115.77 
99.30 
83.27 
70.18 
57.01 

185.18 
149.95 
124.21 
104.88 
92.03 
78.37 
66.85 
54.70 

c-3 

317.74 
296.43 
284.85 
281.08 
291.21 
298.09 
309.61 
311.88 

259.66 
253.15 
251.49 
254.66 
269.87 
280.57 
294.91 
299.26 

27.52 
30.40 
33.70 
37.59 
43.44 
48.94 
55.35 
59.82 

27.52 
30.40 
33.70 
37.59 
43.44 
48.94 
55.35 
59.82 



RUN 4 5!j=100.3(C) K=0.232(m/s) Fr= 0.839 Re= 5167.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tw(C) gt(kW/m2) qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) hc Nut Nu, 

750 
645 
556 
481 
417 
362 
315 
275 

202.52 170.10 
167.30 146.56 
134.94 121.34 
110.53 101.40 
94.14 87.90 
79.26 74.95 
67.33 64.31 
55.10 52.96 

311.79 
307.75 
296.78 
290.97 
297.83 
303.47 
314.19 
315.67 

261.89 
269.61 
266.89 
266.94 
278.10 
286.97 
300.11 
303.41 

29.60 
34.13 
37.41 
40.96 
46.22 
51.31 
57.34 
61.36 

29.60 
34.13 
37.41 
40.96 
46.22 
51.31 
57.34 
61.36 

RUN 5 Tl=100.5(C) %=0.333(m/s) Fr= 1.733 Re= 7426.9 

4c ht (W/m2/C) 

315.64 
302.23 
303.09 
299.95 
299.12 
294.64 
310.35 
314.32 

758 
644 
550 
472 
406 
351 
304 
265 

207.37 
164.20 
136.22 
111.28 
91.36 
73.58 
62.92 
51.50 

173.98 
143.50 
122.98 
102.60 
85.53 
69.61 
60.18 
49.57 

264.82 
264.12 
273.63 
276.56 
280.06 
278.76 
296.82 
302.52 

29.70 
33.45 
38.59 
42.90 
47.20 
50.63 
57.69 
62.12 

29.70 
33.45 
38.59 
42.90 
47.20 
50.63 
57.69 
62.12 

RUN 6 3=100.5(C) K=0.446(m/s) Fr= 3.110 Re= 9951.5 

hC Nut Nu, 

857 
709 
593 
499 
421 
357 
305 
262 
226 

236.82 
189.31 
143.73 
117.28 
93.78 
75.46 
59.64 
49.25 
40.36 

188.44 
161.93 
127.37 
107.20 
87.38 
71.30 
56.87 
47.37 
39.07 

313.40 
311.34 
291.90 
294.79 

249.38 
266.31 
258.67 
269.43 

25.34 
31.45 
34.72 
40.47 
45.11 
50.09 
54.12 
60.75 
67.75 

25.34 
31.45 
34.72 
40.47 
45.11 
50.09 
54.12 
60.75 
67.75 

292.90 
294.49 
292.49 
306.22 
321.94 

278.91 
294.55 
311.68 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c-4 



RUN 7 3=100.6(C) Vj=0.538(m/s) Fr= 4.515 Re= 11998.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tw(C) qt(kW/m2) qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) hc Nut Nuc 

739 
620 
525 
446 
379 
325 
280 
242 
211 

207.11 176.19 
157.80 139.21 
127.03 115.45 
100.79 93.35 
80.17 75.31 
71.28 68.01 
55.18 52.96 
46.00 44.46 
37.31 36.24 

324.74 
303.73 
299.87 
292.36 
287.87 
317.94 
308.35 
325.60 
340.01 

276.25 
267.96 
272.52 
270.77 
270.40 
303.37 
295.91 
314.72 
330.32 

31.61 31.61 
34.86 34.86 
39.65 39.65 
43.38 43.38 
47.22 47.22 
57.14 57.14 
59.47 59.47 
66.79 66.79 
73.55 73.55 

RUN 8 x=100.7(C) 6=0.772(m/s) Fr= 9.319 Re= 17244.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L ( C )  4t(kW/m2) 

769 245.55 
674 212.47 
590 177.25 
519 148.61 
458 124.43 
406 105.96 
360 91.65 
320 77.26 

qc 

210.68 
188.83 
161.13 
137.37 
116.43 
100.15 
87.40 
74.12 

ht (W/m2/C) 

367.54 
370.55 
362.20 
355.62 
348.60 
347.34 
353.55 
352.08 

hC 

315.33 
329.32 
329.26 
328.72 
326.19 
328.30 
337.15 
337.75 

Nut NU, 

34.97 34.97 
40.36 40.36 
44.34 44.34 
48.16 48.16 
51.47 51.47 
55.35 55.35 
60.44 60.44 
64.05 64.05 

RUN 9 3=100.7(C) @=0.955(m/s) Fr= 14.240 Re= 21316.6 

Tu(C) 4t(kW/m2> 4c ht (W/m2/C) hc Nut Nu, 

788 
692 
608 
535 
473 
419 
371 
330 

253.93 216.40 369.57 314.95 
237.11 211.58 400.92 357.75 
204.65 187.16 403.94 369.40 
168.64 156.38 388.14 359.92 
142.79 134.06 383.88 360.42 
123.78 117.48 389.51 369.67 
101.88 97.28 376.78 359.77 
92.09 88.70 402.30 387.49 

c-5 

34.26 34.26 
43.01 43.01 
48.78 48.78 
51.68 51.68 
55.84 55.84 
61.30 61.30 
63.52 63.52 
72.48 72.48 



RUN 10 q=100.8(C) %=1.310(m/s) Fr= 26.835 Re= 29274.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T W ( C )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQt(kW/m2) qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) hc Nut Nu, 

786 
700 
619 
549 
488 
432 
385 
343 

247.84 210.54 361.58 
281.92 255.52 470.46 
239.14 220.66 461.40 
202.32 189.15 451.24 
178.65 169.17 462.08 
150.99 144.13 455.67 
135.16 130.10 475.53 
122.96 119.23 508.76 

307.17 
426.41 
425.75 
421.88 
437.56 
434.97 
457.73 
493.30 

33.47 
50.84 
55.47 
59.58 
66.60 
70.88 
79.32 
90.61 

RUN 11 ‘Ii=100.8(C) x=1.645(m/s) Fr= 42.304 Re= 36756.3 

768 
696 
624 
560 
503 
454 
409 
369 

198.48 
289.39 
250.98 
211.77 
187.73 
162.16 
143.75 
130.60 

Qc 

163.74 
263.44 
232.10 
197.90 
177.38 
154.37 
137.82 
126.08 

ht (W/m2/C) 

297.53 
486.17 
479.87 
461.73 
466.42 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. 459.90 
466.65 
487.86 

245.46 
442.57 
443.77 
431.49 
440.71 
437.78 
447.42 
471.00 

Nut 

27.25 
52.99 
57.50 
60.20 
65.82 
69.45 
75.14 
83.46 

33.47 
50.84 
55.47 
59.58 
66.60 
70.88 
79.32 
90.61 

27.25 
52.99 
57.50 
60.20 
65.82 
69.45 
75.14 
83.46 

RUN 12 q=100.8(C) %=1.838(m/s) Fr= 52.767 Re= 41045.8 

TW(C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqt(kW/m2) qc ht (W/m”C) hc Nut Nu, 

726 286.09 256.71 457.60 410.59 47.60 47.60 
650 267.38 246.11 486.73 448.01 56.36 56.36 
582 230.48 215.01 479.40 447.23 60.82 60.82 
520 203.93 192.62 486.63 459.64 67.25 67.25 
465 176.21 167.85 483.34 460.40 71.97 71.97 
418 154.54 148.26 487.13 467.33 77.55 77.55 
376 134.28 129.54 488.40 471.13 82.67 82.67 



Test Sphere Diameter: 9.53 mm 
Support Thermocouple Wire Diameter: 0.51 mm 

Test Sphere Material zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 316 Stainless Steel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RUN 1 Tl=100.5(C) K=O.OlO(m/s) Fr= 0.001 Re= 340.5 

731 
636 
554 
484 
424 
372 
327 
289 
256 

154.77 
128.44 
106.69 
87.99 
75.85 
63.03 
53.55 
46.84 
43.47 

124.74 
108.48 
93.18 
78.70 
69.35 
58.41 
50.23 
44.42 
41.70 

245.45 
240.00 
235.34 
229.74 
235.00 
232.64 
236.60 
249.18 
281.01 

197.82 
202.70 
205.55 
205.49 
214.85 
215.60 
221.92 
236.33 
269.60 

33.26 
37.79 
42.09 
45.82 
51.63 
55.48 
60.78 
68.42 
81.83 

33.26 
37.79 
42.09 
45.82 
51.63 
55.48 
60.78 
68.42 
81.83 

RUN 2 %=100.5(C) K=O.l16(m/s) Fr= 0.145 Re= 3782.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T w ( C )  4t(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

743 
643 
559 
487 
425 
373 
328 
289 
256 

158.87 
129.33 
108.78 
90.21 
76.82 
64.31 
53.56 
45.51 
40.60 

127.44 
108.71 
94.96 
80.77 
70.26 
59.66 
50.22 
43.08 
38.83 

247.55 
238.46 
237.54 
233.80 
236.87 
236.57 
235.82 
241.31 
262.07 

198.59 
200.45 
207.37 
209.34 
216.62 
219.47 
221.11 
228.44 
250.64 

33.00 
37.07 
42.24 
46.52 
51.95 
56.41 
60.48 
66.07 
76.05 

33.00 
37.07 
42.24 
46.52 
51.95 
56.41 
60.48 
66.07 
76.05 

RUN 3 3=100.6(C) 8=0.167(m/s) Fr= 0.299 Re= 5435.6 

T w ( C )  qt(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

731 
640 
560 
492 
434 
383 
339 
301 
267 

154.88 
128.07 
109.44 
92.87 
77.61 
67.05 
57.72 
49.04 
42.73 

124.89 
107.79 
95.51 
83.13 
70.69 
62.06 
54.08 
46.36 
40.76 

245.77 
237.75 
238.14 
237.18 
233.22 
237.71 
242.32 
245.39 
257.30 

198.18 33.34 
200.11 37.16 
207.82 42.25 
212.29 46.86 
212.42 50.40 
220.03 55.78 
227.04 61.14 
231.99 66.06 
245.41 73.27 

33.34 
37.16 
42.25 
46.86 
50.40 
55.78 
61.14 
66.06 
73.27 



RUN 4 q=100.6(C) K=0.240(m/s) Fr= 0.617 Re= 7812.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4c ht (W/m2/C) 

242.44 
241.00 
233.88 
233.14 
237.11 
239.66 
247.16 
248.96 
264.41 

hC Nut 

725 151.27 
636 128.93 

122.03 
108.99 
93.36 
81.58 
72.20 
62.86 
55.43 
47.25 
42.08 

195.58 
203.72 
203.66 
208.24 
216.24 
221.92 
231.83 
235.53 
252.49 

33.12 
37.99 
41.46 
45.96 

33.12 
37.99 
41.46 
45.96 

559 
493 

107.21 
91.33 

435 79.16 
384 67.88 
340 59.09 
302 49.94 
268 44.07 

51.23 51.23 
56.17 56.17 
62.35 
66.99 
75.32 

62.35 
66.99 
75.32 

RUN 5 Tl=100.6(C) x=0.345(m/s) Fr= 1.273 Re= 11221.3 

T w ( C )  qt(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

745 
649 
567 
497 
436 
384 
338 
299 
265 

164.63 
134.18 
110.52 
92.88 
79.19 
65.69 
57.70 
49.79 
43.15 

132.90 
112.99 
96.09 
82.90 
72.17 
60.67 
54.08 
47.15 
41.21 

255.56 
244.66 
236.89 
234.55 
236.27 
232.27 
242.88 
251.08 
263.25 

206.29 
206.03 
205.97 
209.34 
215.32 

34.20 
37.85 
41.53 
45.97 
50.93 
54.34 
61.35 
67.85 
75.31 

34.20 
37.85 
41.53 
45.97 
50.93 
54.34 
61.35 
67.85 
75.31 

214.54 
227.63 
237.76 
251.45 

RUN 6 Tl=100.6(C) &=0.426(m/s) Fr= 1.945 Re= 13870.7 

4c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C> 

242.58 
246.39 
230.16 
243.55 
225.00 
233.23 
231.64 
239.21 
253.96 

hC Nut 

760 
656 
567 
493 
429 
375 
328 
288 
254 

159.92 
136.67 

126.24 
114.89 
92.93 
85.73 
67.15 
59.18 
49.31 
42.42 
37.19 

191.48 
207.13 

31.25 
37.79 
40.19 
48.22 
48.79 
55.36 
59.32 
65.59 
73.79 

31.25 
37.79 
40.19 
48.22 
48.79 
55.36 
59.32 
65.59 
73.79 

107.35 
95.51 
73.89 
63.89 
52.66 
44.82 
38.93 

204.49 
216.01 
216.92 
226.39 
242.60 



RUN 7 Ti=100.6(C) &=0.557(m/s) Fr= 3.318 Re= 18118.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TW(C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqt(kW/m2) qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) h, Nut Nu, 

766 
668 
585 
513 
451 
398 
351 
311 
276 

168.47 
142.07 
113.92 
99.95 
81.68 
70.95 
59.20 
54.59 
46.97 

133.99 
119.04 
98.23 
89.07 
74.00 
65.45 
55.21 
51.68 
44.82 

253.26 
250.39 
235.53 
242.64 
233.35 
239.07 
236.48 
259.99 
268.18 

201.43 
209.80 
203.10 
216.21 
211.41 
220.53 
220.56 
246.12 
255.90 

32.68 32.68 
37.75 37.75 
40.16 40.16 
46.55 46.55 
49.08 49.08 
54.83 54.83 
58.39 58.39 
69.03 69.03 
75.43 75.43 

RUN 8 5!:=100.6(C) X=O.SOO(m/s) Fr= 6.850 Re= 26031.1 

TW(C) qt(kW/m2) qc ht (W/m2/C) h, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANut Nu, 

750 
663 
587 
521 
465 
414 
370 
330 
295 

211.72 
165.94 
135.96 
119.34 
98.21 
86.31 
76.04 
67.28 
59.34 

179.34 
143.42 
120.06 
107.94 I 

89.88 
80.19 
71.49 
63.89 
56.79 

326.07 
295.14 
279.49 
283.75 
269.97 
275.49 
282.80 
293.69 
305.43 

276.19 
255.09 
246.81 
256.65 
247.09 
255.93 
265.87 
278.87 
292.29 

45.54 45.54 
46.15 46.15 
48.65 48.65 
54.67 54.67 
56.40 56.40 
62.26 62.26 
68.61 68.61 
76.07 76.07 
83.88 83.88 

RUN 9 3=100.6(C) 6=0.988(m/s) Fr= 10.466 Re= 32181.8 

TW(c) at(kW/m2) qc ht (W/m2/C) h, Nut Nu, 

786 
696 
617 
548 
488 
434 
386 
343 
304 

205.97 168.70 300.57 246.19 
178.68 152.77 300.38 256.83 
154.66 136.37 299.67 264.23 
136.53 123.46 305.50 276.25 
113.30 103.82 293.00 268.47 
101.81 94.89 305.82 285.02 
85.78 80.67 300.50 282.62 
79.13 75.39 327.20 311.73 
72.95 70.21 359.90 346.37 

39.14 39.14 
44.87 44.87 
50.34 50.34 
57.00 57.00 
59.61 59.61 
67.61 67.61 
71.33 71.33 
83.51 83.51 
98.20 98.20 

c-9 



RUN 10 Ti=100.7(C) q=1.291(m/s) Fr= 17.852 Re= 42046.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T w ( C )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgt(kW/m2) qc ht (W/m2/C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhc Nut Nuc 

813 241.06 199.84 338.64 280.74 43.45 43.45 
722 206.01 177.14 331.82 285.33 48.48 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA48.48 
644 ia4.71 164.07 340.41 302.37 55.90 55.90 
574 162.86 147.99 344.47 313.01 62.67 62.67 
511 137.52 126.71 334.98 308.66 66.57 66.57 
457 127.86 119.92 359.54 337.22 77.75 77.75 
406 111.91 106.11 367.30 348.28 85.69 85.69 
359 100.55 96.33 389.28 372.93 97.64 97.64 
317 90.41 87.33 417.46 403.26 112.02 112.02 

RUN 11 Tl=100.7(C) %=1.539(m/s) Fr= 25.381 Re= 50130.4 

~ T w ( C )  gt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc ht (W/m2/C) h, Nut Nu, 

766 219.15 184.68 329.49 277.66 45.05 45.05 
686 217.96 193.06 372.27 329.74 58.18 58.18 
615 186.47 168.33 362.51 327.24 62.46 62.46 
551 162.63 149.32 360.98 331.43 68.10 68.10 
494 146.50 136.70 373.05 348.08 76.73 76.73 
441 133.70 126.44 392.63 371.33 87.24 87.24 
393 117.93 112.59 403.54 385.26 96.36 96.36 
349 104.87 100.96 423.20 407.42 108.23 108.23 
309 97.10 94.24 467.11 453.34 127.55 127.55 

RUN 12 Tj=100.6(C) %=2.040(m/s) Fr= 44.599 Re= 66428.8 

T w ( C )  at(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

784 244.07 207.07 357.14 302.99 48.26 48.26 
700 236.96 210.62 395.73 351.73 61.20 61.20 
554 178.63 165.17 394.62 364.89 74.78 74.78 
493 159.60 149.80 406.62 381.66 84.15 84.15 
438 143.75 136.63 426.13 405.04 95.54 95.54 
388 125.55 120.40 437.76 419.80 105.76 105.76 
345 105.76 101.96 433.81 418.24 111.73 111.73 

c-IO 



Test Sphere Diameter: 12.7 mrn 
Support Thermocouple Wire Diameter: 0.81 mm 

Test Sphere Material zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 316 Stainless Steel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RUN 1 %l=lOO.l(C) &=O.Oll(m/s) Fr= 0.001 Re= 478.2 

G(C)  at(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc ht (W/m2/C) hc Nut zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANu, 

748 
655 
574 
503 
441 
387 
340 
300 
265 

145.70 
124.72 
102.06 
88.15 
74.13 
63.96 
54.75 
47.00 
38.87 

118.92 
106.62 
89.67 
79.56 
68.09 
59.68 
51.69 
44.79 
37.26 

225.06 
225.11 
215.91 
219.34 
217.83 
223.39 
228.69 
236.65 
236.86 

183.69 40.46 
192.44 46.84 
189.69 50.64 
197.95 57.54 
200.09 62.69 
208.45 70.07 
215.91 77.38 
225.54 85.78 
227.02 90.63 

40.46 
46.84 
50.64 
57.54 
62.69 
70.07 
77.38 
85.78 
90.63 

RUN 2 Z=lOO.O(C) %=0.123(m/s) Fr= 0.121 Re= 5309.8 

%(C) qt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc ht (W/m2/C) hc Nut Nuc 

832 
713 
613 
528 
455 
393 
341 
298 

172.69 135.80 
136.38 113.15 
113.77 98.78 
95.47 85.64 
79.94 73.39 
65.07 60.63 
53.18 50.10 
44.97 42.79 

236.19 
222.73 
221.96 
223.51 
225.91 
223.02 
221.22 
228.10 

185.73 
184.81 
192.71 
200.48 
207.41 
207.82 
208.39 
217.04 

37.60 
42.25 
49.15 
56.48 
63.90 
69.35 
74.58 
82.72 

37.60 
42.25 
49.15 
56.48 
63.90 
69.35 
74.58 
82.72 

RUN 3 x=100.4(C) &=0.176(m/s) Fr= 0.249 Re= 7640.1 

T'(C) qt(kW/m2) qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) hc Nut Nu, 

824 
712 
617 
535 
465 
404 
353 
309 

166.24 
133.78 
111.93 
93.50 
78.69 
65.93 
54.91 
46.71 

130.43 
110.68 
96.69 
83.29 
71.76 
61.14 
51.54 
44.31 

229.92 
218.97 
216.90 
215.29 
216.37 
217.34 
217.61 
224.03 

180.40 
181.17 
187.37 
191.78 
197.31 
201.56 
204.26 
212.53 

36.82 
41.48 
47.60 
53.57 
60.05 
66.24 
71.90 
79.66 

36.82 
41.48 
47.60 
53.57 
60.05 
66.24 
71.90 
79.66 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c-11 



RUN 4 z=100.6(C) &=0.253(m/s) Fr= 0.514 Re= 10982.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T W ( C )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqt(kW/m2) Qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) hc Nut Nu, 

637 114.53 97.82 213.58 182.41 45.28 45.28 
724 134.36 110.10 215.70 176.76 39.95 39.95 

561 99.08 87.43 215.21 189.89 51.42 51.42 
494 85.07 76.86 216.13 195.27 57.33 57.33 
436 73.62 67.77 219.69 202.24 63.79 63.79 
385 63.52 59.32 223.78 208.96 70.46 70.46 
340 54.14 51.09 226.42 213.65 76.60 76.60 
301 46.80 44.57 233.92 222.75 84.54 84.54 
267 40.44 38.80 244.02 234.12 93.25 93.25 

RUN 5 Tl=100.7(C) K=0.364(m/s) Fr= 1.062 Re= 15784.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T W ( C )  4t(kW/m2) Qc 1% (W/m2/C) hc Nut Nu, 

749 140.09 113.19 216.03 174.55 38.41 38.41 
655 117.71 99.61 212.44 179.77 43.76 43.76 
574 100.27 87.88 212.16 185.95 49.65 49.65 
502 84.87 76.31 211.60 190.27 55.36 55.36 
440 72.39 66.38 213.24 195.55 61.34 61.34 
387 61.49 57.23 215.09 200.17 67.32 67.32 
340 53.16 50.10 222.14 209.35 75.04 75.04 
300 45.44 43.22 228.05 216.90 82.42 82.42 
265 38.80 37.18 236.47 226.63 90.48 90.48 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

RUN 6 Tl=100.7(C) &=0.449(m/s) Fr= 1.622 Re= 19512.3 

~ W ( C )  at(kW/m2) Qc ht (W/m2/C) hc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANut Nu, 

780 147.28 116.97 216.93 172.29 36.75 36.75 
678 120.84 100.83 209.43 174.76 41.49 41.49 
590 102.18 88.74 208.75 181.28 47.48 47.48 
515 86.36 77.17 208.49 186.32 53.33 53.33 
450 72.84 66.48 208.73 190.51 59.05 59.05 
394 62.94 58.47 214.86 199.60 66.50 66.50 
345 53.01 49.85 217.35 204.37 72.78 72.78 
303 44.89 42.62 222.26 211.02 79.86 79.86 
266 38.74 37.10 234.03 224.14 89.30 89.30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c-12 



RUN 7 Tl=100.7(C) K=0.587(m/s) Fr= 2.768 Re= 25491.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x.U(C) qt(kW/m2) qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) hc Nut Nu, 

