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ABSTRACT

Film boiling on spheres in single- and two-phase flows was studied experimentally
and theoretically with an emphasis on establishing the film 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 2m/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
turbulent 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 — )/ (with « 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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radiation emissivity
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viscosity, [kg/(m sec)]

kinematic viscosity, [m? /sec]
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o surface tension of vapor-liquid interface, [N/m]
oB Stefan-Boltzman constant, 5.67 x 1078 [W/(m2K*)]
Subscripts

c film boiling without radiation

hHF forced convection film boiling

! liquid, or water

ne natural convection (non film boiling)

P pool film boiling

T radiation

s saturated value, or steam

sat saturated

sub subcooled

t total heat flux

two two-phase

v vapor, or steam

w wall of sphere/cylinder, or water
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1 INTRODUCTION AND OVERVIEW

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 — 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 film 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. An 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 °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).
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A theoretical 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, Houze and Brum-
field’s (1987) model) for the separated rear region, the combined theoretical model can
predict the film boiling heat transfer in all regimes.

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 film 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.




2 A REVIEW ON FILM BOILING FROM SPHERES AND HORIZONTAL
CYLINDERS IN SINGLE-PHASE FLOWS

2.1 Film Boiling and Radiation Effect

Boiling is the evaporation process that occurs at the interface of a liquid and a hot
solid or another hotliquid. 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 -700 °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 § < w/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 (1978)] 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. Firsﬂy, 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
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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 film. 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 and radiation can not be
simply added together.

Bromley (1950) did an analysis for the case of pool film boiling and obtained an
equation
h = ho(he/R)M3 + b, (2.1)

He also indicated that, as long as h, is smaller than k., the simple equation
h = h¢ + 0.75h, (2.2)

gives a good approximation to Eq. (2.1) within an accuracy of 5%. If k. is very large (h,/h.
ranges up to 10.0) the following equation was suggested

h = he + B {0.75 + 0.25/(2.62h. /By + 1)} (2.3)

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 §; is by
radiation , and they obtained an expression

h=he+h-{1—-6,/(4r)} (2.4)

At high velocities, 8, equals 7/2, so
h=h.+(7/8)h, = h, + 0.88h, (2.5)

In all the above cases, A, is given by
hr = €o[Tyy — T/ ATsup (2.6)
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Since then, Eq. (2.2) and (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 film boiling with subcooling. By comparing the results with and without radiation,
they suggested that the radiation effect can be considered in the following way

h=he+ Jh, 2.7)
J=F+(1=F)/(1+14he/h) (2.8)
F = [1 — 0.25exp(—0.135p)]exp(—0.64R%CPr)-%° 5p=0-13 5c1-1) (2.9)

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.

2.2 Saturated Pool Film Boiling
2.2.1 1/4 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']/* (2.10)

Where the Archimides number Ar is given as: Ar = g(p;, — py)d®/(pyv2). He argued that,
in general, the constant C is function of Sp’ = [(ATsupCpw)/(H},Pry)]. According to the
stable pool film boiling experiments that were conducted with electrical heated graphite
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tubes (D = 9.8—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']/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,

Nuye = hde/ky = 0.672[Ar)/Sp'|H/4 (2.12)

which is similar to that of Bromley’s correlation for horizontal cylinder besides the substi-
tution of critical wave length A, = 2#l’ 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|/* (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/Sp]*/* (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 mm 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 film 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 film 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 1/4 power law, this will be discussed later.

2.2.2 1/3 Power 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 I/,
the correlations with 1/3 power law were developed.

The first work may be attributed to Frederking and Clark (1963). They obtained a1/4
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

Nu = 0.14[Ar/Sp')'/3 (2.15)

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 < a/g < 1.0). Their data were
correlated by:

Nu = 0.15[Ar/Sp’ - (a/g)]*/® (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 107.

In the researching of oscillation effect on the pool film boiling heat transfer, Rhea and
Nevins (1969) conducted an experiment with 25.4, 19.0 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 + z%f*/(dg)}}/® (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), Kliimenko (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/!' > 10.

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 = A(1/d + C)d/4[Ar/Sp'|M/* (2.18)

where A and C are constants determined from experiment: A is given as about 0.045
(in)(ft)~1/4, presumably for a variety of liquids, whereas C is 9.5, 36.5 and 84.0 (in)~* 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:

Nu = (0.59 + 0.069)./d)(d/A.)*/*[Ar/Sp|}/* (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
1/4 14
d or 8 (I')? Ar
Nu = 0.373 [(ﬁ) (1 + 762 + ﬁ (z) )J (gg) (2.20)

Hendick and Baumeister (1969) following the same idea developed a theoreticalmodel
for film boiling from spheres. They characterized the size of the vapor dome by the critical
wave length A, and applied the principle of a maximum rate of entropy production. The
correlation is given as

(14 cos(6*(B,)))
(2.21)

1| 2Ar 1/4 Ar 1/4 N
Nu=2+ Z [_§§E)7G(Bo)] -+ {0177 (3,? AV, Bo) -+ 086(0 (Bo))




Where B, = (d/l')? and 6*(B,), G(B,) are functions of B, 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 d/).; > 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 film boiling when diameter is small and 1/3 power law for turbulent film
boiling when diameter is large.

Nu = 0.7Ar**Prl/3 1 (K),  Ar<3x 107 (2.220)
_ {10 K<14
HiK) = {0.92K1/4 K>14
Nu = 0.165ArY/3Prl/3 fo(K),  Ar> 3 x 107 (2.22b)
1.0 K<16
f2(K) = Z

0.85K'/® K >16
where K = hj,/(CpyATyup). 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, 1990b, 1992) introduced an empirical diameter-
correction factor K (d') to account for the diameter influence in their correlation.

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

K(d) =0.44d"Y4,  ford <0.14
K(d)=0.75/(1+0.28d), for0.14<d <1.25
K(d') =2.1d'/(1 + 3.0d"), for1.25 < d' < 6.6

K(d') = 0.415d"/4,  ford' > 6.6

where Mc(psys, ATsup, ATsyp) is a function of liquid and steam properties at given pgy,,
ATsup, ATsup, 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 5 bar.

Itis interesting to compare the above correlations. The six correlations were plotted in
terms of Nuy /(Ary /Sp')Y/* and I’ /d inFig. 2.5ata condition of 1.0 bar system pressure and

600 °C sphere superheat. The nondimensional group for the y coordinate is independent
of diameter, and it could be expressed as

—1/4
Nuy  _ Nug _ {h’fggkupv(pz —Pv)} Y
(Arp/Sp)\* [(Are/Sp') (d/1)]H* Uty AT gup
2 T T T 1) LR | | [] 1] ] T 17 I_I 1 ] T T "P l;':-’f.
Bromley
Breen
.................... Baumeister
{ T N Sakurai
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o - | Grigoriev .
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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 I’/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 I’/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 I’ /d value of about 2.0 except the Grig-
oriev’s correlation. In the I’ /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.

2.2.4 Experiments of Pool 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 , 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 Cy = Nuy /(Ary/Sp’)*/4. 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 hgq¢, radiation heat transfer coefficient ., 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

Reference d(mm)/(d/l') Tw(°C) Ci/4 Cy

Bradfield(1967) 59.7/23.0 600.0 1.13 0.53
Dhir (1978) 25.4/9.77 210.0 0.86 0.49
Dhir (1978) 19.0/7.31 209.0 0.86 0.51
Toda (1982) 12.7/4.88 320.0 0.88 0.59
Aziz (1986) 20.0/7.69 510.0 0.91 0.45
Aziz (1986) 10.0/3.80 475.0 0.88 0.54

C1/4 = Nu/[Ar/Sp'1**4, Cy = Nuy /[Ary /Sp'|H/4
hs = hgqt + 0.88Ry + 0.12hpc AT gy / AT sy (2.24)

where hpe = gne/ATsup is the turbulent free-convection heat transfer coefficient for sub-
cooled liquid, and h, = eo (T3 — T2)/ ATy, 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 flux curves in water at temperatures of 95, 53 and 27 °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 mm in water with 0-80 °C liquid subcooling. They correlated
their experimental data by the addition law:

Nu; = Nuggs + J Nuy + Nune(Se/Sp) (/o) (2.25)

Nug,: = 0.613[Ar/Sp]*/*, Nup = 0.59[GrPr]*/* Pr,l/ 4
where J is 0.78, Nu,. = h,.d/k,, and Nu,, = hp.d/k;.

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; = Nugg; + 0.88Nu, + KNu,.(Se/Sp) (wi/ 4) (2.26)

Ny, = 0.75[GrPr™)/4,
K =11.9(AT%u) %7, ford =254 mm
K = 18.8(AT ) "%, for d = 19-13 mm
where Nu,,; is calculated by Hendricks and Baumeister (1969)’s correlation, n = 1 is for

nonmetallic fluidsand n = 2is for metallicliquids. 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

Nu; = Nutggs + CrNuy + Nuge(Se/Sp) (/o) (2.27)

where
Nugqe = 0.8[Ar/Sp]'/%, Nup, = 0.9[GrPr))*/4

2.3.2 Ratio Law
Shih and El-Wakil (1981) carried out an analysis for pool film boiling from a sphere
by using an integral method. Based on their theoretical analysis, they obtained:

Nu/Nugg: = 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 °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')/* M4 (2.29)
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where
M. =E}/[1+ E/(Sp'Pn)]/(RPr,Sp')?
E = (A+ CBY?)1/3 4 (A - CBY?)1/3 4 (1/3)Sc*
A = (1/27)Se*3 + (1/3)R%Sp'Pr;Sc* + (1/4)R2Sp?Pr?
B = (—4/27)Sc*? + (2/3)Sp'PrySc* — (32/27)Sp/Pr; R2
+ (1/4)Sp™ Pr? + (2/27)Sc*3 | R?
C = (1/2)R25'p’P1‘[, Sc* = CplATsub/h}g

where K = 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
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 (1990a) 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. (1990b) 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)~! on the left hand side, which is only effective when Nu is very small. Their
correlation is given as

Nu/(1 + 2/Nu) = K(d')(Ar/Sp’) /4 M2/4 (2.30)

where
K(d') =044d"Y4,  ford <0.14

K(d')=0.75/(1+0.284"), for0.14 <d’ < 1.25
K(d') =2.1d'/(1 +3.0d'), for1.25 < d' < 6.6
K(d') =0.415d'"4,  ford > 6.6
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Several other theoretical studies on subcooled pool film boiling from tubes, such as
Nishkawa, Ito and Kuroki (1972), Nishkawa and Ito (1966), Srinivasan and Rao (1984),
Nakayama and Koyama (1986a,1986b) could also be located.

2.3.3 Comparison 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. This suggests us that, with the same Nu,,; 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 form (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 = Nttegt + Nttae(Sc/Sp) (/o) (2.31)

Nugg: = 0.67[Ar/Sp' 1Y/, Nupe = 1.45[GrPr]/*

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
givenby Eq. (2.29) or (2.30) are likely valid for various of liquids and a wide range of liquid
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subcooling, surface superheat and system pressure, while the correlation in addition form
is only valid in certain conditions.
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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

o , 1/4 _ 2 2 1/4
A [ d* AT guply } — 0.88 [gd(pl po) + Sdpvh (W) ] (2-32)

U2k3popihly, 4U%p Uk2pr \6&'
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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 (Fr'/? < 1.0), this equation reduces to Eq. (2.11) that is the
correlation for pool film boiling. At high flow regime (Fr'/2 > 2.0) the equation becomes

Nu = 2.70Re}’*{(v;/v,)/Sp'}/? (2.33)

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

According to their analysis, at conditions of (up)./(110); less than 0.1 and large Re, the
following equation could be obtained

Nu = 1.0Re}*{(v1/v,)/Sp'} (2.34)

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

Nu = 0.698Re}’*{(v;/vy,)/Sp'}1/2 (2.35)
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Fig. 2.8. Pressure effect on pool film boiling correlations.

Based on 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

A= 4 {HZ.@S }1/2 Nug
3 L uf oo Re;

Nu? p, 1 4 1 gd®
U=16—-—"5%— -
Re; pu (1 — cost')? + 9Re? v}

when Frl/2 > 1.5, ¥ — 0, and A — 0.2066, so the Nusselt number may be expressed as

Nu = 0.393 Rell/z(m//,a,,)[R“K/.S’p]l/4 (2.36)
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where
K=p/pos  R=[(up)o/(up))*/*

Wilson (1979) did a theoretical study of film boiling on a sphere in forced convection.
For the case of small subcooling, he obtained equation for local Nusselt number

Nu(8) = C(6)Re;’* (/o) [REK/ Sp} /4 (2.37)

Epstein and Hauser (1980) applied similarity boundary theory and 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 = 0.553Re}”* (/i ) [R2K/ Sp]M/* (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 Fr'/2 > 2.0

Nu = 0.46Re}’? (1;/ 11 ) [R*K ) Sp)H/* (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)[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/(1 + 2/Nu) = H(Fr,d K (d')[Ar/Sp’ M]M* (2.41)

2-20




H(Fr,d') = (1 + 0.68Fr25/4)1/25 1 0.45tanh{0.04(d’ — 1.3)Fr}

for the case of forced convection, H(Fr, d') = 0.75 Fr'/4 and H - K (4.0) = 0.554Fr*/4. Thus,
for forced convection with d’ = 4.0 (d = 10 mm), it gives approximately

Nu = 0.554Re,"? (111/ 1) [R* K/ Sp]/* (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

Nu = C1Re}’* (/o) [RU K/ Sp) /4K Spf| /4
= C1Re;’* (/o) [R*/Sp1V/* (2.43)

Besides using Sp’ instead of Sp, the mode 1 correlation has an extra term [KSp’]~1/4 in
comparison with the mode 2 correlation (such as given by Eq. (2.42). Because the powers
on the Re; 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
C; is about 2.7 while the constant C5 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 al (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.
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2.5 Subcooled Forced Convection Film Boiling
2.5.1 Theoretical Analysis

Motte and Bromley (1957) did an analysis for subcooled forced convection film boiling
by arguing that
qg=qy+q (2.44)

where ¢ is the total film boiling heat flux, ¢, the net heat flux that flow into the vapor layer
and g; is the heat flux that flow into the liquid stream. From the Bromley’s correlation Eq.
(2.32), they obtained the g,. They suggested that ¢; 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

1/2 f 1/2 1/2
a7 — = 2.45
" (Ukvpvh’fg) h ( dAT o V. rwwval B

where a 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 film 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.

Nug = (2/v/m)Re;, Pr;* (11/p)(Sc/Sp) (2.46)

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. Forlow 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(6) = C(6)Re}"*Pr;’* (1 /m)(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 = 0.977Re}”*Pr}"*(1/ 1) (S¢/ Sp) (2.48)
Then they simply combined them for all subcooling cases in the following way
Nu = {Nuf,, +Nuj,, }*/* (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 ordinary forced convection correlation

Nuye(6) = 229 £ _ c(g)Respr) /2 (2.50)
AToup ki
to calculate the heat flow into the liquid stream. In the case of large subcooling, the film
boiling heat flux g will approximately equal the convective heat flux gs.. Eg. (2.49) can be
rearranged into the form of Eq. (2.47).

Shigechi and Ito (1983) extended Ito et al (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.
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}’*Pr}/? 11/ 1) (Se/ Sp) (2.51)

All the above theoretical analyses except Motte et al (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

Nuje = 2 & _ O(RePr) Y2 (2.52)
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So, it can be concluded that at large subcooling cases, g. = gy., 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
1/2 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).

2.5.2 Experimental 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 Ito (1983) cited the forced convection film boiling data from Nishikawa
et al (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 on cylinders, 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
Reference D (mm)/ Material Liquid Subcooling Velocity
L (m) °C) (m/sec)

Walford 1969 6.35/0.3 nickel water 5-60 0.50-1.80
Jacobson 1970 12.7 steel water 50-80 0.04-0.27
Stevence 1971 19.0/0.9 copper water 40-76 2.90-6.00
Stevence 1973 25.4/0.9 silver water 23-76 1.52

Dhir 1978 19.0/0.8 s. steel water 0-50 0.02-0.45
Aziz 1986 20.0/0.2 copper water 0-20 0.01-1.80
Orozco 1986 38.1 copper Freon-11 9-19 1.60-2.32
Dix 1990 38.4/3.0 copper Freon-113 0-20 0.50-1.90
Zvirin 1990 16, 32/1.5 copper water 0-40 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

Nu = Nuy,, + 0.8Re}”*{1 + (111/ 1) (Sc/Sp)} (2.53)

which is only valid in the regime of 0.046 < Frl/2 < 1.03 (1200 < Re; < 19000). Where
Nu, , = 0.8 (Ar/ Sp)l/ 4 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(p,/p1)[Re1ScPri]®/8 Sp'~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, significantheat 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.

2.5.83 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 = C’Re,l/ 2Prll/ (/) ty)(Sc/Sp) are likely to be the
best way to correlate large subcooled film boiling in forced convection regime. But the1/2
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.

2.6 Summary of the Previous Studies and the Goals of the Present Work

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 notadequate 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 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 2.4.

The goals of the present study are:

e Build a robust and flexible experimental system for sphere film boiling experiment in
both single- and two- phase flows.

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

ties and construct a general correlation.

e 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.

e Establish data base for sphere film boiling in two-phase flows and formulate heat
transfer correlations.

e 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.
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3 EXPERIMENTAL APPROACHES AND TECHNIQUES

In order to get film boiling heat transfer data in well defined flow conditions (either
two-phase or smgle-phése) the flow inside the test section must reach 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 °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 for 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 °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.

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.) LD. The steam loop is built up with copper tube of 25.4
mm ( 1.0 in.) LD. 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 pump 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 £4%. The steamn 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 2m/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 Two-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 to 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:  1.37mm1D.; 1.83mm O.D; 10.2%,
No. 2 tube-needle assembly: ~ 1.80mmID. 241 mmO.D.; 17.5%,

No. 3 tube-needle assembly: 231 mmILD. 2.77mmO.D.; 28.9%.

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 orjet 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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3.3 Test Section and Test Spheres

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 O.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 — 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 runs 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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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 film 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 only
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 Induction 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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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, itis 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 runs. 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 water electrical conductivity is
higher than 200 micromho. This 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 °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 Hz, the power coupled to the
sphere could be obtained as a function of the sphere temperature as shown in Fig. 3.6
(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,

g= msCp(Tw) dTw + W(Ty ~ Tp) + eo (T — T) (8.1)
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Fig. 3.5. A typical temperature transient during a calibration run in air. The insert shows
a magnified 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 a
given power setting (plate current) and sphere temperature, the coupling power could be
determined.

3.5 X-Ray Radiography for Void Fraction Measurement

X-ray radiograph is a photographic record produced by the passage of X-rays through
an objectontoa film. In our application, the X-rays produced by an X-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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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. A 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 film 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 Hz. A typical temperature
transient is shown in Fig. 3.13. The total heat flux is obtained from

__msCy(Ty) dT
®ETTDT @
which is also illustrated in Fig. 3.13.

(3.2)
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Fig. 3.10. A photograph of the void fraction caliberation piece.
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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

gGe=qt— Jgr (3.3)

where ¢, = eo[T2 — T%] 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
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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 flux, 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 (T3, + T3)/2 and (T, + T;)/2 for vapor and liquid
respectively.

3.7 A Consideration for the Non-Uniform Temperature Distribution within
the Sphere

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 remained at relative high temperatures, which
are equal or even higher than the temperature of the center of the sphere.




4 FILM BOILING IN SINGLE-PHASE FLOWS

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:

e Water Velocity : 0.0-2.3m/s; Re<2-10% Fr<80
e Water Subcooling: 0.0-40.0 °C

o Sphere Superheat: 900 °C - Quench

e 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 U; 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




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.

4.1 Observations 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 runs at wide ranges of flow velocity (0 to 2 m/s), liquid subcooling (0 to 40 °C), sphere
superheat (200 to 900 °C) and diameter of the spheres (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 boiling 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. Thereisasmall 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

4-2




leyem pejeinyes ui Buijioq wiij j0od

i



18)em psjooagns O, 01 Ul Buljiog w4 j0od 2 "6

2009 = 1 ()

a4

s

e

;
RIS NG,

3

LANR IR LR NeRY

2,009 = 1 (q)

4-4



is fast. When the sphere temperature is low, the detachment frequency is low or even zero
(with no vapor escaping). Figure 4.2 (f) was taken during the quenching.

Forced convection film boiling in saturated water flow: In forced convectionsaturated
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 °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 torn 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 30-40% 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, the vapor 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.

4.2 Film Boiling in Saturated Conditions

The total heat flux of one typical series of transient mode runs (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.

The same data are plotted in terms of Nuvs Rein Fig. 4.7, whereNu=g.D/(ATsyp/ky),
ge = q¢t — ¢, Re = UD /vy, and the k, is evaluated at the film temperature (T + 0.5AT},,).
It is obvious that: (1) the Nu is nearly independent of Re, when Re is less than 20000
(Fr'/2 = 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 Interpretation

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:

1/4-Power Law : Nu = Cyq y{Ar/Sp'}*/* (4.1)
1/3-Power Law : Nu = Cyqt n{Ar/SD }1/ 3 (4.2)

The data are plotted in terms of the 1/4-power law in Fig. 4.8. ForFr'/2 < 1.5, the heat
transfer characteristic Nu/(Ar/Sp’)'/4 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-
sented in the form of the 1/3-power law; the heat transfer characteristic Nu/(Ar/Sp’ Y1/3
is about 0.15, which is exactly the same as that of Merte and Clark (1964). The data are also
plotted in the form of Michiyoshi’s (1988) correlation in Fig. 4.10. The Nu/(M_Ar/Sp’)!/*
ranges from 0.65 to 0.75, which is in agreement with the theoretical value of 0.696 from
Michiyoshi et al. (1988) analysis.
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Fig. 4.5. Sketches of typical film boiling configurations.
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Fig. 4.7. Saturated film boiling data plotted in the form of Nu vs Re.
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The Frl/? 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.

Forced Convection Film Boiling In Saturated Water Flow

As mentioned in our literature review, there are two kinds of correlations:
Mode 1: Nu = Csat,leell/z(m/uv)[R4/Sp'2]1/4 (4.3)

Mode 2: Nu = Ciqr,r2Re)’ (/1) [RAK / SP') 4 (4.4)

where Re; = Re = UD/v;. 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 Csys, 1 =
Nu/{Re;”?(1u1/1v)[R*/Sp'%)1/4} changes significantly 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
data are plotted in Fig. 4.12. Itis obvious thatthe Cyq¢, 2 = Nu/ {Rell/ 2 (/1) [RAK/ Sp)M4}
depends much 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 Fr'/2 of 2.0, which also agrees with that found by Bromley (1953).

Itis 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.

Thé Sensitive Effect of Little Liquid Subcooling

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. Itis 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 < U < 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.
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Fig. 4.11. Saturated film boiling data plotted in the form of mode 1 forced convection film
boiling correlation.
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The experimental Nusselt numbers obtained in 10 and 20 °C subcooling conditions
are shown in Figs. 4.15 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.

Pool Film Boiling in Subcooled Water

For pool film boiling in subcooled liquid, correlations in addition law [such as Farahat
(1972), Siviour (1970) and Dhir (1978)] and correlations in ratio law [such as Michiyoshi
(1988) and Sakurai (1990b)] 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 °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 °Cto
quench, are plotted in form of Michiyoshi’s correlation in Fig. 4.18, and itshows agreement
within a £15% band. The Michyoshi’s correlation is given as

Nu = 0.696(Ar/Sp") /4 ML/4 (4.5)

where

M, = E3/[1 + E/(Sp'Pr;)]/(RP1,Sp")?
E = (A+CBY?)/3 + (A— CBY?)'Y/3 4 (1/3)Sc*
A= (1/27)8¢*® + (1/3)R2Sp'Pr,Sc* + (1/4) R2Sp'*Pr?
B = (—4/27)Sc*? 4 (2/3)Sp'Pr;Sc* — (32/27)Sp'Pr R?
+(1/4)Sp"*Pr? + (2/27)Sc*3 | R?
C = (1/2)R*Sp'Pry, S¢* = CpATeus/ 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

Nu = Cyup,rRe; Py (1 102)(S¢' [ Sp) (46)
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

Nu = Nu, + Clyp, pREFPr (1/ 1) (S¢'/S') (47)
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where the Nu is the corresponding Nusselt number for saturated forced convection film

boiling, given by Nu, = 0.5Re;*(u;/,)[R4K/Sp'|/4. Physically, Eq. (4.7) may be inter-
preted as: the total heat flux equals the heat that is required to sustain the vapor film plus
the heat that convected into the liquid stream. The Constant C,,;, » and the power n on
Re; should be determined by experimental data.

In terms of Eq. (4.6), the experimental data obtained at 20 °C subcooling are plot-

ted in Fig. 4.20. The sphere superheat influence is well correlated and the heat transfer

characteristic Csyp,r = Nu/ {Rell/ 2Pr11/ 2 (p1/4v)(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 C},, » = 0.072 and » = 0.77 in order to
correlate well with the data. Thus, Eq. (4.7) becomes

Nu = Nu, + 0.072Re} 7" Pr}/? (1 / 1) (S¢' /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 Fr!/? greater than 2.0, the C!,, » = (Nu-Nu,) /Re?‘77Prll/ 2 (/) (Sc/ Sp) is
about 0.072.

4.4 Diameter Effect on Film Boiling

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 film 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 etal. (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)~! 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-effect correction- factor for cylinders should also apply to the case of
spheres. Comparing our data with Sakurai’s correlation, we found our experimental data
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Fig. 4.19. The enhancement of liquid subcooling and velocity on the film boiling heat
transfer.
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Fig. 4.21. Subcooled film boiling data plotted in the form of Eq. (4.7).
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Fig. 4.22. More subcooled data plotted in the form of Eq. (4.7).
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are about 10% to 14% higher than their correlation. In addition, according to Michiyoshi’s
et al (1988) theoretical analysis, the Nusselt number for spheres is 14% higher than that
for horizontal cylinders. Therefore a factor of 1.14 is applied to Sakurai’s et al (1990b)
correlation to correlate our sphere pool film boiling experimental data,and the agreement
turned out to be very good within a +15% band, as shown in Fig. 4.25. The complete
correlation for pool film boiling at both saturated and subcooled conditions is given as

Nu/(1 + 2/Nu) = K (d')(Ar/Sp')/* M4 (4.9)
where M, is the same as that in Eq. (4.5) and K,(d') is calculated by

K (d') = 0.5d'~1/4, for d' < 0.14
K.(d')=0.86/(1+0.28d), for0.14 <d' <1.25
Ke(d') =2.4d'/(1+3.0d"), forl.25<d <6.6
Ke(d') = 0.47d'/4, ford > 6.6

4.5 Material and Water Effects on Film Boiling

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 Frl/? 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 Fr'/2 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).
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Fig. 4.25. Data obtained from different sizes of sphere at subcooled pool film boiling
conditions (from 0.0 to 40 °C).
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Fig. 4.27. Data obtained from brass sphere are compared with pool film boiling correlation.
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5 A THEORETICAL ANALYSIS OF FILM BOILING
IN SINGLE-PHASE FLOWS

5.1 Introduction to the Theoretical Analysis

As the literature review in Chapter 2 indicates, from theoretical aspect, film boiling
on spheres has been studied extensively. However, there is still no theoretical film 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 natural 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 saturated cases based on Bernoulli’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 out for a sphere in all the film boiling regimes. There are two major
differences between our 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 saturation point.

Shigechi, Ito 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 al (1976)] 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.

5.2 Physical Model and Fundamental Equations

Consider film boiling from a sphere with a uniform surface temperature T, which
is placed in a stream of liquid flowing upward with a uniform velocity U, as shown
in Fig. 5.1. The gravitational force is opposite to the coming flow direction. The liquid
is subcooled by ATy, below the saturation temperature T, corresponding to the system
pressure. The following assumptions are made.

(1) The vapor film 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 &%, at the
interface.

(5) Thevapor-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:
10u, Ov,

Uy _
790 + By + —;-cotﬁ =0 (5.1)
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Fig. 5.1 Physical model and coordinate system.

Momentum equation:
1 pr 8%u,
0= —gpysing — = =50 + oy —— ay2 (5.2)
Energy equation:
0%T,
= by 5.
0 372 (5.3)

For the potential flow outside the liquid boundary-layer, the pressure is given by

1 1 /3. . \?
L= po + gpircost + -2-,0on° - 5,01 (—2-U°°sm9)

Thus the pressure gradient is

—%%% =p (gsin() + gg;ésin%)
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

py 021y 9 23 U
— +g—sind + - sin20 =0 5.4
pv Oy? p'v 8pv T (5.4)
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For the liquid boundary-layer, the three governing equations are as follows:

Continuity equation:
10u; Oy
730 + 3— -’r—‘-cote 0
Momentum equation:
u; Ouyg Ouy _ 9 Us, 2 17 52’&[
~ 50 + 3y 961 (T — Too)sin + 3 sm20 +— 0 O
Energy equation:

wdl, 0N _ kT
r 30 " '8y cup Oy

(5.5)

(5.6)

(5.7)

The boundary conditions and the compatibility conditions at the vapor-liquid inter-

face are
y =0
Uy =Vy =0
T'v =Tw
y =0
Uy = U = Ug
Ou) _, (2u
o W@\ wdb
Pv v r db s =p1 [} r do s
T‘u =T‘l —'Ts
oT, oTy
~k”(3y>a_ by kl(f? )a
y=0+0dy 5
U = U5, = §Uoo3in0
(%) =0
9y /s,
y=06+op:

T =Ty
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(5.8)

(5.9)

(5.10)

(5.11)

(5.12)
(5.13)

(5.14)

(5.15)

(5.16)

5.17)



(%%) =0 (5.18)

The 7 in Eq. (5.14) is given by

) 1d [° cotd [°
—1m = Py (;@A uvdy-{—-—;_—/o uvdy) (5.19)

Before transforming these equations into dimensionless forms, integrating Eq. (5.1)
with respect to y from 0 to § and substituting the result into Eq. (5.19), we have

co to U,y db
—m = py (—d()/ A u,,dy) = —pPy (vv - ?@> (5.20)

Integrating the vapor layer energy equation, Eq. (5.3), with the boundary conditions, Egs.
(5.9) and (5.13), we obtain a linear temperature distribution. Substituting it into Eq. (5.14)
and applying Eq. (5.19), we have

6
Tw—Ts oT;
fgp,, (—de Uy dy +— ] uvdy> = k”_(s—— + k; (8y )5 (5.21)
, uy db _ Tw—T, Ty
R gpv ('u,, d9> kv———é ky By (5.22)

We define the dimensionless variables and parameters as follows:

. (ﬁgg)l/4; u = (Agr)/? vt = (ﬁ%g)m (5.23)

=y/l'y A=5/I" Ay=68/1" A.=6/I" (5.24)
Uy =uyfu*; Uy=w/u*; Vy,=u,/v"; Vi=uv/v* (5.25)
F =U2 /gr = 2Fr (5.26)
K = p/py (5.27)
R = (popto/ priu)*'? (5.28)
© = cp(T} — Teo)/Prih, (5.29)
Sec = cp(Ts — Teo) /Prih, (5.30)
Sp = cpy(Tw — Ts)/Proh, (5.31)
By = ik}, /cpi (5.32)
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The dimensionless governing equations and boundary conditions now become as follows:

For the vapor film:
au, , 0V,

26 57 cotd =0

82U, 9 .
572 + K (1 + ZFCOSO) sinf =0

Sy’ 1 00
d9/ Ude+cot0/ UydY = — N +E’<—(8_Y-)A

For the liquid boundary layer:

ou, oV
50 + = Y + Ujcotd =0

oU; oU;
Ul_b? + Vi

o%U; 9
5y = Pr;B;Osint + (RK) 572 + - F sin20
00 80 1 /1 \?%8%0
et V= == | ==
o8 oY Pry \RK/ 08Y?

U

The boundary conditions:

AtY =0:
Uy,=V,=0
AtY = A:
U,=U; =Ux
oU,\ _ 1 (ou;
oY _RZK oY
dA dA
(-0g), =5 (% U%)
O =S¢
dA S8y 1 00
(W’ U”do) ‘K‘RU{(&T/)A
AtY = A+ A,

Uy=Ua, = (3/2)F1/28’in9
oU, _
(ay)Au =0
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(5.33)
(5.34)

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)
(5.43)

(5.44)

(5.45)

(5.46)



AtY = A+ Ar:

Oar =0 (5.47)
00y
(5)-;) N =0 (5.48)

5.3 Method of Solution

Integrating Eq. (5.34) twice with respect to Y and determining the integral constant
by boundary condition Egs. (5.39) and (5.40), we have a vapor layer velocity distribution
function

_[Ua , KA 9 . K 9 . 2 .
U, = {K + ~5 (1 + ZF cosH) smB} Y- { 5 (1 + 4F cose> smé?} Y (5.49)

As an approximation, we assume quadratic functions of Y’ for the radial distributions
of tangential velocity U; and temperature © in the liquid boundary layer and determine
the constants of these functions by Egs. (5.40), (5.45) and (5.46) for U}, and by Egs. (5.43),
(5.47) and (5.48) for ©. So the velocity and temperature distributions in the liquid layer
are

=va+ (3esne 1) |2 (£) - (£)] (5:0)
os¢fi-(£)] 1)

where
E=Y-A=(y-6/u (5.52)

Integrating Eqgs. (5.36) and (5.37) from A to A + A, with respect to Y we have

d(A + Ay) dA
@ U

d A’*'Au
= /A UidY —Upa, =

A+A,
+ C0t9/ UdY +Via, —Vi,a =0 (5.53)
A

d [A+8 , dA+A) L, dA
'd—o‘/A Ul dY—‘Ul’A“—_d_e—_—-l-Ul’AE.

A4A,
+ (ViU a, — ViUi)a = Pr;Bisind odY
A

1\? oU; 9 .
- — il = 5.54
(RK> (8Y>A+ SFAu sin20 (5.54)




Eliminating V} A, between the above two equations and transforming the integral variable
Y to §, we get

I d [Ae
@-/0 Uldﬁ—Ul,AuEé/O U d¢

/ 2
+ (Ua —Uia,) {I’S{&; + (E%) (%%)0} —

Prlesm0/ Odt — (R1K> (%—Zl)

Ay

+ SFA sin268 + U a cotf U,d¢ (5.55)
o

Integration of Eq. (5.38) from A to A+ Az with respect to Y and applying Eq. (5.36) yields

A+AT dA
dﬂ/ UledY S’c (ViA UlAdB)

Atlr 1 /1 89

Applying Eq. (5.44) and transforming the integration variable Y to &, we obtain

d [AT Sc' Sy’ AT 1 1 LlC)
El—é' A U,0d¢ + KA + cotf A U,0d¢ + <SC + F‘) (RK) (—6-?>0 =0 (557)

Substitution of Egs. (5.49) and (5.50) into Eq. (5.41) yields a relationship between A, and
A as follows:

4 (3/2)F'/%sing — U A
R2K 2Up — KA2%(1 4 (9/4)F cosf)sinf

A, = (5.58)

Substituting Eq. (5.49) for U,,, Eq. (5.50) for U}, and Eq. (5.51) for © into Egs. (5.35),
(5.55) and (5.57) and eliminating A, by Eq. (5.58), the final differential equations for A,
A7 and Up are

dA dUa

Fi1— 70 + Fig—— T = Fi¢ (5.59)
dA dau,

o — 70 + Fyo—— dGA = Fye (5.60)
dA | dUn . _ dAp .

Fy— 20 + Fyg—— a0 F33W = F3, (5.61)

where Fy;, Fis,Fi.... Fs. are functions of the variables A, Ua, A7 and 8, and of the
parameters By, Fr, K, Pr;, R, S¢’ and Sp’. The algebraic expressions of these functions for
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the case of A, > Ar are as follows:

2
(1 + z-Fcos€> sinf; Fip = A—

= ——
11 2+4

28¢ A KA* 9
2K A - <c059+ ZFCOSZ@)

2 4
{A Ua + KA (1 + chosH) sinﬂ} cotd

2

.= S'p' -

2 12 4

_ . A (2. _ L 28
Fy =G,Grp; Foa=A, (5UA IOF smG) 2G, (RzK + Au>

/

Fy, = Pr; B, Se ATs,ine — A, {-?;UAFI/ZCOSH - ngmze}

40
§ 1/2.: _ Sp _ 1 Scd 1 2
+ <2F sinf UA> {KA 2 A, + — A ) \RE GuGrc
3 1/243 UA 1/2.:
4 -2-F sinfA,, 5 + F*/“sinf | cotf

~ . Ar 1[0 Al 2
Fa1=GrGra; Fa=— - 8 (Z-u- 5AZ —2Gr (ﬁ +Au>

Fy3 = 3 +6{2F sinf — Ua 2

2 3
Fy. = 2 (S’ +—}—) (L) - ﬂ’-— _1 <A— _ A7 )F1/2cos6’ GrGrc

AT Pr RK KA A 5A2
{ 3 +6 (§F sing — Up A_u—m cotd
G 4 3F1/251n0 Ua? +2KAA, |1+ chosG iné
FA = Tore A 1 si
Gro = 64 FY20080 + KA2A, | cosf + chosQG
R2K v 4
a 2U% — UpF/?sinf —~ 3Fsin?@
= 10[2Up — A2K(1 + (9/4) Fcosh)sind]
_ {(8/2)F/?sing — Ua}{(2/5)(Ar/Au)? — (Ar/AL)?}
Gr = (5.62)

6[2Ua — AZK (1 + (9/4) Fcosf)sind]

For the case of A, < As, which occurs in subcooled natural convection conditions,
the functions that are different from those of the case of A, > Ar are given as follows:

s, =P B 3 sinf [1 — (1 — A_T) - A, gUAF cosf — EFsanG
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312 o SP'_ 1 Sc! 1 \?
+<2F sind UA){KA 2 Au+A RK GuGrc

+ %Fl/ 25in0l, <U3A + FY/ 2sm9> coth

Ar 2A
Foo+GrGra; Fr =55 — G —2Gr (RzK ra )

Un , [3 . 1/a.. 1 AN LAy T AN 2 (AN
Fag = 22 4+ { SFY%5in0 — U, 1— %) 2o (2] 1D
8= 3 +{2 sne—Uar 3\ T Ay ) Tar s\ \ar) T5\Ar

1 1\ Sy 3

- {UATAT + <-§3F1/zsma - UA> Gif} cotd
, _ A (ALY 2 58, 3 (A4
Gr=—3 |1 Ar T3 6Ar T 10 \Ap
{(3/2)F'/2sin6 — Ua} {(1/3)(Au/A7 — 1) — 0.1(A,/AT)?}
[2Ua — A2K (1 + (9/4) Fcosf)sind]

Gr =

(5.63)

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 Ar at the front stagnation point. Our model shows
that this is true. So the functions for the case of A, > Ag are always used at the front
stagnation point. These functions are then continually used as long as A, > Ag, as in the
cases of subcooled forced convection. However, for the subcooled natural convection, Ap
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, < Ar, the
functions given by Eq. (5.63) are used. '

Because of the singularity at the stagnation point § = 0, a forward-integration of Eqgs.
(6.59) to (5.61) cannot be directly performed. To overcome this difficulty, we assume that
A = Ag + Ax0%, Upa = B16 and Ar = Cp + C,6? in the region from 6 = 0 to 0.05 rad.
Substituting them into Egs. (5.59), (5.60) and (5.61) and solving the resulting equations for
Ao, Az, By, Cp and C; by the Newton method, the starting values of A, Ua and A are
determined. Then starting from § = 0.05 rad, Egs. (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 § = 7/2 and 6 = 7, 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 A, 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 our experimental observations
and heat transfer data, it is also assumed that A, = A,, where A, 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 Egs. (5.59), (5.60) and (5.61), the heat transfer characteristics are
calculated as follows:

Local heat transfer coefficient in terms of A,

_ % ke (29 YA,
ho = ATsup - 6 B (V3d> A (5.64)

Average heat transfer coefficient in terms of A,,,

/4
_q ke (29\'"* ky
h= ATy " bpy (vﬁd) Agy (5.65)

Average Nusselt number in terms of A,

Nu (Ez) _ (ﬁ) Y (5.66)
Rell/z 224 Fr Aav '
where A,, is defined by
1 1 Txd . d T sind
Aa»u = m A e sm9§d9 = OSA TdG (567)

5.4 Results and Discussion

The numerical calculation was carried out for water at atmospheric pressure. The
superheat ATy, subcooling ATy, and Fr number were given first. Then the density ratio
K, pp ratio R, Prandtl number of liquid Pr;, buoyant force parameter By, dimensionless

5-11




superheat Sp’, and dimensionless subcooling S¢’ were evaluated at film temperatures of
Tt = (Tw +Ts)/2 and Ty, = (T} + T;)/2. The ranges of Fr, Agyp and Agyyp are:

Fr = 0.01-500; Agup =300-2000 °C; Agup =0-80°C

The corresponding values for K, R, Pr; and By, 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.

Separation Point, Vapor Film and Liquid Boundary-Layer Thickness

As mentioned earlier, the vapor film boundary layer separates if Fr is larger than 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

2
— apa—l
8s = cos <9Fr> (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 6, = cos~1(1/8 Fr).

3.5 T T T T T L L} | T ¥ T ] T T 171 T
EIN ]
© 3.0 — I
~ i 7] =cos"(——2-—)

9 i ! 9Fr .
o0 L -
Ja] i 4
< 251 —
o L 4
O =
= 5

] = N
4 B .
(o]

, 2.0 ]
()] .
0 a

1.5 1 1 1 ]
0.1 1 10

Frl/a

Fig. 5.2. The dependence of the separation angle §, of the theoretical model on the Froude
number Fr.




No liquid layer separation (i.e. numerical integration breaking down) was found
prior to the separation of vapor layer, although the liquid momentum boundary layer
thickness A,, 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 Up = 1.5 F1/2 ginf was developed for the cases whenever A, /A > 5. It
shows that the vapor film thickness, hence the heat transfer, was not affected significantly
by this 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 8. But, for the rear part of the sphere, this
ratio decreases as the angle 6 increases in the case of natural free convection film boiling
(Fr <0.01).

For subcooled conditions, the ratios of A, /A and Ar/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 Ar/A decreases
with the angle for all flow conditions. Comparing Fig. 5.6 with Fig. 5.7, it is obvious that
Ar /A, is always smaller than or equal to one.

Heat Transfer Results at Saturated Conditions

The variation of (Nu/Re,l/ (o /111 against the Froude number Fr and superheat

ATy, is shown in Fig. 5.8. The variation of Cyqt,r1 = (Nu/Re}”?) (1o /1) (Sp™? /R4,
(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

/4 i\ 1/4
_ Nu p, (FSp’ ! _ Sp
= 2 i ( 2P) =Nu(E (5.69)
Nu o [ Sp' \"*
=2 = 5.70
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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.
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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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Fig. 5.7. Angular variation of Ar/A at subcooled conditions.
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Fig. 5.8. The relationship between (Nu/ Re,l/ ®)(140/ 1) and Froude number Fr at saturated
film boiling conditions.
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Fig. 5.9. The relationship between Cj,:, 71 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 Fr'/2 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/Rell/z)(p,v/m) and Ceqt, 1 = (Nu/Rell/z)(uv//.al)(Sp'2/R4)1/4.

In the pool film boiling regime, Csqt,n 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 (1963) analysis
for a sphere and ~0.60 from Michiyosh’s (1988) analysis for a sphere. On the other hand,
for forced convection, Cyqt, r 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 our experimental data with the theory in
terms of Csqe, v and Ciqe, r 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 10-20% higher than the theory.
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In the theoretical model , the equivalent film thickness beyond the separation point
is arbitrarily assumed to be two times that of the film thickness at the separation point,
ie., A, = Ag. It is interesting to see what would be the result if the A, 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/ Rell/ 2)(uv /i) on the Froude
number with subcooling AT, as the parameter at superheat ATy, of 600 °C and 1200
°Crespectively. 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

sp \
Csat,y = Nu ( y3Yi ) for pool film boiling (5.71)
/
Csub,Fr = Nu_p, 5p _1 for forced convection (5.72)

Rell/2 I‘—l— Sc/ Prll/2

where M. inEq. (5.71) is a complicated function of subcooling ATy,;, superheat A1, and
sphere diameter d, which is given by Eq. (4.5). The variation of these two dimensionless
groups are shown in Fig. 5.16 at three conditions. Itis obvious that Cyyup, v isless dependent
on the subcooling AT, superheat AT, and the Froude number Fr in the natural free
convection regime (Fr'/? < 0.2), and Cyyp, r is less dependent on the subcooling AT,
superheat AT,; and the Froude number Fr in the forced convection regime (Fr'/2 > 1.0).

For pool film boiling, the variation of C,yp, N against subcooling ATy, is plotted in
Fig. 5.17 with superheat AT, as the parameter. When ATy, equals 0, i.e., at a saturated
condition, Cyup v 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 C;,,» is not invariant of
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Fig. 5.13. The influence of the equivalent film thickness A, on the overall heat transfer
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subcooling, superheat and Froude number. In an approximation sense, the C,,;, y 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 Cgyp, r and Csgy, r against subcooling
AT,y are shown in Fig. 518 with the superheat AT,,, as the parameter. It indicates
that the higher the superheat, the less the Cy,t,r 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 Cyyy, r levels out (i.e., Cyyp, r tends to be a constant at smaller
subcooling). The constant that the Cjyp, 7 tends to reach is about 1.5. In comparison, the
Cisub,r oObtained by Shigechi, Ito and Nishikawa (1983) for a cylinder is 1.16, and the one
obtained from Epstein and Hauser’s (1980) analysis for a sphere and cylinder is 0.977.
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Fig. 5.18. The dependence of Cyqy,r and Ciyp, r o1 subcooling ATy, in forced convection
film boiling. '

The comparisons of the experimental data of this work with the predictions of the
theory in terms of Cyyp r 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 tran-
sition regimes (Fr'/? < 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
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Fig. 5.19(b). A comparison of 30 °C subcooled experimental data with the preliminary
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But when the Fr*/? 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 film that covers the rear part of the sphere is thin. As indicated earlier, in our
preliminary model, the assumption A, = A, is completely arbitrary, so it certainly cannot
predict the experiment well.

In conclusion, when there is no separation (i.e., for the pool film 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.

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, Houze and Brumfield (1976) studied the turbulent mass transfer at the
free gas-liquid interface. By a dimensional analysis or an unsteady mass transfer eddy
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 ! = r and velocity u = cU, where U is the main stream flow velocity and cis 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

v3 1/4
Iy = (f) and  ug = (ve)/* (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) ],

e =3/l (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 ¢ = 0 to t¢zp = r/u. Following
the analysis of Theofanous et al.,, (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

oT ( ) wm) oT ( TUmY 7r:z:>8T o*T
+{ - co8s—

5{ + umsznz lk lk "az = C!l—a?-

Oz

(5.75)

where u,, = 2'/2u;. The initial and boundary conditions are

I'=T-T,=0 att =0,
T=0 aty = oo,
T =ATsp aty=0, t>0.

Defining n = y/6(z, t), the problem becomes a search for T' = T'(n) with the following
two ordinary differential equations

~T'né = yT” (5.76)

18(6%) | um . 7w O(?)  mum 7T

2 Ot 2 Iy Oz Iy i
where £ is an arbitrary constant. The solution is

1/2
T = ATserfed 2 | 222 ( coth TUmb ) | cos (T2 (5.78)
2 allk lk lk
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Hence, the average heat transfer coefficient h is

ts ol 1/2
h= m /t | kl% ly=0 dtdz = 1.075,Cp, F(7) (a;—:k) (5.79)
where
F(r) = il / ’ / l (cothwt’ + cosmz’ )1/ 2 dz'dt! (5.80)
2v/21 Jo Jo
and
T= \/Etea:puk/lk (5.81)

In the case when Fr > 6, (Fr'/2 > 2.5), Re > 10000 and

=2 l:;:; >> 1 (5.82)

So, F(r) is constant and is equal to one.

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

1/2 3773\ 1/4
o — viecU
= O.25plC’p,lPrl_1/ 2 (4vfcgPd) Y8 pys/8 (5.83)

In this formula, the only unknown is the constant ¢, which turned out to be 0.23 £ 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

Fr\"
htop = hpr=6 (F) (5.84)

where hp,—g 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 film in this separated region is so

complicated.
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Fig. 5.20(a). A comparison of 20 °C subcooled experimental data with the turbulent model
theory in terms of Cyyp, F.

Coupled with the turbulent model, the variation of the two predicted heat transfer
characteristics, Csup,v and Ciyp, r, are shown in Fig. 5.21. It indicates that Csyp, v and
Csub,F are still essentially independent of subcooling ATy, and superheat ATy, 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. 5.21. The dependence of Cgyp,n and Cyyp,r of modified turbulent model on Froude
number Fr at subcooled film boiling conditions.

5-29




6 A GENERAL CORRELATION FOR FILM BOILING
IN SINGLE-PHASE FLOWS

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

Nu,/(1 + 2/Nu,) = K.(d')(Ar/Sp') /4 M}/* (6.1)

M, = E*/[1 + E/(Sp'Pr;)]/(RPr.Sp)?
E = (A+ CBY?)!/3 4 (A— CBY%)Y/3 1 (1/3)Sc*
A= (1/27)Sc*® + (1/3)R%Sp'Pr;Sc* + (1/4)R*Sp"*Pr]
B = (—4/27)8¢*? + (2/3)Sp'PriSc* — (32/27)Sp'Pr R?
+ (1/4)Sp"?Pr? + (2/27)Sc*® | R?
C = (1/2)R*Sp'Pr;, Sc* = 0.93P1) 2 CpiATsus/ b,

K (d') = 0.5d'~1/4, ford' <0.14
Ko(d') =0.86/(1+0.28d"), for0.14<d <125
Ko(d') =2.4d'/(1+3.0d"), forl25<d <6.6
K (d) = 0.47d'/4, ford' > 6.6

This is applicable for both saturated and subcooled conditions as long as Fr'/? is
smaller than 0.2. The analytical derivation of the base formula of this correlation is given
in Appendix A. The K,(d’) ranges from 0.70 to 0.78 as sphere diameter changes from 6.0
to 19.0 mm.

At the saturated condition, M2/* is about 0.86, so [K+(d) M / 4] varies from 0.6 to 0.67,

and thus Eq. (6.1) becomes
Nu,, = 0.64(Ar/Sp')*/* (6.2)

Forced Convection Film Boiling At Saturated Conditions

KRN\ Y*
— 0.5Re} 2 (210 6.3
Nu, = 0.5Re, i\ 5y (6.3)
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Forced Convection Film Boiling At Subcooled Conditions

Nu; = Nu, + 0.072Re?'77Pr?'5ﬂ£

100 57 (6.4)

Eq. (6.4) coupled with Eq. (6.3) could essentially predicate all the forced convection
film boiling (Fr/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 < AT,up < 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 = [N + [F(Fr)Nu,]7])/° (6.5)
where the empirical function

0.2
14+ | Fr%5 — 1|

FFr)=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 £15%.

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 Cyes,nv and Cogy, r,
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 Cjyp,r». 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 compared with Eq.
(6.3).
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Fig. 6.3. Forced convection data obtained in large subcooled (> 20 °C) water flow are
compared with Eq. (6.4).
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6.3 Comparisons 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 °C is shown in Fig. 4.17; it shows our 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 al (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. 6.10. Comparison of our general correlation with other correlations at saturated forced
convection condition (U = 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 (ATs,, = 30 °C, U = 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).
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7 FILM BOILING IN TWO-PHASE FLOWS

The film boiling from a sphere in two-phase flows has been studied in two parts,
film boiling in upward two-phase flow and film 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 TUpward 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
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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 small bubbles; (3) with both high water
flow rate and high steam flow rate, the two-phase flow appears as an upward mist-jet flow
with void fraction about 0.5.

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 4.5 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 (V,, and V;) and the void
fraction of the two-phase flow (a) the water and the steam velocities can be calculated by

U = VipJtw = V(1 — @) (7.1)
Us = Va/a=Vs/(1 - aw) (7.2)

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 Film 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 Egs. (7.1) and (7.2). Typical experiment data are
tabled in Appendix E.
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Choosing the superficial water velocity V,, as the characteristic flow velocity and
defining the Reynolds number as

Re = Vo/D (7.3)
vl
the experimental Nusselt numbers
Nu = 12’2 (74)
ki

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

;o Nu p, ( Sp’ 1/4
6T T ReV? m \RAK

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 C},; r 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 Cy,, » decreases with Re and increases with the
superficial steam velocity. It is obvious that the superficial water velocity is not a good
characteristic velocity for the upward two-phase film boiling.

(7.5)
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Fig. 7.11 X-Ray radiographs of film boiling from sphere in upward
two- and single- phase flow. The numbers stand for:
superficial Steam velocity/superficial water velocity/void fraction.
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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.
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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 supetfi-
cial 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 film boiling heat transfer data obtained in upward two-phase flow, plot-

ted in terms of superficial water velocity V,,. Repeated symbols represent data of different
sphere superheats.