750 
661 
583 
515 
456 
402 
356 
316 
280 

140.26 
118.57 
101.05 
86.04 
76.12 
65.66 
57.16 
48.46 
42.62 

113.35 
100.01 
88.08 
76.85 
69.53 
60.93 
53.72 
45.93 
40.76 

216.25 
211.83 
209.61 
207.70 
214.48 
217.76 
224.07 
225.69 
237.72 

174.75 
178.67 
182.70 
185.53 
195.93 
202.07 
210.60 
213.93 
227.34 

38.45 
43.22 
48.25 
53.10 
60.28 
66.57 
73.84 
79.45 
88.82 

38.45 
43.22 
48.25 
53.10 
60.28 
66.57 
73.84 
79.45 
88.82 

RUN 8 z=100.8(C) K=0.843(m/s) Fr= 5.713 Re= 36629.8 

Tzu(C) qi(kW/m2) qc ht (w/m2/C) hc Nut Nu, 

774 
684 
605 
534 
473 
419 
372 
330 
293 

166.57 136.90 
140.91 120.37 
123.67 109.26 
105.63 95.46 
91.05 83.77 
77.49 72.22 
68.91 65.07 
59.70 56.88 
52.03 49.95 

247.35 203.28 43.60 43.60 
241.64 206.42 48.68 48.68 
245.31 216.72 55.81 55.81 
243.62 220.16 61.55 61.55 
244.71 225.16 67.84 67.84 
243.37 226.81 73.08 73.08 
254.48 240.29 82.46 82.46 
260.84 248.50 90.41 90.41 
271.39 260.54 100.04 100.04 

RUN 9 Ti=100.8(C) K=l.O42(m/s) Fr= 8.729 Re= 45285.8 

TW(C) qt(kW/m2) gc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) hc Nut Nu, 

781 183.35 152.87 269.46 224.65 47.85 47.85 
695 158.66 137.18 267.26 231.07 53.90 53.90 
617 139.24 123.99 269.74 240.20 61.00 61.00 
548 118.50 107.57 264.78 240.36 66.08 66.08 
488 105.26 97.35 272.05 251.60 74.46 74.46 
434 90.55 84.78 272.00 254.66 80.55 80.55 
386 78.67 74.42 275.83 260.95 87.84 87.84 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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RUN 10 q=100.8(C) K=1.361(m/s) Fr= 14.890 Re= 59158.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TW(C) at(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQc ht (W/m2/C) h c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANut Nu, 

784 196.34 165.48 287.24 242.10 51.40 51.40 
701 195.98 173.94 326.74 289.99 67.20 67.20 
630 155.35 139.21 293.90 263.36 65.95 65.95 
567 144.56 132.59 310.43 284.73 76.63 76.63 
504 137.12 128.45 339.77 318.29 92.32 92.32 
451 110.81 104.39 316.14 297.84 92.14 92.14 
404 100.75 95.96 331.98 316.19 103.90 103.90 
361 91.12 87.57 350.71 337.02 117.40 117.40 
320 87.82 85.21 400.73 388.79 143.45 143.45 

RUN 11 ?i=100.7(C) %=1.741(m/s) Fr= 24.348 Re= 75589.7 

TW(C) Qt(kW/m2) 4c ht (W/m2/C) h c  Nut Nu, 

807 215.58 181.92 305.16 257.51 53.44 53.44 
723 206.65 182.52 332.43 293.61 66.45 66.45 
646 182.90 165.49 335.41 303.49 74.59 74.59 
577 160.02 147.41 336.00 309.53 82.30 82.30 
514 146.44 137.30 354.36 332.24 95.22 95.22 
456 127.59 121.01 359.54 340.99 104.92 104.92 
404 116.49 111.70 384.19 368.42 121.10 121.10 
355 106.47 103.05 418.42 404.97 142.12 142.12 
312 90.86 88.42 431.15 419.55 156.72 156.72 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

RUN 12 Tl=100.3(C) Vj=2.244(m/s) Fr= 40.476 Re= 97295.1 

Tw(C) at(kW/m2) qc ht (W/m2/C) h c  Nut Nu, 

892 145.39 99.76 183.86 126.15 24.12 24.12 
796 275.51 243.22 396.15 349.72 73.38 73.38 
707 242.23 219.64 399.93 362.63 83.49 83.49 
625 213.88 198.06 407.95 377.76 95.06 95.06 
551 188.78 177.69 419.08 394.46 108.07 108.07 
484 170.23 162.47 444.01 423.77 125.94 125.94 
423 I 152.98 147.59 475.28 458.54 147.09 147.09 
367 133.86 130.15 503.70 489.73 169.22 169.22 
317 115.96 113.40 535.70 523.88 194.05 194.05 I 
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Test Sphere Diameter: 19.1 mm 
Support Thermocouple Wire Diameter: 0.81 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArnrn 

Test Sphere Material zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 316 Stainless Steel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RUN 1 3=100.8(C) Vi=0.004(m/s) Fr= 0.000 Re= 255.7 

T'&) gt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc ht (W/m2/C) h, Nut Nu, 

782 
676 
589 
515 
453 
399 
354 
314 

178.04 
138.22 
112.58 
90.67 
77.49 
64.51 
54.00 
47.34 

129.21 
106.49 
91.27 
75.98 
67.15 
57.09 
48.59 
43.36 

261.55 
240.41 
230.88 
218.95 
220.37 
216.16 
213.66 
222.23 

189.81 
185.22 
187.17 
183.48 
190.97 
191.30 
192.26 
203.54 

60.63 
66.11 
73.68 
78.79 
88.49 
94.92 

101.45 
113.66 

60.63 
66.11 
73.68 
78.79 
88.49 
94.92 

101.45 
113.66 

RUN 4 E=lOO.B(C) &=0.300(m/s) Fr= 0.482 Re= 19538.6 

Tu(C) gt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) h c  Nut Nu, 

782 
679 
593 
520 
458 
405 
359 
318 
283 

164.04 
127.12 
106.47 
87.23 
74.10 
62.32 
53.75 
45.95 
41.06 

115.11 
95.01 
84.70 
72.13 
63.40 
54.61 
48.13 
41.82 
38.01 

240.79 
220.04 
216.39 
208.01 
207.22 
204.74 
208.33 
211.21 
225.77 

168.97 
164.46 
172.14 
171.99 
177.29 
179.41 
186.56 
192.22 
209.00 

53.94 
58.52 
67.43 
73.38 
81.55 
88.32 
97.73 

106.63 
122.04 

53.94 
58.52 
67.43 
73.38 
81.55 
88.32 
97.73 

106.63 
122.04 

RUN 5 Ti=100.8(C) q=0.431(rn/s) Fr= 0.994 Re= 28074.0 

Tw(C) qt(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

797 
696 
612 
540 
478 
424 
377 
337 
301 

167.48 
122.60 
108.45 
88.71 
78.35 
67.01 
58.20 
48.96 
42.76 

115.65 
87.98 
84.63 
71.99 
66.36 
58.32 
51.81 
44.20 
39.20 

240.53 
205.93 
212.21 
202.15 
207.68 
207.36 
210.67 
207.77 
214.15 

166.09 
147.78 
165.61 
164.05 
175.89 
180.46 
187.54 
187.57 
196.30 

52.23 
51.61 
63.47 
68.36 
78.99 
86.69 
95.83 

101.38 
111.81 

52.23 
51.61 
63.47 
68.36 
78.99 
86.69 
95.83 

101.38 
111.81 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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RUN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 Tl=100.8(C) V=0.577(m/s) Pr= 1.785 Re= 37621.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tw(c) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) h, Nut Nu, 

791 162.22 
695 138.62 
613 109.24 
542 93.84 
427 70.44 
380 62.05 
339 54.77 
303 46.72 

111.69 
104.23 
85.27 
76.94 
61.61 
55.53 
49.91 
43.08 

235.22 
233.45 
213.19 
212.80 
216.31 
222.38 
229.91 
231.30 

161.94 
175.53 
166.41 
174.46 
189.20 
199.05 
209.53 
213.31 

51.26 
61.40 
63.68 
72.51 
90.60 

101.34 
112.83 
121.08 

51.26 
61.40 
63.68 
72.51 
90.60 

101.34 
112.83 
121.08 

RUN 7 Tl=100.8(C) x=0.696(m/s) Fr= 2.591 Re= 45337.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T w ( C )  qt(kW/m2) qc ht (W/m2/C) hc Nut  Nu, 

776 
684 
607 
541 
484 
431 
386 
344 
307 

175.41 127.69 
135.28 102.40 
112.36 89.08 
95.26 78.45 
81.47 69.06 
72.53 63.45 
61.01 54.23 
57.81 52.77 
48.69 44.92 

259.96 
231.95 
221.98 
216.56 
212.55 
219.62 
214.05 
237.69 
236.04 

189.24 
175.57 
175.99 
178.35 
180.19 
192.12 
190.24 
216.97 
217.77 

60.80 
62.11 
67.83 
74.22 
80.33 
91.46 
96.08 

116.02 
122.83 

60.80 
62.11 
67.83 
74.22 
80.33 
91.46 
96.08 

116.02 
122.83 

RUN 8 Zi=100.9(C) r/;=0.999(m/s) Fr= 5.349 Re= 65142.0 

806 
711 
631 
563 
503 
452 
406 
366 
328 

201.25 147.64 
159.27 122.45 
138.08 112.04 
115.71 9.6.93 
97.60 83.82 
80.41 70.13 
75.31 67.56 
63.82 57.92 
55.25 50.81 

285.36 209.34 
261.07 200.72 
260.33 211.23 
250.58 209.90 
242.61 208.35 
229.28 199.98 
246.85 221.45 
241.09 218.82 
243.64 224.04 

65.24 
69.00 
79.19 
85.12 
90.79 
92.78 

108.92 
113.58 
122.64 

65.24 
69.00 
79.19 
85.12 
90.79 
92.78 

108.92 
113.58 
122.64 
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RUN 9 T~=100.9(C) K=1.235(m/s) Fr= 8.173 Re= 80534.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
%(c) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqt(kW/m2) qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (w/m2/C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh, Nut Nu, 

823 
730 
652 
584 
525 
474 
428 
388 
350 

222.48 165.38 308.07 229.00 
182.86 143.06 290.69 227.42 
150.14 121.61 272.62 220.81 
128.22 107.38 265.48 222.33 
110.96 95.46 261.57 225.04 
96.00 84.31 257.47 226.10 
84.49 75.56 257.95 230.68 
73.60 66.74 256.79 232.87 
66.58 61.29 266.74 245.57 

70.16 
76.61 
80.92 
87.99 
95.45 

102.08 
110.20 
117.36 
130.15 

70.16 
76.61 
80.92 
87.99 
95.45 

102.08 
110.20 
117.36 
130.15 

RUN 10 TL=100.9(C) K=1.613(m/s) Fr= 13.942 Re=105200.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T w ( C )  4t(kW/m2) qc ht (W/m2/C) h, Nut Nu, 

832 
744 
669 
602 
542 
487 
438 
393 

251.01 
206.10 
177.53 
156.04 
139.19 
119.36 
110.84 
98.76 

191.93 343.18 
163.92 320.30 
146.72 312.44 
133.28 311.24 
122.29 315.65 
106.72 308.75 
101.38 329.01 
91.66 338.47 

262.40 
254.74 
258.20 
265.84 
277.31 
276.06 
300.93 
314.15 

79.66 
84.52 
92.83 

103.04 
115.26 
122.60 
142.05 
157.25 

79.66 
84.52 
92.83 

103.04 
115.26 
122.60 
142.05 
157.25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX D 

TYPICAL SUBCOOLED SINGLE-PHASE EXPERIMENT DATA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

D- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 





APPENDIX D 

TYPICAL SUBCOOLED SINGLE-PHASE EXPERIMENT DATA 

Test Sphere Diameter: 12.7 mm 
Support Thermocouple Wire Diameter: 0.81 mm 

Test Sphere Material: 316 Stainless Steel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RUN 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%= 95.4(C) fl=O.Oll(m/s) Fr= 0.001 Re= 468.4 

Tw(C) Qt(kW/m2) Qc ht (W/m2/C) hc Nut Nu, 

768 
669 
584 
510 
444 
388 
339 
297 
262 

167.33 138.33 
138.72 119.44 
117.89 104.87 
97.53 88.61 
84.76 78.60 
72.34 68.04 
60.77 57.74 
50.54 48.38 
43.33 41.76 

250.66 207.21 44.71 44.71 
244.03 210.11 50.34 50.34 
244.17 217.21 57.32 57.32 
238.60 216.78 62.47 62.47 
246.68 228.76 71.38 71.38 
252.00 237.02 79.59 79.59 
255.42 242.70 87.17 87.17 
257.41 246.38 94.00 94.00 
269.12 259.39 104.02 104.02 

RUN 2 %= 95.1(C) fl=0.123(m/s) Fr= 0.122 Re= 5195.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tw(C) at(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq, ht (W/m2/C) h, NuL Nu, 

741 
653 
576 
508 
448 
395 
347 
303 
264 

169.27 143.27 
146.58 128.63 
123.79 111.27 
106.10 97.25 
93.32 87.02 
82.66 78.16 
74.11 70.90 
64.38 62.11 
58.83 57.24 

264.50 223.87 49.70 49.70 
265.46 232.96 56.82 56.82 
260.75 234.39 62.43 62.43 
260.50 238.78 68.94 68.94 
268.51 250.37 77.74 77.74 
281.24 265.93 88.49 88.49 
301.70 288.64 102.55 102.55 
318.59 307.34 116.29 116.29 
361.52 351.73 140.69 140.69 

RUN 3 E= 95.3(C) K=0.177(m/s) Fr= 0.251 Re= 7472.2 

Tto(C) qt(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

743 
654 
576 
507 
445 
390 
341 
296 
255 

169.55 
145.79 
124.95 
107.48 
94.16 
83.61 
73.36 
65.28 
60.89 

143.31 263.99 223.14 
127.75 263.48 230.87 
112.40 262.89 236.48 
98.70 264.77 243.13 
87.98 273.67 255.72 
79.25 289.31 274.24 
70.29 306.15 293.35 
63.14 334.61 323.63 
59.43 394.55 385.05 

49.42 
56.24 
62.94 
70.31 
79.75 
91.85 

105.11 
123.69 
155.91 

49.42 
56.24 
62.94 
70.31 
79.75 
91.85 

105.11 
123.69 
155.91 
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RUN 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATi= 95.5(C) K=0.254(m/s) Fr= 0.519 Re= 10741.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tw(C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqt(kW/m2) qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) h, Nut Nu, 

741 175.94 149.96 274.98 234.37 52.04 52.04 
656 150.70 132.53 271.55 238.80 58.07 58.07 
581 131.49 118.65 273.95 247.20 65.44 65.44 
514 114.15 105.01 276.20 254.09 72.82 72.82 
455 99.15 92.61 280.27 261.78 80.65 80.65 
402 87.01 82.30 289.35 273.70 90.27 90.27 
354 77.17 73.79 305.34 291.97 102.71 102.71 
310 72.01 69.61 345.18 333.68 125.04 125.04 
268 68.23 66.56 407.71 397.75 158.06 158.06 

RUN 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl= 95.5(C) @=0.4lO(m/s) Fr= 1.352 Re= 17345.6 

ITw@) qt(kW/m2) qc ht (W/m2/C) h, Nut Nu, 

766 191.84 163.17 288.63 245.48 53.13 53.13 
683 159.64 139.16 274.07 238.90 56.39 56.39 
609 146.27 131.61 288.07 259.20 66.48 66.48 
541 125.73 115.22 285.76 261.87 72.65 72.65 
480 112.60 105.02 296.88 276.89 82.70 82.70 
425 99.78 94.32 307.86 291.00 93.08 93.08 
374 94.64 90.74 346.90 332.60 113.83 113.83 
326 85.82 83.08 381.52 369.35 135.14 135.14 
282 76.10 74.21 420.45 410.00 159.81 159.81 

RUN 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq= 95.3(C) +0.525(m/s) Fr= 2.210 Re= 22162.5 

T w ( C )  qt(kW/m2) qc ht (W/m2/C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhc Nut Nu, 

847 230.89 192.00 309.65 257.50 51.39 51.39 
750 197.83 170.91 304.95 263.44 57.95 57.95 
663 177.59 158.85 316.02 282.67 68.21 68.21 
585 155.68 142.56 321.37 294.29 77.51 77.51 
515 137.19 128.03 331.62 309.48 88.64 88.64 
451 122.54 116.14 350.08 331.80 102.70 102.70 
394 110.51 106.02 376.53 361.24 120.27 120.27 
340 99.21 96.15 414.81 402.03 144.14 144.14 
290 90.30 88.26 476.43 465.67 179.35 179.35 
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RUN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl= 95.4(C) r/;=0.589(m/s) Fr= 2.791 Re= 24914.3 

%(C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc ht (W/m2/C) hc Nut Nuc 

753 
674 
602 
537 
477 
422 
371 
323 
278 

211.06 183.80 
188.72 169.06 
168.64 154.42 
151.35 141.05 
136.82 129.38 
121.74 116.37 
115.96 112.12 
105.87 103.20 
95.99 94.17 

323.81 
329.39 
336.46 
347.13 
363.83 
378.89 
428.78 
477.48 
542.95 

281.99 61.84 
295.07 70.36 
308.10 79.62 
323.51 90.18 
344.04 103.15 
362.17 116.26 
414.60 142.35 
465.44 171.09 
532.66 208.84 

61.84 
70.36 
79.62 
90.18 

103.15 
116.26 
142.35 
171.09 
208.84 

RUN 7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl= 95.4(C) %=0.847(m/s) Fr= 5.761 Re= 35790.6 

T w ( C )  gt(kW/m2) Clc ht (W/m2/C) hc Nut NU, 

814 
726 
647 
574 
506 
444 
387 
333 
284 

282.70 
250.83 
220.71 
206.91 
184.93 
162.76 
148.31 
136.13 
127.20 

248.25 
226.37 
203.26 
194.50 
176.19 
156.63 
144.05 
133.24 
125.28 

396.68 
401.41 
404.39 
437.34 
456.62 
474.75 
519.00 
586.51 
696.07 

348.33 
362.27 
372.42 
411.10 
435.04 
456.87 
504.09 
574.04 
685.56 

71.83 
81.71 
91.48 

109.69 
125.96 
142.70 
169.56 
207.88 
266.55 

71 33 
81.71 
91.48 

109.69 
125.96 
142.70 
169.56 
207.88 
266.55 

RUN 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATL= 95.3(C) &=1.047(m/s) Fr= 8.805 Re= 44226.1 

T w ( C )  qt(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

884 
791 
705 
627 
553 
485 
422 
363 
308 

338.29 
314.38 
274.78 
248.56 
227.47 
205.25 
186.18 
170.22 
160.42 

293.83 
282.79 
252.35 
232.63 
216.27 
197.48 
180.81 
166.59 
158.04 

431.89 
455.79 
455.03 
472.75 
502.90 
534.70 
579.60 
648.27 
773.80 

375.14 
409.98 
41 7.90 
442.44 
478.15 
514.43 
562.90 
634.45 
762.34 

72.22 
86.51 
96.41 

111.15 
130.72 
152.80 
180.72 
220.18 
286.22 

72.22 
86.51 
96.41 

111.15 
130.72 
152.80 
180.72 
220.18 
286.22 
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RUN 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl= 95.3(C) &=1.367(m/s) Fr= 15.021 Re= 57761.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z;U(C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc ht (W/m2/C) h, Nut Nu, 

908 
813 
723 
640 
564 
492 
426 
365 
310 

382.17 
404.41 
367.28 
329.95 
298.77 
270.98 
247.07 
222.60 
196.57 

333.88 
370.04 
343.06 
313.00 
286.96 
262.87 
241.56 
218.93 
194.17 

473.47 
567.97 
590.00 
611.77 
645.45 
692.43 
759.19 
842.56 
941.67 

413.65 
519.70 
551.09 
580.35 
619.96 
671.71 
742.26 
828.66 
930.16 

77.86 
107.24 
124.62 
143.58 
167.40 
197.75 
237.02 
286.94 
348.48 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

RUN 12 E= 95.3(C) &=1.748(m/s) Fr= 24.555 Re= 73844.5 

766 
683 
605 
532 
466 
405 
350 

466.33 437.58 
426.55 406.11 
395.36 380.98 
352.44 342.39 
316.15 309.16 
281.56 276.74 
254.30 251.01 

77.86 
107.24 
124.62 
143.58 
167.40 
197.75 
237.02 
286.94 
348.48 

ht (W/m2/C) h, Nut Nu, 

700.93 657.72 142.25 142.25 
732.87 697.75 164.77 164.77 
785.04 756.49 194.95 194.95 
817.37 794.08 222.64 222.64 
866.11 846.97 257.37 257.37 
925.05 909.22 298.41 298.41 

1020.27 1007.05 355.98 355.98 

RUN 12 E= 95.3(C) &=2.208(m/s) Fr= 39.158 Re= 93246.9 

T w ( C )  gt(kW/m2) ~c ht (w/m2/C) h c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANut Nu, 

816 558.24 523.50 780.83 732.23 150.65 150.65 
723 506.50 482.31 814.17 775.30 275.39 175.39 
636 464.40 447.80 868.51 837.47 208.28 208.28 
556 411.58 400.23 904.51 879.57 239.69 239.69 
483 367.21 359.52 961.35 941.19 280.19 280.19 
416 324.26 319.08 1027.49 1011.07 326.99 326.99 
357 289.35 285.90 1131.40 1117.89 391.61 391.61 

D-6 



RUN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ= 90.1(C) fi=O.Oll(m/s) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFr= 0.001 Re= 457.3 

772 
677 
593 
518 
453 
396 
350 
310 
273 

875 
755 
653 
565 
487 
417 
353 
295 
242 

853 
749 
660 
578 
505 
438 
377 
319 
265 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Qt (kW/m2) 

193.08 
164.53 
142.29 
121.99 
103.48 
87.78 
71.46 
62.88 
55.03 

4c 

163.63 
144.62 
128.69 
112.65 
97.02 
83.24 
68.17 
60.48 
53.28 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ht (W/m2/C) hc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

287.54 243.69 
285.72 251.14 
289.25 261.60 
292.33 269.96 
294.22 275.85 
297.34 281.96 
286.77 273.56 
301.29 289.78 
319.17 309.04 

Nut 

52.37 
59.70 
68.32 
76.98 
85.21 
93.67 
96.71 

108.57 
121.92 

RUN 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq= 9O.O(C) K=0.124(m/s) Fr= 0.123 Re= 5075.8 

4t (kW/m2) 

240.36 
194.35 
161.43 
139.29 
122.19 
107.89 
95.84 
84.19 
79.36 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4c 

197.30 
166.86 
143.46 
127.42 
114.32 
102.70 
92.47 
82.06 
78.08 

ht (W/m2/C> hc 

310.49 254.87 
297.19 255.16 
292.26 259.74 
300.13 274.54 
316.52 296.12 
341.68 325.25 
379.87 366.51 
432.89 421.94 
562.19 553.13 

49.50 
55.83 
63.34 
74.03 
87.73 

105.17 
129.01 
161.40 
228.35 

RUN 3 z= 90.1(C) K=0.177(m/s) Fr= 0.253 Re= 7295.0 

232.51 
193.35 
168.23 
147.53 
131.64 
118.30 
106.97 
95.69 
91.17 

Qc 

192.77 
166.46 
149.77 
134.84 
122.95 
112.38 
102.99 
93.09 
89.55 

ht (W/m2/C) 

309.33 
298.21 
301.16 
308.97 
325.86 
350.92 
388.11 
437.85 
555.23 

hC 

256.46 
256.74 
268.10 
282.41 
304.35 
333.35 
373.69 
425.94 
545.39 

52.37 
59.70 
68.32 
76.98 
85.21 
93.67 
96.71 

108.57 
121.92 

49.50 
55.83 
63.34 
74.03 
87.73 

105.17 
129.01 
161.40 
228.35 

Nut NU, 

50.89 50.89 
56.50 56.50 
64.93 64.93 
74.98 74.98 
88.23 88.23 

104.87 104.87 
127.41 127.41 
157.30 157.30 
217.70 217.70 



RUN 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq= 90.1(C) &=0.255(m/s) Fr= 0.522 Re= 10483.5 

794 215.09 
714 188.13 
643 170.58 
577 156.73 
515 142.96 
457 132.36 
402 123.43 
350 118.19 
300 112.06 

183.14 
164.78 
153.44 
144.16 
133.79 
125.72 
118.71 
114.90 
109.85 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ht (W/m2/C) 

310.54 
306.63 
314.87 
329.49 
345.31 
371.58 
409.76 
474.72 
564.21 

hC 

264.42 
268.58 
283.24 
303.06 
323.15 
352.94 
394.09 
461.52 
553.10 

Nut 

55.64 
61.32 
69.89 
80.63 
92.53 

108.42 
129.88 
163.21 
210.37 

Nuc 

55.64 
61.32 
69.89 
80.63 
92.53 

108.42 
129.88 
163.21 
210.37 

RUN 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATL= 91.5(C) 6=0.366(m/s) Fr= 1.077 Re= 15155.4 

Tw(C) qt(kW/m2) qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) hc Nut Nu, 

741 
672 
608 
549 
492 
437 
386 
338 
293 

199.58 
179.41 
164.34 
150.58 
144.92 
134.94 
119.27 
113.21 
105.86 

173.55 
159.89 
149.71 
139.64 
136.82 
129.07 
115.03 
110.20 
103.77 

311.72 
314.00 
323.95 
336.38 
370.59 
401.86 
418.24 
476.65 
550.99 

271.07 
279.82 
295.11 
311.96 
349.89 
384.37 
403.36 
463.94 
540.12 

60.16 60.16 
66.84 66.84 
75.73 75.73 
85.76 85.76 

103.04 103.04 
121.13 121.13 
135.78 135.78 
166.73 166.73 
207.28 207.28 

RUN 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE= 91.3(C) K=0.526(m/s) Fr= 2.223 Re= 21762.8 

876 279.57 
787 247.09 
706 222.57 
634 198.01 
567 186.80 
503 170.73 
440 165.54 
382 144.56 
328 136.80 

4c ht (W/m2/C) hc 

236.32 360.56 304.79 
215.98 360.34 314.96 
199.99 367.57 330.28 
181.54 371.50 340.60 
174.82 400.96 375.24 
162.14 424.82 403.44 
159.54 487.96 470.28 
140.43 514.41 499.72 
134.02 602.49 590.23 

Nut 

59.12 
66.73 
76.06 
84.87 

100.97 
117.27 
147.55 
169.15 
215.30 

Nu, 

59.12 
66.73 
76.06 
84.87 

100.97 
117.27 
147.55 
169.15 
215.30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. I  



RUN 7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATi= 91.7(C) K=0.730(m/s) Fr= 4.287 Re= 30280.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T w ( C )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4t(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (w/m2/C) hc Nut NU, 

765 
689 
619 
552 
490 
432 
375 
321 

297.58 
257.33 
238.86 
226.12 
206.73 
186.75 
187.38 
165.04 

269.03 448.43 
236.32 437.37 
223.50 461.32 
214.97 500.80 
198.70 530.68 
181.05 564.38 
183.44 683.20 
162.40 749.43 

405.40 
401.67 
431.66 
476.11 
510.06 
547.16 
668.84 
737.45 

87.83 87.83 
94.22 94.22 

109.44 109.44 
130.28 130.28 
150.48 150.48 
173.50 173.50 
228.46 228.46 
271.68 271.68 

RUN 8 Tl= 91.9(C) v=0.954(m/s) Fr= 7.312 Re= 39592.3 

%(C) 4t(kW/m2) Qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) hc Nut Nu, 

747 345.85 319.17 535.03 493.76 108.88 108.88 
674 309.99 290.34 541.23 506.94 120.91 120.91 
605 281.19 266.79 557.90 529.33 136.35 136.35 
540 263.36 252.87 599.27 575.41 159.73 159.73 
479 244.43 236.89 646.05 626.12 187.21 187.21 
422 222.52 217.15 692.64 675.94 217.01 217.01 

RUN 9 Tl= 90.9(C) &=1.138(m/s) Fr= 10.407 Re= 46993.2 

L(C)  4t(kW/m2) 4c ht (W/m2/C) hc Nut Nu, 

773 422.80 393.32 629.38 585.49 125.79 125.79 
694 382.59 361.15 644.94 608.79 142.06 142.06 
620 349.47 334.01 673.02 643.24 162.80 162.80 
551 325.98 314.89 723.64 699.02 191.52 191.52 

426 277.53 272.03 853.31 836.39 267.14 267.14 
486 297.75 289.89 772.17 751.80 222.84 222.84 

RUN 10 Tl= 91.O(C) K=1.441(m/s) Fr= 16.695 Re= 59524.2 

Tw(C) 4t(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

838 500.41 462.74 679.12 628.01 126.43 126.43 
750 497.97 471.01 767.29 725.75 159.61 159.61 
667 443.65 424.58 783.88 750.18 180.24 180.24 
590 399.79 386.39 817.96 790.55 207.21 207.21 

452 338.13 331.69 962.87 944.53 291.95 291.95 
389 318.00 313.69 1105.37 1090.37 365.82 365.82 

518 367.60 358.25 880.37 857.98 244.58 24-4.58 

D-9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 



RUN 11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl= 91.1(C) %=1.753(m/s) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFr= 24.698 Re= 72455.5 

Zu(C) at(kW/m2) Qc 

791 566.03 534.35 
713 556.75 533.50 
639 512.58 495.69 
570 463.07 450.90 
506 417.72 408.96 
446 389.01 382.78 
390 366.36 362.01 

hc Nut NU, 

819.85 
908.87 
951.88 
987.20 

1030.76 
1125.84 
1269.12 

773.98 163.22 163.22 
870.91 199.04 199.04 
920.52 227.97 227.97 
961.25 257.69 257.69 

1009.16 292.10 292.10 
1107.82 344.85 344.85 
1254.07 420.20 420.20 

856 269.52 
752 224.61 
664 183.99 
587 161.99 
521 132.03 
463 117.67 
410 107.83 
361 98.98 

205.12 
181.04 
153.89 
140.80 
116.89 
106.66 
99.86 
93.27 

356.90 
344.72 
326.91 
333.04 
314.49 
324.69 
348.42 
380.28 

271.62 
277.85 
273.43 
289.47 
278.43 
294.31 
322.67 
358.34 

53.71 
60.94 
65.92 
76.08 
79.15 
89.72 

105.19 
124.75 

53.71 
60.94 
65.92 
76.08 
79.15 
89.72 

105.19 
124.75 

RUN 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx= 79.6(C) %=0.054(m/s) Fr= 0.023 Re= 2090.4 

Qc 

199.52 
176.80 
154.84 
141.62 
130.66 
121.93 
105.37 
99.31 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ht (W/m2/C) 

360.42 
349.21 
337.55 
341.20 
350.53 
367.28 
362.87 
394.22 

hC Nut 

800 
714 
640 
574 
516 
463 
414 
368 

251.83 
214.07 
181.90 
161.50 
145.40 
132.91 
113.52 
105.30 

285.56 
288.42 
287.33 
299.19 
314.99 
336.95 
336.84 
371.78 

59.73 
65.88 
71.13 
79.81 
90.10 

102.78 
109.33 
128.23 

59.73 
65.88 
71.13 
79.81 
90.10 

102.78 
109.33 
128.23 

RUN 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATz= 79.2(C) %=0.124(m/s) Fr= 0.124 Re= 4841.0 

ht (W/m2/C) 

357.95 
354.32 
372.66 
388.86 
430.32 
467.56 
518.63 
602.03 

hC Nut 

825 
738 
659 
585 
515 
449 
388 
330 

259.10 201.64 
225.74 184.61 
207.96 178.49 
188.35 167.37 
178.32 163.61 
162.89 152.75 
148.66 141.80 
137.79 133.27 

278.57 
289.77 
319.84 
345.54 
394.82 
438.46 
494.70 
582.29 

56.81 
64.52 
77.51 
91.02 

112.99 
136.00 
166.21 
211.85 

56.81 
64.52 
77.51 
91.02 

112.99 
136.00 
166.21 
211.85 

D-IO 



RUN 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl= 79.2(C) %=0.179(m/s) Fr= 0.256 Re= 6955.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tw (C )  

918 
827 
745 
669 
596 
524 
457 
392 

305.28 
275.45 
244.68 
226.96 
215.34 
198.77 
190.44 
178.08 

qc 

225.48 
217.43 
202.42 
196.21 
193.27 
183.33 
179.83 
171.02 

ht zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(W/m2/C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhc 

373.80 276.09 
379.15 299.28 
379.98 314.34 
399.79 345.62 
435.14 390.54 
469.33 432.88 
534.96 505.16 
612.21 587.95 

Nut 

51.49 
60.87 
69.49 
82.88 

101.66 
122.50 
155.22 
196.43 

Nu, 

51.49 
60.87 
69.49 
82.88 

101.66 
122.50 
155.22 
196.43 

RUN 4 Ti= 79.5(C) %=0.279(m/s) Fr= 0.626 Re= 10887.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T w ( C )  4t(kW/m2) qc ht (W/m2/C) h, Nut Nu, 

953 
865 
782 
702 
627 
552 
482 
414 
348 

336.69 246.83 
317.87 251.42 
289.88 241.00 
275.57 240.10 
249.88 224.40 
238.35 220.59 
227.86 215.61 
215.57 207.43 
200.32 195.12 

395.07 
416.08 
425.69 
458.41 
475.38 
528.91 
597.99 
689.22 
809.75 

289.62 
329.10 
353.91 
399.41 
426.90 
489.50 
565.84 
663.20 
788.73 

52.24 
64.53 
75.34 
92.42 

107.26 
134.08 
168.64 
215.28 
279.54 

52.24 
64.53 
75.34 
92.42 

107.26 
134.08 
168.64 
215.28 
279.54 

RUN 5 Ti= 79.5(C) K=0.369(m/s) Fr= 1.093 Re= 14378.3 

820 313.84 257.45 436.63 358.18 73.41 73.41 
746 291.73 249.27 452.23 386.41 85.33 85.33 
676 273.44 241.68 475.39 420.16 99.95 99.95 
608 263.66 240.32 520.33 474.27 121.78 121.78 
542 244.95 228.02 555.17 516.81 143.16 143.16 
480 235.76 223.67 622.57 590.65 176.53 176.53 
419 222.89 214.49 701.43 674.99 217.68 217.68 

RUN 6 Tl= 79.6(C) K=0.494(m/s) Fr= 1.961 Re= 19273.1 

2'W(C) at(kW/m2) 4c ht (W/m2/C) hc Nut Nu, 

798 344.97 292.96 494.79 420.20 88.02 88.02 
733 326.00 285.69 515.67 451.91 101.15 101.15 
670 313.35 282.41 550.57 496.21 118.81 118.81 
610 291.31 267.74 572.55 526.23 134.80 134.80 
551 277.45 259.73 616.17 576.80 158.06 158.06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA_ _  - 
496 262.69 249.46 
441 251.36 241.70 

D-11 

665.25 631.74 185.20 185.20 
738.73 710.35 222.59 222.59 



RUN 7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx= 81.7(C) @=0.595(m/s) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFr= 2.840 Re= 23431.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4t (kW/m2) 4c ht (W/m2/@) hc Nut Nu, 

835 387.68 328.01 528.07 446.78 90.18 90.18 
762 355.96 310.64 538.06 469.55 101.94 101.94 
692 336.47 302.47 569.22 511.70 119.67 119.67 
624 314.00 288.84 600.45 552.32 139.20 139.20 
560 292.88 274.40 638.62 598.31 162.36 162.36 
498 269.07 255.68 677.74 644.02 188.33 188.33 

RUN 8 Tl= 82.0(C) @=0.854(m/s) Fr= 5.862 Re= 33701.0 

845 486.09 424.19 653.17 570.00 113.92 113.92 
775 483.05 435.46 716.61 646.00 138.47 138.47 
707 449.74 413.59 742.51 682.82 157.21 157.21 
642 427.68 400.36 790.52 740.02 182.75 182.75 
578 415.09 394.88 870.85 828.45 220.16 220.16 
515 388.18 373.45 936.36 900.84 257.75 257.75 

RUN 9 E= 81.9(C) &=1.074(m/s) Fr= 9.270 Re= 42367.6 

Tw (C) 4t (kW/m2) 4c ht (W/m2/C) hc Nut Nu, 

940 647.30 561.39 771.86 669.42 122.30 122.30 
852 599.80 536.24 798.12 713.55 141.61 141.61 
770 546.75 500.05 817.04 747.25 160.97 160.97 
692 515.83 481.76 871.95 814.36 190.36 190.36 
616 493.97 469.67 958.44 911.28 231.67 231.67 
544 459.13 442.081037.18 998.66 276.15 276.15 

RUN 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz= 79.9(C) @=1.423(m/s) Fr= 16.280 Re= 55610.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T w  (C) 4t (kW/m2) qc ht (W/m2/C) hc Nut Nu, 

787 731.38 681.61 1066.67 994.08 210.62 210.62 
709 704.09 667.51 1157.05 1096.94 251.79 251.79 
635 664.54 638.06 1244.33 1194.75 297.36 297.36 
563 628.42 609.59 1359.42 1318.69 356.32 356.32 



RUN 11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlj= 79.8(C) K=1,646(m/s) Fr= 21.779 Re= 64285.3 

1014 964.34 855.19 1056.45 936.88 160.05 160.05 
861 865.34 799.91 1139.12 1052.98 207.33 207.33 
719 769.78 731.70 1245.14 1183.54 268.85 268.85 
587 694.15 672.99 1428.03 1384.50 363.99 363.99 

RUN 12 Tl= 79.8(C) &=2.035(m/s) Fr= 33.282 Re= 79443.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
%(c) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqt(kW/m2) qc ht (W/m2/C) h, Nut NU, 

737 912.38 871.45 1434.67 1370.31 305.49 305.49 
620 849.42 824.73 1637.44 1589.85 402.62 402.62 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

RUN 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%= 71.4(C) fl=O.Oll(m/s) Fr= 0.001 Re= 418.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T w ( C )  qt(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

890 
768 
671 
586 
511 
444 
383 
328 

341.66 269.15 433.15 
265.49 219.08 397.69 
218.21 187.19 383.02 
184.61 163.60 380.92 
161.76 147.41 394.69 
144.14 134.35 420.66 
127.73 121.09 453.32 
114.35 109.90 503.59 

341.23 
328.17 
328.58 
337.56 
359.67 
392.08 
429.77 
483.97 

65.36 
70.81 
78.63 
88.89 

103.51 
122.49 
145.33 
176.53 

RUN 1 Ti= 70.4(C) K=O.Oll(m/s) Fr= 0.001 Re= 416.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(e) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQt (kW/m2) 

875 332.81 
757 261.68 
658 219.12 
573 187.81 
497 162.16 
429 147.99 
368 126.04 

Qc ht (W/m2/C) 

263.91 429.87 
217.37 399.02 
189.71 393.00 
168.04 397.77 
148.84 409.34 
139.03 451.27 
120.06 472.72 

hC 

340.87 
331.46 
340.24 
355.90 
375.70 
423.97 
450.32 

65.36 
70.81 
78.63 
88.89 

103.51 
122.49 
145.33 
176.53 

Nut NU, 

66.19 66.19 
72.39 72.39 
82.50 82.50 
95.07 95.07 

109.98 109.98 
134.95 134.95 
155.42 155.42 



913 
836 
763 
695 
629 
565 
503 
447 

RUN 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATi= 70.4(C) &=0.125(m/s) Fr= 0.126 Re= 4623.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
qt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc 

328.46 249.81 
331.32 271.47 
303.84 258.40 
284.26 249.85 
271.88 246.16 
253.07 234.10 
233.21 219.41 
220.97 210.99 

ht (W/m2/C) 

404.31 
450.80 
458.84 
478.60 
515.26 
545.75 
579.42 
639.13 

307.51 
369.36 
390.23 
420.66 
466.52 
504.86 
545.14 
610.26 

57.59 
74.50 
84.66 
98.09 

116.95 
136.19 
158.34 
189.92 

57.59 
74.50 
84.66 
98.09 

116.95 
136.19 
158.34 
189.92 

RUN 3 T’= 70.5(C) K=0.180(m/s) Fr= 0.259 Re= 6645.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TW(C) qt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc ht (W/m2/C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh, Nut Nu, 

830 345.66 287.17 474.38 394.12 79.99 79.99 
760 318.39 273.46 482.91 414.77 90.25 90.25 
694 300.40 266.09 506.38 448.55 104.67 104.67 
629 290.97 265.18 550.80 501.98 125.75 125.75 
567 272.70 253.56 585.67 544.55 146.57 146.57 
507 252.11 238.07 621.35 586.75 169.73 169.73 

RUN 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl= 70.6(C) &=0.258(m/s) Fr= 0.535 Re= 9552.4 

868 384.32 317.14 501.03 413.44 80.83 80.83 
759 361.81 317.09 549.72 481.76 104.95 104.95 
654 350.97 322.10 634.30 582.13 141.81 141.81 
555 310.45 292.39 683.83 644.05 175.72 175.72 

RUN 5 TL= 70.6(C) %=0.371(m/s) Fr= 1.104 Re= 13730.1 

TW(C) qt(kW/m2) qe ht (W/m2/C> hc Nut Nu, 

841 435.18 374.18 587.95 505.54 101.44 101.44 
777 408.80 360.83 604.64 533.69 114.17 114.17 
716 386.63 349.04 628.60 567.49 129.35 129.35 
656 363.95 334.92 656.19 603.84 146.88 146.88 
598 351.66 329.31 706.77 661.84 171.77 171.77 
542 333.46 316.55 756.06 717.71 198.85 198.85 



RUN 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl= 70.7(C) %=0.497(m/s) Fr= 1.983 Re= 18402.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
qt(kW/m2) 4c ht (W/m2/C) hc Nut Nu, 

832 472.39 413.36 646.06 565.32 114.44 114.44 
775 452.05 404.55 671.09 600.56 128.79 128.79 
720 419.05 380.89 677.27 615.59 139.76 139.76 
666 407.77 377.32 721.08 667.22 160.39 160.39 
615 394.47 370.34 767.62 720.65 183.52 183.52 
562 394.03 375.28 853.89 813.26 219.96 219.96 
511 406.24 391.88 991.12 956.09 275.15 275.15 

RUN 7 Tl= 70.7(C) %=0.599(m/s) Fr= 2.879 Re= 22177.6 

TW(C) 4t(kW/m2) qc ht (W/m”C) hc Nut Nu, 

884 537.90 466.79 686.80 596.00 114.75 114.75 
818 515.57 459.53 718.98 640.84 131.56 131.56 
755 495.07 451.08 757.02 689.76 150.92 150.92 
693 475.81 441.61 803.13 745.41 174.09 174.09 
634 448.42 422.07 841.23 791.78 197.28 197.28 
577 412.91 392.75 867.14 824.79 219.31 219.31 

RUN 8 TL= 70.9(C) @=0.860(m/s) Fr= 5.941 Re= 31898.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T W ( C )  qt(kW/m2) qc ht (W/m2/C) hc Nut Nu, 

898 729.73 655.21 915.99 822.46 156.38 156.38 
822 699.67 642.71 969.78 890.84 182.09 182.09 

RUN 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl= 71.0(C) K=1.063(m/s) Fr= 9.077 Re= 39444.2 

G(C) 4t(kW/m2) qc ht (W/m2/C) hc Nut Nuc 

848 829.97 767.49 1111.37 1027.70 204.89 204.89 
777 808.00 759.96 1194.40 1123.38 240.22 240.22 

RUN 10 Ti= 70.9(C) %=1.388(m/s) Fr= 15.488 Re= 51484.0 

?;(C) qt(kW/m2) qc ht (W/m2/C) hc Nut Nuc 

992 1050.83 948.90 1179.19 1064.81 185.42 185.42 
888 1012.78 940.81 1287.48 1195.99 229.53 229.53 
786 947.76 898.13 1383.68 1311.21 278.01 278.01 
687 886.76 853.42 1511.95 1455.10 341.97 341.97 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

D-15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,~ 
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APPENDIX E 

TYPICAL UPWARD TWO-PHASE EXPERIMENT DATA 

Test Sphere Diameter: 12.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmm 
Test Sphere Material: 316 Stainless Steel 

No. 1 Tube needle Assembly 

RUN 1 Water V =0.690(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3.218(m/s) 
Re = 29794.9 Void Fraction =0.436 

QC hC NUL NU, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACLI,tuJo* 

0.568 
0.560 
0.552 
0.540 
0.539 
0.589 
0.553 
0.560 
0.549 
0.590 
0.580 
0.567 
0.666 

742 
666 
634 
575 
549 
500 
455 
435 
415 
397 
379 
362 
345 

182.8 
153.7 
141.2 
120.6 
112.8 
107.2 
89.5 
85.2 
78.6 
79.1 

151.5 
130.9 
121.4 
105.6 
99.6 
97.1 
81.6 
78.2 
72.5 
73.6 
68.4 
63.3 
69.9 

284.9 
271.5 
264.5 
253.9 
251.4 
268.4 
252.1 
254.5 
249.5 
266.6 
262.9 
257.9 
300.8 

236.1 
231.2 

63.3 52.4 
65.3 55.6 
66.0 56.7 
67.7 59.3 
69.2 61.1 
78.4 71.0 
77.7 70.9 
80.5 73.9 
80.9 74.6 
88.6 82.4 
89.4 83.5 
89.8 84.0 

107.2 101.6 

227.4 
222.3 
222.1 
243.1 
230.0 
233.7 
230.0 
248.1 
245.5 73.3 

67.6 241.4 
285.2 73.7 

RUN 2 Water V =0.801(m/s) Steam V = 3.319(m/s) 
Re = 34573.5 Void Fraction =0.422 

Tw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(C) 

738 
698 
632 
604 
576 
524 
437 
418 
400 
383 
366 

4c 

162.3 
142.3 
120.5 
117.6 
113.6 
95.6 
81.3 
75.5 
72.0 
72.8 
70.7 

ht (W/m2/C) 

302.8 
281.6 
263.5 
267.5 
270.3 
252.5 
262.1 

hC CD,two 

0.568 
0.534 
0.511 
0.527 
0.538 
0.507 
0.537 
0.527 
0.530 
0.566 
0.581 

254.4 
237.8 
226.7 
233.4 
238.7 
225.3 
241.1 

67.5 56.7 
65.5 55.3 
65.9 56.7 
69.1 60.2 
72.1 63.6 
71.5 63.8 
82.6 76.0 
83.1 76.7 
85.6 79.4 
93.1 87.1 
98.0 92.2 

193.2 
168;5 
140.1 
134.8 
128.6 
107.2 
88.4 

257.2 
258.7 

237.5 
240.1 

81.8 
77.6 
77.8 
75.1 

, ' I  
275.1 
282.8 

257.5 
266.1 

E-3 



RUN 3 Water V =0.934(m/s) S t e m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3.457(m/s) 
Re = 40316.1 Void Fraction =0.406 