Instead of using the superficial water velocity, now, the water velocity (or called water

phase velocity) U,, calculated from Eq. (7.1) is used as the characteristic velocity to define
the Reynolds number

UwD
LY
Based on this definition, all the experiment data were re-plotted in Fig. 7.17 in terms of

Nu uy ( Sp/ 1/4
Re}/? m \R'K

Re; = (7.6)

Csat,F = (7.7)

It shows that the effects of water flow and steam flow are correlated much better in this
way, and the Csqs, r 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 10%. In this regime, the data are well correlated by

4 1/4
Nu = O.42Re,1/2fbi (R If)
Po \ SP

within a £10% band. The other regime is the upward bubbly two-phase flow regime with
the Reynolds number smaller than 7 x 10%,

(7.8)
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Fig. 7.17. All the film boiling heat transfer data obtained in upward two-phase flow, plot-
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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

1/4
RK > (7.9)

Nu = 12.5Rel-2 2L (
Sy’

which correlates the data within a +10% band, for Reynolds number less than 1.2 x 105,

7.3 Downward Two-Phase Flow Generation, Void Fraction Measurement and
Prediction

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

Wy _ §0D_p_1, _
dh
i Uy (7.11)

where D is the sphere diameter and Cp 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 Cp. 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 Uy, o
(calculated based on the water flow rate and tube-needle inner diameter) and the water
drop-jet velocity at the test sphere location U, are known, the water fraction and the void
fraction can be calculated as follows

Uw 0 Ahole
Oy = 7.12
v U Abasc ( )
a=1—qay (7.18)
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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 and
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 95%, with the water velocity ranges
from 1.9 to 6.5 m/s and the steam velocity ranges from 1.1 t0 9.0 m/s.

7.4 Film 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 and 4.5 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 E

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 Cy, p in Figs. 7.26, 7.27 and 7.28 for No.1, No.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 °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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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 V,,.
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Fig. 7.27. Filmboiling heat transfer data obtained in downward two-phase flow generated
by No.2 tube-needle assembly, plotted in terms of superficial water velocity V.
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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 V,,.
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two-phase flows. They also show that the heat transfer characteristic C},  is no longer
a constant of 0.5, and it varies from 0.7 to 1.3. When the Reynolds number is high, the
steam velocity has very little or no effect on the C;,; »; but when the Reynolds number is
small, the steam velocity has a significant effect on the C; ,; . 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 C{; .

As in the case of upward two-phase flow, we now define the Reynolds number Re;
based on the water velocity at the test sphere location, which is calculated by Egs. (7.10)
through (7.13). In terms of the heat transfer characteristic Cyq r, 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 Cyy; 1 is
still not a constant; it increases with the Reynolds number; the smaller the diameter of the
tube diameter, the higher is the Cy,;, ; the steam velocity almost has no influence on the
Cjat, - In general, based on the water-phase velocity, unlike the upward two-phase flow,

Ciat,F is not a proper heat transfer characteristic to correlate the downward two-phase
flow heat transfer data.
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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 Ciq;. .
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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 Cjq. r.

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 Cs,;,r 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 = QypPyater (7.14)

Substituting this equivalent density as the liquid phase density into the heat transfer
characteristic Csqt, 7, Eq. (7.7), we have new heat transfer characteristic

Nu p, [ SY 4
Cb 1o = 1 7.15
D,two Rell/2 n (R‘*K o/t (7.15)

which is just the Cyqt, r divided by a factor of a}u/ 4,
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With the new heat transfer characteristic Cp ;w0, 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. 7.33 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 Re; (or
water-phase velocity). Moreover, the Cp 44,0 Only varies only from 0.4 to 0.5, and it is very
close to the saturated single-phase value Cjqs,r = 0.5. So, in an approximation sense, the
heat transfer characteristic Eq. (7.15) can be used to correlate the downward two-phase
film boiling heat transfer in the following formula

1/4
— 1/2 i R'K 1/4
Nu = 0.45Re, ” <§7 ol (7.16)
within a +20% band.
br ' o ' i
~ 3 2 - .
3
- F X
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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 Cp, swo-

The systematically increasing of the Cp .0 With Re; suggests us that the exponent on
the Reynolds number in Egs. (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 C D, two-
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Fig. 7.33. All 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 Cp 4.0- 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

)\ 1/4
CB,t'wo= Nu_bo (Sp ) .

Re?'75 ’#—l RAK o/ (7.17)

w

all the downward two-phase data are shown in Fig. 7.34. It correlates the data much better
than Cp w0, and the corresponding correlation is

4 1/4
Nu = 0.0235Re?'75% (%) al/4 (7.18)

which correlates the data within a +10% band.
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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 C}, ,,,,. Repeated symbols
represent data from different tube-neddle assemblies and with different sphere superheats.

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.
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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 3.2 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 film boiling heat transfer
data can be essentially correlated by the saturated single-phase heat transfer characteristic
Csat,rr, With an equation of

4 1/4
Nu = 0.42Re/ zﬁ‘i (%) (7.19)
U
The modified correlation
R4 1/4
Nu = 12.5Re?‘2% ( S pf,{ > (7.20)

fits the experimental data better (within a £10% band), for 3 x 10* < Re; < 1.2 x 105,

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 t0 9.0 m/s.
Based on the water phase velocity and with an adjustment factor a/*, the saturated single-
phase film boiling heat transfer characteristic Csqs, 7 can also correlate all the downward
two-phase film boiling heat transfer data within a +:20% band with the equation

R4K 1/4
—0.45Re/2EL (222 1/4 21
Nu 5Re, o\ 5 oy (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 +10% band)

1/4
s [RK
Nu = 0.0235Re!- "5 =2 < )

.22
Ey \ Sp’ (7.22)
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8 FILM BOILING FROM A MULTI-SPHERE ARRAY

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 this 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 °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 (1/4-power law). It shows that for Fr'/2 < 1.0,
the Nu/(Ar/Sp’)*/* 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 Fr'/2 > 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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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% .

8.2 Film Boiling From A 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 figures,
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 (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.

8.4 Conclusion

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 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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Top view ~ Side View

Fig. 8.1. Schematic of the multi-sphere array.
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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.
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Fig. 8.3. Heat transfer data of film boiling from multi-sphere array in saturated single-
phase flow, plotted in terms of forced convection film boiling correlation.
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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).

[ T 1 L T T T L] [ |
- + Vs =14 m/s | -
o Vs = 2.7
z 20 — X Vs = 4.5 ]
/—g i .
S _
N
1N -
2s X X S :
) X g& g B
ETYEC I B L —
IL + i + + % %
« 8 i ]
0 i 4
-0 3 1 1 2 1 ) t l
20000 50000 100000 200000
Re,=U,D /v,

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).
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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. 8.8(b). 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. (7.18).
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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 Eq. (7.16).
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9 CONCLUSIONS

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 film boiling experiments have been conducted systematically (with lig-
uid 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) 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
hasbeen 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 — &)/ (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

Figure Al shows the physical model and coordinates, with the sphere radius, vapor
layer thickness and liquid layer thickness being R, A, and §, 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

Ou, . 8%u,
Pollv = g(p1 — pv)sing + l-l'v'égg" (Al)
oT, 02T,
pvcpvuv—am" = ky 5y (A2)

The corresponding equations of the free-convection in the liquid boundary layer are

ou ) &%y .
Pluz%l- = gBipi(T) — Teo)sing + ”‘8721 (A3)
on, | T,
PICpit = = klﬁ (A4)

SPRENE

WPCR
LAYER

LAYER

g3 3/R

Figure Al. Model 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 k% in the later on energy integral equation.

(2) The buoyancy term in the liquid momentum equation is neglected.

(8) The wall temperature is uniform at T;,, and the vapor-liquid interface is smooth and
isat Tyqt(Tw > Toar > Too)-

(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

Aty =0
U, =0
Ty =Tw (Ab)
Aty=Aand z = 6:
Uy = Uy
Oou, Ouy
il Rl A6
/’I”U ay l‘l’l az ( ))
Tv = Tl = Tsat
Atz =6:
Uy = 0
T =T (A7)

The governing equation may now be solved completely in terms of the unknowns A
and §. The results are

clg G @-@]  w

A4




Ty = Ty — ATsup— (A9)

supA

_ glp— py)singA® [ f¢ z

- QoL () (-9) (410)
T = Tsat - AT.smb'f\' (All)

where f = p;/p, and € = §/A. The integral heat balance are performed on the vapor and
liquid layers, giving

d A 5T
'fg— / Uy Py Rsingdy = 2w Rsing | — 6 ly_(] +kj— ! |2=0 (A12)
d:I: 0 8
3Tl )
Cpi—— d u;pl (T} — Too) 27 R singdz = 2w R sing | — 8 |z=0 (A13)

Substituting Egs. (A8) through (A11) into the two integral Egs. (A12) and (A13), and as-
suming & to be independent of z, yields

d ] f+E€ 120,k ATy, 120, k1 AT 500 sin ¢
— (A3 sin® ¢) = ( ) P - Al4
AR f+4 [Q(Pz — po)polyy g1 — po)puhl; g€ } A (414)
d ) f+& 6k sin ¢
fowo ()b @
w8 A= e 9(py — p)MCpi€| A (A15)
The solution to Egs. (A14) and (A15) , respectively, are
1/4
f+¢€ ) 16R 1y ky A sup 16 Rpy kiATguy
A=1T - Al6
@) { <f +48) | 9(o1 = po)puhizy 9oL — pu)poliy € } } (416)
f +§> [ 8Ruky ] }1’4
A=1T Al7
(¢) { ( fé? g(Pv - Pl)Plel§ ( )
where 14
[ f sind/3 ¢d9]
10) = ——p 5 (A18)

Combining Egs. (A16) and (A17) produces a cubic equation for £, which has at lest one
real root:

klATqub
= (W1 + W3 4 (Wy — Wal?) 4 sk (A19)
LT 3k, ATpup
where 3
02 20203 C'3
_ 3 A20
Wi (301) + 2077 +201 (A20)
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AN CAYE A 0§>[202 4C2  64C,
WZ‘(&&:) +(a) (io—) +(f0§ 3 T mz] (421)

_ lzliukvATsup _ 12ll'vklATsub _ T
P gloi—po)poky,  t T a(ei— popub, 0 (oL — pu)piCo

(A22)

Now we are ready to evaluate the heat transfer coefficient. The average heat flux from
the sphere surface is

1 /o . aT, B T sind ,
ey /0 (27 R sin ¢) Rd¢ (—-kv—a? |y=o> = 0.5k, AT yp /(; A d¢ (A23)

Hence the average Nusselt number is

Q=

_hds (G, \ds 1 /"’sind)
e =5 = (ATM) Ro2%), AW (424

Substituting Eq. (A17) into (A24) yields

A 1/4 2 .
s (1) () 55
u 2 (AI'Pr ) 63 kaplPl A I(¢) d(b (A25)

By using Eq. (A19) and rearranging Eq. (A25), we have

Nu, = Co(Ar/Sp') /424 (A26)
where

M. = E*/(1+ E/(Sp'Pr)}/(RPrSp')?

E = (A+CBY)'Y/3 4 (A— CBY?%)Y3 4 (1/3)Sc*

A= (1/27)Sc¢*® + (1/3)R*Sp'Pr;Sc* + (1/4)R2Sp'*Pr?

B = (—4/27)Sc*? + (2/3)Sp'Pr;Sc* — (32/27)Sp'Pr, R?

+ (1/4)SpPr? + (2/27)Sc*3/ R?

C = (1/2)R*Sp'Pr,
htg = hig +0.5C00ATuup,  Sp' = CpoATuup/(ByyPry)
Sc* = CulTous/h}y, R = [(up)o/ (o)}

Co=278/2 /0 : i;—(%dd; = 0.696 (A27)

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 Cy is
different; Cy for cylinder case is 0.61 and for plate case is 0.793.
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APPENDIX B

A DERIVATION OF THE CORRELATION FOR
FORCED CONVECTION FILM BOILING ON A SPHERE

A sphere of radius R and temperature Ty, is held in a uniform stream of liquid which
has undisturbed velocity U and temperature T;. We suppose that T,, is constant but may
depend on 8. The temperature at the vapor-liquid interface is the saturation temperature
T,. 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 film theory or
boundary-layer theory is applied.

Liquid Layer

It is supposed that the velocity field is given by a potential flow. According to K.H.
Hsiao, L.C. Witte and J.E. Cox (1975), in spherical polar coordinates (r, 8, ¢) centered on
the sphere and with § measured from the direction of the incoming steam, the velocity

components are
R? R\
U [-— (1 — 7'_3) cos @, (1 + :275> siné, 0]

We also confine the analysis in the region where the flow remains attached (unseparated).

To find the temperature field, a dimensionlessboundary-layer coordinatey = [(r/R)—
1]Pe'/? is introduced, and then the dimensionless energy equation takes the form

3 . o or+ 9T
EsmB 50 — 3ycos 5~ O (B1)
where
T* = (T~ T)/(T, — T1) = (T — T)/ ATsus
and the boundary condition are
T™=1 on y=0 T*=0 at y=o00
The solution of this problem is
T* = erfelyf(6)] (B2)
where 5 5 )
HOE 1 sin® 0 (1 ~3 cosf + 3 cos® 9) (B3)
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A constant of integration has been determined by the requirement that f(0) # 0; in fact

£(0) = (3/2)°%.

Thus, the the temperature gradient at the liquid-vapor interface (y = 0) can be found

as
oT 2ATs‘u,b 1/2 AI-T's'u.b 1
—_— — .__———.P T e em—— e (34
<3T>y=0 - m/2R 0 R b7 (B34)
where 2
T 1
bp = —— B5
T = 2P F() (55)
Vapor Layer

Here we choose coordinates (s, n) where s is length measured around the sphere from
# = 0 and n is length measured normal to the surfaces; thus s = R and n = — I2. The
velocity components are (u,v). Making the usual boundary-layer approximations, the
equations of continuity, momentum and energy take the forms of

1 0 , ov :

smeég(usme) tg- = 0 (BG6)
ou  Ou 1 0p 8%u

‘Ufa—s‘ +’U-8—— —--—vg vanz (B?)

1 9p ,
0=——= (B8)

ar | oT 9T .

—_— — =ky—= BY

“ s T on on? (B9)
The vapor-liquid interface is located at n = n;(s). The boundary conditions are
u=0, T=1T, onn =20

u=U;=3/2Usin0, T =T onn=n; (BL0)

Equation (B8) indicates that the pressure in the vapor layer is independent of = as
usual in boundary layer theory, and therefore equals p(n;), the pressure at the interface.
By continuity of normal stress at the interface, this is equal to the pressure in the liquid at
the interface, and this in turn may be found from the potential flow of the liquid by means
of Bernoulli’s equation, which gives

. 2
p = constant — % ) (gU sin 0) (BL1)
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To effect an analytical solution, further assumption is made: convective terms (on the

left side) in the momentum Eq. (B7) and energy Eq. (B9) are neglected. Thus the solutions

can be obtained as )

u= A= + Ay (B12)

T—T, = ATy, (1 - ﬁ) (B13)

n;
where A; and A; are determined from the following two equations, one is from momentum
Eq. (B7) and the other one is from the boundary condition Eq. (B10).

2450,
0=_Lp, 0, 24w (B14)
pv O0s n;
A1+ A =U, (B15)

Integrating continuity Eq. (B6) from n = 0 to n = n; gives

1 df. m dn; .
wind ds [sm@/o udn] = <u—ds— - v) . =G, (B16)
where G, is the volume rate of evaporation of liquid at the location 8 per unit interface

area. Gy is coupled to the temperature fields by means of heat balance and evaporation
at the interface, thus it gives

1 d i 1 oT oT
— | st = = — o) —— — | By— B
sin @ ds [%n 9‘/0 udn] G puhisg (kl or >y=0 (k on ) n; (B17)
Substituting Eqs. (B4), (B12) and (B13) into Eq. (B17) yields
1 d \ Ain; Aan; _ 1 kvATsup _ klATsub)
sin 0 do [Sme ( 2 T3 )] " pohgg ( N Rér (B18)

A; and A3 can be eliminated by means of Egs. (B14) and (B15). Then, in terms of the
dimensionless vapor film thickness n* = n;/R Eq. (B18) becomes

1 d ; *3 _.; * s _ ,3
e T [sin 6 (n*° sin 6 cos§ + an* sin 8)] = o vf(6) (B19)
where .
Gl
*= URn
8= 16 kv.uvATsup

- _3-pvplU2R2hfg

16 klll’vATsub 2 1/2
= — P
T3 puoptU2R2hs g /2 ¢
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Equation (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.

Large Subcooling Case

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 little is used to produce vapor. This can be justified by following. First
we suggest that the order of magnitude of n* is 8/,

«_B

n=~H B20
S (B20)

Thus, after some rearrangement of (B19) we have

1 d ;. . ] 1
s g o0 (H* sinfcosd + AH sinf)] = 7 - f(6) (B21)

€

where

_ i _ 312 k3 pop10f hiyg (ATsup)® _ 5 10-5 ATS,,
v 256]‘7? Ho (ATsub)4 - AT,

sub

€

A= L0k (ATow)” ) o 02 AT

B2 mpk20y(AT )2 AT2

sup

If ¢ is small and A is not large, the left hand side of Eq. (B21) 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, ATy, 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

H (B22)

-1
-~ f)

to the first approximation.
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It is easily to show that the Nusselt number is essentially the reciprocal of the nondi-
mensional film thickness )
Nup = yors (B23)

Therefore, for the case of large subcooling

_i_ 1 J_ 2 1/2p.1/2 1 SC
Nug = n*  H@)B w/2H(H) Re, P Ly SD (B24)

This the local Nusselt number. The average Nusselt number is defined as

0
* NuydA s
Nu = -fo—gg‘%— = %— /0 sin ONugdf (B25)

Where 0, is the angle of separation, which is « for the case of large subcooling. Thus, the
average Nusselt number is in the form of

Sc
Nu = CRe!/2#L2¢ B2
l Lo Sp ( )
where . > ginp
sin
C=—p 50 df = 0.5642 (B27)

This constant is much smaller than the experimental constant of 1.5 to 2.0.

Saturated Case

In this case we begin by neglecting the subcooling altogether, so that we set v = 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
B/n* on the right. This suggests that the order of magnitude of n* is 8*/4, and it gives

n* = pY4w (B28)

Substituting it into Eq. (B19) yields

1 d ., . . ) 1
T [szn 0 (\113 sinfcos @+ 8 sinb)] = 3 (B29)
where the § is given by
/2
o 3pupihysg ) RO S 1
§= -2 = =11 X% — (B30)
g2 ( kopo ATH? AT
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where the numerical values are appropriate for water/steam system. & is small as long as
ATy, is large, so the term with § in Eq. (B29) is clearly negligible in most cases. Thus the
analytical solution for ¥ is

9
ot = %(szn 6)~8/3(cos 9)‘4/3/ (sin 0")5/3(cos 0)/3d0’ (B31)
0

It should be noted that this solution is valid only in the region § < /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 = 7/2.

Therefore for small subcooling (or saturated) cases, the Nusselt number can be ex-
pressed as

1/4 9 1/4
1 1 1 3 1 (1 p2py ,
- = == ——R — B32
N = o =g (64) o (sras (B32)

By the definition of Eq. (B25) and integration from § = 0 to 7/2, the average Nusselt
number may be correlated in the form of

1 o, \M* o (RAENY
Nu = CRe}/? (—LE> =CRe}/? 2L B33
Lo\ Sp o " ope \ Sp (B33)
where
1/2
R= (u) k=P
Hipy Pv
and e a2
1/3 2/2 gin @
== (2 =0. B
c 2<64) fo o—df =0.198 (B34)

Asin the case of large subcooling, this theoretical constant is considerably low, comparing
with the constant 0.5 which is obtained from the experiment.
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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

RUN 1 73=100.1(C) V;=0.010(m/s) Fr= 0.002 Re= 225.1
Tw (C) /7 (kW/mZ) dc ht (W/mz/C) hc Nut Nuc

672 162.33 138.92 284.21 24322 29.88 29.88
790 190.06 152.30 275.99 221.16 24.02 24.02
575 133.30 118.33 281.21 249.64 3422 3422
493 109.65 99.87 279.45 254.51 38.48 38.48
426 87.36  80.78 269.00 248.73 40.87 40.87
369 72.60  68.08 27112 254.25 45.05 45.05
320 61.57 58.44 281.12 266.80 50.63 50.63
278 52.26  50.06 29491 28254 56.93 56.93

RUN 2 T3=100.0(C) ¥;=0.112(m/s) Fr= 0.197 Re= 2500.1
Tw(C) @(kW/m?) g h; (W/m?/C) h Nu; Nu,

698 182.60 156.47 . 30594 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 27114 46.74 46.74
338 7033  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 7;=100.1(C) V;=0.216(m/s) Fr= 0.730 Re= 4815.2
Tw(C) (kW /m?) ge h; (W/m?/C) h Nu; Nu,

814 226.60 185.18 317.74 259.66 27.52 27.52
693 175.58 149.95 296.43 253.15 30.40 30.40
595 140.68 124.21 284.85 251.49 33.70 33.70
513 115.77 104.88 281.08 254.66 37.59 37.59
442 99.30 92.03 29121 269.87 43.44 43.44
380 83.27 7837 . 298.09 280.57 48.94 48.94
328 70.18 66.85 309.61 29491 55.35 55.35

284 5701 54.70 311.88 299.26 59.82 59.82
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T.,(C)

750
645
556
481
417
362
315
275

Tw(C)

758
644
550
472
406
351
304
265

1, (C)

857
709
593
499
421
357
305
262
226

RUN 4 T;=100.3(C) V;=0.232(m/s) Fr= 0.839 Re= 5167.1
h; (W/m?/C)

(kW /m?)

202.52
167.30
134.94
110.53
94.14
79.26
67.33
55.10

9e

170.10
146.56
121.34
101.40
87.90
74.95
64.31
52.96

311.79
307.75
296.78
290.97
297.83
303.47
314.19
315.67

h,

261.89
269.61
266.89
266.94
278.10
286.97
300.11
303.41

Nut

29.60
34.13
37.41
40.96
46.22
51.31
57.34
61.36

RUN 5 T;=100.5(C) V;=0.333(m/s) Fr= 1.733 Re= 7426.9
h; (W/m?/C)

gt (kW /m?)

207.37
164.20
136.22
111.28
91.36
73.58
62.92
51.50

dc

173.98
143.50
122.98
102.60
85.53
69.61
60.18
49.57

315.64
302.23
303.09
299.95
299.12
294.64
310.35
314.32

h,

264.82
264.12
273.63
276.56
280.06
278.76
296.82
302.52

Nuz

29.70
33.45
38.59
42.90
47.20
50.63
57.69
62.12

RUN 6 T3=100.5(C) V;=0.446(m /s) Fr= 3.110 Re= 9951.5
h; (W/m*/C)

q:(kW/m?)

236.82
189.31
143.73
117.28
93.78
75.46
59.64
49.25
40.36

e

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
292.90
294.49
292.49
306.22
321.94

h,

249.38
266.31
258.67
269.43
272.92
278.25
278.91
294.55
311.68

Nut

25.34
31.45
34.72
4047
45.11
50.09
54.12
60.75
67.75

29.60
34.13
37.41
40.96
46.22
51.31
57.34
61.36

Nu,

29.70
33.45
38.59
42.90
47.20
50.63
57.69
62.12

25.34
31.45
34.72
40.47
45.11
50.09
54.12
60.75
67.75




T.(C)

739
620
525
446
379
325
280
242
211

T (C)

769
674
590
519
458
406
360
320

RUN 9 73;=100.7(C) V;=0.955(m/s) Fr= 14.240 Re= 21316.6

Tw(C)

788
692
608
535
473
419
371
330

RUN 7 T;=100.6(C) V;=0.538(m/s) Fr= 4.515 Re= 11998.0
h; (W/m?/C)

gt (kW / m?)

207.11
157.80
127.03
100.79
80.17
71.28
55.18
46.00
37.31

e

176.19
139.21
115.45
93.35
75.31
68.01
52.96
44.46
36.24

324.74
303.73
299.87
292.36
287.87
317.94
308.35
325.60
340.01

h,

276.25
267.96
272.52
270.77
270.40
303.37
295.91
314.72
330.32

Nut

31.61
34.86
39.65
43.38
47.22
57.14
59.47
66.79
73.55

RUN 8 T3=100.7(C) Vi=0.772(m/s) Fr='9.319 Re= 17244.8
h; (W/m?/C)

g:(kW/m?)

245.55
212.47
177.25
148.61
124.43
105.96

91.65

77.26

2:(kW/m?)

253.93
237.11
204.65
168.64
142,79
123.78
101.88

92.09

4c

210.68
188.83
161.13
137.37
116.43
100.15

87.40

74.12

Qe

216.40
211.58
187.16
156.38
134.06
117.48

97.28

88.70

367.54
370.55
362.20
355.62
348.60
347.34
353.55
352.08

ht (W/mZ/C)

C-5

369.57
400.92
403.94
388.14
383.88
389.51
376.78
402.30

h,

315.33
329.32
329.26
328.72
326.19
328.30
337.15
337.75

h,

314.95
357.75
369.40
359.92
360.42
369.67
359.77
387.49

Nut

34.97
40.36
4434
48.16
51.47
55.35
60.44
64.05

Nut

34.26
43.01
48.78
51.68
55.84
61.30
63.52
72.48

Nu,

31.61
34.86
39.65
43.38
47.22
57.14
59.47
66.79
73.55

Nu,

34.97
40.36
44.34
48.16
51.47
55.35
60.44
64.05

Nu,

34.26
43.01
48.78
51.68
55.84
61.30
63.52
7248




RUN 10 T;=100.8(C) V;=1.310(m /s) Fr= 26.835 Re= 29274.4
Tw(C) q:(kW/m?) g hy (W/m?/C) h., Nu Nu,

786 247.84 210.54 361.58 307.17 33.47 33.47
700 281.92 255.52 470.46 42641 50.84 50.84
619 239.14 220.66 461.40 425.75 55.47 55.47
549 202.32 189.15 451.24 421.88 59.58 59.58
488 178.65 169.17 462.08 437.56 66.60 66.60
432 150.99 144.13 455.67 434.97 70.88 70.88
385 135.16 130.10 475.53 457.73 79.32 79.32
343 12296 119.23 508.76 493.30 90.61 90.61

RUN 11 T;=100.8(C) Vj=1.645(m/s) Fr= 42.304 Re= 36756.3
To(C) ¢@(kW/m?) ¢ h, (W/m?/C) h, Nu, Nu,

768 198.48 163.74 297.53 24546 2725 27.25
696 289.39 263.44 486.17 442.57 52.99 52.99
624 250.98 232.10 479.87 443.77 57.50 57.50
560 211.77 197.90 461.73 431.49 60.20 60.20
503 187.73 177.38 466.42 440.71 65.82 65.82
454 162.16 154.37 © 45990 437.78 69.45 69.45
409 143.75 137.82 466.65 447.42 75.14 75.14
369 130.60 126.08 487.86 471.00 83.46 83.46

RUN 12 T;=100.8(C) V;=1.838(m/s) Fr= 52.767 Re= 41045.8
Tw(C) qi(kW/m?) g hy (W/m?/C) h, Nu; 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 44723 60.82 60.82
520 203.93 192.62 486.63 459.64 67.25 67.25
465 176.21 167.85 483.34 46040 7197 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
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Tu(C)

731
636
554
484
424
372
327
289
256

T.,(C)

743
643
559
487
425
373
328
289
256

Tw(C)

731
640
560
492
434
383
339
301
267

Test Sphere Diameter: 9.53 mm
Support Thermocouple Wire Diameter: 0.51 mm
Test Sphere Material : 316 Stainless Steel

RUN 1 73=100.5(C) V;=0.010(m/s) Fr= 0.001 Re= 340.5
h; (W/m?/C)

qt (kW/m2)

154.77
128.44
106.69
87.99
75.85
63.03
53.55
46.84
43.47

4

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

h,

197.82
202.70
205.55
205.49
214.85
215.60
221.92
236.33
269.60

Nut

33.26
37.79
42.09
45.82
51.63
55.48
60.78
68.42
81.83

RUN 2 T;=100.5(C) V;=0.116(m/s) Fr=0.145 Re= 3782.8
h; (W/m?/C)

q: (kW /m?)

158.87
129.33
108.78
90.21
76.82
64.31
53.56
45.51
40.60

Qc

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

h,

198.59
200.45
207.37
209.34
216.62
219.47
221.11
228.44
250.64

Nut

33.00
37.07
42.24
46.52
51.95
56.41
60.48
66.07
76.05

RUN 3 T;=100.6(C) Vj=0.167(m/s) Fr= 0.299 Re= 5435.6
h; (W/m?/C)

gt (kW /m?)

154.88
128.07
109.44
92.87
77.61
67.05
57.72
49.04
42.73

qc

124.89
107.79
95.51
83.13
70.69
62.06
54.08
46.36
40.76

C-7

245.77
237.75
238.14
237.18
233.22
237.71
242.32
245.39
257.30

h,

198.18
200.11
207.82
212.29
212.42
220.03
227.04
231.99
245.41

Nut

33.34
37.16
42.25
46.86
50.40
55.78
61.14
66.06
73.27

Nu,

33.26
37.79
42.09
45.82
51.63
55.48
60.78
68.42
81.83

33.00
37.07
42.24
46.52
51.95
56.41
60.48
66.07
76.05

33.34
37.16
42.25
46.86
50.40
55.78
61.14
66.06
73.27




T, (C)

725
636
559
493
435
384
340
302
268

Tw(C)

745
649
567
497
436
384
338
299
265

T,(C)

760
656
567
493
429
375
328
288
254

RUN 4 T;=100.6(C) V;=0.240(m/s) Fr= 0.617 Re= 7812.0
h; (W/m?/C)

g:(kW/m?)

151.27
128.93
107.21
91.33
79.16
67.88
59.09
49.94
44.07

g:(kW/m?)

164.63
134.18
110.52
92.88
79.19
65.69
57.70
49.79
43.15

gt (kW /m?)

159.92
136.67
107.35
95.51
73.89
63.89
52.66
44.82
38.93

9c

122.03
108.99
93.36
81.58
72.20
62.86
55.43
47.25
42.08

Qe

132.90
112.99
96.09
82.90

7217

60.67
54.08
47.15
41.21

e

126.24
114.89
92.93
85.73
67.15
59.18
49.31
42.42
37.19

242.44
241.00
233.88
233.14
237.11
239.66
247.16
248.96
264.41

ht (W/mz/C)

255.56
244.66
236.89
234.55
236.27
232.27
242 .88
251.08
263.25

h; (W/m?/C)

C-8

242.58
246.39
230.16
243.55
225.00
233.23
231.64
239.21
253.96

h,

195.58
203.72
203.66
208.24
216.24
221.92
231.83
235.53
252.49

h,

206.29
206.03
205.97
209.34
215.32
214.54
227.63
237.76
251.45

h,

191.48
207.13
199.25
218.62
204.49
216.01
216.92
226.39
242.60

Nut

33.12
37.99
41.46
45.96
51.23
56.17
62.35
66.99
75.32

RUN 5 T;=100.6(C) V;=0.345(m/s) Fr= 1.273 Re= 11221.3

Nut

34.20
37.85
41.53
45.97
50.93
54.34
61.35
67.85
75.31

RUN 6 T;=100.6(C) V;=0.426(m/s) Fr=1.945 Re= 13870.7

Nut

31.25
37.79
40.19
48.22
48.79
55.36
59.32
65.59
73.79

33.12
37.99
41.46
45.96
51.23
56.17
62.35
66.99
75.32

Nu,

34.20
37.85
41.53
45.97
50.93
54.34
61.35
67.85
75.31

31.25
37.79
40.19
48.22
48.79
55.36
59.32
65.59
73.79



RUN 7 T7=100.6(C) V;=0.557(m/s) Fr= 3.318 Re= 18118.4
Tw(C) (kW /m?) g h; (W/m?/C) h, Nu; Nu,

766 168.47 133.99 253.26 201.43 32.68 32.68
668 142.07 119.04 250.39 209.80 37.75 37.75
585 113.92 98.23 235,53 203.10 40.16 40.16
513 99.95 89.07 242.64 216.21 46.55 46.55
451 81.68 74.00 23335 211.41 49.08 49.08
398 7095 65.45 239.07 220.53 54.83 54.83
351 59.20 55.21 236.48 220.56 58.39 58.39
311 54.59  51.68 259.99 246.12 69.03 69.03
276 4697 44.82 268.18 25590 75.43 7543

RUN 8 7;=100.6(C) V;=0.800(m/s) Fr= 6.850 Re= 26031.1
To(C) @(kW/m?) ¢ h, (W/m2/C) h, Nu, Nu,

750 211.72 179.34 326.07 276.19 45.54 45.54
663 16594 143.42 295.14 255.09 46.15 46.15
587 135.96 120.06 279.49 246.81 48.65 48.65
521 119.34 107.94 . 283.75 256.65 54.67 54.67
465 9821 89.88 269.97 247.09 56.40 56.40
414 86.31  80.19 27549 25593 6226 62.26
370 76.04 7149 282.80 265.87 68.61 68.61
330 67.28 63.89 293.69 278.87 76.07 76.07
295 59.34 56.79 30543 292.29 83.88 83.88

RUN 9 T;=100.6(C) V;=0.988(m/s) Fr= 10.466 Re= 32181.8
To(C) @(kW/m?) ¢ h, (W/m?/C) h, Nu, Nu,

786 205.97 168.70 300.57 246.19 39.14 39.14 -
696 178.68 152.77 300.38 256.83 44.87 44.87
617 154.66 136.37 299.67 264.23 50.34 50.34
548 136.53 123.46 305.50 276.25 57.00 57.00
488 113.30 103.82 293.00 26847 59.61 59.61
434 101.81  94.89 305.82 285.02 67.61 67.61
386 8578 80.67 300.50 282.62 71.33 71.33
343 79.13 7539 32720 311.73 83.51 83.51
304 7295 7021 359.90 346.37 98.20 98.20




RUN 10 T;=100.7(C) V;=1.291(m/s) Fr= 17.852 Re= 42046.9
Tw (C) qt (kW/mz) Qe h; (W/mz/C) h, Nu; Nu,

813 241.06 199.84 338.64 280.74 4345 43.45
722 206.01 177.14 331.82 285.33 4848 4848
644 184.71 164.07 340.41 302.37 5590 55.90
574 162.86 147.99 344.47 313.01 62.67 62.67
511 137.52 126.71 33498 30866 66.57 66.57
457 127.86 119.92 359.54 33722 77.75 77.75
406 111.91 106.11 367.30 348.28 85.69 85.69
359 100.55 96.33 389.28 37293 97.64 97.64
317 90.41 87.33 417.46 403.26 112.02 112.02

RUN 11 T3=100.7(C) V;=1.539(m /s) Fr= 25.381 Re=50130.4
T,(C) ¢:(kW/m?) g h(W/m?/C) h, Nu 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 32724 6246 6246
551 162.63 149.32 360.98 33143 68.10 68.10
494 146.50 136.70 373.05 348.08 76.73 76.73
441 133.70 126.44 392.63 37133 8724 87.24
393 117.93 112.59 403.54 38526 96.36 96.36
349 104.87 100.96 423.20 40742 108.23 108.23
309 97.10 94.24 467.11 453.34 127.55 127.55

RUN 12 T;=100.6(C) V;=2.040(m/s) Fr= 44.599 Re= 66428.8
Tw(C) @(kW/m?) g h (W/m?/C) h, Nu Nu,

784 244.07 207.07 357.14 302.99 4826 48.26
700 236.96 210.62 395.73 35173 6120 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 9554 95.54
388 125.55 120.40 437.76 419.80 105.76 105.76
345 105.76 101.96 433.81 41824 111.73 111.73
C-10




T,(C)

748
655
574
503
441
387
340
300
265

Tw(C)

832
713
613
528
455
393
341
298

T,(C)

824
712
617
535
465
404
353
309

Test Sphere Diameter: 12.7 mm
Support Thermocouple Wire Diameter: 0.81 mm
Test Sphere Material : 316 Stainless Steel

RUN 1 7;=100.1(C) V;=0.011(m/s) Fr= 0.001 Re= 478.2
h; (W/ mz/ C)

gt (kW /m?)

145.70
124.72
102.06
88.15
74.13
63.96
54.75
47.00
38.87

qe

118.92
106.62
89.67
79.56
68.09
59.68
51.69
44.79
37.26

225.06
225.11
21591
219.34
217.83
223.39
228.69
236.65
236.86

h,

183.69
192.44
189.69
197.95
200.09
208.45
215.91
225.54
227.02

Nut

40.46
46.84
50.64
57.54
62.69
70.07
77.38
85.78
90.63

RUN 2 T;=100.0(C) V;=0.123(m/s) Fr= 0.121 Re= 5309.8
h; (W/m2/C)

qt (kW/mz)

172.69
136.38
113.77
95.47
79.94
65.07
53.18
4497

9c

135.80
113.15
98.78
85.64
73.39
60.63
50.10
42.79

236.19
222.73
221.96
223.51
22591
223.02
221.22
228.10

h,

185.73
184.81
192.71
200.48
207.41
207.82
208.39
217.04

Nut

37.60
42.25
49.15
56.48
63.90
69.35
74.58
82.72

RUN 3 73=100.4(C) V;=0.176(m/s) Fr= 0.249 Re= 7640.1
h; (W/m?/C)

q: (kW /m?)

166.24
133.78
111.93
93.50
78.69
65.93
54.91
46.71

Qe

130.43
110.68
96.69
83.29
71.76
61.14
51.54
44.31

C-11

229.92
218.97
216.90
215.29
216.37
217.34
217.61
224.03

h,

180.40
181.17
187.37
191.78
197.31
201.56
204.26
212.53

Nut

36.82
41.48
47.60
53.57
60.05
66.24
71.90
79.66

40.46
46.84
50.64
57.54
62.69
70.07
77.38
85.78
90.63

Nu,

37.60
42.25
49.15
56.48
63.90
69.35
74.58
82.72

36.82
41.48
47.60
53.57
60.05
66.24
71.90
79.66




Tw(C)

724
637
561
494
436
385
340
301
267

Tw(C)

749
655
574
502
440
387
340
300
265

T.,(C)

780
678
590
515
450
394
345
303
266

RUN 4 T;=100.6(C) V;=0.253(m/s) Fr= 0.514 Re= 10982.2
h; (W/m?/C)

(kW /m?)

134.36
114.53
99.08
85.07
73.62
63.52
54.14
46.80
40.44

9c

110.10
97.82
87.43
76.86
67.77
59.32
51.09
44.57
38.80

215.70
213.58
215.21
216.13
219.69
223.78
226.42
233.92
244.02

h,

176.76
182.41
189.89
195.27
202,24
208.96
213.65
222.75
234.12

Nut

39.95
45,28
51.42
57.33
63.79
70.46
76.60
84.54
93.25

RUN 5 7;=100.7(C) V;=0.364(m/s) Fr= 1.062 Re= 15784.2
h; (W/m?/C)

q: (KW /m?)

140.09
117.71
100.27
84.87
72.39
61.49
53.16
45.44
38.80

dc

113.19
99.61
87.88
76.31
66.38
57.23
50.10
43.22
37.18

216.03
212,44
212,16
211.60
213.24
215.09
222.14
228.05
236.47

h,

174.55
179.77
185.95
190.27
195.55
200.17
209.3b
216.90
226.63

Nut

38.41
43.76
49.65
55.36
61.34
67.32
75.04
82.42
90.48

RUN 6 T;=100.7(C) V;=0.449(m/s) Fr= 1.622 Re= 19512.3
h, (W/m?/C)

q (kW/mz)

147.28
120.84
102.18
86.36
72.84
62.94
53.01
44.89
38.74

Qe

116.97
100.83
88.74
77.17
66.48
58.47
49.85
42.62
37.10

C-12

216.93
209.43
208.75
208.49
208.73
214.86
217.35
222.26
234.03

he

172.29
174.76
181.28
186.32
190.51
199.60
204.37
211.02
224.14

Nut

36.75
41.49
47.48
53.33
59.05
66.50
72.78
79.86
89.30

39.95
45.28
51.42
57.33
63.79
70.46
76.60
84.54
93.25

Nu,

38.41
43.76
49.65
55.36
61.34
67.32
75.04
82.42
90.48

Nu,

36.75
41.49
47.48
53.33
59.05
66.50
72.78
79.86
89.30




RUN 7 T;=100.7(C) V;=0.587(m/s) Fr= 2.768 Re= 25491.9
Tw(0) ¢(kW/m?) g h; (W/m?/C) h, Nu Nu,

750 140.26 113.35 216.25 17475 3845 38.45
661 118.57 100.01 211.83 178.67 43.22 43.22
583 101.05 88.08 209.61 18270 4825 48.25
515 86.04 76.85 207.70 18553 53.10 53.10
456 76.12  69.53 21448 19593 60.28 60.28
402 65.66  60.93 217.76 20207 66.57 66.57
356 57.16 53.72 224.07 21060 73.84 73.84
316 48.46 4593 225.69 21393 79.45 79.45
280 42.62 40.76 237.72 22734 88.82 88.82

RUN 8 T}=100.8(C) V;=0.843(m /s) Fr=5.713 Re= 36629.8
Tw(C) @(kW/m?) ¢ h; (W/m?/C) h, Nu; Nu

774 166.57 136.90 247.35 203.28 43.60 43.60
684 14091 120.37 241.64 20642 48.68 48.68
605 123.67 109.26 24531 21672 55.81 55.81
534 105.63 95.46 243.62 22016 61.55 61.55
473 91.05 83.77 24471 22516 67.84 67.84
419 7749 72.22 243.37 22681 73.08 73.08
372 6891 65.07 254.48 240.29 8246 82.46
330 59.70  56.88 260.84 24850 90.41 90.41
293 52.03 49.95 271.39 260.54 100.04 100.04

RUN 9 T,=100.8(C) V;=1.042(m/s) Fr= 8.729 Re= 45285.8
T»(C) @(kW/m?) ¢ h (W/m?/C) h, Nu Nu

781 183.35 152.87 269.46 22465 4785 47.85
695 158.66 137.18 267.26 231.07 5390 53.90
617 139.24 123.99 269.74 24020 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 26095 87.84 87.84
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RUN 10 T;=100.8(C) Vi=1.361(m/s) Fr= 14.890 Re= 59158.8
Tw(C) q(kW/m?) ¢ hy (W/m?/C) h, Nu; Nu,

784 196.34 165.48 287.24 24210 51.40 51.40
701 195.98 173.94 326.74 289.99 67.20 67.20
630 155.35 139.21 29390 263.36 6595 65.95
567 144.56 132.59 31043 284.73 76.63 76.63
504 137.12  128.45 339.77 31829 9232 9232
451 110.81 104.39 316.14 29784 9214 9214
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 7;=100.7(C) V;=1.741(m/s) Fr= 24.348 Re= 75589.7
To(C) ¢(kW/m?) g h (W/m?/C) h, Nu Nu,

807 215.58 181.92 305.16 25751 53.44 53.44
723 206.65 182.52 332.43 293.61 6645 66.45
646 182.90 165.49 335.41 30349 7459 74.59
577 160.02 147.41 336.00 309.53 8230 82.30
514 146.44 137.30 354.36 33224 9522 95.22
456 127.59 121.01 359.54 340.99 104.92 104.92
404 116.49 111.70 384.19 36842 121.10 121.10
355 106.47 103.05 418.42 40497 142.12 142.12
312 90.86 88.42 431.15 41955 156.72 156.72

RUN 12 7;=100.3(C) V;=2.244(m/s) Fr= 40.476 Re= 97295.1
Tw(C) (kW /m?) @ h; (W/m?/C) h, Nu Nu,

892 145.39 99.76 183.86 126.15 24.12 24.12
796 275,51 243.22 396.15 349.72 7338 73.38
707 24223 219.64 399.93 362.63 8349 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 12594 125.94
423 152.98 147.59 47528 458.54 147.09 147.09
367 133.86 130.15 503.70 489.73 169.22 169.22
317 11596 113.40 535.70 523.88 194.05 194.05
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Test Sphere Diameter: 19.1 mm
Support Thermocouple Wire Diameter: 0.81 mm
Test Sphere Material : 316 Stainless Steel

RUN 1 T;=100.8(C) V;=0.004(m/s) Fr= 0.000 Re= 255.7
Tw(C) ¢(kW/m?) ¢ h; (W/m?/C) h, Nu; Nu,

782 178.04 129.21 26155 189.81 60.63 60.63
676 138.22 106.49 24041 18522 66.11 66.11
589 112.58 91.27 230.88 187.17 73.68 73.68
515 90.67 7598 21895 18348 78.79 7879
453 7749 67.15 220.37 19097 8849 88.49
399 64.51 57.09 216.16 19130 94.92 94.92
354 54.00 48.59 213.66 192.26 101.45 101.45
314 4734 43.36 222.23 203.54 113.66 113.66

RUN 4 T}=100.8(C) V;=0.300(m/s) Fr= 0.482 Re= 19538.6
Tw(C) ¢(kW/m?) ¢ h; (W/m?/C) h, Nu Nu,

782 164.04 115.11 240.79 16897 53.94 53.94
679 127.12  95.01 220.04 16446 58.52 58.52
593 106.47 84.70 21639 17214 6743 6743
520 87.23 7213 208.01 17199 73.38 73.38
458 7410 63.40 207.22 17729 8155 81.55
405 62.32 54.61 204.74 17941 8832 88.32
359 53.75 48.13 208.33 186.56 97.73 97.73
318 4595 41.82 21121 192.22 106.63 106.63
283 41.06 38.01 22577 209.00 122.04 122.04

RUN 5 T;=100.8(C) V;=0.431(m/s) Fr= 0.994 Re= 28074.0
Tw(C) q(kW/m?) ¢ h;(W/m?/C) h, Nu Nu,

797 167.48 115.65 240.53 166.09 5223 52.23
696 122.60 87.98 20593 147.78 51.61 51.61
612 108.45 84.63 212.21 165.61 6347 63.47
540 88.71 7199 20215 164.05 6836 68.36
478 7835 66.36 207.68 17589 7899 78.99
424 67.01 58.32 207.36 180.46 86.69 86.69
377 58.20 51.81 210.67 187.54 95.83 95.83
337 4896 44.20 207.77 187.57 101.38 101.38
301 42,76  39.20 21415 196.30 111.81 111.81
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RUN 6 T7=100.8(C) V;=0.577(m/s) Fr=1.785 Re= 37621.8
Tw(C) ¢(kW/m?) ¢ h; (W/m?/C) h, Nu Nu,

791 162.22 111.69 23522 16194 5126 51.26
695 138.62 104.23 23345 17553 6140 6140
613 109.24 85.27 213.19 16641 63.68 63.68
542 93.84 76.94 212.80 17446 7251 72.51
427 7044 61.61 21631 189.20 90.60 90.60
380 62.05 55.53 222.38 199.05 101.34 101.34
339 54.77 4991 22991 209.53 112.83 112.83
303 46.72 43.08 231.30 213.31 121.08 121.08

RUN 7 T;=100.8(C) V;=0.696(m/s) Fr= 2.591 Re= 45337.7
Tw(C) q(kW/m?) g¢ hi (W/m?/C) h, Nw Nu,

776 175.41 127.69 259.96 18924 60.80 60.80
684 135.28 102.40 23195 175,57 6211 62.11
607 112.36  89.08 22198 17599 67.83 67.83
541 95.26 7845 216.56 17835 7422 7422
484 81.47 69.06 212,55 180.19 80.33 80.33
431 7253  63.45 219.62 19212 91.46 91.46
386 61.01 54.23 214.05 190.24 96.08 96.08
344 57.81 52.77 237.69 216.97 116.02 116.02
307 48.69 44.92 236.04 217.77 122.83 122.83

RUN 8 7=100.9(C) V;=0.999(m/s) Fr=5.349 Re= 65142.0
Tw(C) @(kW/m?) ¢ h; (W/m?/C) h. Nu Nu

806 201.25 147.64 28536 209.34 6524 65.24
711 159.27 122.45 261.07 200.72 69.00 69.00
631 138.08 112.04 260.33 211.23 79.19 79.19
563 115.71  96.93 250.58 20990 85.12 85.12
503 97.60 83.82 242,61 20835 90.79 90.79
452 80.41 70.13 22928 19998 9278 92.78
406 75.31 67.56 246.85 221.45 108.92 108.92
366 63.82 57.92 241.09 218.82 11358 113.58
328 55.25 50.81 243.64 224.04 122.64 122.64
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RUN 9 T;=100.9(C) V;=1.235(m/s) Fr= 8.173 Re= 80534.8
Tw(C) qt(kW/mz) qc ht (W/mz/C) hc Nut Nuc

823 22248 165.38 308.07 229.00 70.16 70.16
730 182.86 143.06 290.69 22742 76.61 76.61
652 150.14 121.61 272,62 220.81 80.92 80.92
584 128.22 107.38 265.48 222.33 87.99 87.99
525 11096 95.46 261.57 225.04 9545 95.45
474 96.00 84.31 25747 226.10 102.08 102.08
428 84.49 75.56 257.95 230.68 110.20 110.20
388 73.60 66.74 256.79 232.87 117.36 117.36
350 66.58 61.29 266.74 24557 130.15 130.15

RUN 10 T;=100.9(C) V;=1.613(m/s) Fr=13.942 Re=105200.9
Tw(C) ¢:(kW/m?) g h; (W/m?/C) h. Nu; Nu.

832 251.01 191.93 343.18 26240 79.66 79.66
744 206.10 163.92 320.30 254.74 8452 84.52
669 177.53 146.72 312.44 25820 92.83 92.83
602 156.04 133.28 311.24 265.84 103.04 103.04
542 139.19 122.29 315.65 277.31 115.26 115.26
487 119.36 106.72 308.75 276.06 122.60 122.60
438 110.84 101.38 329.01 300.93 142.05 142.05
393 98.76  91.66 338.47 314.15 157.25 157.25
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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

RUN 1 T;= 95.4(C) V;=0.011(m/s) Fr= 0.001 Re= 468.4
To(C) @(kW/m?) ¢ h, (W/m?/C) h, Nu

768 167.33 138.33 250.66 20721 44.71
669 138.72 119.44 244.03 210.11 50.34
584 117.89 104.87 24417 21721 57.32
510 97.53 88.61 238.60 216.78 62.47
444 84.76 78.60 246.68 228.76 71.38
388 7234 68.04 252.00 237.02 79.59
339 60.77 57.74 255.42 24270 87.17
297 50.54 48.38 257.41 246.38 94.00
262 43.33 41.76 269.12 259.39 104.02

RUN 2 T;=95.1(C) V;=0.123(m/s) Fr= 0.122 Re= 5195.7
Tw(C) ¢@(kW/m?) ¢ h; (W/m?/C) h, Nu

741 169.27 143.27 264.50 223.87 49.70
653 146.58 128.63 265.46 23296 56.82
576 123.79 111.27 260.75 234.39 62.43
508 106.10  97.25 260.50 238.78 68.94
448 93.32 87.02 268.51 250.37 77.74
395 82.66 78.16 281.24 26593 88.49
347 7411 70.90 301.70 288.64 102.55
303 64.38 62.11 318.59 307.34 116.29
264 58.83 57.24 361.52 351.73 140.69

RUN 3 T;=95.3(C) V;=0.177(m/s) Fr= 0.251 Re= 7472.2
Tw(C) q:(kW/m?) g h (W/m?/C) h, Nu

743 169.55 143.31 263.99 223.14 49.42
654 145.79 127.75 263.48 230.87 56.24
576 12495 112.40 262.89 23648 62.94
507 107.48 98.70 264.77 243.13 70.31
445 94.16 87.98 273.67 255.72 79.75
390 83.61 79.25 289.31 27424 91.85
341 73.36  70.29 306.15 293.35 105.11
296 65.28 63.14 334.61 323.63 123.69
255 60.89 59.43 394.55 385.05 155.91




Tw(C)

741
656
581
514
455
402
354
310
268

T»(C)

766
683
609
541
480
425
374
326
282

Tw(C)

847
750
663
585
515
451
394
340
290

RUN 4 T;= 95.5(C) V;=0.254(m/s) Fr= 0.519 Re= 10741.7
h; (W/m?/C)

q:(kW/m?)

175.94
150.70
131.49
114.15
99.15
87.01
77.17
72.01
68.23

Qe

149.96
132.53
118.65
105.01
92.61
82.30
73.79
69.61
66.56

274.98
271.55
273.95
276.20
280.27
289.35
305.34
345.18
407.71

h,

234.37
238.80
247.20
254.09
261.78
273.70
291.97
333.68
397.75

Nut

52.04
58.07
65.44
72.82
80.65
90.27
102.71
125.04
158.06

RUN 5 Tj= 95.5(C) V;=0.410(m/s) Fr= 1.352 Re= 17345.6
h; (W/m?/C)

¢:(kW/m?)

191.84
159.64
146.27
125.73
112.60
99.78
94.64
85.82
76.10

Qe

163.17
139.16
131.61
115.22
105.02
94.32
90.74
83.08
74,21

288.63
274.07
288.07
285.76
296.88
307.86
346.90
381.52
420.45

h.

24548
238.90
259.20
261.87
276.89
291.00
332.60
369.35
410.00

Nut

53.13
56.39
66.48
72.65
82.70
93.08
113.83
135.14
159.81

RUN 8 T;= 95.3(C) V;=0.525(m/s) Fr= 2.210 Re= 22162.5
h; (W/m?/C)

q: (kW /m?)