736 
696 
662 
631 
603 
575 
525 
481 
460 
421 
386 

204.1 
186.9 
158.2 
147.2 
140.5 
122.3 
104.9 
92.4 
95.7 
84.7 
77.9 

173.5 
160.9 
135.8 
127.7 
123.4 
107.3 
93.3 
83.3 
87.6 
78.3 
72.8 

321.0 
313.6 
281.6 
277.2 
279.5 
257.3 
246.9 
242.9 
265.9 
263.6 
272.1 

272.9 
270.1 
241.7 
240.4 
245.5 
225.7 
219.6 
218.9 
243.4 
243.6 
254.2 

Nut NU, 

71.7 60.9 
73.1 63.0 
68.1 58.5 
69.3 60.2 
72.3 63.5 
68.6 60.2 
69.9 62.2 
72.6 65.4 
81.5 74.6 
84.8 78.4 
91.6 85.6 

CD,two 

0.565 
0.561 
0.503 
0.501 
0.513 
0.471 
0.458 
0.455 
0.504 
0.501 
0.518 

RUN 4 Water V =1.106(m/s) Steam V = 3.666(m/s) 
Re = 47737.7 Void Fraction =0.382 

726 
688 
656 
604 
556 
534 
513 
493 
456 
422 
405 

251.1 
208.9 
177.9 
139.6 
126.2 
118.2 
109.1 
109.4 
100.3 
96.0 
84.2 

221.7 
183.9 
156.0 
122.3 
112.6 
106.0 
98.2 
99.6 
92.4 
89.5 
78.4 

401.0 
355.3 
319.9 
276.9 
276.9 
272.4 
264.2 
278.4 
281.6 
298.4 
275.9 

354.1 
312.7 
280.6 
242.7 
247.0 
244.3 
237.8 
253.5 
259.4 
278.4 
257.0 

90.5 79.9 
83.5 73.5 
77.8 68.3 
71.5 62.6 
75.5 67.4 
76.3 68.4 
75.9 68.3 
82.0 74.6 
86.7 79.8 
96.0 89.5 
90.7 84.4 

0.674 
0.597 
0.537 
0.466 
0.474 
0.469 
0.456 
0.485 
0.493 
0.526 
0.484 

RUN 5 Water V =1.242(m/s) Steam V = 3.864(m/s) 
Re = 53596.5 Void Fraction =0.363 

739 
700 
667 
638 
611 
562 
518 
497 
459 
441 
407 

242.9 
214.4 
175.2 
155.2 
147.4 
120.2 
118.6 
114.3 
101.6 
98.1 
92.4 

211.9 
188.0 
152.4 
135.2 
129.6 
106.1 
107.4 
104.3 
93.6 
90.9 
86.6 

379.9 
357.2 
309.3 
288.9 
288.5 
260.1 
283.9 
287.9 
283.5 
288.1 
301.6 

331.4 
313.2 
269.0 
251.5 
253.6 
229.7 
257.1 
262.7 
261.1 
266.9 
282.6 

84.5 73.7 
82.9 72.7 
74.4 64.7 
71.7 62.5 
73.8 64.9 
70.4 62.2 
81.1 73.4 
84.4 77.0 
87.0 80.1 
90.4 83.8 
98.9 92.7 

0.594 
0.564 
0.486 
0.455 
0.459 
0.416 
0.465 
0.475 
0.469 
0.478 
0.502 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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RUN 6 Water V =1.453(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 4.251(m/s) 
Re = 62688.1 Void Fraction =0.330 

721 
685 
629 
605 
582 
541 
501 
484 
467 
451 

278.2 
217.4 
155.5 
149.1 
142.7 
142.2 
114.9 
106.9 
106.6 
93.6 

249.4 
192.7 
136.2 
131.8 
127.2 
129.6 
104.7 
97.6 
98.2 
85.9 

447.9 
372.0 
294.3 
295.2 
296.0 
322.6 
286.5 
278.3 
290.4 
267.0 

401.5 
329.8 
257.8 
260.9 
263.9 
293.9 
261.0 
254.0 
267.4 
245.1 

101.6 91.1 
87.8 77.8 
73.8 64.7 
76.1 67.2 
78.3 69.8 
89.6 81.6 
83.5 76.1 
82.8 75.6 
88.2 81.2 
82.8 76.0 

RUN 7 Water V =1.615(m/s) Steam V = 4.645(m/s) 
Re = 69709.9 Void Fraction =0.302 

788 
743 
706 
648 
597 
573 
529 
510 
491 
472 

310.6 
257.8 
211.2 
166.5 
147.7 
142.0 
121.6 
114.1 
108.8 
107.6 

273.1 
226.4 
184.2 
145.5 
131.1 
127.1 
109.7 
103.4 
99.2 
98.9 

451.4 
401.2 
348.6 
304.1 
297.5 
300.1 
283.1 
278.6 
278.7 
289.2 

396.9 
352.4 
303.9 
265.7 
264.1 
268.7 
255.5 
252.4 
254.0 
265.8 

95.6 84.0 
89.0 78.2 
80.4 70.1 
74.7 65.2 
77.4 68.7 
80.2 71.8 
79.7 71.9 
80.3 72.8 
82.3 75.0 
87.3 80.3 

RUN 8 Water V =1.912(m/s) Steam V = 5.739(m/s) 
Re = 82536.3 Void Fraction =0.244 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TW(C) clt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc h t  (W/m2/C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhc Nut Nuc 

721 299.9 271.1 482.9 436.5 109.6 99.0 
681 238.5 214.2 410.8 368.9 97.3 87.4 _ _ -  
649 
595 
571 
550 
509 
489 
453 
435 

198.7 177.6 
160.1 143.6 
150.2 135.5 
137.4 124.2 
125.4 114.7 
122.4 112.8 
110.8 103.1 
118.6 111.6 

362.4 323.9 
323.4 290.0 
318.6 287.4 
305.8 276.5 
306.6 280.5 
314.4 289.8 
313.9 291.9 
354.1 333.3 

CD,two 

0.667 
0.550 
0.431 
0.437 
0.442 
0.492 
0.436 
0.424 
0.445 
0.406 

CD, two 

0.621 
0.554 
0.480 
0.421 
0.420 
0.427 
0.405 
0.400 
0.402 
0.420 

CD, two 

0.632 
0.536 
0.472 88.9 79.5 

84.3 75.6 0.424 
85.3 77.0 0.420 
84.0 76.0 0.403 
88.5 81.0 0.409 
93.0 85.7 0.421 
97.0 90.2 0.422 

111.9 105.4 0.480 

I 

,. ~ 
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RUN 9 Water V =2.047(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 6.522(m/s) 
Re = 88347.9 Void Fraction =0.215 

883 
833 
790 
717 
652 
595 
543 
519 
497 
475 

355.1 
284.3 
255.0 
196.3 
181.0 
159.2 
141.5 
129.3 
120.6 
120.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Qc 

301.9 
239.9 
217.3 
168.1 
159.6 
142.8 
128.8 
118.1 
110.6 
111.7 

453.4 
388.0 
369.9 
318.5 
327.9 
322.0 
319.6 
308.6 
304.0 
321.6 

385.4 
327.3 
315.1 
272.6 
289.1 
288.7 
290.9 
281.8 
278.8 
298.0 

87.4 74.3 
78.5 66.3 
78.2 66.6 
72.6 62.2 
80.1 70.7 
84.0 75.3 
88.6 80.6 
88.0 80.3 
89.1 81.7 
96.7 89.6 

0.529 
0.452 
0.438 
0.382 
0.407 
0.408 
0.410 
0.397 
0.392 
0.418 

RUN 1 Water V =0.854(m/s) Steam V = 3.887(m/s) 
Re = 36869.8 Void Fraction =0.544 

710 199.8 172.3 327.5 282.4 75.2 64.8 0.613 
673 169.6 146.0 295.8 254.8 70.7 60.8 0.554 
639 154.3 134.1 286.3 248.7 71.0 61.7 0.542 
608 134.5 116.9 264.7 230.2 68.0 59.1 0.503 
551 121.2 107.9 269.0 239.6 73.8 65.8 0.523 
525 115.2 103.6 271.2 243.9 76.8 69.1 0.532 
477 105.2 96.3 279.5 255.8 83.9 76.8 0.556 
454 95.6 87.7 269.7 247.6 83.2 76.4 0.536 
434 89.0 82.1 266.8 246.1 84.5 77.9 0.530 
415 78.5 72.3 249.5 229.9 81.0 74.6 0.494 
362 72.0 67.7 274.6 258.1 95.5 89.8 0.545 
346 67.4 63.5 274.0 258.4 97.5 92.0 0.542 

RUN 2 Water V =0.993(m/s) Steam V = 3.961(m/s) 
Re = 42843.3 Void Fraction =0.534 

700 
663 
630 
599 
493 
469 
447 
427 
388 
370 
353 

194.5 
168.6 
151.3 
138.8 
107.8 
102.4 
86.1 
90.1 
78.3 
77.2 
74.5 

168.1 
146.1 
131.9 
122.1 
98.0 
93.9 
78.6 
83.4 
73.1 
72.6 
70.5 

324.2 
299.5 
285.6 
278.5 
274.7 
277.8 
248.1 
275.7 
271.6 
285.7 
294.6 

280.2 
259.5 
248.9 
244.9 
249.8 
254.6 
226.5 
255.4 
253.7 
268.8 
278.6 

75.2 65.0 
72.3 62.7 
71.5 62.4 
72.3 63.6 
80.9 73.6 
84.2 77.2 
77.2 70.5 
88.1 81.6 
91.3 85.3 
98.3 92.5 

103.8 98.2 

0.565 
0.524 
0.504 
0.496 
0.505 
0.512 
0.454 
0.510 
0.502 
0.528 
0.544 
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RUN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 Water V =1.376(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 4.199(m/s) 
Re = 59386.5 Void Fraction =0.504 

690 
655 
624 
595 
519 
453 
434 
380 
364 

201.8 
172.8 
159.3 
147.8 
117.0 
99.7 
95.2 
79.6 
78.0 

176.5 
151.1 
140.4 
131.3 
105.8 
92.0 
88.3 
74.7 
73.6 

341.9 
311.3 
303.9 
298.5 
279.5 
282.5 
285.5 
283.9 
295.1 

299.0 
272.1 
267.8 
265.2 
252.7 
260.4 
264.7 
266.4 
278.6 

80.2 70.1 
75.8 66.3 
76.6 67.5 
77.8 69.1 
79.7 72.1 
87.3 80.5 
90.4 83.8 
96.4 90.4 

102.4 96.7 

RUN 4 Water V =1.376(m/s) Steam V = 4.199(m/s) 
Re = 59386.5 Void Fraction =0.504 

TW(C) 4t(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4c ht (W/m2/C) hc Nut Nu, 

706 244.0 216.9 402.7 358.0 92.9 82.6 
668 
635 
579 
553 
528 
505 
483 
442 
423 
371 

196.3 
173.5 
138.6 
138.1 
127.6 
120.4 
110.3 
101.1 
94.6 
83.0 

173.4 
153.6 
123.4 
124.6 
115.8 
110.0 
101.1 
93.8 
88.1 
78.4 

345.9 
324.2 
289.7 
304.9 
298.0 
297.5 
288.2 
296.0 
293.2 
306.8 

305.5 
287.0 
257.8 
275.3 
270.4 
271.7 
264.1 
274.7 
273.1 
289.9 

83.1 73.4 
80.7 71.5 
76.9 68.5 
83.5 75.3 
84.0 76.2 
86.3 78.9 
85.9 78.7 
92.8 86.1 
94.1 87.7 

105.6 99.8 

RUN 5 Water V =1.548(m/s) Steam V = 4.327(m/s) 
Re = 66790.6 Void Fraction =0.489 

T w ( ~ )  qt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqc ht (W/m2/C) h, Nut Nu, 

734 
690 
654 
595 
570 
522 
499 
458 
439 
402 
386 

263.9 
241.2 
195.6 
154.2 
139.7 
128.4 
123.2 
111.2 
104.7 
92.2 
89.5 

233.6 
215.8 
173.9 
137.7 
125.1 
117.0 
113.1 
103.2 
97.6 
86.5 
84.4 
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416.5 
408.5 
352.9 
311.5 
297.6 
304.7 
308.6 
310.6 
309.4 
304.8 
313.4 

368.7 
365.6 
313.9 
278.2 
266.5 
277.6 
283.3 
288.3 
288.4 
286.0 
295.6 

93.2 
95.8 
86.0 
81.2 
79.9 
86.6 
90.2 
95.4 
97.4 

100.5 
105.7 

82.5 
85.7 
76.5 
72.5 
71.6 
78.9 
82.8 
88.5 
90.8 
94.3 
99.7 

0.512 
0.467 
0.460 
0.457 
0.434 
0.444 
0.449 
0.446 
0.464 

CD,two 

0.612 
0.524 
0.493 
0.444 
0.473 
0.465 
0.467 
0.452 
0.467 
0.463 
0.484 

CD,two 

0.593 
0.590 
0.508 
0.452 
0.432 
0.450 
0.459 
0.464 
0.462 
0.455 
0.468 



RUN 6 Water V =1.815(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 4.560(m/s) 
Re = 78331.1 Void Fraction =0.464 

702 
666 
609 
584 
539 
497 
459 
425 
408 

270.3 
212.9 
169.5 
163.1 
137.6 
127.4 
115.4 
101.8 
98.6 

243.8 
190.1 
151.8 
147.5 
125.2 
117.4 
107.4 
95.2 
92.7 

449.3 405.1 
376.4 336.1 
333.0 298.3 
337.2 304.9 
313.9 285.5 
320.9 295.8 
321.5 299.1 
313.5 293.4 
320.1 300.9 

104.1 
90.6 
85.4 
89.1 
87.4 
94.0 
98.6 

100.4 
104.7 

93.8 
80.9 
76.6 
80.5 
79.5 
86.6 
91.7 
94.0 
98.5 

0.604 
0.502 
0.447 
0.457 
0.427 
0.442 
0.444 
0.433 
0.443 

RUN 7 Water V =2.023(m/s) Steam V = 4.779(m/s) 
Re = 87287.0 Void Fraction =OM2 

726 
687 
626 
578 
535 
497 
479 
444 
412 

288.1 
257.0 
185.4 
153.9 
140.2 
126.6 
121.5 
109.6 
98.8 

258.8 
232.1 
166.3 
138.7 
128.0 
116.7 
112.5 
102.2 
92.7 

460.4 
438.0 
352.6 
322.2 
322.4 
319.2 
321.0 
318.3 
316.8 

413.5 
395.4 
316.3 
290.5 
294.2 
294.1 
297.2 
296.9 
297.4 

103.9 93.3 
103.1 93.1 
88.7 79.6 
85.7 77.3 
90.1 82.3 
93.6 86.2 
96.1 89.0 
99.4 92.7 

103.2 96.9 

0.582 
0.559 
0.449 
0.412 
0.417 
0.416 
0.420 
0.417 
0.415 

RUN 8 Water V =2.339(m/s) Steam V = 5.198(m/s) 
Re = 100922.4 Void Fraction =0.407 

716 
680 
625 
579 
538 
500 
466 
449 
418 

306.4 
247.8 
188.0 
162.1 
142.9 
129.2 
119.3 
118.7 
111.6 

278.2 
223.6 
169.0 
146.8 
130.5 
119.0 
110.9 
111.1 
105.4 

497.4 
427.0 
358.2 
338.4 
326.6 
322.7 
326.1 
339.8 
351.6 

451.7 
385.2 
322.0 
306.5 
298.2 
297.3 
303.2 
318.1 
331.9 

113.5 
101.2 
90.2 
89.8 
91.0 
94.2 
99.2 

105.5 
113.7 

103.0 
91.3 
81.1 
81.4 
83.1 
86.8 
92.2 
98.7 

107.3 

0.592 
0.506 
0.425 
0.405 
0.393 
0.392 
0.397 
0.416 
0.431 
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RUN 9 Water V =2.578(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.616(m/s) 
Re = 111241.4 Void Fraction =0.377 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN ~ C  CD,two 

95.9 0.532 
97.8 0.524 
85.4 0.431 
83.6 0.401 
86.9 0.407 
86.6 0.387 
87.3 0.382 
96.2 0.402 

115.2 0.450 

729 298.1 
693 273.8 
636 203.6 
590 172.4 
570 166.6 
531 144.9 
514 136.7 

268.4 
248.2 
183.7 
156.3 
152.0 
132.9 
125.8 

473.8 
461.7 
380.2 

426.4 
418.5 
343.0 
318.8 
323.9 

106.5 
107.9 
94.6 
92.2 
95.3 
94.4 
94.9 

103.4 
121.7 

351.7 
354.9 
336.1 308.2 

304.2 
I 

330.7 
345.5 480 

432 
131.2 122.1 
127.3 120.5 

321.6 
362.9 383.6 

RUN 1 Water V =1.214(m/s) Steam V = 3.965(m/s) 
Re = 52390.1 Void Fraction =0.679 

727 207.7 178.2 
686 185.1 160.3 
617 153.4 135.2 
558 127.3 113.5 
504 114.4 104.0 
457 104.4 96.4 
414 86.5 80.3 
376 79.0 74.3 
343 69.0 65.2 

331.4 
316.1 
297.0 
278.1 
282.9 
292.8 
275.2 
286.0 
284.1 

284.3 
273.8 
261.6 

74.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA64.1 
74.5 64.5 
75.5 66.5 

0.517 
0.499 
0.479 
0.454 
0.470 
0.491 
0.460 
0.479 
0.472 

248.1 
257.1 

75.7 67.5 
82.1 74.7 

270.5 
255.6 
268.7 
268.7 

90.1 83.2 
89.3 83.0 
97.6 91.7 

101.6 96.1 

RUN 2 Water V =1.359(m/s) Steam V = 4.083(m/s) 
Re = 58630.9 Void Fraction =0.659 

729 
688 
620 
562 
535 
487 
423 
385 
368 

213.2 183.5 
171.8 
133.6 
120.5 
109.1 
101.6 
86.4 
77.4 
69.4 

339.1 
335.0 
292.7 
291.5 
279.0 
287.3 
287.9 
289.2 
275.8 

291.9 
292.4 
257.0 
261.1 
250.9 
262.9 
267.8 
271.5 
259.0 

76.3 65.7 
78.8 68.8 
74.2 65.1 
79.0 70.8 
78.0 70.2 
85.2 78.0 
92.4 86.0 
97.6 91.6 
95.2 89.4 

0.501 
0.504 
0.445 
0.452 
0.434 
0.454 
0.457 
0.458 
0.435 

196.8 
152.1 
134.5 
121.3 
111.1 
92.9 
82.5 
73.9 
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RUN 3 Water V =1.519(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 4.243(m/s) 
Re = 65567.5 Void Fraction =0.635 

717 
678 

535 
489 
448 
410 
376 
345 

238.2 
203.9 
156.6 
138.2 
127.7 
114.9 
105.5 
90.5 
85.9 
74.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

qc 

209.9 
179.9 
138.5 
124.3 
115.5 
105.4 
98.0 
84.6 
81.1 
70.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ht (W/m2/C> 

386.0 
352.9 
304.4 
300.6 
293.8 
295.6 
303.4 
292.2 
310.8 
305.1 

340.0 
311.3 
269.2 
270.4 
265.6 
271.0 
281.8 
273.0 
293.5 
289.6 

87.9 
83.8 
77.6 
81.6 
82.2 
87.4 
94.4 
95.4 

106.1 
108.7 

Nu, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACD,lWO 

77.5 0.553 
74.0 0.508 
68.6 0.441 
73.4 0.443 
74.3 0.435 
80.2 0.442 
87.7 0.457 
89.2 0.439 

100.2 0.467 
103.2 0.456 

RUN 4 Water V =1.708(m/s) Steam V = 4.486(m/s) 
Re = 73732.5 Void Fraction =0.600 

691 
652 
587 
531 
481 
437 
398 
362 
345 

230.6 
189.6 
153.3 
136.9 
117.0 
105.0 
90.2 
82.6 
82.5 

205.2 
168.2 
137.5 
124.9 
107.9 
97.9 
84.7 
78.3 
78.7 

390.2 
343.7 

306.9 
311.3 
302.9 
315.2 
336.7 

347.2 
304.9 
282.4 
289.7 
282.9 
290.3 
284.4 
298.8 
321.2 

91.4 81.4 
84.0 74.6 
82.9 74.3 
89.2 81.4 
91.6 84.4 
98.1 91.5 

100.5 94.4 
109.7 104.0 
120.0 114.5 

0.534 
0.470 
0.436 
0.447 
0.435 
0.443 
0.430 
0.446 
0.477 

RUN 5 Water V =1.845(m/s) Steam V = 4.715(m/s) 
Re = 79620.2 Void Fraction =0.571 

721 
681 
617 
566 
519 
477 
439 
404 
372 
357 

270.7 
232.3 
172.4 
150.1 
132.3 
118.1 
108.6 
95.6 
84.0 
86.4 

242.0 
208.0 
154.1 
135.8 
121.1 
109.2 
101.5 
89.8 
79.3 
82.3 

436.3 
400.0 
333.3 
322.2 
315.9 
313.3 
320.4 
314.3 
308.4 
335.8 

390.0 
358.2 
297.9 
291.5 
289.1 
289.6 
299.3 
295.4 
291.3 
319.6 

99.0 88.5 
94.8 84.9 
84.7 75.7 
86.9 78.6 
90.1 82.4 
94.0 86.9 

100.7 94.1 
103.4 97.2 
105.8 100.0 
117.6 112.0 

0.575 
0.530 
0.442 
0.433 
0.429 
0.428 
0.439 
0.430 
0.420 
0.459 



"$ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

RUN 6 Water V =2.037(m/s) Steam V = 5.157(m/s) 
Re = 87915.9 Void Fraction =0.522 

733 
692 
627 
574 
528 
487 
450 
415 
383 
367 

276.6 
255.7 
190.4 
157.0 
139.9 
123.4 
112.1 
102.6 
94.0 
91.7 

246.4 
230.3 
171.3 
142.0 
128.1 
113.9 
104.5 
96.4 
89.0 
87.3 

437.1 
432.4 
361.6 
331.0 
326.8 
318.9 
320.9 
325.9 
332.6 
343.1 

389.4 
389.4 
325.3 
299.5 
299.2 
294.4 
299.1 
306.4 
315.0 
326.3 

97.9 
101.3 
90.9 
88.4 
92.1 
94.5 
99.6 

105.8 
112.6 
118.5 

87.2 
91.2 
81.8 
80.0 
84.4 
87.3 
92.8 
99.4 

106.6 
112.7 

RUN 7 Water V =2.172(m/s) Steam V = 5.602(m/s) 
Re = 93714.1 Void Fraction =0.481 

700 
661 
602 
552 
508 
467 
431 
398 
381 

286.5 
229.3 
170.6 
149.3 
132.2 
121.7 
112.9 
101.8 
98.6 

260.2 
207.0 
153.5 
135.9 
121.6 
113.2 
106.1 
96.3 
93.6 

477.7 
408.6 
340.1 
330.1 
324.1 
331.4 
340.9 
342.3 
350.4 

433.8 
368.7 
306.2 
300.6 
298.1 
308.3 
320.3 
323.8 
332.8 

110.9 
98.8 
88.0 
90.4 
93.7 

100.6 
108.3 
113.6 
118.8 

100.7 
89.2 
79.3 
82.3 
86.2 
93.6 

101.7 
107.5 
112.9 

RUN 8 Water V =2.380(m/s) Steam V = 6.732(m/s) 
Re = 102711.6 Void Fraction =0.400 

670 
639 
613 
567 
546 
506 
488 
453 
436 

259.3 
215.8 
188.6 
159.7 
152.6 
143.5 
132.4 
123.2 
116.9 

236.1 
195.5 
170.6 
145.3 
139.6 
133.0 
122.9 
115.4 
109.9 

454.8 
400.1 
367.5 
341.9 
342.0 
353.3 
341.6 
349.4 
348.3 

414.1 
362.6 
332.5 
311.0 
313.0 
327.5 
317.1 
327.4 
327.4 

109.0 99.2 
99.2 89.9 
93.9 84.9 
92.0 83.7 
94.4 86.3 

102.4 94.9 
101.2 93.9 
108.0 101.2 
110.0 103.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CD,two 

0.546 
0.548 
0.460 
0.424 
0.423 
0.415 
0.419 
0.426 
0.434 
0.447 

CD,two 

0.591 
0.504 
0.420 
0.412 
0.408 
0.419 
0.433 
0.434 
0.444 

CR,two 

0.540 
0.474 
0.435 
0.407 
0.409 
0.428 
0.413 
0.424 
0.423 

:.' 

420 114.5 108.1 358.2 338.4 115.5 109.1 0.436 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E-1 1 



RUN 9 Water V =2.479(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 7.653(m/s) 
Re = 107005.4 Void Fraction =0.352 

636 
612 
589 
568 
548 
529 
511 
494 
477 
461 
445 
430 

206.6 
188.2 
179.7 
167.8 
158.9 
145.2 
135.8 
134.4 
129.3 
124.3 
120.4 
119.5 

186.7 
170.3 
163.6 
153.4 
145.9 
133.4 
125.0 
124.6 
120.4 
116.1 
113.0 
112.7 

385.7 
367.7 
367.2 
358.7 
355.1 
338.8 
330.6 
341.5 
343.0 
344.4 
348.7 
362.3 

348.5 
332.8 
334.4 
327.8 
325.9 
311.2 
304.3 
316.6 
319.3 
321.8 
327.2 
341.8 

96.0 
94.0 
96.4 
96.5 
97.8 
95.5 
95.2 

100.5 
102.9 
105.4 
108.8 
115.3 

86.7 
85.1 
87.8 
88.2 
89.8 
87.7 
87.7 
93.1 
95.8 
98.5 

102.1 
108.8 

0.446 
0.427 
0.429 
0.420 
0.418 
0.399 
0.390 
0.405 
0.407 
0.409 
0.415 
0.432 

RUN 1 Water V =1.103(m/s) Steam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV = 5.040(m/s) 
Re = 47610.6 Void Fraction =0.647 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Qt(kW/m2) 

199.2 
176.9 
152.4 
143.6 

Qc ht (W/m2/C) 

340.0 
323.5 
297.6 
298.9 
291.1 
288.6 
281.9 
290.4 
289.7 
304.4 
309.1 

hC Nut NU, CD,two 

0.569 
0.547 
0.505 
0.513 
0.507 
0.507 
0.495 
0.512 
0.508 
0.532 
0.538 

686 
647 
612 
581 

174.4 
156.0 

297.5 
285.2 
262.7 
266.9 
264.0 
265.4 
260.3 

80.1 70.1 
79.5 70.1 
76.1 67.2 
79.2 70.7 
82.7 75.0 
87.3 80.3 
87.8 81.0 
95.6 89.4 

100.4 94.6 
110.6 105.2 
114.9 109.7 

134.5 
128.2 
111.4 522 

470 
122.9 
106.9 98.3 

90.3 
82.5 
72.5 
67.1 
63.7 

447 
404 
366 
332 
316 

97.8 
88.2 
76.9 
70.5 
66.7 

271.5 
273.1 
289.6 
295.1 

RUN 2 Water V =1.264(m/s) Steam V = 5.141(m/s) 
Re = 54567.0 Void Fraction =0.634 

hC 

701 
660 
593 
564 
510 
462 
419 
400 
363 
316 

225.1 
187.7 
149.2 
136.9 
119.8 

198.6 
165.5 
132.9 
122.7 
109.1 

374.8 
335.4 
302.8 
295.3 
292.4 
291.9 
287.9 
291.3 
292.5 
292.2 

330.7 
295.8 
269.6 
264.7 
266.2 
269.3 
268.1 
272.7 
275.9 
278.1 

86.9 
81.3 
79.1 
79.8 
84.3 
89.2 
92.9 
96.4 

101.6 
108.5 

76.7 
71.7 
70.5 
71.6 
76.8 
82.3 
86.5 
90.3 
95.9 

103.3 

0.591 
0.529 
0.484 
0.475 
0.477 
0.479 
0.473 
0.479 
0.479 
0.473 

105.7 
91.9 

97.5 
85.5 

87.3 
77.0 
63.1 

81.7 
72.7 
60.1 

E-12 



RUN 3 Water V =1.453(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.276(m/s) 
Re = 62703.6 Void Fraction =0.618 

725 
680 
609 
551 
525 
476 
413 
376 
343 
328 

220.9 
219.1 
163.2 
135.4 
129.9 
111.7 
95.3 
84.0 
75.8 
71.3 

191.7 
194.9 
145.6 
122.1 
118.3 
102.8 
89.2 
79.3 
72.0 
68.0 

353.8 
377.9 
320.7 
300.4 
305.9 
296.8 
304.1 
304.8 
311.8 
313.5 

307.0 
336.1 
286.1 
271.0 
278.6 
273.1 
284.6 
287.6 
296.4 
298.9 

80.0 
89.6 
82.3 
82.5 
86.6 
89.1 
98.8 

104.1 
111.5 
114.5 

69.4 
79.7 
73.4 
74.4 
78.9 
82.0 
92.5 
98.2 

105.9 
109.2 

0.510 
0.561 
0.479 
0.454 
0.466 
0.455 
0.468 
0.468 
0.476 
0.477 

RUN 4 Water V =1.689(m/s) Steam V = 5.474(m/s) 
Re = 72874.6 Void Fraction =0.595 

734 
691 
623 
568 
519 
475 
454 
416 
398 
365 
336 

277.1 
235.1 
172.7 
152.8 
133.0 
117.6 
110.9 
98.4 
94.5 
83.3 
77.3 

246.7 
209.8 
153.9 
138.3 
121.7 
108.8 
103.1 
92.2 
89.0 
78.9 
73.7 

436.8 
398.1 
330.1 
326.3 
317.3 
314.0 
313.3 
311.5 
317.0 
314.1 
328.0 

388.9 
355.2 
294.1 
295.4 
290.5 
290.5 
291.2 
291.9 
298.4 
297.4 
313.0 

97.7 
93.3 
83.3 
87.7 
90.5 
94.5 
96.7 

100.9 
105.1 
108.8 
118.5 

87.0 
83.2 
74.2 
79.4 
82.8 
87.4 
89.9 
94.5 
99.0 

103.1 
113.1 

0.599 
0.549 
0.456 
0.459 
0.451 
0.449 
0.448 
0.446 
0.454 
0.447 
0.465 

RUN 5 Water V =1.869(m/s) Steam V = 5.654(m/s) 
Re = 80642.3 Void Fraction =0.577 

684 
647 
589 
563 
516 
474 
435 
400 
369 
339 

255.6 
206.5 
161.1 
151.6 
132.7 
120.5 
108.2 
93.8 
86.1 
82.0 

231.0 
185.5 
145.1 
137.5 
121.6 
111.8 
101.2 
88.2 
81.6 
78.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E-13 

437.9 
377.2 
329.6 
327.3 
318.8 
322.4 
322.9 
312.5 
320.7 
343.0 

395.7 
338.8 
296.9 
296.8 
292.2 
298.9 
302.0 
293.8 
303.9 
327.8 

103.4 
92.7 
86.6 
88.5 
91.2 
97.1 

102.0 
103.3 
110.6 
123.3 

93.4 
83.2 
78.0 
80.3 
83.6 
90.0 
95.5 
97.2 

104.8 
117.8 

0.582 
0.499 
0.439 
0.438 
0.431 
0.439 
0.440 
0.425 
0.435 
0.464 



RUN 6 Water V =2.138(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.985(m/s) 
Re = 92263.3 Void Fraction =0.545 

704 
663 
599 
546 
499 
457 
419 
384 
353 

289.2 262.4 479.1 434.7 110.7 100.5 
232.9 210.4 414.0 374.1 100.0 90.4 
171.7 154.9 344.4 310.7 89.4 80.7 
148.7 135.8 333.7 304.7 92.1 84.1 
128.3 118.2 321.7 296.3 94.0 86.6 
119.3 111.3 334.2 311.9 102.8 95.9 
106.1 99.8 333.0 313.2 107.5 101.1 
93.7 88.7 330.3 312.6 111.6 105.6 
86.7 82.7 343.6 327.7 121.2 115.6 

0.597 
0.515 
0.429 
0.420 
0.408 
0.427 
0.425 
0.421 
0.436 

RUN 7 Water V =2.338(m/s) Steam V = 6.297(m/s) 
Re = 100897.4 Void Fraction =0.518 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(W/m2/C) 

482.7 
458.3 
367.5 
349.0 
339.3 
342.2 
340.6 
339.3 
351.2 
347.4 

h C  CD,two 

732 
687 
620 
567 
519 
477 
457 
420 
386 
370 

304.8 
269.2 
191.2 
162.9 
142.3 
128.8 
121.5 
108.4 
100.4 
93.8 

274.7 
244.2 
172.6 
148.5 
131.0 
119.9 
113.5 
102.1 
95.3 
89.2 

435.1 
415.7 
331.7 
318.2 
312.5 
318.5 
318.3 
319.4 
333.4 
330.5 

108.3 
107.8 
93.1 
94.0 
96.7 

102.7 
104.8 
109.4 
118.4 
119.6 

97.6 
97.8 
84.0 
85.7 
89.1 
95.6 
97.9 

103.0 
112.4 
113.8 

0.569 
0.546 
0.438 
0.420 
0.412 
0.418 
0.416 
0.415 
0.429 
0.423 

RUN 8 Water V =2.629(m/s) Steam V = 6.903(m/s) 
Re = 113442.2 Void Fraction =0.472 

706 
666 
606 
557 

342.1 
276.5 
198.6 
167.3 
146.7 
139.6 
127.6 

315.0 
253.7 
181.3 

564.6 
488.4 
392.7 
365.9 
353.4 
352.9 
355.9 
361.0 
362.7 

519.9 
448.1 
358.3 
335.9 
326.9 
327.9 
333.5 
340.8 
344.5 

130.2 
117.5 

119.9 
107.8 

0.644 
0.556 
0.446 
0.418 
0.406 
0.407 
0.412 
0.418 
0.419 

101.1 
99.6 

92.3 
91.5 153.6 

135.7 515 
496 

101.3 
103.6 
109.2 
115.6 
121.0 

93.7 
96.2 

102.3 
109.1 
114.9 

129.7 
119.6 459 

425 
394 

117.3 110.7 
106.5 101.1 



RUN 9 Water V =2.838(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 7.515(m/s) 
Re = 122485.3 Void Fraction =0.434 

667 
636 
609 
563 
542 
522 
485 
468 
436 
405 

279.7 
234.8 
208.5 
173.6 
164.5 
153.6 
135.7 
133.2 
122.7 
113.6 

256.9 
214.8 
190.9 
159.5 
151.8 
142.1 
126.3 
124.7 
115.7 
107.9 

493.8 
437.9 
409.5 
375.0 
372.2 
363.8 
352.1 
361.7 
365.4 
372.3 

453.4 
400.7 
374.8 
344.5 
343.5 
336.7 
327.8 
338.6 
344.5 
353.3 

118.8 
109.0 
105.0 
101.4 
103.2 
103.3 
104.6 
109.7 
115.4 
122.3 

109.1 
99.7 
96.1 
93.2 
95.2 
95.6 
97.4 

102.7 
108.8 
116.1 

0.541 
0.479 
0.449 
0.413 
0.411 
0.403 
0.391 
0.403 
0.407 
0.415 

RUN 1 Water V =1.182(m/s) Steam V = 6.813(m/s) 
Re = 51012.9 Void Fraction =0.670 

885 
828 
734 
654 
584 
523 
495 
469 
422 
378 

302.8 
267.6 
209.3 
177.4 
149.9 
131.1 
120.4 
114.2 
101.1 
92.5 

249.4 
224.1 
179.0 
155.8 
134.3 
119.6 
110.5 
105.7 
94.7 
87.7 

385.9 
367.9 
330.2 
320.5 
309.8 
309.9 
304.5 
309.5 
314.3 
333.0 

317.8 
308.0 
282.4 
281.5 
277.4 
282.8 
279.5 
286.4 
294.4 
315.6 

74.3 61.2 
74.9 62.7 
73.9 63.2 
78.2 68.7 
81.8 73.2 
87.9 80.2 
89.4 82.0 
93.8 86.8 

101.1 94.7 
113.4 107.5 

0.574 
0.560 
0.520 
0.521 
0.515 
0.524 
0.518 
0.528 
0.538 
0.570 

RUN 2 Water V =1.357(m/s) Steam V = 6.931(m/s) 
Re = 58555.1 Void Fraction =0.659 

915 
801 
753 
669 
596 
563 
503 
451 
428 
383 
362 

317.7 
247.9 
221.2 
186.4 
161.3 
148.0 
125.5 
108.6 
103.9 
95.0 
88.1 

258.5 
208.4 
188.5 
163.3 
144.7 
133.9 
115.1 
100.9 
97.2 
90.0 
83.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E-I5 

390.0 
353.7 
338.7 
327.4 
325.0 
319.6 
311.0 
309.1 
317.2 
335.1 
335.9 

317.3 
297.4 
288.5 
286.7 
291.6 
289.0 
285.4 
287.2 
296.9 
317.5 
319.4 

73.0 59.4 
73.9 62.2 
74.3 63.3 
78.5 68.8 
84.6 75.9 
86.4 78.2 
90.4 83.0 
95.7 88.9 

101.2 94.7 
113.3 107.4 
116.9 111.1 

0.532 
0.507 
0.494 
0.495 
0.506 
0.501 
0.494 
0.493 
0.507 
0.536 
0.535 



RUN 3 Water V =1.562(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 7.087(m/s) 
Re = 67406.0 Void Fraction =0.644 

911 356.3 297.7 439.3 367.1 82.5 68.9 0.574 
850 290.4 243.2 387.2 324.2 77.1 64.5 0.512 
799 249.5 210.3 356.9 300.9 74.7 63.0 0.478 
711 204.5 176.8 334.6 289.4 76.7 66.4 0.464 
672 188.7 165.3 329.9 288.9 78.9 69.1 0.465 
602 164.2 147.2 327.4 293.5 84.8 76.0 0.474 
570 149.8 135.2 319.0 288.0 85.6 77.3 0.465 
512 129.3 118.5 314.1 287.8 90.4 82.8 0.464 
485 124.0 114.6 321.8 297.4 95.6 88.4 0.478 
437 107.2 100.1 318.1 297.1 100.3 93.7 0.474 
415 102.2 96.1 325.2 305.6 105.5 99.2 0.485 
371 98.8 94.2 365.3 348.4 125.7 119.9 0.546 

RUN 4 Water V =1.819(m/s) Steam V = 7.313(m/s) 
Re = 78514.3 Void Fraction =0.625 

917 
859 
808 
724 
651 
618 
557 
503 
456 
412 
391 

378.8 
317.6 
272.2 
221.9 
189.4 
175.7 
154.7 
132.8 
117.5 
111.7 
109.6 

319.0 
268.8 
231.7 
192.8 
168.1 
157.4 
141.0 
122.4 
109.6 
105.7 
104.3 

463.4 
418.7 
384.3 
355.9 
344.0 
339.6 
338.8 
329.3 
330.3 
358.0 
377.2 

390.3 
354.4 
327.0 
309.3 
305.3 
304.1 
308.9 
303.6 
308.1 
338.7 
359.1 

86.5 
82.6 
79.7 
80.5 
84.2 
86.3 
92.4 
95.8 

101.7 
116.6 
126.3 

72.9 
70.0 
67.8 
70.0 
74.7 
77.3 
84.2 
88.3 
94.9 

110.3 
120.3 

0.565 
0.517 
0.481 
0.459 
0.456 
0.455 
0.462 
0.454 
0.457 
0.498 
0.525 

RUN 5 Water V =2.017(m/s) Steam V = 7.517(m/s) 
Re = 87031.1 Void Fraction =Oh08 

899 
843 
753 
715 
645 
584 
555 
529 
480 
458 
415 
394 

375.3 319.0 
321.3 275.2 
242.6 209.9 
222.1 194.1 
191.3 170.4 
168.3 152.7 
155.9 142.3 
147.0 135.2 
127.4 118.3 
121.5 113.5 
114.0 107.8 
115.8 110.5 

469.5 399.1 89.2 
432.3 370.3 86.6 
371.5 321.4 81.5 
361.4 315.8 82.6 
350.8 312.6 86.4 
348.1 315.8 91.9 
342.5 312.7 93.5 
343.0 315.4 96.7 
335.3 311.3 100.2 
339.8 317.5 104.4 
362.2 342.7 117.5 
394.6 376.4 131.7 

E-I6 

75.8 
74.2 
70.5 
72.1 
77.0 
83.4 
85.4 
88.9 
93.1 
97.6 

111.2 
125.6 

~---- 

0.551 
0.515 
0.452 
0.446 
0.443 
0.449 
0.444 
0.448 
0.440 
0.447 
0.479 
0.523 

> 



RUN 6 Water V =2.313(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 7.886(m/s) 
Re = 99827.3 Void Fraction =0.579 

921 
866 
818 
778 
706 
642 
613 
559 
535 
489 
468 
427 

401.4 
361.7 
305.8 
266.9 
227.6 
198.2 
189.0 
164.3 
153.5 
138.2 
131.6 
127.9 

340.9 
311.7 
263.7 
230.9 
200.6 
177.7 
171.1 
150.5 
141.3 
128.6 
123.1 
121.3 

489.2 
472.5 
425.7 
394.0 
375.8 
365.6 
368.6 
358.0 
353.3 
355.3 
358.1 
391.7 

415.5 
407.2 
367.1 
340.8 
331.2 
327.7 
333.6 
327.9 
325.2 
330.7 
335.0 
371.4 

91.1 
92.6 
87.4 
84.3 
86.7 
90.3 
94.1 
97.3 
98.9 

105.1 
108.7 
125.2 

77.3 
79.8 
75.4 
72.9 
76.4 
81.0 
85.2 
89.1 
91.0 
97.8 

101.7 
118.7 

RUN 7 Water V =2.534(m/s) Steam V = 8.229(m/s) 
Re = 109376.9 Void Fraction =0.555 

817 
776 
739 
705 
644 
616 
564 
540 

329.7 287.9 460.2 401.8 94.7 82.7 
282.6 246.8 418.3 365.4 89.7 78.3 
256.5 225.5 401.4 353.0 89.4 78.6 
237.7 210.7 392.7 348.2 90.6 80.3 
203.3 182.6 373.9 335.9 92.2 82.8 
192.4 174.2 372.9 337.6 94.9 85.9 
171.7 157.5 370.0 339.4 100.0 91.7 
161.3 148.8 366.7 338.1 101.9 94.0 

496 145.6 135.7 368.1 343.0 108.0 100.7 
455 134.1 126.2 377.9 355.8 116.5 109.7 0.447 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CD, two 

0.533 
0.527 
0.478 
0.446 
0.437 
0.434 
0.443 
0.435 
0.431 
0.437 
0.442 
0.486 

CD, two 

0.500 
0.457 
0.443 
0.439 
0.425 
0.428 
0.430 
0.428 
0.434 
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APPENDIX F 

TYPICAL DOWNWARD TWO-PHASE EXPERIMENT DATA 

Test Sphere Diameter: 12.7 mm 
Test Sphere Material: 316 Stainless Steel 

TDI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- No. 1 Tube needle Assembly 
TD2 - No. 2 Tube needle Assembly 
TD3 - No. 3 Tube needle Assembly 

* * * * * * * * * * TEST: TD1-2A * * * * * * * * * * zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RUN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 Water V =2.003(m/s) Steam V = 1.129(m/s) 

Re = 86437.4 Void Fraction =0.964 

679 
642 
576 
547 
493 
468 
424 
404 
367 
350 
319 
292 

91.8 71.7 
87.5 70.4 
75.2 62.6 
70.0 59.2 
59.8 51.7 
55.9 48.8 
48.3 42.9 
45.2 40.5 
40.0 36.3 
36.9 33.6 
32.5 29.9 
28.9 26.9 

158.6 
161.4 
157.9 
156.8 
152.4 
151.9 
149.3 
149.0 
149.9 
147.6 
148.2 
151.0 

123.9 
129.8 
131.5 
132.6 
131.7 
132.6 
132.5 
133.3 
136.0 
134.5 
136.4 
140.2 

37.7 29.4 
39.9 32.1 
42.0 35.0 
43.3 36.6 
44.9 38.8 
46.1 40.2 
47.9 42.5 
49.1 43.9 
51.8 47.0 
52.2 47.6 
54.8 50.4 
58.1 54.0 

0.405 
0.425 
0.431 
0.435 
0.431 
0.432 
0.428 
0.429 
0.432 
0.425 
0.425 
0.430 

RUN 2 Water V =2.128(m/s) Steam V = 1.144(m/s) 
Re = 91852.5 Void Fraction =0.952 

671 
638 
577 
524 
476 
434 
396 
362 
347 
318 
304 

102.4 83.0 
96.2 79.4 
83.8 71.2 
73.1 63.5 
64.2 56.8 
56.6 50.8 
49.4 44.9 
44.3 40.7 
41.1 37.9 
37.4 34.9 
36.1 33.8 

179.5 145.6 43.0 34.9 
178.9 147.7 44.4 36.7 
175.7 149.3 46.8 39.7 
172.6 149.9 48.9 42.5 
170.9 151.2 51.3 45.4 
169.5 152.2 53.7 48.2 
167.1 151.7 55.6 50.5 
169.2 155.5 58.9 54.1 
166.7 153.7 59.3 54.7 
171.8 160.0 63.7 59.3 
176.4 165.2 66.7 62.4 

0.428 
0.436 
0.441 
0.442 
0.444 
0.444 
0.439 
0.444 
0.436 
0.449 
0.460 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

r(. C s a l , ~  as in Eq. (7.7). 
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RUN 3 Water V =2.362(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.161(m/s) 
Re = 101942.0 Void Fraction =0.938 

720 
682 
646 
581 
524 
473 
429 
389 
354 
322 
307 

121.9 98.0 
116.3 96.0 
108.2 90.8 
92.9 80.0 
80.6 71.0 
70.2 62.9 
61.1 55.5 
53.5 49.1 
47.6 44.2 
42.6 39.9 
40.7 38.4 

196.7 
199.9 
198.1 
193.2 
190.3 
188.1 
186.0 
185.1 
187.6 
191.8 
196.5 

158.1 
165.0 
166.3 
166.5 
167.6 
168.5 
169.0 
170.1 
174.3 
179.9 
185.1 

44.7 35.9 
47.3 39.0 
48.7 40.9 
51.2 44.1 
54.0 47.5 
56.7 50.8 
59.3 53.9 
62.1 57.1 
66.1 61.4 
70.7 66.3 
74.0 69.7 

0.413 
0.432 
0.437 
0.438 
0.441 
0.441 
0.438 
0.437 
0.442 
0.450 
0.460 

RUN 4 Water V =2.774(m/s) Steam V = 1.178(m/s) 
Re = 119733.2 Void Fraction =0.924 