230.89
197.83
177.59
155.68
137.19
122.54
110.51

99.21

90.30

4dc

192.00
170.91
158.85
142.56
128.03
116.14
106.02

96.15

88.26

309.65
304.95
316.02
321.37
331.62
350.08
376.53
414.81
476.43

h,

257.50
263.44
282.67
294.29
309.48
331.80
361.24
402.03
465.67

Nllt

51.39
57.95
68.21
77.51
88.64
102.70
120.27
144.14
179.35

52.04
58.07
65.44
72.82
80.65
90.27
102.71
125.04
158.06

Nu,

53.13
56.39
66.48
72.65
82.70
93.08
113.83
135.14
159.81

Nu,

51.39
57.95
68.21
77.51
88.64
102.70
120.27
144.14
179.35




RUN 6 T}= 95.4(C) V;=0.589(m/s) Fr=2.791 Re= 24914.3
Tw (C) qi (kW/mz) (5 ht (W/m2/C) hc Nut Nuc

753 211.06 183.80 323.81 28199 61.84 61.84
674 188.72 169.06 329.39 295.07 70.36 70.36
602 168.64 154.42 336.46 308.10 79.62 79.62
537 151.35 141.05 347.13 32351 90.18 90.18
477 136.82 129.38 363.83 344.04 103.15 103.15
422 121.74 116.37 378.89 362.17 116.26 116.26
371 11596 112.12 428.78 414.60 142.35 142.35
323 105.87 103.20 477.48 465.44 171.09 171.09
278 95.99 94.17 542,95 532.66 208.84 208.84

RUN 7 T;= 95.4(C) V;=0.847(m/s) Fr= 5.761 Re= 35790.6
Tu(C) ¢:(kW/m?) ¢, h, (W/m?/C) h, Nu Nu,

814 282.70 248.25 396.68 348.33 71.83 71.83
726 250.83 226.37 401.41 36227 8171 81.71
647 220.71 203.26 404.39 37242 9148 9148
574 206.91 194.50 437.34 411.10 109.69 109.69
506 184.93 176.19 456.62 435.04 12596 125.96
444 162,76 156.63 474,75 456.87 142.70 142.70
387 148.31 144.05 519.00 504.09 169.56 169.56
333 136.13 133.24 586.51 574.04 207.88 207.88
284 127.20 125.28 696.07 685.56 266.55 266.55

RUN 9 Tj= 95.3(C) Vi=1.047(m/s) Fr= 8.805 Re= 44226.1
Tw(C) Gz (kW/mz) qc ht (W/mz/C) hc Nut Nllc

884 338.29 293.83 431.89 375.14 7222 7222
791 314.38 282.79 455.79 40998 86.51 86.51
705 274.78 252.35 455.03 41790 96.41 96.41
627 248.56 232.63 472.75 44244 11115 111.15
553 22747 216.27 502.90 478.15 130.72 130.72
485 205.25 197.48 53470 514.43 152.80 152.80
422 186.18 180.81 579.60 56290 180.72 180.72
363 170.22 166.59 648.27 634.45 220.18 220.18
308 160.42 158.04 773.80 76234 286.22 286.22
D-5




RUN 10 T;= 95.3(C) V;=1.367(m/s) Fr= 15.021 Re= 57761.3
T»(C) ¢(kW/m?) ¢ h, (W/m?/C) h, Nu Nu,

908 382.17 333.88 473.47 413.65 77.86 77.86
813 404.41 370.04 567.97 519.70 107.24 107.24
723 367.28 343.06 590.00 551.09 124.62 124.62
640 329.95 313.00 611.77 580.35 143.58 143.58
564 298.77 286.96 64545 619.96 167.40 167.40
492 270.98 262.87 69243 671.71 197.75 197.75
426 247.07 241.56 759.19 74226 237.02 237.02
365 222.60 21893 842,56 828.66 286.94 286.94
310 196.57 194.17 941.67 930.16 348.48 348.48

RUN 12 T;= 95.3(C) Vi=1.748(m/s) Fr= 24.555 Re= 73844.5
T,(C) ¢(kW/m?) ¢ h, (W/m?/C) h, Nu Nu,

766 466.33 437.58 70093 657.72 142.25 142.25
683 426.55 406.11 73287 697.75 164.77 164.77
605 395.36 380.98 785.04 756.49 194.95 194.95
532 352.44 342.39 817.37 794.08 222.64 222.64
466 316.15 309.16 866.11 846.97 257.37 257.37
405 281.56 276.74 925.05 909.22 298.41 298.41
350 254.30 251.01 1020.27 1007.05 355.98 355.98

RUN 12 T;=95.3(C) V;=2.208(m/s) Fr= 39.158 Re= 93246.9
Tw(C) @(kW/m?) ¢ h; (W/m?/C) h. Nu; Nu,

816 558.24 523.50 780.83 73223 150.65 150.65
723 506.50 482.31 814.17 775.30 175.39 175.39
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




Tw(C)

772
677
593
518
453
396
350
310
273

T (C)

875
755
653
565
487
417
353
295
242

Tw(C)

853
749
660
578
505
438
377
319
265

RUN 1 T;=90.1(C) Vj=0.011(m/s) Fr= 0.001 Re= 457.3

g: (kW /m?)

193.08
164.53
142.29
121.99
103.48
87.78
71.46
62.88
55.03

¢ By (W/m?/C)

163.63
144.62
128.69
112.65
97.02
83.24
68.17
60.48
53.28

287.54
285.72
289.25
292.33
294.22
297.34
286.77
301.29
319.17

h,

243.69
251.14
261.60
269.96
275.85
281.96
273.56
289.78
309.04

Nut

52.37
59.70
68.32
76.98
85.21
93.67
96.71
108.57
121.92

RUN 2 Tj=90.0(C) Vj=0.124(m/s) Fr= 0.123 Re= 5075.8
h; (W/m?/C)

q: (kW /m?)

240.36
194.35
161.43
139.29
122,19
107.89
95.84
84.19
79.36

dc

197.30
166.86
143.46
127.42
114.32
102.70
92.47
82.06
78.08

310.49
297.19
292.26
300.13
316.52
341.68
379.87
432.89
562.19

h,

254.87
255.16
259.74
274.54
296.12
325.25
366.51
421.94
553.13

Nut

49.50
55.83
63.34
74.03
87.73
105.17
129.01
161.40
228.35

RUN 3 Tj=90.1(C) Vi=0.177(m/s) Fr= 0.253 Re= 7295.0
h; (W/m?/C)

q (kW/m2)

232.51
193.35
168.23
147.53
131.64
118.30
106.97

95.69

91.17

Qe

192.77
166.46
149.77
134.84
122.95
112.38
102.99

93.09

89.55

309.33
298.21
301.16
308.97
325.86
350.92
388.11
437.85
555.23

h,

256.46
256.74
268.10
282.41
304.35
333.35
373.69
425.94
545.39

Nut

50.89
56.50
64.93
74.98
88.23
104.87
127.41
157.30
217.70

Nu,

52.37
59.70
68.32
76.98
85.21
93.67
96.71
108.57
121.92

Nu,

49.50
55.83
63.34
74.03
87.73
105.17
129.01
161.40
228.35

50.89
56.50
64.93
74.98
88.23
104.87
127.41
157.30
217.70




Tw(C)

794
714
643
577
515
457
402
350
300

T,(C)

741
672
608
549
492
437
386
338
293

T.,(C)

876
787
706
634
567
503
440
382
328

RUN 4 T}= 90.1(C) V;=0.255(m/s) Fr= 0.522 Re= 10483.5

d (kW/m2)

215.09
188.13
170.58
156.73
142.96
132.36
123.43
118.19
112.06

RUN 5 T;= 91.5(C) V;=0.366(m/s) Fr= 1.077 Re= 15155.4

q: (kW /m?)

199.58
179.41
164.34
150.58
14492
134.94
119.27
113.21
105.86

qc

183.14
164.78
153.44
144.16
133.79
125.72
118.71
114.90
109.85

Qe

173.55
159.89
149.71
139.64
136.82
129.07
115.03
110.20
103.77

h; (W/m?/C)

310.54
306.63
314.87
329.49
345.31
371.58
409.76
474.72
564.21

h; (W/m?/C)

311.72
314.00
323.95
336.38
370.59
401.86
418.24
476.65
550.99

h,

264.42
268.58
283.24
303.06
323.15
352.94
394.09
461.52
553.10

h,

271.07
279.82
295.11
311.96
349.89
384.37
403.36
463.94
540.12

Nut

55.64
61.32
69.89
80.63
92.53
108.42
129.88
163.21
210.37

Nut

60.16
66.84
75.73
85.76
103.04
121.13
135.78
166.73
207.28

RUN 6 T;=91.3(C) V;=0.526(m /s) Fr=2.223 Re=21762.8

7:(kW/m?)

279.57
247.09
222.57
198.01
186.80
170.73
165.54
144.56
136.80

dc

236.32
215.98
199.99
181.54
174.82
162.14
159.54
140.43
134.02

h; (W/m?/C)

360.56
360.34
367.57
371.50
400.96
424.82
487.96
514.41
602.49

h,

304.79
314.96
330.28
340.60
375.24
403.44
470.28
499.72
590.23

Nut

59.12
66.73
76.06
84.87
100.97
117.27
147.55
169.15
215.30

Nu,

55.64
61.32
69.89
80.63
92.53
108.42
129.88
163.21
210.37

Nu,

60.16
66.84
75.73
85.76
103.04
121.13
135.78
166.73
207.28

Nu,

59.12
66.73
76.06
84.87
100.97
117.27
147.55
169.15
215.30




RUN 7 Tj= 91.7(C) V;=0.730(m/s) Fr= 4.287 Re= 30280.4
Tw(C) q(kW/m?) ¢ h; (W/m2/C) he Nu; Nu,

765 297.58 269.03 448.43 405.40 87.83 87.83
689 257.33 236.32 437.37 401.67 9422 9422
619 238.86 223.50 461.32 431.66 109.44 109.44
552 226.12 214.97 500.80 476.11 130.28 130.28
490 206.73 198.70 530.68 510.06 150.48 150.48
432 186.75 181.05 564.38 547.16 173.50 173.50
375 187.38 183.44 683.20 668.84 228.46 228.46
321 165.04 162.40 74943 73745 271.68 271.68

RUN 8 Tj= 91.9(C) V;=0.954(m /s) Fr= 7.312 Re= 39592.3
Tw(C) ¢(kW/m?) ¢ h; (W/m?/C) h Nu; Nu

747 345.85 319.17 535.03 493.76 108.88 108.88
674 309.99 290.34 541.23 506.94 12091 120.91
605 281.19 266.79 556790 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 22252 217.15 692.64 67594 217.01 217.01

RUN 9 Tj= 90.9(C) V;=1.138(m/s) Fr= 10.407 Re= 46993.2
Tw (C) g (kW/mz) de ht (W/mz/C) hc Nut Nuc

773 422.80 393.32 629.38 58549 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
486 297.75 289.89 77217 751.80 222.84 222.84
426 277.53 272.03 853.31 836.39 267.14 267.14

RUN 10 T;=91.0(C) V;=1.441(m/s) Fr= 16.695 Re= 59524.2
Tw(C) ¢(kW/m?) ¢ h; (W/m2/C) h, Nu, 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
518 367.60 358.25 880.37 857.98 244.58 244.58
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




T.(C)

791
713
639
570
506
446
390

T, (C)

856
752

587
521
463
410
361

Tu(C)

800
714
640
574
516
463
414
368

T.(C)

825
738
659
585
515
449
388
330

RUN 11 7;= 91.1(C) V;=1.753(m/s) Fr= 24.698 Re= 72455.5

g (kW/mz)

566.03
556.75
512.58
463.07
417.72
389.01
366.36

Qe

534.35
533.50
495.69
450.90
408.96
382.78
362.01

ht (W/m2/C)

819.85
908.87
951.88
987.20
1030.76
1125.84
1269.12

h,

773.98
870.91
920.52
961.25
1009.16
1107.82
1254.07

Nut

163.22
199.04
227.97
257.69
292.10
344.85
420.20

RUN 1 Tj= 79.6(C) V;=0.011(m/s) Fr= 0.001 Re= 436.6

qt(kW/mQ)

269.52
224.61
183.99
161.99
132.03
117.67
107.83

98.98

de

205.12
181.04
153.89
140.80
116.89
106.66

99.86

93.27

h, (W/m?/C)

356.90
344,72
32691
333.04
314.49
324.69
348.42
380.28

h,

271.62
277.85
273.43
289.47
278.43
294.31
322.67
358.34

Nut

53.71
60.94
65.92
76.08
79.15
89.72
105.19
124.75

RUN 1 T;=79.6(C) V;=0.054(m/s) Fr=0.023 Re=2090.4

9: (kW /m?)

251.83
214.07
181.90
161.50
145.40
132.91
113.52
105.30

qc

199.52
176.80
154.84
141.62
130.66
121.93
105.37

99.31

h; (W/m?/C)

360.42
349.21
337.55
341.20
350.53
367.28
362.87
394.22

h,

285.56
288.42
287.33
299.19
314.99
336.95
336.84
371.78

Nut

59.73
65.88
71.13
79.81
90.10
102.78
109.33
128.23

RUN 2 T;=79.2(C) V;=0.124(m/s) Fr= 0.124 Re= 4841.0

q:(kW /m?)

259.10
225.74
207.96
188.35
178.32
162.89
148.66
137.79

qc

201.64
184.61
178.49
167.37
163.61
152.75
141.80
133.27

h; (W/m?/C)

357.95
354.32
372.66
388.86
430.32
467.56
518.63
602.03

D-10

h,

278.57
289.77
319.84
345.54
394.82
438.46
494.70
582.29

Nut

56.81
64.52
77.51
91.02
112.99
136.00
166.21
211.85

Nu,

163.22
199.04
227.97
257.69
292.10
344.85
420.20

Nu,

53.71
60.94
65.92
76.08
79.15
89.72
105.19
124.75

Nu,

59.73
65.88
71.13
79.81
90.10
102.78
109.33
128.23

56.81
64.52
77.51
91.02
112.99
136.00
166.21
211.85



RUN 3 Ty= 79.2(C) V;=0.179(m/s) Fr= 0.256 Re= 6955.4
Tw(C). q:(kW/m?) ge by (W/m?/C) h, Nu Nu

918 305.28 225.48 373.80 276.09 51.49 51.49
827 27545 217.43 379.15 299.28 60.87 60.87
745 244.68 202.42 379.98 31434 69.49 69.49
669 226.96 196.21 399.79 345.62 82.88 82.88
596 215.34 193.27 435.14 39054 101.66 101.66
524 198.77 183.33 469.33 432.88 122.50 122.50
457 190.44 179.83 534.96 505.16 155.22 155.22
392 178.08 171.02 612.21 58795 196.43 196.43

RUN 4 T;= 79.5(C) V;=0.279(m/s) Fr= 0.626 Re= 10887.0
Tw(C) ¢(kW/m?) g h; (W/m2/C) h, Nu; Nu,

953 336.69 246.83 395.07 289.62 5224 52.24
865 317.87 251.42 416.08 329.10 64.53 64.53
782 289.88 241.00 425.69 35391 7534 75.34
702 275.57 240.10 458.41 39941 9242 9242
627 249.88 224.40 475.38 42690 107.26 107.26
552 238.35 220.59 52891 489.50 134.08 134.08
482 227.86 215.61 597.99 565.84 168.64 168.64
414 215.57 207.43 689.22 663.20 215.28 215.28
348 200.32 195.12 809.75 788.73 279.54 279.54

RUN 5 1= 79.5(C) V;=0.369(m./s) Fr= 1.093 Re= 14378.3
Tw(C) ¢(kW/m?) ¢ h; (W/m?/C) h, Nu; Nu

820 313.84 257.45 436.63 358.18 7341 7341
746 291.73 249.27 45223 38641 85.33 85.33
676 273.44 241.68 47539 420.16 99.95 99.95
608 263.66 240.32 520.33 47427 121.78 121.78
542 24495 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 67499 217.68 217.68

RUN 6 T}= 79.6(C) V;=0.494(m/s) Fr= 1961 Re= 19273.1
Tw(C) q:(kW/m?) g h; (W/m?/C) h, Nu Nu,

798 344.97 292.96 494.79 42020 88.02 88.02
733 326.00 285.69 515.67 45191 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 27745 259.73 616.17 576.80 158.06 158.06
496 262.69 249.46 665.25 631.74 185.20 185.20
441 251.36 241.70 738.73 710.35 222.59 222.59




Tw(C) q:(kW/m?)

835
762
692
624
560
498

T.,(C)

845
775
707
642
578
515

Tw(C)

940
852
770
692
616
544

T, (C)

787
709
635
563

RUN 7 Tj= 81.7(C) V;=0.595(m/s) Fr= 2.840 Re= 23431.6
h; (W/m?/C)

Qe

528.07
538.06
569.22
600.45
638.62
677.74

h. Nu; Nu,

446.78 90.18 90.18
469.55 101.94 101.94
511.70 119.67 119.67
552.32 139.20 139.20
598.31 162.36 162.36
644.02 188.33 188.33

RUN 8 T;= 82.0(C) V;=0.854(m/s) Fr= 5.862 Re= 33701.0
h; (W/m?/C)

653.17
716.61
742.51
790.52
870.85
936.36

h. Nu; Nu,
570.00 113.92 113.92
646.00 138.47 138.47
682.82 157.21 157.21
740.02 182.75 182.75
828.45 220.16 220.16
900.84 257.75 257.75

RUN 9 T;= 81.9(C) V;=1.074(m/s) Fr= 9.270 Re= 42367.6
h; (W/m?/C)

771.86
798.12
817.04
871.95
958.44
998.66

h, Nu; Nu,

669.42 122.30 122.30
713.55 141.61 141.61
747.25 160.97 160.97
814.36 190.36 190.36
911.28 231.67 231.67
276.15 276.15

RUN 10 T3=79.9(C) V;=1.423(m/s) Fr= 16.280 Re= 55610.3
h, (W/m?/C)

387.68 328.01
355.96 310.64
336.47 302.47
314.00 288.84
292.88 274.40
269.07 255.68
gt (kW/ m2) Ge
486.09 424,19
483.05 435,46
449.74 413,59
427 .68 400.36
415.09 394,88
388.18 373.45
g: (kW /m?) Qe
647.30 561.39
599.80 536.24
546.75 500.05
515.83 481.76
493,97 469.67
459.13 442.081037.18
g (kW/ m2) Qe
731.38 681.61
704.09 667.51
664.54 638.06
628.42 609.59

1066.67

hc Nut Nuc
994.08 210.62 210.62

1157.05 1096.94 251.79 251.79
1244.33 1194.75 297.36 297.36
1359.42 1318.69 356.32 356.32



RUN 11 T;= 79.8(C) Vi=1.646(m/s) Fr=21.779 Re= 64285.3

To(C) ¢(kW/m?) ¢ h (W/m?/C) h, Nu Nu,

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 Tj= 79.8(C) Vj=2.035(m/s) Fr= 33.282 Re= 79443.9
Tw(C) @(kW/m?) ¢ h (W/m?/C) h, Nu 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
RUN 1 T}= 71.4(C) V;=0.011(m/s) Fr= 0.001 Re= 418.3
Tw(C) ¢:(kW/m?) ¢ h; (W/m2/C) h, Nu Nu,

890 341.66 269.15 433.15 341.23 65.36 65.36
768 265.49 219.08 397.69 32817 7081 70.81
671 218.21 187.19 383.02 32858 78.63 78.63
586 184.61 163.60 380.92 337.56 88.89 88.89
511 161.76 147.41 394.69 359.67 103.51 103.51
444 144.14 134.35 420.66 392.08 122.49 122.49
383 127.73 121.09 453.32 429.77 14533 145.33
328 114.35 109.90 503.59 483.97 176.53 176.53

RUN 1 Tj= 70.4(C) V;=0.011(m/s) Fr= 0.001 Re= 416.3
Tw(C) ¢(kW/m?) ¢ h, (W/m?/C) h, Nu Nu,

875 332.81 263.91 429.87 340.87 66.19 66.19
757 261.68 217.37 399.02 33146 7239 72.39
658 219.12 189.71 393.00 34024 8250 8250
573 187.81 168.04 397.77 355.90 95.07 95.07
497 162.16 148.84 409.34 375.70 109.98 109.98
429 147.99 139.03 451.27 42397 13495 134.95
368 126.04 120.06 47272 450.32 155.42 155.42
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Tw(C)

913
836
763
695
629
565
503
447

Tw(C)

830
760
694
629
567
507

T, (C)

868
759
654
555

T.,(C)
841

716
656
598
542

RUN 2 T;= 70.4(C) V;=0.125(m /s) Fr=0.126 Re= 4623.5
h, (W/m?/C)

q:(kW/m?)

328.46
331.32
303.84
284.26
271.88
253.07
233.21
220.97

de

249.81
271.47
258.40
249.85
246.16
234.10
219.41
210.99

404.31
450.80
458.84
478.60
515.26
545.75
579.42
639.13

h,

307.51
369.36
390.23
420.66
466.52
504.86
545.14
610.26

Nut

57.59
74.50
84.66
98.09
116.95
136.19
158.34
189.92

RUN 3 Tj=70.5(C) V;=0.180(m/s) Fr= 0.259 Re= 6645.2

g:(kW/m?)

345.66
318.39
300.40
290.97
272.70
252.11

9c

287.17
273.46
266.09
265.18
253.56
238.07

h; (W/m?/C)

474.38
482.91
506.38
550.80
585.67
621.35

h,

394.12
414.77
448.55
501.98
544 .55
586.75

Nut

79.99
90.25
104.67
125.75
146.57
169.73

RUN 4 Tj=70.6(C) V;=0.258(m/s) Fr= 0.535 Re= 9552.4
h; (W/m?/C)

q: (kW /m?)

384.32
361.81
350.97
310.45

RUN 5 T}= 70.6(C) V;=0.371(m/s) Fr= 1.104 Re= 13730.1

q: (kW /m?)

435.18
408.80
386.63
363.95
351.66
333.46

dc

317.14
317.09
322.10
292.39

de

374.18
360.83
349.04
334.92
329.31
316.55

501.03
549.72
634.30
683.83

h; (W/m?/C)

D-14

587.95
604.64
628.60
656.19
706.77
756.06

h,

413.44
481.76
582.13
644.05

h,

505.54
533.69
567.49
603.84
661.84
717.71

Nut

80.83
104.95
141.81
175.72

Nut

101.44
114.17
129.35
146.88
171.77
198.85

57.59
74.50
84.66
98.09
116.95
136.19
158.34
189.92

79.99
90.25
104.67
125.75
146.57
169.73

80.83
104.95
141.81
175.72

101.44
114.17
129.35
146.88
171.77
198.85



RUN 6 Ty= 70.7(C) Vi=0.497(m/s) Fr= 1.983 Re= 18402.8
Tw(C) ¢(kW/m?) ¢ h; (W/m?/C) h, Nu 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 61559 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 Tj= 70.7(C) V;=0.599(m /s) Fr= 2.879 Re= 22177.6
Ty(C) ¢(kW/m?) g h; (W/m?/C) h, Nu; Nu,

884 537.90 466.79 686.80 596.00 114.75 114.75
818 515.57 459.53 71898 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 74541 174.09 174.09
634 448.42 422.07 84123 791.78 197.28 197.28
577 41291 392.75 867.14 82479 219.31 219.31

RUN 8 T;= 70.9(C) V;=0.860(m/s) Fr= 5.941 Re= 31898.3
Tw(C) ¢:(kW/m?) ¢ h, (W/m?/C) h, Nu Nu.
898 729.73 655.21 91599 82246 156.38 156.38
822 699.67 642.71 969.78 890.84 182.09 182.09
RUN 9 T;= 71.0(C) V;=1.063(m/s) Fr= 9.077 Re= 39444.2
Tw(C) @(kW/m?) g h; (W/m?/C) h, Nu Nu,
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 7= 70.9(C) V;=1.388(m/s) Fr= 15.488 Re= 51484.0
T,(C) ¢(kW/m?) ¢ h (W/m?/C) h. Nu Nu,

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
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APPENDIX E

TYPICAL UPWARD TWO-PHASE EXPERIMENT DATA

Test Sphere Diameter: 12.7 mm
Test Sphere Material: 316 Stainless Steel
No. 1 Tube needle Assembly

RUN 1 Water V =0.690(m/s) Steam V = 3.218(m/s)
Re =29794.9 Void Fraction =0.436

Tw (C) q: (kW/mz) g by (W/mz/C) h, Nu Nu C'D,two*

742 182.8 1515 2849 2361 633 524 0.568
666 153.7 1309 2715 2312 653 55.6 0.560
634 1412 1214 2645 2274 66.0 56.7 0.552
575 120.6 105.6 2539 2223 677 59.3 0.540
549 112.8 99.6 2514 2221 692 61.1 0.539
500 1072 971 2684 2431 784 71.0 0.589
455 89.5 8l.6 252.1 2300 77.7 709 0.553
435 852 782 2545 2337 805 739 0.560
415 786 725 2495 2300 809 746 0.549
397 79.1  73.6 266.6 248.1 88.6 824 0.590
379 733 684 2629 2455 894 835 0.580
362 67.6 63.3 2579 2414 898 84.0 0.567
345 737 699 300.8 2852 107.2 101.6 0.666

RUN 2 Water V =0.801(m/s) Steam V = 3.319(m/s)
Re = 34573.5 Void Fraction =0.422

T,(C) @(kW/m?) g h (W/m?/C) h, Nu; Nu, Cpuo

738 193.2 162.3 302.8 2544 675 56.7 0.568
698 1685 142.3 2816 2378 655 553 0.534
632 140.1 1205 2635 2267 659 56.7 0.511
604 134.8 117.6 2675 2334 691 60.2 0.527
576 128.6 113.6 2703 2387 721 63.6 0.538
524 1072 95.6 2525 2253 715 63.8 0.507
437 884 813 262.1 2411 826 76.0 0.537
418 81.8 755 2572 2375 831 76.7 0.527
400 776  72.0 258.7 2401 856 794 0.530
383 778 72.8 2751 2575 931 87.1 0.566
366 751 70.7 2828 2661 98.0 922 0.581

*Cp,two as in Eq. (7.15).




Tw(C)

736
696
662
631
603
575
525
481
460
421
386

Tu(C)

726
688
656
604
556
534
513
493
456
422
405

Tw(C)

739
700
667
638
611
562
518
497

441
407

RUN 3 Water V =0.934(m/s) Steam V = 3.457(m/s)

¢ (kW /m?)

204.1
186.9
158.2
147.2

Re =40316.1 Void Fraction =0.406

qc

173.5
160.9
135.8
127.7
123.4
107.3
93.3
83.3
87.6
78.3
72.8

h; (W/m?/C)

321.0
313.6
281.6
277.2
279.5
257.3

h.

272.9
270.1
241.7
2404
245.5
225.7
219.6
218.9
2434
243.6
254.2

Nut

71.7
73.1
68.1
69.3
72.3
68.6
69.9
72.6
81L.5
84.8
91.6

Nu,

60.9
63.0
58.5
60.2
63.5
60.2
62.2
65.4
74.6
78.4
85.6

RUN 4 Water V =1.106(m /s) Steam V = 3.666(m/s)

gt (kW/mz)

251.1
208.9
177.9
139.6
126.2
118.2
109.1
109.4
100.3

96.0

84.2

Re = 47737.7 Void Fraction =0.382

dc

221.7
183.9
156.0
122.3
112.6
106.0
98.2
99.6
92.4
89.5
78.4

ht (W/mz/C)

401.0
355.3
319.9
276.9
276.9
272.4
264.2
278.4
281.6
298.4
275.9

h,

354.1
312.7
280.6
242.7
247.0
244.3
237.8
253.5
259.4
278.4
257.0

Nut

90.5
83.5
77.8
71.5
75.5
76.3
75.9
82.0
86.7
96.0
90.7

Nu,

79.9
73.5
68.3
62.6
67.4
68.4
68.3
74.6
79.8
89.5
84.4

RUN 5 Water V =1.242(m/s) Steam V = 3.864(m/s)

g:(kW/m?)

2429
214.4
175.2
155.2
147.4
120.2
118.6
114.3
101.6

98.1

92.4

Re =53596.5 Void Fraction =0.363

Gc

211.9
188.0
152.4
135.2
129.6
106.1
107.4
104.3

93.6

90.9

86.6

h, (W/m?/C)

379.9
357.2
309.3
288.9
288.5
260.1
283.9
287.9
283.5
288.1
301.6

h,

331.4
313.2
269.0
251.5
253.6
229.7
257.1
262.7
261.1
266.9
282.6

Nut

84.5
82.9
74.4
71.7
73.8
70.4
81.1
84.4
87.0
90.4
98.9

Nu,

73.7
72.7
64.7
62.5
64.9
62.2
73.4
77.0
80.1
83.8
927

C'D,t'wo

0.565
0.561
0.503
0.501
0.513
0.471
0.458
0.455
0.504
0.501
0.518

C'D,two

0.674
0.597
0.537
0.466
0.474
0.469
0.456
0.485
0.493
0.526
0.484

CD,t'wo

0.594
0.564
0.486
0.455
0.459
0.416
0.465
0.475
0.469
0.478
0.502



RUN 6 Water V =1.453(m/s) Steam V = 4.251(m/s)
Re = 62688.1 Void Fraction =0.330

Tw(c) 7 (kW/mz) e by (W/mz/C) h, Nu; Nu. C'D,two

721 278.2 2494 4479 4015 1016 91.1  0.667
685 2174 192.7 3720 3298 878 778 0.550
629 155.5 136.2 2943 2578 738 647 0431
605 149.1 131.8 2952 2609 761 672 0.437
582 142.7 1272 296.0 2639 783 69.8 0.442
541 142.2  129.6 322.6 2939 896 8l6 0492
501 1149 104.7 286.5 261.0 835 761 0.436
484 106.9 97.6 2783 254.0 828 756 0.424
467 106.6 982 2904 2674 882 8l2 0.445
451 93.6 859 267.0 2451 828 760 0.406

RUN 7 Water V =1.615(m/s) Steam V = 4.645(m/s)
Re = 69709.9 Void Fraction =0.302

T’w(c) Qt(kw/m2) Qe ht (W/mZ/C) hc Nut Nuc C'D,two

788 310.6 273.1 4514 3969 95.6 84.0 0.621
743 257.8 2264 4012 3524 89.0 782 0.554
706 211.2 184.2 3486 3039 804 701 0.480
648 166.5 145.5 3041 2657 747 652 0421
597 147.7 1311 2975 2641 774 687 0.420
573 142.0 127.1 300.1 268.7 802 71.8 0427
529 121.6  109.7 283.1 2555 797 719 0.405
510 1141 103.4 2786 2524 803 728 0.400
491 108.8 99.2 278.7 2540 823 750 0402
472 107.6 989 289.2 265.8 873 803 0420

RUN 8 Water V =1.912(m/s) Steam V = 5.739(m/s)
Re = 82536.3 Void Fraction =0.244

Tw(C) ¢ (kW /m?) g¢ h (W/m?/C) h, Nu Nu. Cpiwo

721 299.9 271.1 4829 4365 1096 990 0.632
681 238.5 214.2 410.8 3689 973 874 0.536
649 198.7 177.6 3624 3239 889 795 0472
595 160.1 143.6 3234 2900 843 756 0424
571 150.2 135.5 3186 2874 853 770 0.420
550 1374 124.2 305.8 2765 84.0 760 0.403
509 1254 114.7 306.6 2805 885 810 0.409
489 1224 112.8 3144 2898 93.0 857 0.421
453 110.8 103.1 3139 2919 970 902 0.422
435 118.6 111.6 354.1 3333 1119 1054  0.480
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RUN 9 Water V =2.047(m/s) Steam V = 6.522(m/s)
Re = 88347.9 Void Fraction =0.215

Tw(C) @(kW/m?) ¢ h; (W/m?/C) h, Nu, Nu,

883 3565.1 301.9 4534 3854 874 743
833 284.3 2399 388.0 3273 785 66.3
790 255.0 217.3 369.9 315.1 782 66.6
717 196.3 168.1 3185 2726 726 622
652 181.0 159.6 3279 289.1 80.1 707
595 159.2 1428 322.0 2887 840 753
543 1415 128.8 319.6 2909 88.6 80.6
519 129.3 118.1 308.6 281.8 88.0 80.3
497 120.6 110.6 3040 2788 89.1 817
475 - 1206 111.7 321.6 298.0 96.7 89.6

RUN 1 Water V =0.854(m/s) Steam V = 3.887(m/s)
Re = 36869.8 Void Fraction =0.544

Ty(C) ¢(kW/m?) ¢ h; (W/m?/C) h, Nu Nu

710 199.8 1723 3275 2824 752 64.8
673 169.6 146.0 295.8 254.8 70.7 60.8
639 1543 134.1 286.3 248.7 710 617
608 1345 116.9 2647 2302 68.0 59.1
551 121.2  107.9 269.0 2396 73.8 65.8
525 115.2 103.6 2712 2439 768 69.1
477 105.2 963 279.5 2558 839 76.8
454 95.6 87.7 269.7 2476 832 764
434 89.0 821 266.8 2461 845 779
415 785 723 2495 2299 81.0 74.6
362 720 67.7 2746 2581 955 89.8
346 674 635 2740 2584 975 920

RUN 2 Water V =0.993(m/s) Steam V = 3.961(m/s)
Re =42843.3 Void Fraction =0.534

Tw(C) q:(kW/m?) g¢ hi (W/m2/C) h, Nu Nu,

700 1945 168.1 3242 2802 752 65.0
663 168.6 146.1 299.5 2595 723 627
630 151.3 131.9 285.6 2489 715 624
599 138.8 122.1 2785 2449 723 63.6
493 107.8  98.0 2747 2498 809 73.6
469 1024  93.9 2778 2546 842 77.2
447 86.1 78.6 248.1 2265 772 705
427 90.1 834 275.7 2554 88.1 8l.6
388 783 73.1 2716 2537 913 853
370 772 72.6 285.7 2688 983 925
353 745 705 2946 278.6 103.8 98.2
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CD,two

0.529
0.452
0.438
0.382
0.407
0.408
0.410
0.397
0.392
0.418

CD,two

0.613
0.554
0.542
0.503
0.523
0.532
0.556
0.536
0.530
0.494
0.545
0.542

CD,two

0.565
0.524
0.504
0.496
0.505
0.512
0.454
0.510
0.502
0.528
0.544



RUN 3 Water V =1.376(m/s) Steam V = 4.199(m/s)
Re = 59386.5 Void Fraction =0.504

Tu(C) @(kW/m?) | ¢ hy (W/m2?2/C) h, Nu; Nu. Cptwo

690 201.8 176.5 3419 2990 802 701 0512
655 172.8 151.1 3113 2721 758 663 0467
624 159.3 1404 3039 2678 766 675 0.460
595 147.8 1313 2985 2652 77.8 691  0.457
519 117.0 105.8 2795 2527 797 721 0434
453 99.7 92.0 2825 2604 873 805 0.444
434 952 883 285.5 2647 904 838 0.449
380 796 747 2839 2664 964 904  0.446
364 780 73.6 295.1 2786 1024 96.7 0464

RUN 4 Water V =1.376(m/s) Steam V = 4.199(m/s)
Re =59386.5 Void Fraction =0.504

Tw(C) q:(kW/m?) g h; (W/m?/C) h. Nu; Nu. Cptwo

706 244.0 216.9 402.7 3580 929 826 0.612
668 196.3 1734 3459 3055 831 734 0524
635 173.5 153.6 3242 2870 807 715 0493
579 138.6 1234 289.7 2578 769 685 0.444
553 138.1 124.6 3049 2753 835 753 0473
528 127.6 115.8 298.0 2704 84.0 762 0.465
505 1204 110.0 2975 2717 863 789  0.467
483 110.3 101.1 2882 2641 859 787 0.452
442 101.1  93.8 296.0 2747 928 86.1 0.467
423 946 88.1 2932 2731 941 877 0.463
371 83.0 784 306.8 2899 105.6 99.8 0.484

RUN 5 Water V =1.548(m/s) Steam V = 4.327(m/s)
Re = 66790.6 Void Fraction =0.489

Tw (C) a: (kW/mz) e ht (W/mZ/C) hc Nut Nuc CD,t'wo

734 263.9 233.6 4165 368.7 932 825 0.593
690 2412 215.8 408.5 365.6 958 857 0.590
654 195.6 1739 3529 3139 86.0 765 0.508
595 1542 137.7 3115 2782 812 725 0452
570 139.7 125.1 297.6 2665 799 716 0432
522 1284 117.0 3047 2776 86.6 789 0.450
499 1232 1131 3086 2833 902 828 0.459
458 111.2  103.2 310.6 2883 954 885 0.464
439 1047 97.6 3094 2884 974 908 0462
402 922 865 3048 286.0 1005 943 0.455
386 895 844 3134 295.6 105.7 99.7 0.468




RUN 6 Water V =1.815(m/s) Steam V = 4.560(m/s)
Re = 78331.1 Void Fraction =0.464

Tw(C) @(kW/m?) ¢ h;(W/m?/C) h, Nu; Nu. Cbhiwo

702 270.3 243.8 449.3 405.1 1041 938 0.604
666 2129 190.1 3764 336.1 906 809 0.502
609 169.5 151.8 333.0 2983 854 76.6 0447
584 163.1 1475 3372 3049 89.1 805 0457
539 137.6 125.2 3139 2855 874 795 0427
497 1274 1174 3209 2958 940 86.6 0.442
459 1154 107.4 321.5 299.1 986 917 0444
425 101.8 95.2 313.5 2934 1004 940 0433
408 98.6 927 320.1 300.9 1047 985 0.443

RUN 7 Water V =2.023(m/s) Steam V = 4.779(m/s)
Re = 87287.0 Void Fraction =0.442

Tw(C) @(kW/m?) ¢ h; (W/m?/C) h, Nu Nu. Cb.iwo

726 288.1 258.8 4604 4135 1039 933 0.582
687 257.0 232.1 438.0 3954 103.1 931 0.559
626 1854 166.3 352.6 3163 887 796  0.449
578 153.9 138.7 3222 2905 857 773 0412
535 140.2 128.0 3224 2942 90.1 823 0417
497 126.6 116.7 319.2 2941 936 862 0416
479 121.5 1125 321.0 2972 961 89.0 0.420
444 109.6 102.2 3183 2969 994 927 0.417
412 98.8 927 316.8 2974 1032 969 0415

RUN 8 Water V =2.339(m/s) Steam V = 5.198(m/s)
Re =100922.4 Void Fraction =0.407

Tw (C) q: (kW/m2) Qe ht (W/mZ/C) hc Nut Nuc CD,two

716 306.4 278.2 4974 4517 1135 103.0 0.592
680 247.8 223.6 427.0 3852 1012 913 0.506
625 188.0 169.0 3582 322.0 902 811 0425
579 162.1 146.8 3384 3065 89.8 814 0405
538 142.9 130.5 326.6 2982 910 831 0.393
500 129.2  119.0 3227 2973 942 868 0.392
466 119.3 110.9 3261 3032 992 922 (0.397
449 1187 111.1 339.8 3181 1055 987 0416
418 111.6 1054 351.6 3319 1137 107.3 0431



RUN 9 Water V =2.578(m/s) Steam V = 5.616(m/s)
Re = 111241.4 Void Fraction =0.377

Tw(C) qt(kW/mz) g h (W/mZ/C) h, Nu; Nu, CD,two

729 298.1 268.4 473.8 4264 1065 959  0.532
693 273.8 248.2 461.7 4185 1079 978 0.524
636 203.6 183.7 380.2 343.0 946 854 0431
590 172.4 156.3 351.7 3188 922 836 0.401
570 166.6 152.0 3549 3239 953 869  0.407
531 1449 1329 336.1 3082 944 86.6 0.387
514 136.7 125.8 330.7 3042 949 873 0.382
480 131.2 122.1 3455 321.6 1034 962  0.402
432 127.3 120.5 383.6 3629 121.7 1152  0.450

® K Kk ok ok ok ok kK PEST: TUL-3 * % % % % % % % % *

RUN 1 Water V =1.214(m/s) Steam V = 3.965(m /s)
Re =52390.1 Void Fraction =0.679

Tu(C) ¢(kW/m?) ¢ h (W/m?/C) h, Nu, Nu. Cpuwo

727 207.7 1782 331.4 2843 747 641 0517
686 185.1 160.3 316.1 2738 745 645 0499
617 1534 135.2 2970 2616 755 665 0479
558 127.3 1135 2781 248.1 75.7 675 0454
504 1144 104.0 2829 2571 821 747 0470
457 1044 964 2928 2705 90.1 832 0491
414 86.5 803 2752 2556 89.3 830 0.460
376 79.0 743 286.0 2687 97.6 917 0479
343 69.0 652 2841 268.7 101.6 96.1 0472

RUN 2 Water V =1.359(m/s) Steam V = 4.083(m/s)
Re = 58630.9 Void Fraction =0.659

Tw(C) ¢(&kW/m?) ¢ h:(W/m?/C) h, Nu; Nu, Cpiwo

729 2132 1835 339.1 2919 763 657 0.501
688 196.8 171.8 3350 2924 788 688 0.504
620 152.1 133.6 2927 257.0 742 65.1 @ 0.445
562 1345 120.5 2915 2611 790 708 0452
535 121.3 109.1 279.0 2509 780 702 0434
487 111.1 101.6 2873 2629 852 780 0.454
423 929 864 2879 2678 924 86.0 0457
385 825 774 289.2 2715 976 916 0.458
368 739 694 2758 259.0 952 894 0435
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RUN 3 Water V =1.519(m/s) Steam V = 4.243(m/s)
Re = 65567.5 Void Fraction =0.635

Tw(C) ¢(kW/m?) ¢ h, (W/m?/C) h, Nu; Nu. Cp uo

717 238.2 209.9 386.0 340.0 879 775 0.553
678 2039 179.9 3529 3113 838 740 0.508
615 156.6 138.5 3044 2692 776 686 0441
560 138.2 124.3 300.6 2704 816 734 0.443
535 127.7 1155 293.8 265.6 822 743 0435
489 1149 105.4 295.6 271.0 874 802 0.442
448 1055 98.0 303.4 2818 944 877 0457
410 90.5 84.6 2922 2730 954 892 0439
376 859 81.1 310.8 2935 106.1 1002 0467
345 748 709 305.1 289.6 108.7 103.2 0456

RUN 4 Water V =1.708(m/s) Steam V = 4.486(m/s)
Re =73732.5 Void Fraction =0.600

T'w(c) gt (kW/mz) gc hy (W/mg/C) h, Nu; Nu, CD,two

691 230.6 205.2 390.2 3472 914 814 0.534
652 189.6 168.2 3437 3049 84.0 746 0470
587 153.3 1375 315.0 2824 829 743 0.436
531 136.9 124.9 317.6 289.7 89.2 814 0447
481 117.0 107.9 3069 2829 916 844 0435
437 105.0 979 311.3 2903 981 915 0.443
398 90.2 84.7 3029 2844 1005 944 0.430
362 82.6 783 315.2 298.8 109.7 1040 0.446
345 825 787 336.7 3212 120.0 1145 0.477

RUN 5 Water V =1.845(m /s) Steam V = 4.715(m/s)
Re = 79620.2 Void Fraction =0.571

Tw(C) @*kW/m?) ¢ h (W/m?/C) h. Nu Nu. Cpiwo

721 270.7 242.0 4363 390.0 990 885 0.575
681 232.3 208.0 400.0 3582 948 849 0530
617 172.4 154.1 3333 2979 847 757 0.442
566 150.1 135.8 3222 2915 869 786 (.433
519 1323 121.1 3159 289.1 901 824 0429
477 118.1 109.2 3133 289.6 94.0 869 0.428
439 108.6 101.5 3204 299.3 100.7 941  0.439
404 95.6 89.8 3143 2954 1034 972 0430
372 84.0 793 3084 2913 105.8 1000 0.420
357 864 823 3358 319.6 117.6 112.0 0.459
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RUN 6 Water V =2.037(m/s) Steam V = 5.157(m/s)
Re =87915.9 Void Fraction =0.522

Tw(C) ¢(kW/m?) , ¢ h;(W/m?/C) h., Nu Nu, Cp,two

733 276.6 2464 437.1 3894 979 872 0.546
692 255.7 230.3 4324 3894 1013 912 0.548
627 1904 171.3 361.6 3253 909 818 0460
574 157.0 142.0 331.0 2995 884 800 0.424
528 139.9 128.1 3268 2992 921 844 0.423
487 1234 1139 3189 2944 945 873 0415
450 112.1 104.5 3209 2991 99.6 928 0419
415 102.6 964 3259 3064 105.8 994 0.426
383 94.0 89.0 332.6 3150 112.6 1066 0.434
367 91.7 873 343.1 3263 1185 112.7  0.447

RUN 7 Water V =2,172(m/s) Steam V = 5.602(m/s)
Re =93714.1 Void Fraction =0.481

1w(C) ¢(kW/m?) ¢ h;(W/m?/C) h, Nu; Nu, Op tuwo

700 286.5 260.2 477.7 433.8 1109 100.7 0.591
661 229.3 207.0 4086 368.7 988 892 0.504
602 170.6 153.5 340.1 3062 880 793 0.420
552 149.3 1359 330.1 300.6 90.4 823 0412
508 1322 121.6 3241 2981 937 862 0408
467 121.7 113.2 3314 3083 1006 93.6 0.419
431 112.9 106.1 3409 3203 1083 101.7 0.433
398 101.8 96.3 342.3 323.8 113.6 1075 0434
381 98.6 93.6 3504 332.8 118.8 1129 0.444

RUN 8 Water V =2.380(m/s) Steam V = 6.732(m/s)
Re = 102711.6 Void Fraction =0.400

Tw(C) q(kW/m?) ¢ h, (W/m?/C) h, Nu; Nu. Cpiuo

670 259.3 236.1 4548 4141 1090 992 0.540
639 215.8 1955 400.1 362.6 99.2 899 0474
613 188.6 170.6 367.5 3325 939 849 0435
567 159.7 145.3 3419 311.0 920 837 0407
546 152.6 139.6 342.0 313.0 944 863 0.409
506 143.5 133.0 353.3 3275 1024 949 0.428
488 1324 1229 3416 317.1 101.2 939 0413
453 1232 1154 3494 3274 108.0 101.2 0.424
436 116.9 109.9 348.3 3274 1100 1034 0423
420 1145 108.1 3582 3384 1155 1091 0.436
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Tw(C)

636
612
589
568
548
529
511
494
477
461
445
430

T,(C)

686
647
612
581
522
470

404
366
332
316

Tw(C)

701
660
593
564
510
462
419
400
363
316

RUN 9 Water V =2.479(m/s) Steam V = 7.653(m/s)
Re = 107005.4 Void Fraction =0.352

4 (kW/mz)

206.6
188.2
179.7
167.8
158.9
145.2
135.8
134.4
129.3
124.3
120.4
119.5

qc

186.7
170.3
163.6
153.4
1459
133.4
125.0
124.6
120.4
116.1
113.0
112.7

% %k ok 3k %k 3k %k 3k k x

ht (W/m2/C)

385.7
367.7
367.2
358.7
355.1
338.8
330.6
341.5
343.0
344.4
348.7
362.3

TEST: TU1-4

h.

348.5
332.8
334.4
327.8
325.9
311.2
304.3
316.6
319.3
321.8
327.2
341.8

¥ %k %k sk ok %k Kk Kk ok k

Nut

96.0
94.0
96.4
96.5
97.8
95.5
95.2
100.5
102.9
105.4
108.8
1153

Nu,

86.7
85.1
87.8
88.2
89.8
87.7
87.7
93.1
95.8
98.5
102.1
108.8

RUN 1 Water V =1.103(m/s) Steam V = 5.040(m/s)

gt (KW /m?)

199.2
176.9
152.4
143.6
122.9
106.9
97.8
88.2
76.9
70.5
66.7

Re = 47610.6 Void Fraction =0.647

4c

174.4
156.0
134.5
128.2
1114
98.3
90.3
82.5
72.5
67.1
63.7

h; (W/m?/C)

340.0
323.5
297.6
298.9
291.1
288.6
281.9
290.4
289.7
304.4
309.1

h,

297.5
285.2
262.7
266.9
264.0
2654
260.3
271.5
273.1
289.6
295.1

Nut

80.1
79.5
76.1
79.2
82.7
87.3
87.8
95.6
100.4
110.6
114.9

Nu,

70.1
70.1
67.2
70.7
75.0
80.3
81.0
894
94.6
105.2
109.7

RUN 2 Water V =1.264(m/s) Steam V = 5.141(m/s)

q:(kW/m?)

225.1
187.7
149.2
136.9
119.8
105.7
91.9
87.3
77.0
63.1

Re = 54567.0 Void Fraction =0.634

4e

198.6
165.5
132.9
122.7
109.1
97.5
85.5
81.7
72.7
60.1

h; (W/m?/C)

374.8
335.4
302.8
295.3
2924
291.9
287.9
291.3
292.5
292.2

h,

330.7
295.8
269.6
264.7
266.2
269.3
268.1
272.7
275.9
278.1

Nut

86.9
81.3
79.1
79.8
84.3
89.2
92.9
96.4
101.6
108.5

Nu,.

76.7
717
70.5
71.6
76.8
82.3
86.5
90.3
95.9
103.3

CD,two

0.446
0.427
0.429
0.420
0.418
0.399
0.390
0.405
0.407
0.409
0.415
0.432

CD,two

0.569
0.547
0.505
0.513
0.507
0.507
0.495
0.512
0.508
0.532
0.538

CD,two

0.591
0.529
0.484
0.475
0.477
0.479
0.473
0.479
0.479
0.473




RUN 3 Water V =1.453(m/s) Steam V = 5.276(m/s)
Re = 62703.6 Void Fraction =0.618

13,,, (C) e (kW/m2) . dc ){}t (W/mZ/C) hc Nut Nuc CD,two
725 2209 1917 353.8 3070 80.0 694 0510

680 219.1 1949 3779 336.1 89.6 797 0.561
609 163.2 145.6 320.7 2861 823 734 0.479
551 135.4 1221 3004 271.0 825 744 0.454
525 129.9 1183 3059 2786 86.6 789 0.466
476 111.7 1028 2968 2731 891 820 0455
413 95.3 89.2 3041 284.6 988 925 0.468
376 84.0 79.3 3048 287.6 1041 982 0.468
343 758 720 311.8 2964 1115 1059 0.476
328 713  68.0 3135 2989 1145 1092 0.477

RUN 4 Water V =1.689(m/s) Steam V = 5.474(m/s)
Re =72874.6 Void Fraction =0.595

T'w (C) qt(kW/mz) dc ht (W/mz/C) hc Nut Nuc CD,t‘wo

734 277.1 246.7 436.8 3889 977 870 0.599
691 235.1 209.8 398.1 3552 933 832 0.549
623 172.7 153.9 330.1 294.1 833 742 0.456
568 152.8 138.3 3263 2954 877 794 0.459
519 133.0 121.7 3173 2905 905 828 0.451
475 117.6 108.8 314.0 2905 945 874 0.449
454 110.9 103.1 3133 2912 967 899  0.448
416 984 922 311.5 2919 1009 945 0.446
398 945 89.0 3170 2984 105.1 990 0.454
365 833 789 3141 2974 108.8 103.1 0447
336 773 737 328.0 313.0 1185 113.1 0.465

RUN 5 Water V =1.869(m/s) Steam V = 5.654(m/s)
Re = 80642.3 Void Fraction =0.577

Tw(C) @(kW/m®) ¢ h; (W/m?/C) h. Nu; Nu. Cpwo

684 255.6 231.0 4379 395.7 1034 934 0.582
647 206.5 185.5 3772 3388 927 832  0.499
589 161.1 145.1 329.6 29%.9 866 780 0.439
563 151.6 1375 3273 296.8 885 803 0.438
516 132.7 121.6 3188 2922 912 836 0431
474 120.5 111.8 3224 2989 971 900 0.439
435 108.2 101.2 3229 302.0 1020 955 0.440
400 93.8 88.2 3125 293.8 1033 972 0.425
369 86.1 81.6 320.7 3039 1106 1048 0435
339 820 784 343.0 327.8 1233 1178 0.464
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Tw(C)

704
663
599
546
499
457
419
384
353

Tw(C)

732
687
620
567
519
477
457

386
370

Tw(C)

706
666
606
557
515
496
459
425
394

RUN 6 Water V =2.138(m/s) Steam V = 5.985(m /s)

7:(kW /m?)

289.2
232.9
171.7
148.7
128.3
119.3
106.1

93.7

86.7

Re =92263.3 Void Fraction =0.545

ge

262.4
2104
154.9
135.8
118.2
111.3
99.8
88.7
82.7

h, (W/m?/C)

479.1
414.0
3444
333.7
321.7
334.2
333.0
330.3
343.6

h,

434.7
374.1
310.7
304.7
296.3
311.9
313.2
312.6
327.7

Nut

110.7
100.0
89.4
92.1
94.0
102.8
107.5
111.6
121.2

Nu,

100.5
90.4
80.7
84.1
86.6
95.9

101.1

105.6

115.6

RUN 7 Water V =2.338(m/s) Steam V = 6.297(m/s)
Re = 100897.4 Void Fraction =0.518

(kW /m?)

304.8
269.2
191.2
162.9
142.3
128.8
121.5
108.4
100.4

93.8

de

274.7
2442
172.6
148.5
131.0
119.9
113.5
102.1

95.3

89.2

h; (W/m?/C)

482.7
458.3
367.5
349.0
339.3
342.2
340.6
339.3
351.2
347 .4

h.