668 
635 
576 
524 
477 
455 
415 
380 
348 
318 

127.2 
119.7 
105.1 
91.6 
80.5 
76.2 
67.2 
59.3 
52.9 
49.3 

108.1 
103.2 
92.5 
82.0 
73.0 
69.6 
62.1 
55.2 
49.7 
46.7 

224.2 
223.7 
220.7 
216.4 
213.7 
214.6 
213.2 
211.9 
213.8 
225.7 

190.5 
192.8 
194.3 
193.7 
194.0 
196.2 
196.8 
197.4 
200.7 
213.9 

53.9 45.8 
55.7 48.0 
58.8 51.8 
61.4 54.9 
64.2 58.2 
66.2 60.5 
69.1 63.8 
72.0 67.1 
75.9 71.3 
83.6 79.2 

0.439 
0.445 
0.449 
0.447 
0.446 
0.449 
0.447 
0.444 
0.446 
0.469 

RUN 5 Water V =3.135(m/s) Steam V = 1.186(m/s) 
Re = 135302.9 Void Fraction =0.918 

676 
644 
585 
533 
486 
444 
406 
372 
341 
327 

136.2 
129.0 
113.7 
100.4 
87.8 
77.0 
69.3 
61.4 
55.5 
54.2 

116.4 
111.8 
100.6 
90.3 
80.0 
70.9 
64.5 
57.5 
52.4 
51.4 

236.5 
237.1 
234.3 
232.0 
227.7 
224.0 

230.2 
239.1 

202.0 
205.4 
207.3 
208.7 
207.4 
206.2 
210.8 
211.7 
217.4 
227.0 

56.3 48.1 
58.5 50.6 
61.8 54.6 
65.0 58.5 
67.6 61.6 
70.0 64.5 
74.4 69.2 
77.6 72.7 
82.5 77.9 
87.5 83.0 

0.428 
0.436 
0.441 
0.444 
0.439 
0.434 
0.440 
0.437 
0.444 
0.460 



RUN 6 Water V =3.460(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.192(m/s) 
Re = 149322.5 Void Fraction =0.913 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T W  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( C )  

687 
655 
596 
543 
496 
453 
415 
381 
350 

148.7 128.0 253.5 
254.9 
250.5 
248.4 
244.7 
242.6 
244.1 
241.1 
243.1 

218.1 
222.2 
222.7 
224.4 
223.8 
224.2 
227.8 
226.5 
230.0 

59.7 51.3 
62.1 54.2 
65.3 58.0 
68.8 62.2 
71.8 65.7 
74.9 69.3 
79.2 73.9 
81.8 76.9 
86.1 81.4 

0.434 
0.443 
0.446 
0.449 
0.447 
0.444 
0.448 
0.441 
0.443 

141.4 123.3 
124.2 110.4 
110.0 99.4 
96.8 88.5 
85.7 79.2 
76.9 71.8 
67.7 63.6 
60.6 57.4 

RUN 7 Water V =4.199(m/s) Steam V = 1.200(m/s) 
Re = 181222.4 Void Fraction =0.907 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

h C  Nut Nu, Csat,F 

58.5 0.446 
63.4 0.470 
67.5 0.472 
72.0 0.475 
75.3 0.471 
80.0 0.474 
83.9 0.471 
89.3 0.477 
94.5 0.480 
96.9 0.480 

697 
668 
613 
564 
519 
478 
441 
407 
376 
361 

171.8 
169.3 
150.8 

150.1 
150.1 

287.7 
298.0 
293.8 
291.8 
286.4 
286.5 
284.9 
288.3 
290.9 
291.7 

251.3 
264.2 
264.6 
266.3 
264.1 
266.7 
267.2 
272.4 
276.5 
278.1 

67.0 
71.6 
75.0 
78.9 
81.7 
85.9 
89.4 
94.5 
99.4 

101.7 

135.8 
135.3 123.5 
119.9 110.5 
108.2 
97.0 
88.4 
80.2 
76.2 

100.8 
91.0 
83.6 
76.3 
72.6 

RUN 8 Water V =5.321(m/s) Steam V = 1.206(m/s) 
Re = 229636.8 Void Fraction =0.903 

702 
676 
650 
600 
556 
514 
477 
442 
410 

205.3 
204.8 
195.5 
176.4 
160.1 
143.5 
130.9 
118.9 
108.9 

183.1 
185.0 
177.8 
162.3 
148.8 
134.3 

340.9 
355.9 

304.0 
321.4 
323.6 

78.9 
84.8 
87.2 
91.4 
95.9 
99.3 

104.3 
108.8 
114.5 

70.4 
76.6 
79.3 
84.0 
89.1 
93.0 
98.3 

103.2 
109.3 

0.474 
0.502 
0.506 

324.3 
326.7 

0.508 
0.512 351.5 

346.2 
347.4 
347.3 
350.9 

324.1 
327.6 
329.5 
334.8 

0.507 
0.511 
0.510 
0.515 

123.4 
112.8 

‘ I  

103.9 

F-5 I 



RUN 9 Water V =6.249(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.209(m/s) 
Re = 269669.7 Void Fraction =0.901 

674 228.3 
652 221.7 
609 203.2 
569 186.0 
532 169.4 
498 156.0 
466 143.5 
437 144.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

qc 

208.6 
203.9 
188.6 
173.9 
159.4 
147.6 
136.5 
138.1 

397.7 
402.0 
399.6 
396.8 
392.2 
392.0 
391.7 
427.6 

hC 

363.4 
369.6 
370.8 
371.0 
369.0 
370.9 
372.5 
410.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Nut 

94.9 
98.3 

102.6 
106.6 
110.1 
114.7 
119.1 
134.8 

86.7 0.521 
90.4 0.530 
95.2 0.533 
99.7 0.533 

103.5 0.530 
108.6 0.532 
113.2 0.532 
129.3 0.582 

RUN 1 Water V =2.034(m/s) Steam V = 2.407(m/s) 
Re = 87777.0 Void Fraction =0.965 

798 
748 
659 
583 
519 
490 
438 
393 
353 
318 
303 

130.8 
122.1 
99.1 
83.3 
69.0 
63.9 
54.9 
47.2 
41 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.O 
36.1 
33.2 

98.2 
95.4 
80.7 
70.4 
59.6 
55.9 
49.0 
42.8 
37.7 
33.5 
30.9 

187.3 
188.5 
177.4 
172.5 
164.8 
164.0 
162.6 
161.4 
162.2 
165.3 
164.0 

140.7 
147.3 
144.5 
145.6 
142.4 
143.5 
145.1 
146.2 
148.9 
153.5 
152.8 

39.2 29.5 
41.6 32.5 
43.1 35.1 
45.6 38.5 
47.0 40.6 
48.5 42.4 
51.2 45.7 
53.9 48.8 
57.2 52.5 
61.2 56.8 
62.2 57.9 

0.452 
0.476 
0.471 
0.476 
0.465 
0.467 
0.468 
0.467 
0.469 
0.476 
0.470 

RUN 2 Water V =2.154(m/s) Steam V = 2.438(m/s) 
Re = 92956.1 Void Fraction =0.952 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T'(C) qt(kW/m2) 4, ht (W/m2/C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh, Nut NU, Cyal,F 

732 
691 
618 
554 
498 
449 
406 
367 
334 
303 

119.7 94.6 
114.7 93.5 
96.7 81.4 
83.2 72.0 
71.0 62.7 
61.2 54.9 
53.7 48.9 
47.0 43.3 
41.5 38.6 
37.7 35.4 

189.3 149.6 
193.9 158.1 
186.9 157.4 
183.5 158.8 
178.6 157.6 
175.6 157.4 
176.0 160.1 
175.9 161.9 
177.9 165.4 
185.6 174.4 

42.5 33.5 
45.4 37.0 
47.5 40.0 
50.2 43.4 
52.3 46.1 
54.5 48.9 
57.8 52.6 
60.8 56.0 
64.4 59.9 
70.3 66.1 

0.437 
0.463 
0.463 
0.468 
0.463 
0.459 
0.463 
0.462 
0.466 
0.484 

F-6 



RUN 3 Water V =2.387(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2.474(m/s) 
Re = 103004.4 Void Fraction =0.939 

716 
677 
608 
576 
519 
493 
446 
404 
367 
350 
319 

129.9 
119.4 
103.1 
95.3 
82.2 
78.2 
66.8 
59.3 
51.1 
47.4 
43.6 

106.4 
99.4 
88.6 
82.8 
72.8 
70.0 
60.5 
54.5 
47.4 
44.1 
41.0 

211.0 
206.8 
203.2 
200.2 
196.2 
198.9 
193.0 
194.8 
191.3 
189.2 
198.9 

172.9 48.2 39.5 
172.3 49.2 41.0 
174.5 52.2 44.8 
173.9 53.3 46.3 
173.8 55.9 49.6 
178.1 58.5 52.4 
175.0 60.1 54.5 
179.0 64.1 58.9 
177.3 66.1 61.3 
176.0 66.9 62.3 
187.1 73.6 69.2 

0.451 
0.450 
0.458 
0.456 
0.456 
0.466 
0.454 
0.461 
0.451 
0.445 
0.466 

RUN 4 Water V =2.813(m/s) Steam V = 2.509(m/s) 
Re = 121387.1 Void Fraction =0.926 

698 
663 
598 
541 
515 
467 
425 
387 
370 
337 
322 

135.6 
127.7 
110.0 
95.8 
88.8 
78.7 
68.9 
61.7 
57.5 
51.2 
49.5 

113.8 
109.0 
96.1 
85.3 
79.6 
71.6 
63.5 
57.4 
53.8 
48.2 
46.8 

226.7 
226.9 
221.0 
217.3 
214.1 
214.3 
212.3 
215.1 
213.5 
215.8 
222.5 

190.2 
193.6 
192.9 
193.4 
192.0 
195.2 
195.5 
200.2 
199.5 
203.2 
210.6 

52.7 44.2 
54.8 46.8 
57.4 50.1 
60.3 53.7 
61.4 55.0 
65.1 59.3 
68.0 62.6 
72.4 67.4 
73.6 68.7 
77.7 73.2 
81.9 77.5 

0.436 
0.445 
0.445 
0.445 
0.442 
0.446 
0.444 
0.450 
0.446 
0.448 
0.461 

RUN 5 Water V =3.187(m/s) Steam V = 2.527(m/s) 
Re = 137551.9 Void Fraction =0.919 

727 
690 
655 
591 
562 
509 
485 
440 
400 
365 
334 

154.3 
145.9 
135.1 
118.5 
109.6 
95.6 
89.2 
78.0 
69.3 
59.9 
54.2 

129.7 
124.8 
117.0 
105.0 
97.9 
86.7 
81.4 
72.0 
64.7 
56.2 
51.3 

246.1 
247.3 
243.4 
241.2 
237.4 
233.9 
232.0 
229.4 
230.9 
225.7 
231.8 

206.9 
211.5 
210.8 
213.8 
212.1 
212.2 
211.8 
211.7 
215.3 
211.9 
219.3 

55.5 46.6 
58.0 49.6 
59.3 51.4 
63.2 56.0 
64.3 57.4 
67.5 61.3 
69.0 63.0 
72.0 66.5 
76.3 71.2 
78.2 73.4 
83.9 79.4 

0.435 
0.446 
0.445 
0.453 
0.449 
0.449 
0.447 
0.443 
0.447 
0.435 
0.444 

F-7 



RUN 6 Water V =3.522(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2.538(m/s) 
Re = 151984.6 Void Fraction =0.915 

718 
683 
649 
588 
533 
485 
442 
403 
368 
352 

162.0 
150.7 
141.1 
122.9 
107.0 
93.5 
82.6 
73.7 
65.3 
62.2 

138.3 
130.3 
123.5 
109.6 
96.8 
85.7 
76.5 
69.0 
61.5 
58.9 

262.1 
258.8 
257.1 
252.0 
246.9 
242.9 
241.6 
243.3 
243.5 
246.9 

223.8 
223.7 
225.0 
224.8 
223.6 
222.7 
223.9 
227.6 
229.5 
233.6 

59.7 50.9 
61.2 52.9 
63.1 55.2 
66.3 59.1 
69.2 62.7 
72.2 66.2 
75.7 70.2 
80.2 75.0 
84.0 79.2 
87.1 82.5 

RUN 7 Water V =4.276(m/s) Steam V = 2.554(m/s) 
Re = 184551.6 Void Fraction =0.909 

714 
684 
626 
574 
526 
484 
445 
410 
378 

185.2 
178.6 
160.2 
142.3 
126.4 
112.7 
101.4 
91.0 
82.9 

161.9 
158.1 
144.3 
129.9 
116.7 
105.0 
95.2 
86.0 
78.9 

301.5 
306.1 
304.6 
300.5 
296.5 
293.7 
293.8 
293.6 
298.4 

h C  

263.5 
271.0 
274.4 
274.4 
273.6 
273.6 
275.9 
277.5 
284.0 

0.442 
0.444 
0.447 
0.448 
0.445 
0.442 
0.441 
0.444 
0.443 
0.448 

68.9 60.2 
72.3 64.0 
76.7 69.1 
80.3 73.3 
83.8 77.3 
87.4 81.4 
91.7 86.1 
95.8 90.6 

101.7 96.8 

0.465 
0.480 
0.487 
0.488 
0.486 
0.484 
0.485 
0.484 
0.491 

RUN 8 Water V =5.412(m/s) Steam V = 2.568(m/s) 
Re = 233578.1 Void Fraction =0.904 

702 
676 
651 
604 
582 
540 
502 
484 
467 
434 
419 

216.4 
212.0 
204.7 
185.2 
176.7 
160.5 
145.7 
138.7 
132.2 
122.5 
115.2 

194.2 
192.2 
186.9 
170.9 
163.8 
150.0 
137.2 
131.0 
125.2 
116.7 
110.0 

359.7 
368.2 
371.6 
367.8 
366.9 
364.9 
362.8 
361.6 
360.7 
366.7 
361.8 

322.9 
333.7 
339.3 
339.4 
340.2 
341.1 
341.6 
341.4 
341.6 
349.4 
345.3 

83.3 
87.7 
90.9 
95.0 
97.1 

101.4 
105.7 
107.6 
109.6 
116.1 
116.8 

74.8 
79.5 
83.0 
87.6 
90.1 
94.8 
99.5 

101.6 
103.8 
110.6 
111.5 

0.501 
0.519 
0.528 
0.530 
0.531 
0.532 
0.532 
0.530 
0.529 
0.538 
0.530 



RUN 9 Water V =6.347(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2.574(m/s) 
Re = 273932.2 Void Fraction =0.902 

683 
660 
615 
574 
555 
518 
484 
452 

236.4 216.0 
229.4 210.9 
210.2 195.1 
193.3 180.9 
184.8 173.5 
168.9 159.5 
155.3 147.6 
154.7 148.3 

405.7 
409.9 
408.0 
407.8 
406.4 
404.0 
404.6 
439.3 

370.6 
376.9 
378.7 
381.6 
381.6 
381.7 
384.4 
421.0 

95.9 
99.3 

103.9 
108.9 
111.0 
115.4 
120.4 
135.9 

87.6 
91.3 
96.5 

101.9 
104.2 
109.0 
114.4 
130.2 

0.529 
0.538 
0.542 
0.547 
0.546 
0.546 
0.548 
0.597 

RUN 1 Water V =2.326(m/s) Steam V = 5.264(m/s) 
Re = 100370.5 Void Fraction =0.969 

694 
657 
622 
559 
531 
480 
456 
414 
394 
376 
326 
298 

111.7 90.3 
108.2 89.9 
100.8 85.2 
86.3 74.7 
81.1 71.1 
69.4 61.8 
63.8 57.2 
55.7 50.6 
53.1 48.6 
49.7 45.8 
40.7 37.9 
36.7 34.5 

188.2 
194.3 
193.2 
187.8 
188.2 
182.7 
179.3 
177.8 
180.6 
180.4 
179.8 
185.5 

152.2 
161.5 
163.3 
162.7 
165.0 
162.8 
160.7 
161.5 
165.3 
166.1 
167.6 
174.5 

44.0 35.6 
47.2 39.3 
48.8 41.3 
51.0 44.2 
52.9 46.4 
54.7 48.7 
55.2 49.5 
57.8 52.5 
60.2 55.1 
61.6 56.7 
65.8 61.3 
70.8 66.6 

0.479 
0.509 
0.515 
0.514 
0.521 
0.512 
0.503 
0.502 
0.511 
0.510 
0.505 
0.518 

RUN 2 Water V =2.415(m/s) Steam V = 5.328(m/s) 
Re = 104202.7 Void Fraction =0.958 

674 
639 
606 
575 
545 
518 
446 
404 
367 
350 
305 

119.3 99.6 
109.6 92.8 
101.9 87.5 
94.5 82.0 
87.2 76.5 
81.1 71.7 
66.9 60.7 
58.3 53.6 
51.6 47.8 
48.3 45.0 
40.4 38.1 

F-9 

207.7 
203.4 
201.6 
199.1 
195.9 
194.0 
193.7 
192.0 
193.3 
193.1 
197.3 

173.4 
172.1 
173.0 
172.8 
171.7 
171.7 
175.8 
176.3 
179.3 
179.9 
186.1 

49.5 41.3 
50.4 42.7 
51.9 44.6 
53.1 46.1 
54.1 47.4 
55.4 49.0 
60.4 54.8 
63.2 58.0 
66.8 62.0 
68.3 63.7 
74.6 70.3 

0.494 
0.492 
0.495 
0.495 
0.491 
0.491 
0.498 
0.495 
0.497 
0.496 
0.502 



702 
668 
634 
603 
546 
495 
450 
410 
374 
342 
313 

RUN 3 Water V =2.595(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.407(m/s) 
Re = 111973.3 Void Fraction =0.944 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4t (kW/m2) 

126.7 
122.4 
114.6 
106.8 
93.2 
81.1 
71.2 
63.1 
55.6 
49.3 
44.2 

104.5 
103.2 
98.1 
92.5 
82.4 
72.9 
64.9 
58.1 
51.7 
46.2 
41.8 

210.3 
215.6 
214.5 
212.3 
209.1 
205.4 
203.6 
203.8 
203.3 
204.2 
208.1 

h, 

173.4 
181.9 
183.6 
183.9 
184.9 
184.6 
185.4 
187.8 
189.1 
191.4 
196.5 

Nut zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANU, 

48.7 40.1 
51.8 43.7 
53.5 45.8 
54.8 47.5 
57.7 51.1 
60.3 54.2 
63.2 57.5 
66.6 61.3 
69.7 64.8 
73.1 68.6 
77.7 73.4 

RUN 4 Water V =2.946(m/s) Steam V = 5.493(m/s) 
Re = 127133.2 Void Fraction =0.929 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

G a t ,  I.' 

0.443 
0.466 
0.471 
0.473 
0.475 
0.473 
0.472 
0.474 
0.472 
0.472 
0.478 

697 
663 
630 
571 
518 
472 
430 
393 
359 
328 

138.4 116.7 
132.4 113.6 
124.5 108.3 
109.0 96.7 
94.7 85.3 
83.5 76.3 
73.7 68.1 
65.0 60.6 
58.7 55.2 
53.3 50.5 

232.0 
235.2 
234.8 
231.3 
226.3 
224.7 
223.5 
222.3 
226.8 
233.7 

195.7 
202.0 
204.2 
205.4 
203.9 
205.3 
206.4 
207.1 
213.3 
221.5 

54.0 45.6 
56.8 48.8 
58.8 51.1 
62.0 55.0 
64.6 58.2 
67.9 62.0 
71.1 65.7 
74.3 69.2 
79.3 74.6 
85.3 80.9 

0.443 
0.458 
0.464 
0.468 
0.464 
0.465 
0.463 
0.461 
0.469 
0.481 

RUN 5 Water V =3.278(m/s) Steam V = 5.538(m/s) 
Re = 141449.1 Void Fraction =0.921 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TW(c) 4t(kW/m2) qc ht (W/m2/C) h, Nut Nu, Csat,p 

694 
660 
597 
542 
492 
448 
409 
373 
341 

147.1 
138.4 
120.5 
105.0 
91.8 
81.8 
73.1 
63.6 
57.5 

125.6 
119.9 
106.6 
94.4 
83.7 
75.5 
68.1 
59.7 
54.4 

247.5 
247.2 
242.2 
237.7 
234.0 
235.0 
236.8 
232.6 
238.2 

211.4 57.8 49.4 
214.2 59.9 51.9 
214.3 63.0 55.7 
213.8 65.9 59.3 
213.3 68.9 62.9 
216.9 73.1 67.4 
220.8 77.4 72.2 
218.4 79.7 74.9 
225.4 85.3 80.8 

0.443 
0.449 
0.451 
0.450 
0.448 
0.452 
0.456 
0.446 
0.455 

F-IO 

. 



RUN 6 Water V =3.590(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.567(m/s) 
Re = 154921.6 Void Fraction =0.917 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4t(kW/m2) 

152.4 130.4 
147.2 
128.8 
112.5 
105.9 
94.0 
83.3 
74.0 
58.6 

Qc Aht (W/m2/C) hC Nut zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat,F 

700 
667 
606 
551 
526 
480 
439 
402 
338 

254.1 
128.1 

'114.4 
101.4 
96.2 
86.4 
77.3 
69.3 
55.6 

217.5 
259.7 
254.7 
249.4 
248.5 
247.2 
245.8 
245.3 
246.8 

59.0 
226.1 
226.1 
224.8 
225.7 
227.3 

50.5 
62.5 
65.6 
68.4 
70.2 
73.9 
77.3 
81.0 
88.9 

0.429 
54.4 
58.2 
61.7 
63.8 
67.9 
71.8 
75.8 
84.3 

0.447 
0.448 
0.445 
0.447 
0.448 
0.447 
0.446 
0.444 234.1 

RUN 7 Water V =4.332(m/s) Steam V = 5.605(m/s) 
Re = 186943.5 Void Fraction =0.910 

691 
661 
604 
553 
507 
465 
427 
393 
377 

175.3 
166.6 
147.7 
129.5 
114.9 
103.7 
92.6 
83.1 
79.8 

154.2 296.6 
297.2 
293.3 
286.2 
282.7 
284.2 
282.8 
283.7 
288.1 

260.7 
264.1 
264.9 
261.5 
261.1 
265.2 
265.9 
268.5 
273.7 

69.5 61.1 
72.0 63.9 
75.7 68.4 
78.4 71.6 
81.9 75.6 
86.5 80.7 
90.3 84.9 
94.7 89.6 
98.3 93.3 

0.460 
0.467 
0.469 
0.463 
0.462 
0.466 
0.464 
0.465 
0.472 

148.1 
133.4 
118.3 
106.2 
96.8 
87.0 
78.7 
75.8 

RUN 8 Water V =5.506(m/s) Steam V = 5.631(m/s) 
Re = 237601.6 Void Fraction =0;906 

4c ht (W/m2/C) 

344.0 
346.0 
348.2 

hC 

179.0 
173.6 
161.6 
146.8 
134.8 
122.8 
112.5 
103.8 

309.2 
313.5 
319.7 
318.4 
320.7 
320.6 
322.8 
327.5 

81.6 73.4 
84.4 76.5 
89.7 82.4 
93.2 86.3 
97.7 91.3 

101.5 95.5 
105.9 100.3 
111.3 106.0 

0.478 
0.486 
0.497 
0.495 
0.498 
0.496 
0.496 
0.500 

679 
654 
606 
561 
520 
483 
449 
417 

199.2 
191.6 
176.0 
158.4 
144.2 
130.5 
118.8 
109.0 

343.6 
343.2 
340.8 
340.9 
343.9 

F-11 I 



RUN 9 Water V =6.475(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.643(m/s) 
Re = 279443.8 Void Fraction =0.904 

684 222.0 
662 218.4 
641 210.6 
600 194.7 
562 178.2 
526 164.3 
493 151.3 
462 138.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(W/m2/C) 

201.4 379.8 
199.7 388.3 
193.6 389.3 
180.6 389.5 
166.5 386.0 
154.6 385.7 
143.2 385.0 
131.4 381.8 

344.6 
355.1 
357.9 
361.3 
360.7 
362.9 
364.3 
362.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Nut 

89.6 
93.8 
96.3 

101.0 
104.6 
109.0 
113.3 
116.6 

81.3 
85.8 
88.6 
93.7 
97.7 

102.6 
107.2 
110.9 

G a t , F  

0.489 
0.504 
0.509 
0.515 
0.514 
0.517 
0.518 
0.513 

RUN 1 Water V =1.966(m/s) Steam V = 1.218(m/s) 
Re = 84842.0 Void Fraction =0.947 

732 111.5 
691 105.1 
553 76.0 
497 65.5 
449 56.8 
406 49.1 
368 42.1 
334 37.9 
304 33.2 

86.4 
83.9 
64.8 
57.1 
50.5 
44.3 
38.4 
35.0 
30.9 

176.4 
177.7 
167.7 
164.8 
163.0 
160.7 
157.3 
161.9 
162.6 

136.6 
141.9 
143.0 
143.8 
144.9 
144.9 
143.3 
149.4 
151.4 

39.5 
41.6 
45.9 
48.3 
50.7 
52.8 
54.3 
58.6 
61.5 

30.6 
33.2 
39.2 
42.1 
45.0 
47.6 
49.5 
54.1 
57.2 

0.406 
0.424 
0.429 
0.431 
0.430 
0.426 
0.417 
0.429 
0.428 

RUN 2 Water V =2.055(m/s) Steam V = 1.244(m/s) 
Re = 88685.9 Void Fraction =0.927 

718 
679 
609 
548 
520 
470 
447 
406 
369 
336 
320 

108.6 
107.9 
92.5 
79.4 
73.3 
62.9 
58.8 
50.4 
45.5 
40.4 
37.6 

85.0 
87.7 
77.8 
68.5 
63.9 
55.7 
52.6 
45.5 
41.7 
37.4 

175.9 
186.2 
181.8 
177.3 
174.5 
170.0 
169.5 
164.9 
169.5 
171.4 

35.0 170.7 

137.5 
151.5 
152.9 
153.0 
152.1 
150.7 
151.5 
149.0 
155.5 
158.9 
158.8 

Nut NU, 

40.0 31.3 
44.2 35.9 
46.6 39.2 
48.8 42.1 
49.7 43.3 
51.5 45.6 
52.8 47.2 
54.1 49.0 
58.5 53.7 
61.9 57.4 
63.0 58.6 

0.370 
0.409 
0.415 
0.415 
0.412 
0.406 
0.407 
0.397 
0.409 
0.413 
0.409 

F-12 



RUN 3 Water V =2.226(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.276(m/s) 
Re = 96056.8 Void Fraction =0.904 

700 
629 
566 
510 
485 
440 
399 
363 
331 
316 

120.0 98.0 
103.8 87.8 
89.8 77.9 
77.0 68.1 
72.3 64.5 
62.6 56.6 
54.9 50.2 
48.0 44.4 
42.7 39.9 
40.4 37.9 

200.0 
196.5 
193.0 
187.8 
187.8 
184.3 
183.5 
182.5 
184.9 
186.9 

163.3 
166.1 
167.4 
166.0 
167.5 
166.7 
168.0 
168.8 
172.5 
175.1 

46.4 37.9 
49.3 41.7 
52.1 45.1 
54.1 47.8 
55.8 49.8 
57.9 52.4 
60.8 55.6 
63.4 58.7 
67.2 62.7 
69.4 65.1 

0.395 
0.403 
0.407 
0.403 
0.406 
0.401 
0.400 
0.397 
0.401 
0.404 

RUN 4 Water V =2.386(m/s) Steam V = 1.296(m/s) 
Re = 102965.2 Void Fraction =0.890 

689 
655 
592 
537 
511 
465 
424 
387 
354 
324 

128.2 107.2 
118.8 100.7 
103.1 89.6 
90.5 80.2 
83.4 74.4 
73.9 67.0 
64.6 59.2 
57.4 53.1 
50.7 47.4 
45.9 43.2 

217.6 
214.1 
209.6 
207.3 
202.9 
202.5 
199.5 
200.2 
200.1 
205.2 

181.9 
181.5 
182.1 
183.8 
181.0 
183.5 
182.8 
185.3 
186.7 
193.2 

51.1 42.7 
52.2 44.2 
54.8 47.6 
57.9 51.3 
58.4 52.1 
61.7 55.9 
64.0 58.6 
67.4 62.4 
70.5 65.8 
75.4 71.0 

0.411 
0.411 
0.413 
0.417 
0.410 
0.413 
0.408 
0.410 
0.408 
0.417 

RUN 5 Water V =2.537(m/s) Steam V = 1.311(m/s) 
Re = 109472.0 Void Fraction =0.880 

704 
669 
635 
575 
521 
473 
431 
393 
359 
343 

136.0 
128.2 
118.3 
102.8 
90.4 
79.1 
69.2 
60.9 
53.9 
51.8 

113.7 
109.0 
101.7 
90.3 
81.0 
71.9 
63.6 
56.4 
50.3 
48.6 

225.3 
225.6 
221.0 
216.6 
214.9 
212.2 
209.4 
208.1 
208.2 
213.0 

188.3 
191.8 
190.0 
190.3 
192.4 
192.6 
192.3 
192.9 
194.6 
200.2 

52.1 43.5 
54.1 46.0 
55.0 47.3 
57.8 50.8 
61.2 54.7 
64.0 58.1 
66.6 61.1 
69.5 64.4 
72.8 68.0 
76.1 71.5 

0.403 
0.411 
0.408 
0.410 
0.414 
0.412 
0.408 
0.406 
0.405 
0.414 



RUN 6 Water V =2.898(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.336(m/s) 
Re = 125045.7 Void Fraction =0.863 

695 
664 
634 
578 
529 
484 
444 
408 
375 
360 

153.0 
146.9 
138.2 
121.7 
107.9 
95.3 
84.6 
75.7 
68.2 
64.9 

131.4 
128.1 
121.7 
109.0 
98.1 
87.6 
78.5 
70.8 
64.2 
61.4 

257.0 
260.6 
258.9 
254.5 
251.8 
248.4 
246.2 
246.0 
248.1 
250.3 

220.8 
227.2 
228.1 
228.0 
228.8 
228.2 
228.4 
230.1 
233.8 
236.7 

60.0 51.5 
62.9 54.8 
64.6 56.9 
67.6 60.6 
71.0 64.5 
73.9 67.9 
77.0 71.4 
80.6 75.4 
84.9 80.0 
87.4 82.7 

0.429 
0.442 
0.444 
0.445 
0.446 
0.443 
0.440 
0.440 
0.443 
0.446 

RUN 7 Water V =3.477(m/s) Steam V = 1.359(m/s) 
Re = 150067.0 Void Fraction =0.849 

702 
670 
611 
584 
533 
510 
467 
447 
410 
376 

676 
647 
594 
545 
523 
481 
443 
408 
392 

179.9 157.8 
173.7 154.4 
153.3 138.5 
143.4 130.4 
127.8 117.7 
119.0 110.1 
107.2 100.2 
100.8 94.5 
90.2 85.2 
81.2 77.2 

299.1 
304.9 
300.1 
296.6 
295.2 
290.5 
292.4 
290.7 
291.2 
293.7 

262.4 
271.0 
271.1 
269.7 
271.9 

272.7 
275.2 
279.4 

69.3 60.8 
73.1 64.9 
76.9 69.4 
78.4 71.3 
82.7 76.2 
83.8 77.5 
88.8 83.0 
90.5 84.9 
95.1 89.9 

100.3 95.4 

RUN 8 Water V =3.975(m/s) Steam V = 1.371(m/s) 
Re = 171548.3 Void Fraction =0.841 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4t (kW/m2> 

195.1 
186.2 
166.4 
149.3 
139.9 
125.7 
112.4 
102.7 
97.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Qc 

175.3 
168.7 
152.7 
138.6 
130.3 
118.1 
106.3 
97.7 
93.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ht (W/m2/C) 

338.8 
340.2 
337.0 
335.5 
331.0 
330.0 
327.6 
333.0 
333.9 

304.3 
308.2 
309.4 
311.3 
308.4 
310.0 
309.9 
317.0 
318.8 

Nut 

80.7 
83.6 
88.0 
92.7 
94.0 
98.5 

102.5 
109.0 
111.6 

72.5 
75.7 
80.8 
86.0 
87.5 
92.6 
97.0 

103.7 
106.6 

0.453 
0.468 
0.470 
0.468 
0.471 
0.466 
0.471 
0.468 
0.469 
0.471 

Csat, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF 

0.486 
0.493 
0.496 
0.499 
0.494 
0.495 
0.491 
0.499 
0.499 



RUN 9 Water V =4.691(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.383(m/s) 
Re = 202455.2 Void Fraction =0.834 

700 
673 
622 
598 
553 
512 
475 
440 
424 

228.1 206.1 
222.6 203.0 
203.1 187.6 
191.5 177.5 
173.2 162.0 
156.1 147.1 
142.1 134.8 
128.9 122.9 
123.0 117.6 

380.1 
388.3 
389.3 
384.6 
382.4 
378.8 
379.5 
379.1 
379.7 

343.4 
354.1 
359.4 
356.6 
357.7 
356.8 
359.9 
361.4 
363.0 

88.2 
92.7 
98.4 

100.0 
104.6 
108.9 
114.2 
119.0 
121.8 

79.7 
84.6 
90.9 
92.7 
97.9 

102.6 
108.3 
113.5 
116.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

RUN 10 Water V =5.314(m/s) Steam V = 1.389(m/s) 
Re = 229326.1 Void Fraction =OB30 

710 
683 
632 
585 
541 
502 
465 
448 

247.0 
242.7 
223.9 
200.8 
182.6 
163.3 
150.0 
140.2 

224.1 
222.2 
207.6 
187.7 
172.1 
154.8 
143.1 
133.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ht zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(W/m2/C) 

404.9 
416.1 
421.0 
414.4 
414.0 
406.9 
411.0 
402.9 

h C  

367.4 
381.0 
390.3 
387.5 
390.1 
385.6 
391.9 
384.8 

93.0 
98.3 

105.2 
109.4 
114.9 
118.6 
125.1 
125.3 

0.499 
0.515 
0.525 
0.521 
0.522 
0.520 
0.523 
0.522 
0.522 

84.3 0.498 
90.0 0.518 
97.6 0.532 

102.2 0.529 
108.3 0.532 
112.4 0.525 
119.3 0.531 
119.7 0.520 

RUN 1 Water V =2.276(m/s) Steam V = 5.662(m/s) 
Re = 98237.7 Void Fraction =0.954 

664 
629 
597 
566 
537 
485 
461 
418 
398 
345 
300 

120.4 
111.9 
102.8 
96.2 
89.4 
77.2 
71.8 
63.5 
59.6 
48.6 
41.8 

101.6 
95.8 
88.9 
84.2 
79.1 
69.4 
65.0 
58.3 
55.0 
45.5 
39.6 

F-15 

213.5 
211.5 
207.0 
206.3 
204.5 
200.6 
198.8 
200.1 
200.3 
198.8 
209.2 

180.1 
181.0 
179.1 
180.7 
180.9 
180.3 
180.0 
183.7 
184.9 
185.8 
198.1 

51.5 43.4 
53.0 45.4 
53.9 46.6 
55.6 48.7 
57.0 50.4 
59.6 53.6 
60.8 55.1 
64.7 59.4 
66.5 61.4 
70.9 66.3 
79.6 75.4 

0.519 
0.523 
0.518 
0.523 
0.523 
0.519 
0.516 
0.522 
0.523 
0.516 
0.539 



RUN 1 Water V =2.276(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.662(m/s) 
Re = 98237.7 Void Fraction =0.954 

ZdC) qt(kW/m2) qc ht (W/m2/C) hc Nut Nu, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat,F 

713 
675 
640 
607 
576 
519 
4-69 
425 

319 
305 

132.0 
127.3 
116.8 
108.0 
102.1 
88.3 
76.5 
67.4 
58.9 
51.0 
45.7 
43.1 

108.8 
107.5 
99.8 
93.5 
89.6 
78.9 
69.4 
61.9 
54.7 
47.7 
43.1 
40.8 

215.4 
221.3 
216.4 
213.3 
214.8 
210.8 
207.4 
207.7 
206.5 
203.6 
208.4 
210.2 

177.5 
186.9 
185.0 
184.6 
188.5 
188.4 
188.1 
190.9 
191.7 
190.4 
196.5 
198.9 

49.3 40.6 
52.7 44.5 
53.6 45.8 
54.9 47.5 
57.3 50.3 
60.1 53.7 
62.8 57.0 
66.5 61.1 
69.7 64.7 
72.0 67.4 
77.1 72.7 
79.4 75.1 

0.510 
0.539 
0.534 
0.534 
0.545 
0.544 
0.540 
0.544 
0.541 
0.530 
0.540 
0.542 

RUN 2 Water V =2.340(m/s) Steam V = 5.770(m/s) 
Re = 100975.6 Void Fraction =0.936 

682 
645 
611 
550 
496 
448 
406 
368 
335 
305 

124.7 
116.1 
107.9 
93.0 
80.0 
69.9 
61.4 
53.6 
47.4 
43.5 

104.4 
98.8 
93.0 
82.0 
71.7 
63.6 
56.6 
49.8 
44.5 
41.2 

214.5 
213.0 
211.0 
206.8 
202.3 
201.1 
201.1 
199.8 
201.9 
212.4 

179.5 
181.1 
181.9 
182.3 
181.4 
183.0 
185.3 
185.8 
189.4 
201.1 

50.8 42.5 
52.4 44.6 
54.0 46.6 
56.8 50.1 
59.4 53.2 
62.6 56.9 
66.0 60.9 
69.0 64.1 
73.0 68.5 
80.2 76.0 

RUN 2 Water V =2.340(m/s) Steam V = 5.770(m/s) 
Re = 100975.6 Void Fraction =0.936 

723 
681 
643 
607 
542 
486 
437 
394 
355 
322 
306 

142.4 
133.8 
123.5 
113.6 
97.3 
82.6 
71.2 
62.7 
54.4 
47.8 
45.2 

4c 

118.2 
113.4 
106.3 
99.1 
86.7 
74.8 
65.4 
58.3 
51.0 
45.2 
42.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ht (W/m2/C) 

228.7 
230.1 
227.5 
224.1 
219.9 
214.0 
211.5 
213.7 
213.1 
215.9 
219.3 

hC 

190.0 
195.1 
195.9 
195.4 
196.0 
193.7 
194.0 
198.5 
199.7 
203.9 
208.0 

Nut NU, 

51.8 43.0 
54.5 46.2 
56.2 48.4 
57.6 50.3 
61.0 54.3 
63.5 57.5 
66.7 61.2 
71.3 66.2 
74.9 70.2 
79.6 75.2 
82.7 78.4 

0.469 
0.475 
0.478 
0.479 
0.475 
0.476 
0.477 
0.473 
0.476 
0.498 

0.495 
0.510 
0.513 
0.513 
0.514 
0.507 
0.503 
0.510 
0.506 
0.509 
0.515 

' I  

F-16 



RUN 3 Water V =2.469(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.913(m/s) 
Re = 106546.9 Void Fraction =0.914 

676 
642 
579 
523 
474 
430 
390 
372 
339 
309 

131.4 
122.3 
106.5 
93.7 
82.3 
71.8 
63.6 
59.3 
52.3 
47.2 

111.5 
105.2 
93.7 
84.1 
75.0 
66.2 
59.2 
55.4 
49.3 
44.8 

227.9 
225.7 
222.3 
221.3 
220.2 
218.0 
219.1 
217.8 
218.8 
225.5 

193.4 
194.1 
195.7 
198.7 
200.7 
200.9 
204.1 
203.6 
206.1 
214.1 

54.2 46.0 
55.8 48.0 
59.0 52.0 
62.8 56.3 
66.4 60.5 
69.4 63.9 
73.4 68.4 
74.7 69.9 
78.7 74.1 
84.6 80.3 

0.457 
0.459 
0.464 
0.470 
0.473 
0.469 
0.472 
0.468 
0.468 
0.479 

RUN 4 Water V =2.597(m/s) Steam V = 6.011(m/s) 
Re = 112096.2 Void Fraction =0.899 

683 
649 
617 
587 
532 
482 
438 
399 
364 
332 
318 

139.7 
131.2 
121.4 
114.1 
100.5 
88.2 
78.0 
69.3 
61.1 
53.4 
50.6 

119.3 
113.6 
106.1 
100.8 
90.5 
80.5 
72.0 
64.7 
57.4 
50.5 
48.0 

239.8 
239.0 
234.8 
234.3 
232.8 
230.7 
230.4 
231.9 
231.6 
229.8 
232.2 

204.7 
206.9 
205.3 
207.1 
209.6 
210.6 
212.8 
216.4 
217.8 
217.4 
220.4 

56.7 48.4 
58.6 50.7 
59.7 52.2 
61.6 54.5 
65.4 58.8 
68.8 62.8 
72.5 67.0 
76.8 71.7 
80.4 75.6 
83.4 78.9 
86.1 81.7 

0.453 
0.458 
0.456 
0.460 
0.465 
0.465 
0.467 
0.471 
0.468 
0.461 
0.465 

RUN 5 Water V =2.724(m/s) Steam V = 6.084(m/s) 
Re = 117557.3 Void Fraction =0.888 

705 
669 
602 
544 
492 
446 
405 
369 
336 
321 

148.5 126.1 
140.6 121.4 
122.3 108.1 
105.7 95.0 
92.3 84.2 
80.7 74.4 
71.3 66.5 
62.6 58.8 
56.0 53.1 
53.4 50.7 
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245.7 
247.4 
243.5 
238.2 
235.4 
233.0 
233.5 
232.7 
237.2 
241.2 

208.6 
213.6 
215.2 
214.2 
214.7 
215.0 
217.7 
218.6 
224.6 
229.3 

56.7 48.2 
59.4 51.3 
63.0 55.6 
65.9 59.3 
69.4 63.3 
72.6 67.0 
76.7 71.5 
80.2 75.4 
85.6 81.0 
89.0 84.6 

0.439 
0.450 
0.455 
0.453 
0.453 
0.450 
0.452 
0.448 
0.455 
0.461 



RUN 6 Water V =3.325(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 6.283(m/s) 
Re = 143476.7 Void Fraction =0.860 

721 
687 
622 
565 
514 
468 
427 
390 
357 

181.0 
178.8 
158.8 
138.9 
121.1 
106.6 
95.7 
84.3 
75.7 

157.0 
158.0 
143.2 
127.0 
112.0 
99.6 
90.1 
79.9 
72.2 

291.7 
304.9 
304.3 
298.9 
293.0 
290.0 
292.7 
290.6 
294.5 

253.1 
269.5 
274.4 
273.4 
270.9 
270.8 
275.7 
275.6 
281.0 

66.2 57.5 
71.8 63.4 
76.9 69.4 
80.7 73.8 
84.1 77.8 
88.0 82.2 
93.5 88.1 
97.4 92.4 

103.2 98.5 

0.454 
0.485 
0.496 
0.495 
0.490 
0.487 
0.492 
0.487 
0.491 

RUN 7 Water V =3.590(m/s) Steam V = 6.332(m/s) 
Re = 154925.8 Void Fraction =0.853 

714 
682 
621 
566 
518 
474 
434 
398 
366 

696 
665 
636 
608 
556 
509 
467 
429 
395 

192.6 169.3 
188.4 168.1 
167.5 152.0 
148.0 136.0 
129.9 120.6 
116.0 108.7 
103.0 97.3 
92.6 88.0 
83.8 80.1 

313.8 
323.9 
321.5 
317.4 
311.1 
310.5 
308.6 
310.9 
315.5 

275.8 
288.9 
291.7 
291.7 
288.9 
291.0 
291.3 
295.4 
301.6 

71.7 
76.6 
81.4 
85.5 
88.9 
93.6 
97.7 

103.1 
109.3 

63.0 
68.4 
73.8 
78.6 
82.5 
87.7 
92.2 
98.0 

104.5 

RUN 8 Water V =4.080(m/s) Steam V = 6.393(m/s) 
Re = 176094.1 Void Fraction =0.845 

210.4 
201.0 
190.4 
179.6 
158.4 
141.3 
124.7 
113.0 
101.1 

188.8 
182.1 
173.8 
165.0 
147.0 
132.4 
117.6 
107.3 
96.6 

353.2 
355.8 
355.5 
353.8 
347.5 
345.4 
339.7 
343.2 
343.3 

316.9 
322.3 
324.5 
325.1 
322.6 
323.6 
320.5 
326.2 
328.0 

82.3 
85.7 
88.5 
90.9 
94.8 
99.7 

103.2 
109.3 
114.4 

73.9 
77.7 
80.8 
83.6 
88.0 
93.4 
97.3 

103.9 
109.3 

0.471 
0.495 
0.502 
0.502 
0.497 
0.498 
0.495 
0.498 
0.503 

0.502 
0.512 
0.516 
0.518 
0.514 
0.515 
0.507 
0.512 
0.511 



RUN 9 Water V =4.807(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 6.445(m/s) 
Re = 207463.6 Void Fraction =0.838 

ZLJ(C) 

702 
675 
623 
599 
553 
511 
492 
455 
422 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhC 

227.2 
224.8 
205.8 
195.7 
175.9 
158.9 
151.4 
136.9 
123.1 

205.0 
205.1 
190.2 
181.8 
164.8 
149.9 
143.3 
130.3 
117.7 

377.5 
391.2 
393.7 
392.7 
388.7 
386.6 
386.8 
385.7 
382.8 

340.6 
356.9 
363.7 
364.7 
364.0 
364.8 
366.2 
367.2 
366.2 

87.4 
93.3 
99.4 

102.0 

78.9 0.492 
85.1 0.516 
91.9 0.528 
94.7 0.530 
99.7 0.528 

105.0 0.529 
108.0 0.530 
113.2 0.528 
117.8 0.523 

106.4 
111.3 
114.1 
118.9 
123.1 

RUN 10 Water V =5.452(m/s) Steam V = 6.472(m/s) 
Re = 235303.7 Void Fraction =0.835 

4c hC Nut 

691 
666 
619 
576 
536 
498 
464 
448 

253.3 
244.0 
223.2 
203.5 
186.3 
169.2 
153.4 
145.8 

232.2 
225.0 
207.8 
191.0 
176.1 
160.8 
146.5 
139.5 

428.7 
430.9 
430.0 
427.8 
427.8 
424.7 
421.3 
418.8 

392.9 
397.3 
400.3 
401.5 
404.4 
403.6 
402.3 
400.7 

100.4 
103.7 
109.0 
114.0 
119.6 
124.2 
128.4 
130.2 

92.1 0.530 
95.6 0.537 

101.5 0.542 
107.0 0.544 
113.0 0.548 
118.1 0.546 
122.6 0.541 
124.6 0.538 

I 

RUN 1 Water V =1.948(m/s) Steam V = 1.439(m/s) 
Re = 84055.1 Void Fraction =0.923 