435.1
415.7
331.7
318.2
312.5
318.5
318.3
319.4
333.4
330.5

Nut

108.3
107.8

93.1

94.0

96.7
102.7
104.8
109.4
1184
119.6

Nu,.

97.6
97.8
84.0
85.7
89.1
95.6
97.9
103.0
1124
113.8

RUN 8 Water V =2.629(m/s) Steam V = 6.903(m/s)
Re = 113442.2 Void Fraction =0.472

g: (kW /m?)

342.1
276.5
198.6
167.3
146.7
139.6
127.6
117.3
106.5

Qe

315.0
253.7
181.3
153.6
135.7
129.7
119.6
110.7
101.1

h: (W/m?/C)

564.6
488.4
392.7
365.9
353.4
352.9
355.9
361.0
362.7
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h,

519.9
448.1
358.3
335.9
326.9
327.9
333.5
340.8
344.5

Nut

130.2
117.5
101.1

99.6
101.3
103.6
109.2
115.6
121.0

Nu,

1199
107.8
92.3
91.5
93.7
96.2
102.3
109.1
114.9

CD,two

0.597
0.515
0.429
0.420
0.408
0.427
0.425
0.421
0.436

CD, two

0.569
0.546
0.438
0.420
0.412
0.418
0.416
0.415
0.429
0.423

CD,two

0.644
0.556
0.446
0.418
0.406
0.407
0.412
0.418
0.419




RUN 9 Water V =2.838(m/s) Steam V = 7.515(m /s)
Re = 122485.3 Void Fraction =0.434

Tw(C) @(kW/m?) ¢ h; (W/m?/C) h. Nu Nu,
667 279.7 256.9 493.8 4534 118.8 109.1
636 234.8 214.8 4379 400.7 109.0 99.7
609 208.5 190.9 4095 374.8 1050 96.1
563 173.6 159.5 375.0 3445 1014 932
542 1645 151.8 3722 3435 1032 952
522 153.6 142.1 363.8 336.7 103.3 95.6
485 135.7 126.3 352.1 3278 1046 974
468 133.2 124.7 361.7 338.6 109.7 102.7
436 122.7 115.7 3654 3445 1154 108.8
405 113.6 107.9 3723 353.3 1223 116.1

RUN 1 Water V =1.182(m/s) Steam V = 6.813(m/s)
Re = 51012.9 Void Fraction =0.670

Tw(C) @(kW/m?) ¢ h; (W/m?/C) h. Nu Nu,
885 302.8 2494 3859 3178 743 612
828 267.6 224.1 367.9 3080 749 627
734 209.3 179.0 3302 2824 739 632
654 177.4 155.8 3205 2815 782 687
584 1499 134.3 3098 2774 81.8 732
523 131.1 119.6 309.9 2828 879 802
495 1204 1105 3045 2795 894 820
469 1142 105.7 3095 2864 938 86.8
422 101.1 947 3143 2944 101.1 947
378 925 877 333.0 3156 1134 1075

RUN 2 Water V =1.357(m/s) Steam V = 6.931(m/s)
Re = 58555.1 Void Fraction =0.659

Tw(C) @(kW/m?) ¢ h; (W/m?/C) h, Nu, Nu,
915 317.7 2585 390.0 3173 73.0 594
801 2479 208.4 353.7 2974 739 622
753 221.2 188.5 338.7 2885 743 63.3
669 186.4 163.3 3274 286.7 785 688
596 161.3 144.7 325.0 2916 84.6 759
563 148.0 1339 3196 289.0 864 782
503 125.5 115.1 311.0 2854 90.4 83.0
451 108.6 100.9 309.1 2872 95.7 88.9
428 103.9 972 3172 2969 101.2 94.7
383 95.0 90.0 335.1 3175 113.3 1074
362 88.1 83.8 3359 3194 1169 111.1
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C'D,two

0.541
0.479
0.449
0.413
0.411
0.403
0.391
0.403
0.407
0.415

C'D,t'uw

0.574
0.560
0.520
0.521
0.515
0.524
0.518
0.528
0.538
0.570

C’D,two

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 = 7.087(m/s)
Re = 67406.0 Void Fraction =0.644

Tw(C) qt (kW/m2) g b (W/mZ/C) h, Nu; Nu, C'D,two

911 356.3 297.7 4393 367.1 825 689 0.574
850 290.4 243.2 3872 3242 771 645 0.512
799 2495 210.3 3569 3009 747 63.0 0478
711 204.5 176.8 334.6 2894 767 664 0464
672 188.7 165.3 3299 2889 789 69.1 0465
602 164.2 147.2 3274 2935 848 760 0474
570 149.8 1352 319.0 2880 856 773 0.465
512 129.3 118.5 314.1 2878 904 82.8 0464
485 124.0 114.6 321.8 2974 956 884 (.478
437 107.2 100.1 318.1 297.1 1003 93.7 0.474
415 1022  96.1 3252 305.6 1055 99.2  0.485
371 98.8 942 365.3 3484 1257 1199 0.546

RUN 4 Water V =1.819(m/s) Steam V = 7.313(m/s)
Re =78514.3 Void Fraction =0.625

Tw(C) gz (kVV/mQ) qc ht (W/mz/C) hc Nut Nuc CD,two

917 378.8 319.0 463.4 390.3 865 729  0.565
859 317.6 268.8 418.7 3544 826 70.0 0.517
808 272.2 2317 3843 3270 79.7 67.8 0.481
724 2219 192.8 3559 3093 805 70.0 0.459
651 189.4 168.1 3440 305.3 842 747  0.456
618 175.7 157.4 339.6 3041 863 773 0455
557 154.7 141.0 3388 3089 924 842 0462
503 132.8 1224 329.3 303.6 958 883 0454
456 117.5 109.6 330.3 308.1 101.7 949 0457
412 111.7 105.7 358.0 338.7 116.6 1103  0.498
391 109.6 104.3 3772 359.1 1263 1203 0.525

RUN 5 Water V =2.017(m/s) Steam V = 7.517(m/s)
Re = 87031.1 Void Fraction =0.608

Tw(C) @(kW/m?) ¢ hy (W/m?/C) h, Nu; Nu. Cpiwo

899 3753 319.0 4695 399.1 892 758 (0.551
843 321.3 275.2 432.3 3703 86.6 742 0515
753 242.6 2099 3715 3214 815 705 0.452
715 222.1 194.1 361.4 3158 826 721  (.446
645 191.3 1704 3508 3126 864 770 0.443
584 168.3 152.7 348.1 3158 919 834 0.449
555 155.9 142.3 3425 3127 935 854 0.444
529 147.0 1352 343.0 3154 96.7 889  (.448
480 1274 118.3 335.3 311.3 100.2 931 0.440
458 121.5 1135 339.8 317.5 1044 97.6  0.447
415 114.0 107.8 3622 3427 1175 1112 0479
394 115.8 1105 3946 3764 131.7 1256  0.523




Tw(C)

921
866
818
778
706
642
613
559
535
489
468
427

Tw(C)

817
776
739
705
644
616
564
540
496
455

RUN 6 Water V =2.313(m/s) Steam V = 7.886(m/s)

q: (KW /m?)

198.2
189.0
164.3
153.5
138.2
131.6
127.9

Re =99827.3 Void Fraction =0.579

2 Qc

340.9
311.7
263.7
230.9
200.6
177.7
171.1
150.5
141.3
128.6
123.1
121.3

h; (W/m?/C)

489.2
472.5
425.7
394.0
375.8
365.6
368.6
358.0
353.3
355.3
358.1
391.7

he

415.5
407.2
367.1
340.8
331.2
327.7
333.6
327.9
325.2
330.7
335.0
3714

\Nut

91.1
92.6
87.4
84.3
86.7
90.3
94.1
97.3
98.9
105.1
108.7
125.2

Nu,

77.3
79.8
754
72.9
764
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

ht (W/mz/C)

q: (KW /m?)

329.7
282.6
256.5
237.7
203.3
192.4
171.7
161.3
145.6
134.1

4

287.9
246.8
225.5
210.7
182.6
174.2
157.5
148.8
135.7
126.2
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460.2
418.3
4014
392.7
373.9
372.9
370.0
366.7
368.1
377.9

h,

401.8
365.4
353.0
348.2
335.9
337.6
339.4
338.1
343.0
355.8

Nut

94.7
89.7
89.4
90.6
92.2
94.9
100.0
101.9
108.0
116.5

Nu,

82.7
78.3
78.6
80.3
82.8
85.9
91.7
94.0
100.7
109.7

C'D,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

C'D,t‘wo

0.500
0.457
0.443
0.439
0.425
0.428
0.430
0.428
0.434
0.447
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TYPICAL DOWNWARD TWO-PHASE EXPERIMENT DATA







APPENDIX F

TYPICAL DOWNWARD TWO-PHASE EXPERIMENT DATA

Test Sphere Diameter: 12.7 mm
Test Sphere Material: 316 Stainless Steel

TD1 — No. 1 Tube needle Assembly
TD2 — No. 2 Tube needle Assembly
TD3 — No. 3 Tube needle Assembly

RUN 1 Water V =2.003(m/s) Steam V = 1.129(m/s)
Re = 86437.4 Void Fraction =0.964

Tw(C) q(kW/ m?) g hy (W/ mz/ C) he Nu; Nuc Csut,r

679 91.8 717 158.6 1239 377 294 0.405
642 875 704 1614 129.8 399 321 0425
576 752 626 1579 1315 42.0 35.0 0431
547 70.0 59.2 156.8 132.6 433 36.6 0.435
493 59.8 517 1524 131.7 449 388 0431
468 559 488 1519 132.6 46.1 402 0432
424 48.3 429 149.3 1325 479 425 (0.428
404 452 405 149.0 1333 49.1 439 0429
367 40.0 363 1499 136.0 518 470 0.432
350 369 336 147.6 1345 522 476 0425
319 325 299 1482 1364 548 504 0425
292 289 269 1510 1402 581 540 0.430

RUN 2 Water V =2.128(m/s) Steam V = 1.144(m/s)
Re =91852.5 Void Fraction =0.952

Tw(C) Qt(kw/mz) g b (W/mz/C) h, Nu; Nu, Csat,F

671 102.4 83.0 1795 1456 43.0 349 0428
638 96.2 794 1789 147.7 444 367 0.436
577 83.8 712 175.7 1493 46.8 39.7 0.441
524 73.1 635 1726 1499 489 425 0442
476 642 56.8 1709 151.2 513 454 (0.444
434 56.6 50.8 169.5 152.2 53.7 482 0.444
396 494 449 167.1 151.7 55.6 50.5 0.439
362 443 407 169.2 1555 589 541 0.444
347 411 379 166.7 153.7 59.3 547 0.436
318 374 349 171.8 160.0 63.7 593  0.449
304 36.1 338 1764 1652 667 624 0.460

*Clay,r 28 in Eq. (7.7).




Tw(C)

720
682
646
581
524
473
429
389
354
322
307

T, (C)

668
635
576
524

455
415
380
348
318

Tw(C)

676
644
585
533
486

406
372
341
327

RUN 3 Water V =2.362(m/s) Steam V = 1.161(m/s)

Re = 101942.0 Void Fraction =0.938

g: (kW /m?)

1219
116.3
108.2
92.9
80.6
70.2
61.1
53.5
47.6
42.6
40.7

Qe

98.0
96.0
90.8
80.0
71.0
62.9
55.5
49.1
44.2
39.9
38.4

ht (W/mz/C)

196.7
199.9
198.1
193.2
190.3
188.1
186.0
185.1
187.6
191.8
196.5

h,

158.1
165.0
166.3
166.5
167.6
168.5
169.0
170.1
174.3
179.9
185.1

Nllt

447
47.3
48.7
51.2
54.0
56.7
59.3
62.1
66.1
70.7
74.0

Nu,

359
39.0
40.9
44.1
47.5
50.8
53.9
57.1
61.4
66.3
69.7

RUN 4 Water V =2.774(m/s) Steam V = 1.178(m/s)

Re = 119733.2 Void Fraction =0.924

qs (kW/mZ)

127.2
119.7
105.1
91.6
80.5
76.2
67.2
59.3
52.9
49.3

RUN 5 Water V =3.135(m/s) Steam V = 1.186(m/s)
Re = 135302.9 Void Fraction =0.918

(¢03 (kW/mz)

136.2
129.0
113.7
100.4
87.8
77.0
69.3
61.4
55.5
54.2

4c

108.1
103.2
92.5
82.0
73.0
69.6
62.1
55.2
49.7
46.7

de

116.4
111.8
100.6

h; (W/m?/C)

224.2
223.7
220.7
216.4
213.7
214.6
213.2
211.9
213.8
225.7

h; (W/m?/C)

236.5
237.1
234.3
232.0
227.7
224.0
226.6
225.8
230.2
239.1

h,

190.5
192.8
194.3
193.7
194.0
196.2
196.8
197.4
200.7
213.9

h,

202.0
205.4
207.3
208.7
207.4
206.2
210.8
211.7
2174
227.0

Nut

53.9
55.7
58.8
61.4
64.2
66.2
69.1
72.0
759
83.6

Nut

56.3
58.5
61.8
65.0
67.6
70.0
744
77.6
82.5
87.5

Nu,

45.8
48.0
51.8
54.9
58.2
60.5
63.8
67.1
71.3
79.2

Nu,

48.1
50.6
54.6
58.5
61.6
64.5
69.2
72.7
77.9
83.0

Csat,l"

0.413
0.432
0.437
0.438
0.441
0.441
0.438
0.437
0.442
0.450
0.460

Csat,F'

0.439
0.445
0.449
0.447
0.446
0.449
0.447
0.444
0.446
0.469



T.(C)

687
655
596
543
496
453
415
381
350

Tw(C)

697
668
613
564
519
478

407
376
361

T (C)

702
676
650
600
556
514
477
442
410

RUN 6 Water V =3.460(m/s) Steam V = 1.192(m/s)

Re = 149322.5 Void Fraction =0.913
qt (kW / mz) .

148.7
1414
124.2
110.0
96.8
85.7
76.9
67.7
60.6

4c

128.0
123.3
1104
99.4
88.5
79.2
71.8
63.6
57.4

h; (W/m?/C)

253.5
254.9
250.5
248.4
2447
242.6
2441
241.1
243.1

h,

218.1
222.2
222.7
2244
223.8
2242
227.8
226.5
230.0

.Nut

59.7
62.1
65.3
68.8
71.8
74.9
79.2
81.8
86.1

Nu,

51.3
54.2
58.0
62.2
65.7
69.3
73.9
76.9
81.4

RUN 7 Water V =4.199(m/s) Steam V = 1.200(m/s)

Re = 181222.4 Void Fraction =0.907

a: (kW/mz)

171.8
169.3
150.8
135.3
119.9
108.2
97.0
88.4
80.2
76.2

4c

150.1
150.1
135.8
123.5
110.5
100.8
91.0
83.6
76.3
72,6

h; (W/m?/C)

287.7
298.0
293.8
291.8
286.4
286.5
284.9
288.3
290.9
291.7

h,

251.3
264.2
264.6
266.3
264.1
266.7
267.2
2724
276.5
278.1

Nut

67.0
71.6
75.0
78.9
81.7
85.9
89.4
94.5
99.4
101.7

Nu,

58.5
63.4
67.5
72.0
75.3
80.0
83.9
89.3
94.5
96.9

RUN 8 Water V =5.321(m/s) Steam V = 1.206(m/s)

Re = 229636.8 Void Fraction =0.903

¢ (kW /m?)

205.3
204.8
195.5
176.4
160.1
143.5
130.9
118.9
108.9

Gc

183.1
185.0
177.8
162.3
148.8
134.3
123.4
112.8
103.9

h; (W/m?/C)

340.9
355.9
355.8
352.5
351.5
346.2
347.4
347.3
350.9

h,

304.0
3214
323.6
324.3
326.7
324.1
327.6
329.5
334.8

Nut

78.9
84.8
87.2
914
95.9
99.3
104.3
108.8
114.5

Nu,

70.4
76.6
79.3
84.0
89.1
93.0
98.3
103.2
109.3

Osat,F

0.434
0.443
0.446
0.449
0.447

0.448
0.441
0.443

Csat,F

0.446
0.470
0.472
0.475
0.471
0.474
0.471
0.477
0.480
0.480

Csat,F

0.474
0.502
0.506
0.508
0.512
0.507
0.511
0.510
0.515




Tw(C)

674
652
609
569
532
498
466
437

[N SIS

RUN 9 Water V =6.249(m/s) Steam V = 1.209(m/s)

Re = 269669.7 Void Fraction =0.901

q: (kW/mz)

228.3
221.7
203.2
186.0
169.4
156.0
143.5
144.0

4c

208.6
203.9
188.6
173.9
159.4
147.6
136.5
138.1

k %k %k 3k ok Kk K ok ok Kk

Tw(C)

798
748
659
583
519
490
438
393
353
318
303

Tw(C)

732
691
618
554
498
449
406
367
334
303

h; (W/m?/C)

397.7
402.0
399.6
396.8
392.2
392.0
391.7
427.6

TEST: TD1-2C

h,

363.4
369.6
370.8
371.0
369.0
370.9
372.5
410.1

Nut

94.9

98.3
102.6
106.6
110.1
114.7
119.1
134.8

Nu,

86.7
90.4
95.2
99.7
103.5
108.6
113.2
129.3

Csat,F

0.521
0.530
0.533
0.533
0.530
0.532
0.532
0.582

% % % % sk %k %k %k %k 3k

RUN 1 Water V =2.034(m/s) Steam V = 2.407(m/s)

Re = 87777.0 Void Fraction =0.965

q: (kW /m?)

130.8
122.1
99.1
83.3
69.0
63.9
54.9
47.2
41.0
36.1
33.2

4e

98.2
95.4
80.7
70.4
59.6
55.9
49.0
42.8
37.7
33.5
30.9

ht (W/mz/C)

187.3
188.5
177.4
172.5
164.8
164.0
162.6
161.4
162.2
165.3
164.0

h,

140.7
147.3
144.5
145.6
142.4
143.5
145.1
146.2
148.9
153.5
152.8

Nut

39.2
41.6
43.1
45.6
47.0
48.5
51.2
53.9
57.2
61.2
62.2

Nu,

29.5
32.5
35.1
38.5
40.6
42.4
45.7
48.8
52.5
56.8
57.9

RUN 2 Water V =2.154(m/s) Steam V = 2.438(m/s)

Re =92956.1 Void Fraction =0.952

q:(kW/m?)

119.7
114.7
96.7
83.2
71.0
61.2
53.7
47.0
41.5
37.7

4c

94.6
93.5
81.4
72.0
62.7
54.9
48.9
43.3
38.6
35.4

ht (W/mz/C)

189.3
193.9
186.9
183.5
178.6
175.6
176.0
175.9
177.9
185.6

h,

149.6
158.1
1574
158.8
157.6
157.4
160.1
161.9
165.4
174.4

Nut

42.5
45.4
47.5
50.2
52.3
54.5
57.8
60.8
64.4
70.3

Nu,

33.5
37.0
40.0
43.4
46.1
48.9
52.6
56.0
59.9
66.1

Osat,F

0.452
0.476
0.471
0.476
0.465
0.467
0.468
0.467
0.469
0.476
0.470

CsaL,F

0.437
0.463
0.463
0.468
0.463
0.459
0.463
0.462
0.466
0.484




RUN 3 Water V =2.387(m/s) Steam V = 2.474(m/s)
Re =103004.4 Void Fraction =0.939

T‘w(C) qt(kW/m2) dc ht (W/m2/C) hc Nut Nuc Csat,F

716 1299 106.4 211.0 1729 482 395 0451
677 1194 994 206.8 1723 49.2 410 0.450
608 103.1  88.6 2032 1745 522 448 0.458
576 95.3 828 2002 1739 533 463 0.456
519 822 728 1962 173.8 55.9 49.6 0.456
493 782 70.0 1989 178.1 585 524 0.466
446 66.8  60.5 193.0 175.0 60.1 545 0.454
404 59.3 545 194.8 179.0 641 589 0.461
367 51.1 474 1913 1773 66.1 613 0.451
350 474  44.1 189.2 176.0 669 62.3 0.445
319 436 410 1989 187.1 73.6 692 0.466

RUN 4 Water V =2.813(m/s) Steam V = 2.509(m/s)
Re = 121387.1 Void Fraction =0.926

Tw(c) qt(kw/mz) qc ht (W/m2/C) hc Nut Nuc Csat,F

698 135.6 113.8 226.7 1902 527 442 0436
663 127.7 109.0 2269 1936 548 468 0.445
598 1100 9.1 2210 1929 574 501 0.445
541 958 853 2173 1934 603 53.7 0.445
515 88.8 79.6 2141 1920 614 550 0.442
467 787 716 2143 1952 651 593 0.446
425 68.9 63.5 2123 1955 680 62.6 0.444
387 617 574 2151 2002 724 674 0.450
370 575 53.8 2135 1995 736 687 0.446
337 512 482 2158 2032 777 732 0.448
322 495 46.8 2225 2106 819 775 0.461

RUN 5 Water V =3.187(m/s) Steam V = 2.527(m/s)
Re = 137551.9 Void Fraction =0.919

Tw(c) Qt(kw/mz) Qc ht (W/mz/C) hc Nut Nuc Csat,l"

727 154.3 129.7 246.1 2069 555 46.6 0435
690 1459 124.8 2473 2115 58.0 49.6 0.446
655 135.1 117.0 2434 210.8 593 514 0.445
591 1185 105.0 2412 2138 632 560 0453
562 109.6  97.9 2374 2121 643 574 0.449
509 95.6 86.7 2339 2122 675 613 0.449
485 89.2 814 232.0 211.8 69.0 63.0 0.447
440 780 720 2294 2117 720 665 0.443
400 69.3 647 2309 2153 763 712 0447
365 59.9 56.2 2257 2119 782 734 0435
334 542 513 231.8 2193 839 794 0444

F-7




Tw(C)

718
683
649
588
533
485

403
368
352

T(C)

714
684
626
574
526
484
445
410
378

T.(C)
702

651
604
582
540
502

467
434
419

RUN 6 Water V =3.522(m/s) Steam V = 2.538(m/s)

Re = 151984.6 Void Fraction =0.915

g: (KW /m?)

162.0
150.7
141.1
122.9
107.0
93.5
82.6
73.7
65.3
62.2

dc

138.3
130.3
123.5
109.6
96.8
85.7
76.5
69.0
61.5
58.9

h; (W/m?/C)

262.1
258.8
257.1
252.0
246.9
242.9
241.6
243.3
243.5
246.9

h,

223.8
223.7
225.0
2248
223.6
222.7
223.9
227.6
229.5
233.6

Nut

59.7
61.2
63.1
66.3
69.2
72.2
75.7
80.2
84.0
87.1

Nu,

50.9
52.9
55.2
59.1
62.7
66.2
70.2
75.0
79.2
82.5

RUN 7 Water V =4.276(m/s) Steam V = 2.554(m/s)

Re = 184551.6 Void Fraction =0.909

g (kW /m?)

185.2
178.6
160.2
142.3
126.4
112.7
101.4

91.0

82.9

Qe

161.9
158.1
144.3
129.9
116.7
105.0
95.2
86.0
789

ht (W/mz/C)

301.5
306.1
304.6
300.5
296.5
293.7
293.8
293.6
298.4

h.

263.5
271.0
274.4
2744
273.6
273.6
275.9
277.5
284.0

Nut

95.8
101.7

Nu,

60.2
64.0
69.1
73.3
77.3
81.4
86.1
90.6
96.8

RUN 8 Water V =5.412(m/s) Steam V = 2.568(m/s)

Re = 233578.1 Void Fraction =0.904

g (kW /m?)

216.4
212.0
204.7
185.2
176.7
160.5
145.7
138.7
132.2
122.5
115.2

Qe

194.2
192.2
186.9
170.9
163.8
150.0
137.2
131.0
125.2
116.7
110.0

h; (W/m?/C)

359.7
368.2
371.6
367.8
366.9
364.9
362.8
361.6
360.7
366.7
361.8

he

3229
333.7
339.3
339.4
340.2
341.1
341.6
341.4
341.6
3494
345.3

Nut

83.3
87.7
90.9
95.0
97.1
101.4
105.7
107.6
109.6
116.1
116.8

Nu,

74.8
79.5
83.0
87.6
90.1
94.8
99.5
101.6
103.8
110.6
111.5

Csat I
0.442
0.444
0.447
0.448
0.445
0.442
0.441
0.444
0.443
0.448

Csat,F

0.465
0.480
0.487
0.488
0.486
0.484
0.485
0.484
0.491

Csat,l"

0.501
0.519
0.528
0.530
0.531
0.532
0.532
0.530
0.529
0.538
0.530




Tw(C)

683
660
615
574
555
518
484
452

*

T (C)

694
657
622
559
531
480
456
414
394
376
326
298

Tw(C)

674
639
606
575
545
518
446
404
367
350
305

RUN 9 Water V =6.347(m/s) Steam V = 2.574(m/s)

Re = 273932.2 Void Fraction =0.902

g: (kW /m?)

236.4
229.4
210.2
193.3
184.8
168.9
155.3
154.7

e

216.0
210.9
195.1
180.9
173.5
159.5
147.6
148.3

h; (W/m?/C)

405.7
409.9
408.0
407.8
406.4
404.0
404.6
439.3

* %k ok ok ok ok ok * TEST: TD1-2E

h,

370.6
376.9
378.7
381.6
381.6
381.7
384.4
421.0

Nut

95.9

99.3
103.9
108.9
111.0
115.4
120.4
135.9

Nu,

87.6
91.3
96.5
101.9
104.2
109.0
114.4
130.2

% %k Kk ok ok k k ok Xk

RUN 1 Water V =2.326(m/s) Steam V = 5.264(m/s)

Re =100370.5 Void Fraction =0.969

qe (kW/m2)

111.7
108.2
100.8
86.3
81.1
69.4
63.8
55.7
53.1
49.7
40.7
36.7

dc

90.3
89.9
85.2
74.7
71.1
61.8
57.2
50.6
48.6
45.8
37.9
34.5

h; (W/m?/C)

188.2
194.3
193.2
187.8
188.2
182.7
179.3
177.8
180.6
180.4
179.8
185.5

h,

152.2
161.5
163.3
162.7
165.0
162.8
160.7
161.5
165.3
166.1
167.6
174.5

Nut

44.0
47.2
48.8
51.0
52.9
54.7
55.2
57.8
60.2
61.6
65.8
70.8

Nu,

35.6
39.3
41.3
442
46.4
48.7
49.5
52.5
55.1
56.7
61.3
66.6

RUN 2 Water V =2.415(m/s) Steam V = 5.328(m/s)

Re = 104202.7 Void Fraction =0.958

g: (kW /m?)