640 
608 
550 
498 
452 
411 
375 
342 
313 
300 

95.7 78.8 
89.7 75.1 
78.3 67.3 
68.3 60.0 
59.5 53.1 
52.3 47.3 
46.4 42.4 
40.7 37.6 
36.0 33.5 
34.7 32.5 

177.3 
176.6 
174.2 
171.8 
169.4 
168.3 
168.9 
168.3 
169.1 
173.7 

145.9 
147.8 
149.7 
150.7 
151.1 
152.2 
154.6 
155.4 
157.5 
162.6 

43.9 36.1 
45.4 38.0 
47.9 41.1 
50.3 44.1 
52.4 46.8 
54.9 49.7 
57.8 52.9 
60.2 55.6 
63.1 58.8 
66.1 61.9 

0.400 
0.406 
0.411 
0.413 
0.411 
0.411 
0.413 
0.410 
0.410 
0.420 

I 
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RUN 1 Water V =1.948(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.439(m/s) 
Re = 84055.1 Void Fraction =0.923 

658 
625 
594 
538 
488 
444 
405 
370 
338 
310 

93.6 75.2 
87.2 71.4 
81.3 67.7 
70.2 59.8 
62.4 54.5 
53.6 47.5 
47.6 42.8 
42.0 38.2 
37.1 34.1 
33.0 30.6 

167.8 
166.2 
164.7 
160.4 
160.9 
155.9 
156.2 
155.9 
155.8 
157.4 

134.9 
136.1 
137.0 
136.7 
140.5 
138.0 
140.4 
141.9 
143.1 
145.9 

40.7 32.8 
41.9 34.3 
43.0 35.8 
44.7 38.1 
47.6 41.6 
48.7 43.1 
51.3 46.2 
53.7 48.9 
56.1 51.5 
59.0 54.7 

RUN 2 Water V =2.017(m/s) Steam V = 1.487(m/s) 
Re = 87026.0 Void Fraction =0.894 

674 
639 
576 
520 
471 
428 
408 
371 
339 
309 

105.2 
100.4 
87.2 
75.6 
65.9 
59.1 
54.7 
47.1 
42.6 
38.2 

85.5 
83.5 
74.7 
66.1 
58.7 
53.5 
49.8 
43.2 
39.6 
35.8 

183.4 
186.1 
183.1 
179.7 
177.5 
180.3 
177.8 
173.6 
178.8 
182.7 

0.370 
0.374 
0.377 
0.375 
0.385 
0.375 
0.378 
0.378 
0.377 
0.379 

149.1 
154.8 
156.8 
157.2 
158.0 
163.4 
161.9 
159.4 
166.2 
171.2 

43.8 35.6 
46.1 38.4 
48.8 41.8 
51.2 44.8 
53.6 47.8 
57.5 52.1 
58.2 53.0 
59.7 54.8 
64.3 59.8 
68.6 64.3 

RUN 3 Water V =2.151(m/s) Steam V = 1.549(m/s) 
Re = 92826.0 Void Fraction =0.858 

0.370 
0.385 
0.391 
0.391 
0.391 
0.401 
0.396 
0.385 
0.397 
0.403 

681 
646 
613 
582 
526 
476 
432 
393 
358 
326 
311 

120.5 
112.5 
104.0 
96.8 
85.1 
75.1 
64.8 
57.1 
50.0 
44.7 
42.4 

100.2 
95.1 
89.0 
83.9 
75.4 
67.7 
59.0 
52.6 
46.6 
42.0 
40.0 

207.5 
206.1 
202.7 
200.8 
199.9 
199.7 
195.0 
194.9 
194.3 
198.0 
200.8 

172.7 
174.2 
173.5 
174.0 
177.0 
180.0 
177.8 
179.7 
180.8 
185.9 
189.2 

49.2 40.9 
50.7 42.9 
51.8 44.3 
53.1 46.0 
56.5 50.0 
60.0 54.0 
61.9 56.4 
65.1 60.0 
68.1 63.3 
72.5 68.1 
75.1 70.8 

0.385 
0.390 
0.389 
0.390 
0.396 
0.401 
0.393 
0.394 
0.391 
0.397 
0.401 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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RUN 4 Water V =2.417(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.629(m/s) 
Re = 104327.7 Void Fraction =0.816 

672 
639 
607 
577 
522 
497 
451 
410 
374 
357 
326 

137.7 118.2 
129.6 112.8 
121.2 106.6 
112.3 99.7 
100.0 90.5 
93.0 84.7 
80.3 73.9 
72.0 67.0 
63.4 59.5 
60.2 56.7 
54.8 52.0 

240.8 
240.7 
239.1 
235.4 
236.9 
234.2 
228.6 
232.1 
231.7 
234.4 
242.9 

206.6 
209.5 
210.4 
209.0 
214.3 
213.2 
210.3 
216.0 
217.5 
220.9 
230.8 

57.6 49.4 
59.7 52.0 
61.5 54.1 
62.7 55.6 
67.3 60.8 
68.6 62.5 
70.8 65.1 
75.7 70.5 
79.4 74.5 
82.2 77.5 
89.0 84.6 

0.408 
0.415 
0.417 
0.414 
0.424 
0.422 
0.413 
0.420 
0.419 
0.423 
0.436 

RUN 5 Water V =2.605(m/s) Steam V = 1.667(m/s) 
Re = 112415.7 Void Fraction =0.797 

684 
653 
623 
568 
542 
495 
453 
434 
397 
365 
335 

154.0 
145.3 
137.0 
120.8 
114.3 
100.9 
89.6 
83.7 
75.4 
67.0 
61.3 

133.4 
127.4 
121.3 
108.8 
103.7 
92.7 
83.1 
78.0 
70.8 
63.4 
58.3 

263.7 
262.9 
262.0 
258.4 
258.5 
255.3 
253.8 
251.1 
253.6 
253.2 
260.8 

228.5 
230.5 
232.0 
232.7 
234.6 
234.4 
235.4 
233.8 
238.2 
239.4 
248.2 

62.2 53.9 
64.2 56.3 
66.2 58.6 
69.5 62.6 
71.7 65.0 
75.0 68.8 
78.4 72.7 
79.5 74.0 
84.2 79.1 
87.8 83.0 
94.3 89.7 

0.424 
0.428 
0.432 
0.434 
0.437 
0.436 
0.435 
0.430 
0.434 
0.432 
0.443 

RUN 6 Water V =2.864(m/s) Steam V = 1.707(m/s) 
Re = 123585.9 Void Fraction =0.779 

668 
640 
612 
562 
516 
474 
436 
402 
370 
342 

162.0 
153.3 
144.7 
130.8 
116.2 
104.3 
93.5 
83.7 
76.0 
69.4 

142.8 
136.5 
129.8 
119.1 
107.0 
97.0 
87.6 
79.0 
72.2 
66.3 

F-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

285.1 
284.3 
282.4 
283.5 
279.8 
279.1 
278.1 
277.4 
281.1 
287.3 

251.4 
253.0 
253.3 
258.2 
257.7 
259.5 
260.7 
261.8 
267.0 
274.5 

68.5 60.4 
70.5 62.7 
72.2 64.8 
76.8 69.9 
80.1 73.8 
84.1 78.2 
87.8 82.3 
91.6 86.4 
96.7 91.9 

102.9 98.3 

0.436 
0.439 
0.440 
0.449 
0.447 
0.449 
0.448 
0.446 
0.450 
0.458 



RUN 7 Water V =3.251(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.748(m/s) 
Re = 140287.5 Void Fraction =0.760 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

qc 

674 
645 
592 
544 
501 
461 
425 
392 
362 

181.3 
172.5 
155.5 
137.5 
125.0 
111.6 
100.9 
91.5 
82.9 

161.6 
155.2 
142.0 
126.8 
116.5 
104.8 
95.4 
87.1 
79.3 

316.0 
316.4 
315.9 
309.6 
312.2 
309.3 
310.7 
313.8 
317.1 

281.8 
284.6 
288.4 
285.5 
291.0 
290.5 
293.8 
298.7 
303.4 

75.4 
77.9 
82.6 
85.6 
91.1 
94.7 
99.5 

105.0 
110.5 

67.3 
70.1 
75.4 

0.449 
0.454 
0.462 
0.456 
0.465 
0.461 
0.463 
0.467 
0.469 

79.0 
84.9 
88.9 
94.1 
99.9 

105.7 

RUN 8 Water V =3.597(m/s) Steam V = 1.775(m/s) 
Re = 155245.6 Void Fraction =0.749 

Qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) 

343.0 
345.4 
340.4 
340.1 
338.7 
336.6 
335.7 
337.3 
336.6 
339.0 

h C  Nut Nuc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat,l’’ 

73.7 0.462 
77.2 0.470 
79.0 0.467 
81.8 0.470 
87.2 0.473 
92.4 0.473 
97.4 . 0.472 

103.2 0.474 
108.1 0.472 
111.5 0.474 

674 
645 
618 
591 
543 
498 
458 
421 

196.9 
188.3 
176.2 
167.1 
149.9 
134.0 
120.1 
108.3 
96.9 
92.3 

177.2 
170.9 
160.9 
153.6 
139.3 
125.6 
113.4 
103.0 
92.6 
88.5 

308.7 
313.6 
310.9 
312.6 
314.7 
315.6 
317.1 
320.6 
321.7 
324.8 

81.8 
85.1 
86.5 
89.0 
93.9 
98.5 

103.1 
108.5 
113.1 
116.3 

’ I  

388 
372 

RUN 9 Water V =4.208(m/s) Steam V = 1.806(m/s) 
Re = 181588.2 Void Fraction =0.736 

685 
657 
604 
579 
533 
491 
453 
418 
402 

217.0 
213.4 
192.5 
180.8 
162.6 
145.9 
131.8 
118.6 
113.5 

196.3 
195.1 
178.1 
168.0 
152.5 
137.8 
125.3 
113.4 
108.8 

370.8 
383.0 
382.0 
377.3 
375.5 
373.1 
373.5 
372.9 
376.2 

335.5 
350.2 
353.6 
350.7 
352.2 
352.5 
355.2 
356.4 
360.6 

87.4 
93.1 
98.6 

100.2 
105.3 
110.1 
115.5 
120.5 
124.2 

79.1 
85.1 
91.3 
93.1 
98.7 

104.0 
109.8 
115.1 
119.0 

0.458 
0.479 
0.485 
0.481 
0.483 
0.482 
0.483 
0.481 
0.485 
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RUN 10 Water V =4.742(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.824(m/s) 
Re = 204649.2 Void Fraction =0.728 

681 
653 
600 
552 
508 
468 
431 
414 

240.5 220.2 413.7 378.8 97.9 
229.1 211.1 414.2 381.7 101.1 
206.0 191.9 411.8 383.7 106.8 
187.3 176.2 414.8 390.2 113.7 
166.7 157.8 408.8 387.2 118.2 
150.3 143.2 408.9 389.7 124.1 
136.1 130.5 411.5 394.4 130.8 
128.6 123.5 410.1 393.9 133.3 

89.7 
93.2 
99.5 

107.0 
111.9 
118.3 
125.3 
128.0 

0.484 
0.489 
0.493 
0.501 
0.496 
0.497 
0.499 
0.497 

RUN 11 Water V =5.665(m/s) Steam V = 1.845(m/s) 
Re = 244490.4 Void Fraction =0.720 

690 
667 
646 
585 
548 
513 
481 
465 

278.6 257.6 
275.6 256.5 
266.9 249.6 
235.3 222.2 
216.7 205.9 
199.2 190.1 
185.1 177.5 
175.8 168.8 

472.6 
485.9 
489.3 
485.6 
484.3 
482.2 
486.3 
481.1 

437.0 
452.2 
457.5 
458.6 
460.0 
460.2 
466.3 
462.0 

110.9 
116.8 
120.4 
128.1 
133.4 
138.5 
145.3 
146.4 

102.6 0.507 
108.7 0.526 
112.6 0.532 
121.0 0.535 
126.7 0.536 
132.2 0.536 
139.3 0.541 
140.6 0.535 

RUN 1 Water V =2.289(m/s) Steam V = 6.550(m/s) 
Re = 98801.1 Void Fraction =0.935 

GJ(C) Qt(kW/m2) 

655 116.4 
621 109.7 
591 101.6 
534 87.4 
509 82.2 
461 72.1 
419 62.6 
400 60.3 
364 53.0 
332 47.1 
304 41.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Qc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) 

98.4 210.0 
94.2 210.4 
88.2 207.2 
77.3 201.4 
73.4 201.3 
65.3 199.7 
57.4 196.3 
55.6 201.0 
49.4 200.9 
44.2 202.9 
39.4 205.0 

177.4 
180.6 
179.8 
178.0 
179.6 
180.8 
179.8 
185.5 
187.1 
190.5 
193.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Nut NU, 

51.2 43.2 
53.2 45.7 
54.3 47.1 
56.4 49.8 
58.2 51.9 
61.1 55.3 
63.3 58.0 
66.5 61.4 
69.7 64.9 
73.6 69.1 
77.6 73.3 

Csat,F 

0.467 
0.476 
0.475 
0.469 
0.473 
0.473 
0.467 
0.480 
0.478 
0.480 
0.482 

F-23 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 



RUN 2 Water V =2.338(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 6.739(m/s) 
Re = 100887.8 Void Fraction =0.909 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( C )  

675 
641 
609 
550 
498 
474 
411 
374 
326 
298 

4c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh C  

101.9 177.3 
185.1 
186.3 
187.6 
188.9 
189.1 
187.0 
192.7 
197.7 
209.9 

50.4 42.3 
53.6 45.8 
55.2 47.8 
58.3 51.5 
61.4 55.3 
62.8 56.9 
66.2 61.0 
70.9 66.0 
76.8 72.4 
84.3 80.1 

0.424 
0.444 
0.447 
0.450 
0.453 
0.451 
0.441 
0.449 
0.452 
0.473 

117.1 100.1 
109.4 94.7 

216.6 
215.1 

95.4 
83.6 
78.1 
63.1 
56.7 
47.4 
43.7 

84.4 
75.2 
70.7 
58.1 
52.8 
44.7 
41.5 

212.1 
210.0 
208.7 
203.1 
207.0 
209.8 
220.9 

RUN 3 Water V =2.436(m/s) Steam V = 7.001(m/s) 
Re = 105145.1 Void Fraction =0.874 

662 
629 
598 
569 
515 
468 
426 
354 
339 
310 

130.3 
121.5 
114.6 
105.8 
92.3 
80.9 

111.7 
105.4 
100.7 
93.7 
83.1 
73.8 

232.0 
229.7 
230.2 
225.8 
222.3 
219.9 

198.7 
199.2 
202.2 
199.9 
200.2 
200.7 
204.6 
206.6 
207.8 
217.7 

56.1 48.0 
57.6 50.0 

0.430 
0.432 
0.439 
0.434 
0.434 
0.433 
0.438 
0.433 
0.433 
0.447 

59.8 52.5 
60.7 53.7 
63.7 57.3 
66.7 60.9 
70.9 65.5 
77.4 72.7 
79.3 74.7 
86.0 81.6 

72.1 
55.9 

66.6 
52.5 

221.4 
219.9 

52.6 
48.1 

49.6 
45.7 

220.5 
229.2 

RUN 4 Water V =2.646(m/s) Steam V = 7.360(m/s) 
Re = 114189.5 Void Fraction =0.832 

Qc h C  

667 
636 
606 
501 
479 
417 
382 
350 
321 

153.2 
144.2 
136.0 
104.9 
99.1 
83.2 
73.4 
65.5 
58.7 

134.1 
127.6 
121.6 
96.4 
91.6 
78.0 

270.3 
269.4 
269.0 
261.5 
261.9 
262.0 
260.4 
262.3 
266.2 

236.6 
238.4 
240.4 
240.3 
242.1 
245.6 
245.8 
249.2 
254.3 

65.0 56.9 
67.0 59.3 
69.3 61.9 
76.2 70.0 
78.5 72.5 
84.7 79.4 
88.3 83.3 
92.9 88.2 
98.2 93.9 

0.457 
0.461 
0.466 
0.465 
0.467 
0.468 
0.464 
0.465 
0.468 

69.2 
62.2 
56.1 

F-24 



RUN 5 Water V =2.802(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 7.545(m/s) 
Re = 120943.1 Void Fraction =0.811 

679 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

647 
586 
533 
485 
442 
403 
368 
337 

166.7 
158.0 
138.6 
120.7 
108.3 
94.6 
84.5 
75.9 
68.6 

146.5 
140.5 
125.5 
110.6 
100.5 
88.5 
79.7 
72.2 
65.6 

287.8 
289.0 
285.1 
279.1 
281.6 
276.7 
278.7 
283.0 
289.5 

253.0 
257.1 
258.0 
255.8 
261.4 
259.0 
263.0 
269.0 
276.9 

68.3 60.0 
71.1 63.2 
75.1 67.9 
78.3 71.7 
83.7 77.7 
86.7 81.2 
91.8 86.6 
97.7 92.8 

104.4 99.8 

0.461 
0.469 
0.472 
0.468 
0.476 
0.468 
0.472 
0.477 
0.485 

RUN 6 Water V =3.028(m/s) Steam V = 7.744(m/s) 
Re = 130677.9 Void Fraction =0.791 

655 
626 
572 
524 
480 
441 
405 
372 
342 

172.3 
164.3 
146.6 
129.5 
114.8 
102.8 
92.2 
83.3 
75.7 

154.2 
148.4 
134.3 
119.9 
107.2 
96.8 
87.4 
79.5 
72.6 

310.7 
312.5 
310.7 
305.9 
302.2 
301.9 
302.8 
306.4 
312.6 

278.2 
282.4 
284.7 
283.2 
282.2 
284.2 
287.1 
292.2 
299.8 

75.7 67.8 
78.7 71.1 
83.2 76.2 
86.7 80.3 
90.4 84.4 
94.8 89.2 
99.6 94.4 

105.2 100.4 
111.8 107.2 

0.476 
0.484 
0.488 
0.485 
0.482 
0.482 
0.483 
0.486 
0.493 

RUN 7 Water V =3.381(m/s) Steam V = 7.959(m/s) 
Re = 145899.0 Void Fraction =0.769 

686 
655 
625 
570 
520 
497 
475 
454 
435 
416 
398 
381 
365 

194.5 
183.8 
181.1 
160.2 
140.5 
133.5 
126.4 
119.0 
112.2 
105.2 
100.2 
94.6 
89.8 

173.8 
165.7 
165.2 
148.0 
131.1 
125.1 
119.0 
112.5 
106.4 
100.1 
95.6 
90.5 
86.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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332.2 
331.3 
344.7 
340.8 
334.6 
336.1 
336.9 
335.9 
335.4 
333.2 
336.1 
336.5 
339.2 

296.9 
298.6 
314.6 
314.9 
312.2 
315.1 
317.3 
317.4 
318.0 
316.8 
320.7 
321.9 
325.3 

78.3 
80.7 
86.8 
91.4 
95.3 
98.5 

101.3 
103.6 
106.1 
107.9 
111.5 
114.1 
117.6 

70.0 
72.8 
79.2 
84.5 
88.9 
92.3 
95.4 
97.9 

100.6 
102.6 
106.4 
109.2 
112.8 

0.499 
0.494 
0.498 
0.500 
0.498 
0.497 
0.493 
0.497 
0.497 
0.499 



RUN 8 Water V =3.708(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 8.095(m/s) 
Re = 160028.7 Void Fraction =0.756 

681 
648 
617 
587 
559 
507 
460 
419 
381 

213.7 
201.0 
188.6 
177.4 
166.7 
146.9 
128.8 
115.2 
101.9 

193.4 
183.5 
173.4 
164.2 
155.2 
138.1 
122.0 
110.0 
97.8 

367.7 
366.8 
365.2 
364.6 
363.6 
361.2 
357.6 
361.8 
362.9 

332.8 
334.8 
335.7 
337.4 
338.5 
339.6 
338.9 
345.3 
348.3 

87.1 
90.0 
92.9 
95.9 
98.9 

104.6 
109.5 
116.8 
123.1 

78.8 
82.2 
85.4 
88.8 
92.1 
98.3 

103.8 
111.5 
118.2 

0.494 
0.498 
0.501 
0.504 
0.505 
0.506 
0.501 
0.507 
0.506 

RUN 9 Water V =4.303(m/s) Steam V = 8.255(m/s) 
Re = 185700.7 Void Fraction =0.742 

657 
631 
606 
582 
537 
516 
478 
442 
409 
393 

220.5 
211.0 
201.1 
190.7 
173.1 
158.9 
149.2 
134.4 
122.5 
116.0 

202.3 
194.7 
186.6 
177.8 
162.7 
149.6 
141.7 
128.4 
117.6 
111.5 

395.9 
397.2 
397.4 
395.6 
395.9 
381.6 
395.2 
393.7 
397.3 
395.8 

363.0 
366.6 
368.8 
368.8 
372.3 
359.4 
375.5 
376.0 
381.3 
380.6 

96.2 
99.4 

102.3 
104.7 
110.4 
109.2 
118.5 
123.4 
130.0 
132.2 

88.2 
91.7 
94.9 
97.6 

103.8 
102.8 
112.6 
117.9 
124.7 
127.1 

RUN 10 Water V =4.837(m/s) Steam V = 8.343(m/s) 
Re = 208741.3 Void Fraction =0.734 

674 242.0 
646 233.4 
592 206.8 
567 197.6 
521 177.8 
499 169.5 
458 150.8 
421 136.5 

222.3 
216.0 
193.2 
185.6 
168.3 
161.1 
144.1 
131.2 

421.6 
427.9 
420.3 
423.0 
422.8 
425.2 
421.1 
425.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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-.. 

387.3 
396.0 
392.7 
397.3 
400.3 
404.1 
402.5 
408.4 

100.6 
105.3 
110.0 
113.9 
120.3 
124.3 
129.3 
136.7 

0.494 
0.500 
0.503 
0.504 
0.508 
0.490 
0.510 
0.507 
0.511 
0.508 

Nuc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI;‘ 

92.4 0.493 
97.5 0.505 

102.8 0.502 
107.0 0.508 
113.9 0.511 
118.2 0.515 
123.6 0.510 
131.4 0.514 



RUN 11 Water V =5.778(m/s) Steam V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 8.435(m/s) 
Re = 249336.8 Void Fraction =0.726 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Zu(C) Clt(kW/m2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAht (W/m2/C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh, Nut Nu, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsat,F 

677 
651 
600 
554 
532 
511 
491 
472 
454 

266.5 246.6 
262.2 244.4 
237.5 223.5 
215.0 203.8 
204.7 194.7 
194.4 185.4 
185.3 177.2 
175.8 168.6 
168.6 162.1 

461.8 
476.2 
475.1 
474.1 
474.0 
473.0 
473.8 
472.7 
476.5 

427.2 
443.9 
447.0 
449.3 
450.8 
451.1 
453.1 
453.2 
458.1 

109.8 
116.6 
123.2 
129.6 
133.1 
136.2 
139.8 
142.7 
147.1 

101.6 
108.7 
115.9 
122.9 
126.5 
129.9 
133.7 
136.8 
141.4 

0.494 
0.514 
0.519 
0.521 
0.523 
0.523 
0.524 
0.523 
0.527 
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