119.3
109.6
101.9
94.5
87.2
8L.1
66.9
58.3
51.6
48.3
40.4

Qe

99.6
92.8
87.5
82.0
76.5
71.7
60.7
53.6
47.8
45.0
38.1

h; (W/m?/C)

207.7
203.4
201.6
199.1
195.9
194.0
193.7
192.0
193.3
193.1
197.3

h,

173.4
1721
173.0
172.8
171.7
171.7
175.8
176.3
179.3
179.9
186.1

Nut

49.5
50.4
51.9
53.1
54.1
55.4
60.4
63.2
66.8
68.3
74.6

Osat, r

0.529
0.538
0.542
0.547
0.546
0.546
0.548
0.597

Csat,F

0.479
0.509
0.515
0.514
0.521
0.512
0.503
0.502
0.511
0.510
0.505
0.518

Csat,F

0.494
0.492
0.495
0.495
0.491
0.491
0.498
0.495
0.497
0.496
0.502




T(C)

702
668
634
603
546
495
450
410
374
342
313

Tw(C)

697
663
630

518
472
430
393
359
328

T.(C)

694
660
597
542
492

409
373
341

RUN 3 Water V =2.595(m/s) Steam V = 5.407(m/s)
Re = 111973.3 Void Fraction =0.944

q: (kW /m?)

126.7
1224
114.6
106.8
93.2
81.1
71.2
63.1
55.6
49.3
44.2

RUN 4 Water V =2.946(m/s) Steam V = 5.493(m/s)
Re = 127133.2 Void Fraction =0.929

q: (kW /m?)

138.4
132.4
124.5
109.0
94.7
83.5
73.7
65.0
58.7
53.3

RUN 5 Water V =3.278(m/s) Steam V = 5.538(m /s)
Re = 141449.1 Void Fraction =0.921

g: (kW /m?)

147.1
138.4
120.5
105.0
91.8
81.8
73.1
63.6
57.5

Qc

104.5
103.2
98.1
92.5
82.4
72.9
64.9
58.1
51.7
46.2
41.8

Qe

125.6
119.9
106.6
94.4
83.7
75.5
68.1
59.7
54.4

h; (W/m?/C)

210.3
215.6
214.5
212.3
209.1
2054
203.6
203.8
203.3
204.2
208.1

h; (W/m?/C)

232.0
235.2
234.8
231.3
226.3
224.7
223.5
222.3
226.8
233.7

h; (W/m?/C)

2475
247.2
242.2
237.7
234.0
235.0
236.8
232.6
238.2

E-10

h,

173.4
181.9
183.6
183.9
184.9
184.6
185.4
187.8
189.1
191.4
196.5

h,

195.7
202.0
204.2
2054
203.9
205.3
206.4
207.1
213.3
221.5

h,

2114
214.2
214.3
213.8
213.3
216.9
220.8
2184
2254

Nllt

48.7
51.8
53.5
54.8
57.7
60.3
63.2
66.6
69.7
73.1
77.7

Nllt

54.0
56.8
58.8
62.0
64.6
67.9
71.1
74.3
79.3
85.3

Nut

57.8
59.9
63.0
65.9
68.9
73.1
77.4
79.7
85.3

Nu,

40.1
43.7
45.8
47.5
51.1
54.2
57.5
61.3
64.8
68.6
73.4

45.6
48.8
51.1
55.0
58.2
62.0
65.7
69.2
74.6
80.9

Nu,

494
51.9
55.7
59.3
62.9
67.4
72.2
74.9
80.8

CsaL,F

0.443
0.466
0.471
0.473
0.475
0.473
0.472
0.474
0.472
0.472
0.478

Csat,F

0.443
0.458
0.464
0.468
0.464
0.465
0.463
0.461
0.469
0.481

Csat,F

0.443
0.449
0.451
0.450
0.448
0.452
0.456
0.446
0.455



RUN 6 Water V =3.590(m/s) Steam V = 5.567(m/s)
Re = 154921.6 Void Fraction =0.917

T,(C) q(kW/m?) - ¢ ‘hy (W/m?/C) h, Nu, Nu. Csa,r

700 15241304 254.1 2175 59.0 505 0.429

667 147.2 1281 259.7 2261 625 544 0447
606 128.8 1144 2547 2261 65.6 582 0.448
551 1125 101.4 2494 2248 684 617 0445
526 1059 96.2 2485 2257 702 63.8 0447
480 940 864 2472 2273 739 679 0448
439 833 773 2458 2283 773 71.8 0447
402 740 693 2453 2297 810 758 0446
338 58.6 55.6 2468 2341 889 843 0444

RUN 7 Water V =4.332(m/s) Steam V = 5.605(m /s)
Re = 186943.5 Void Fraction =0.910

T'w (C) at (kW/mz) dc ht (W/mz/C) hc Nut Nuc Csat,F

691 175.3 154.2 296.6 260.7 695 611 0460
661 166.6 148.1 2972 2641 720 639 0467
604 147.7 1334 2933 2649 757 684 0.469
553 129.5 1183 286.2 2615 784 71.6 0.463
507 1149 106.2 2827 2611 819 756 0462
465 103.7 96.8 2842 2652 86.5 80.7 0.466
427 926 87.0 282.8 2659 903 849 0464
393 83.1 787 2837 2685 947 89.6 0.465
377 79.8 758 288.1 2737 983 933 0472

RUN 8 Water V =5.506(m/s) Steam V = 5.631(m/s)
Re =237601.6 Void Fraction =0.906

T'w (C) qe (kW/mZ) de ht (W/mZ/C) hc Nut Nuc CsaL,F

679 199.2 179.0 3440 3092 816 734 0478
654 191.6 173.6 346.0 3135 844 765 0.486
606 176.0 161.6 3482 3197 89.7 824 0497
561 158.4 146.8 343.6 3184 932 863 049
520 1442 134.8 3432 3207 977 913 0.498
483 130.5 122.8 340.8 3206 1015 955 0.496
449 118.8 1125 3409 3228 1059 1003 0.496
417 109.0 103.8 3439 3275 111.3 106.0 0.500
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T (C)

684
662
641
600
562
526
493
462

sk

T (C)

732
691
553
497
449
406
368
334
304

Tw(C)

718
679
609
548
520
470
447
406
369
336
320

RUN 9 Water V =6.475(m/s) Steam V = 5.643(m/s)

Re = 279443.8 Void Fraction =0.904

g (kW /m?)

222.0
218.4
210.6
194.7
178.2
164.3
151.3
138.3

de

2014
199.7
193.6
180.6
166.5
154.6
143.2
131.4

k ok ok ok sk ok ok sk ok

h; (W/m?/C)

379.8
388.3
389.3
389.5
386.0
385.7
385.0
381.8

TEST: TD2-1A

h,

344.6
355.1
357.9
361.3
360.7
362.9
364.3
362.9

Nut

89.6
93.8
96.3
101.0
104.6
109.0
113.3
116.6

Nu,

81.3
85.8
88.6
93.7
97.7
102.6
107.2
1109

k % sk %k 5k sk k Kk k¥

RUN 1 Water V =1.966(m/s) Steam V = 1.218(m/s)

Re = 84842.0 Void Fraction =0.947

q: (kW /m?)

111.5
105.1
76.0
65.5
56.8
49.1
42.1
37.9
33.2

qc

86.4
83.9
64.8
57.1
50.5
44.3
384
35.0
30.9

h, (W/m?/C)

176.4
177.7
167.7
164.8
163.0
160.7
157.3
161.9
162.6

h,

136.6
141.9
143.0
143.8
144.9
144.9
143.3
149.4
151.4

Nut

39.5
41.6
459
48.3
50.7
52.8
54.3
58.6
61.5

Nu,

30.6
33.2
39.2
42.1
45.0
47.6
49.5
54.1
57.2

RUN 2 Water V =2.055(m/s) Steam V = 1.244(m/s)

Re = 88685.9 Void Fraction =0.927

q.(kW/m?)

108.6
107.9
92.5
794
73.3
62.9
58.8
50.4
45.5
40.4
37.6

4c

85.0
87.7
77.8
68.5
63.9
55.7
52.6
45.5
41.7
37.4
35.0

h; (W/m?2/C)

F-12

175.9
186.2
181.8
177.3
174.5
170.0
169.5
164.9
169.5
171.4
170.7

h,

137.5
151.5
152.9
153.0
152.1
150.7
151.5
149.0
155.5
158.9
158.8

Nut

40.0
442
46.6
48.8
49.7
51.5
52.8
54.1
58.5
61.9
63.0

Nu,

31.3
35.9
39.2
42.1
43.3
45.6
47.2
49.0
53.7
57.4
58.6

Csat,F

0.489
0.504
0.509
0.515
0.514
0.517
0.518
0.513

Csat,l"

0.406
0.424
0.429
0.431
0.430
0.426
0.417
0.429
0.428

Csat,["

0.370
0.409
0.415
0.415
0.412
0.406
0.407
0.397
0.409
0.413
0.409



RUN 3 Water V =2.226(m/s) Steam V = 1.276(m/s)
Re = 96056.8 Void Fraction =0.904

Tw(C) qt(kW/mZ) t ge hy (W/m2/C) he Nu; Nuc Csat,F

700 120.0 98.0 200.0 1633 464 379 0.395
629 103.8 87.8 1965 166.1 493 417 0.403
566 89.8 779 193.0 1674 52.1 451 0.407
510 77.0 68.1 187.8 166.0 54.1 478 0.403
485 723 645 1878 167.5 558 498 0.406
440 62.6  56.6 1843 166.7 579 524 0.401
399 549  50.2 183.5 168.0 60.8 556 0.400
363 48.0 444 1825 1688 634 587 0.397
331 42,7 399 1849 1725 672 627 0401
316 404 379 1869 1751 694 651 0.404

RUN 4 Water V =2.386(m/s) Steam V = 1.296(m/s)
Re =102965.2 Void Fraction =0.890

Tw(C) gz (kW/mz) qc ht (W/m2/C) hc Nut Nuc Csat,F

689 128.2 107.2 217.6 1819 51.1 427 0411
655 118.8 100.7 2141 1815 522 442 0411
592 103.1  89.6 209.6 1821 548 476 0413
537 90.5 80.2 207.3 1838 579 513 0417
511 834 744 2029 1810 584 52.1 0410
465 739 67.0 2025 1835 61.7 559 0413
424 646 59.2 199.5 1828 64.0 58.6 0.408
387 574 531 2002 1853 674 624 0.410
354 507 474 200.1 186.7 705 658 0.408
324 459 432 2052 1932 754 710 0417

RUN 5 Water V =2.537(m/s) Steam V = 1.311(m/s)
Re =109472.0 Void Fraction =0.880

Tw(C) @(&W/m?) g hy (W/m?/C) h. Nu; Nuc Coar

704 136.0 113.7 2253 1883 521 435 0.403
669 128.2 109.0 2256 191.8 541 460 0411
635 118.3 101.7 221.0 1900 55.0 473 0.408
575 102.8  90.3 2166 1903 57.8 50.8 0410
521 904 810 2149 1924 612 547 0414
473 79.1 719 2122 1926 64.0 581 0412
431 69.2  63.6 2094 1923 66.6 61.1 0.408
393 609 56.4 208.1 1929 695 644 0.406
359 539 503 2082 1946 728 680 0.405
343 51.8 48.6 213.0 2002 761 715 0414
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T,(C)

695
664
634
578
529
484
444
408
375
360

Tw(C)

702
670
611
584
533
510
467
447
410
376

T (C)

676
647
594
545
523
481

408
392

RUN 6 Water V =2.898(m/s) Steam V = 1.336(m/s)

Re = 125045.7 Void Fraction =0.863

g (kW /m?)

153.0
146.9
138.2
121.7
107.9
95.3
84.6
75.7
68.2
64.9

Qc

131.4
128.1
121.7
109.0
98.1
87.6
78.5
70.8
64.2
61.4

h; (W/m?/C)

257.0
260.6
258.9
254.5
251.8
248.4
246.2
246.0
248.1
250.3

h,

220.8
227.2
228.1
228.0
228.8
228.2
2284
230.1
233.8
236.7

Nut

60.0
62.9
64.6
67.6
71.0
73.9
77.0
80.6
84.9
874

Nu,

51.5
54.8
56.9
60.6
64.5
67.9
71.4
75.4
80.0
82.7

RUN 7 Water V =3.477(m/s) Steam V = 1.359(m/s)

Re = 150067.0 Void Fraction =0.849

gt (kW /m?)

179.9
173.7
153.3
143.4
127.8
119.0
107.2
100.8

90.2

81.2

e

157.8
154.4
138.5
130.4
117.7
110.1
100.2

94.5

85.2

77.2

h; (W/m?/C)

299.1
304.9
300.1
296.6
295.2
290.5
2924
290.7
291.2
293.7

Nut

69.3
73.1
76.9
784
82.7
83.8
88.8
90.5
95.1
100.3

Nu,

60.8
64.9
69.4
71.3
76.2
77.5
83.0
84.9
89.9
95.4

RUN 8 Water V =3.975(m/s) Steam V = 1.371(m/s)

Re = 171548.3 Void Fraction =0.841

q: (kW /m?)

195.1
186.2
166.4
149.3
139.9
125.7
112.4
102.7

97.5

Qe

175.3
168.7
152.7
138.6
130.3
118.1
106.3

97.7

93.1

h; (W/m?/C)

338.8
340.2
337.0
335.5
331.0
330.0
327.6
333.0
333.9
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h,

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

Nu,

72.5
75.7
80.8
86.0
87.5
92.6
97.0
103.7
106.6

Caa.t,F

0.429
0.442
0.444
0.445
0.446
0.443
0.440
0.440
0.443
0.446

C'.sta.t, I

0.453
0.468
0.470
0.468
0.471
0.466
0.471
0.468
0.469
0.471

Csat,F

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 = 1.383(m/s)
Re = 202455.2 Void Fraction =0.834

Tw(C) q(kW/m?) ¢ h; (W/m?/C) h, Nu Nu, Cuur

700 228.1 206.1 380.1 3434 882 797 0499
673 222.6 203.0 388.3 3541 927 846 0.515
622 203.1 187.6 389.3 3594 984 909 0525
598 191.5 177.5 384.6 356.6 100.0 92.7 0.521
553 1732  162.0 3824 3577 1046 979 0522
512 156.1 147.1 378.8 356.8 1089 1026 0.520
475 142.1 134.8 379.5 359.9 1142 1083 0.523
440 1289 122.9 3791 3614 119.0 1135 0.522
424 123.0 117.6 379.7 363.0 121.8 1164 0.522

RUN 10 Water V =5.314(m/s) Steam V = 1.389(m/s)
Re =229326.1 Void Fraction =0.830

Ty (C) gt (kW/m2) g h (W/mz/C) h, Nu; Nu Csa.t,F

710 247.0 224.1 4049 3674 93.0 843 0.498
683 2427 222.2 416.1 381.0 983 90.0 0.518
632 2239 207.6 421.0 3903 1052 976 0.532
585 200.8 187.7 4144 3875 1094 1022 0.529
541 182.6 172.1 4140 390.1 1149 1083 0.532
502 163.3 154.8 4069 385.6 118.6 1124 0.525
465 150.0 143.1 411.0 3919 1251 1193 0.531
448 140.2 1339 402.9 3848 1253 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

Tw(c) gt (kW/mz) qc ht (W/mz/C) hc Nut Nuc C’sat,F

664 1204 101.6 2135 180.1 515 434 0.519
629 1119 958 2115 181.0 53.0 454 0.523
597 102.8 889 207.0 179.1 539 46.6 0.518
566 96.2 84.2 206.3 180.7 55.6 48.7 0.523
537 894 79.1 2045 1809 57.0 504 0.523
485 77.2 694 200.6 1803 59.6 53.6 0.519
461 71.8  65.0 1988 180.0 608 551 0.516
418 63.5 583 200.1 1837 647 594 0.522
398 59.6  55.0 200.3 1849 665 614 0.523
345 48.6 455 1988 1858 709 663 0.516
300 41.8 39.6 209.2 1981 79.6 754 0.539
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RUN 1 Water V =2.276(m/s) Steam V = 5.662(m/s)
Re = 98237.7 Void Fraction =0.954

T‘w(c) qt(kW/mz) dc ht (W/mZ/C) hc Nut Nuc Csat,F

713 132.0 108.8 2154 1775 493 40.6 0.510
675 127.3 107.5 221.3 1869 527 445 (0.539
640 116.8  99.8 2164 185.0 53.6 458 0.534
607 108.0 93.5 213.3 1846 549 475 0.534
576 1021 89.6 2148 1885 573 503 0.545
519 88.3 789 2108 1884 60.1 537 0.544
469 76.5 694 2074 1881 628 570 0.540
425 674 619 207.7 1909 66,5 611 (0.544
385 589 547 2065 1917 69.7 647 0541
350 51.0 477 203.6 1904 720 674 0.530
319 457 431 2084 1965 77.1 727 0.540
305 43.1 4038 210.2 1989 794 751 (.542

RUN 2 Water V =2.340(m/s) Steam V = 5.770(m/s)
Re = 100975.6 Void Fraction =0.936

Tw(c) Qt(kw/mz) de ht (W/mz/C) hc Nut Nuc Csat,F

682 124.7 1044 2145 1795 50.8 425 0.469
645 116.1  98.8 213.0 1811 524 446 0475
611 1079 93.0 211.0 1819 54.0 46.6 0478
550 93.0 820 2068 1823 56.8 50.1 0479
496 800 717 202.3 1814 594 532 0475
448 69.9 63.6 201.1 1830 626 569 0.476
406 614 56.6 201.1 1853 66.0 609 0477
368 53.6 49.8 199.8 1858 69.0 64.1 0.473
335 474 445 2019 1894 730 685 0.476
305 43.5 41.2 2124 2011 802 76.0 0.498

RUN 2 Water V =2.340(m/s) Steam V = 5.770(m/s)
Re =100975.6 Void Fraction =0.936

Tw(C) qe (kW/mz) dc ht (W/mz/C) hc Nut Nuc Csat,["

723 142.4 118.2 228.7 1900 518 430 049
681 133.8 1134 230.1 1951 545 46.2 0510
643 123.5 106.3 2275 1959 b56.2 484 0.513
607 113.6  99.1 2241 1954 576 503 0513
542 97.3 86.7 219.9 1960 61.0 543 0.514
486 826 748 2140 1937 635 575 0.507
437 712 654 2115 1940 66.7 61.2 0.503
394 62.7 583 213.7 1985 713 662 0.510
355 544 510 2131 199.7 749 702 0.506
322 47.8 452 2159 2039 796 752 0.509
306 452 428 2193 2080 827 784 0515
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RUN 3 Water V =2.469(m/s) Steam V = 5.913(m/s)
Re = 106546.9 Void Fraction =0.914

Tw(C) @(kW/m?) - g, -hy (W/m?/C) h. Nu; Nu. Csur

676 1314 1115 2279 1934 542 46.0 0457
642 122.3 105.2 2257 1941 55.8 48.0 0459
579 106.5 937 2223 1957 59.0 52.0 0.464
523 937 84.1 221.3 1987 628 563 0470
474 823 75.0 2202 2007 664 605 0473
430 71.8  66.2 218.0 2009 694 639 0.469
390 63.6 59.2 219.1 2041 734 684 0472
372 59.3 554 217.8 203.6 747 699 0.468
339 523 493 218.8 206.1 787 741 0.468
309 472 448 2255 2141 84.6 803 0479

RUN 4 Water V =2.597(m/s) Steam V = 6.011(m/s)
Re = 112096.2 Void Fraction =0.899

T’w(c) a: (kW/mz) qc ht (W/mz/C) hc Nut Nuc Csat,F

683 139.7 1193 239.8 2047 56.7 484 0453
649 1312 113.6 239.0 2069 58.6 50.7 0.458
617 1214 106.1 2348 2053 59.7 522 0.456
587 114.1 100.8 2343 2071 616 545 0.460
532 100.5 90.5 232.8 209.6 654 588 0.465
482 88.2 805 230.7 2106 68.8 628 0.465
438 780 720 2304 2128 725 670 0.467
399 69.3 64.7 2319 2164 76.8 717 0471
364 611 574 2316 2178 804 756 0.468
332 53.4  50.5 229.8 2174 834 789 0.461
318 50.6 48.0 2322 2204 86.1 817 0465

RUN 5 Water V =2.724(m/s) Steam V = 6.084(m/s)
Re = 117557.3 Void Fraction =0.888

Tw(C) qt (kW/mz) 4dc ht (W/mz/C) hc Nut Nuc Csat,F

705 1485 126.1 2457 208.6 56.7 482 0.439
669 140.6 1214 2474 213.6 594 513 0450
602 122.3 108.1 2435 2152 63.0 55.6 0455
544 105.7 95.0 2382 2142 659 593 (0.453
492 92.3 842 2354 2147 694 633 (0.453
446 80.7 744 233.0 2150 726 67.0 0.450
405 713  66.5 2335 2177 767 715 0452
369 62.6  58.8 232.7 2186 802 754 0.448
336 56.0 53.1 2372 2246 856 810 0.455
321 534 50.7 2412 2293 89.0 84.6 0.6l
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T (C)

721
687
622
565
514
468
427
390
357

1,(C)

714
682
621
566
518
474

398
366

T,(C)

696
665
636
608
556
509
467
429
395

RUN 6 Water V =3.325(m/s) Steam V = 6.283(m/s)

Re = 143476.7 Void Fraction =0.860

¢ (kW /m?)

181.0
178.8
158.8
138.9
121.1
106.6
95.7
84.3
75.7

qc

157.0
158.0
143.2
127.0
112.0
99.6
90.1
799
72.2

h; (W/m?/C)

291.7
304.9
304.3
298.9
293.0
290.0
292.7
290.6
294.5

h,

253.1
269.5
2744
273.4
270.9
270.8
275.7
275.6
281.0

Nut

66.2
71.8
76.9
80.7
84.1
88.0
93.5
97.4
103.2

Nu,

57.5
63.4
69.4
73.8
77.8
82.2
88.1
92.4
98.5

RUN 7 Water V =3.590(m/s) Steam V = 6.332(m/s)

Re = 154925.8 Void Fraction =0.853

:(kW/m?)

192.6
188.4
167.5
148.0
129.9
116.0
103.0

92.6

83.8

Qe

169.3
168.1
152.0
136.0
120.6
108.7
97.3
88.0
80.1

h; (W/m?/C)

313.8
323.9
321.5
317.4
3111
310.5
308.6
310.9
315.5

h,

275.8
288.9
291.7
291.7
288.9
291.0
291.3
2954
301.6

Nut

71.7
76.6
81.4
85.5
88.9
93.6
97.7
103.1
109.3

Nu,

63.0
68.4
73.8
78.6

RUN 8 Water V =4.080(m/s) Steam V = 6.393(m/s)

Re = 176094.1 Void Fraction =0.845

q: (kW /m?)

210.4
201.0
190.4
179.6
158.4
1413
124.7
113.0
101.1

Qe

188.8
182.1
173.8
165.0
147.0
132.4
117.6
107.3

96.6

h; (W/m?/C)

353.2
355.8
355.5
353.8
347.5
345.4
339.7
343.2
343.3
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h,

316.9
322.3
324.5
325.1
322.6
323.6
320.5
326.2
328.0

NuL

82.3
85.7
88.5
90.9
94.8
99.7
103.2
109.3
114.4

Nu,

73.9
77.7

Csat,F

0.454
0.485
0.496
0.495
0.490
0.487
0.492
0.487
0.491

C'sa.t,F

0.471
0.495
0.502
0.502
0.497
0.498
0.495
0.498
0.503

Csat,]"

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 = 6.445(m/s)
Re =207463.6 Void Fraction =0.838

T,(C) ¢(kW/m?) ¢ h, (W/m?/C) h, Nu Nu,
702 2272 205.0 3775 3406 874 789
675 224.8 205.1 391.2 3569 933 851
623 205.8 190.2 393.7 363.7 994 919
599 195.7 181.8 392.7 3647 1020 94.7
553 175.9 164.8 388.7 3640 1064 99.7
511 158.9 149.9 386.6 364.8 111.3 105.0
492 1514 1433 386.8 3662 114.1 108.0
455 136.9 130.3 385.7 3672 1189 1132
422 123.1 1177 3828 366.2 123.1 1178

RUN 10 Water V =5.452(m/s) Steam V = 6.472(m/s)
Re =235303.7 Void Fraction =0.835

Tw(C) q(kW/m?) ¢ h; (W/m2/C) h, Nu Nu,
691 253.3 2322 428.7 3929 1004 921
666 2440 225.0 4309 3973 103.7 95.6
619 223.2 207.8 430.0 4003 109.0 1015
576 203.5 191.0 427.8 4015 114.0 107.0
536 186.3 176.1 4278 4044 119.6 113.0
498 169.2 160.8 4247 403.6 1242 118.1
464 153.4 146.5 4213 4023 1284 1226
448 145.8 139.5 418.8 400.7 1302 124.6

Csat,F

0.492
0.516
0.528
0.530
0.528
0.529
0.530
0.528
0.523

Osa.t,I"

0.530
0.537
0.542
0.544
0.548
0.546
0.541
0.538

RUN 1 Water V =1.948(m/s) Steam V = 1.439(m/s)
Re = 84055.1 Void Fraction =0.923

Tw(C) q(kW/m?) ¢ h; (W/m?/C) h, Nu Nu,
640 95.7 78.8 177.3 1459 439 36.1
608 89.7 75.1 176.6 1478 454 38.0
550 783 67.3 1742 149.7 479 411
498 68.3 60.0 171.8 150.7 50.3 441
452 595 b53.1 1694 151.1 524 468
411 523 473 1683 1522 549 49.7
375 464 424 1689 1546 578 529
342 40.7 37.6 168.3 1554 60.2 55.6
313 36.0 335 169.1 1575 63.1 588
300 34.7 325 173.7 1626 66.1 61.9
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Osa.t,F

0.400
0.406
0.411
0.413
0.411
0.411
0.413
0.410
0.410
0.420




RUN 1 Water V =1.948(m/s) Steam V = 1.439(m/s)
Re = 84055.1 Void Fraction =0.923

TIU(C) qt(kW/mz) dc ht (W/mz/C) hc Nut Nuc Csat,F

658 93.6 752 167.8 1349 40.7 328 0.370
625 872 714 166.2 1361 419 343 0374
594 81.3 677 1647 137.0 43.0 358 0.377
538 702  59.8 1604 136.7 44.7 381 0.375
488 624 545 1609 1405 47.6 41.6 0.385
444 536 475 1559 138.0 487 431 0.375
405 47.6 42.8 156.2 1404 51.3 46.2 0.378
370 42.0 382 1559 1419 537 489 0.378
338 371 341 155.8 1431 56.1 515 0377
310 33.0 30.6 1574 1459 59.0 547 0.379

RUN 2 Water V =2.017(m/s) Steam V = 1.487(m/s)
Re = 87026.0 Void Fraction =0.894

Tw(C) d (kW/mz) 4c h; (W/m2/C) h, Nu; Nu, Csat,F

674 105.2 855 183.4 149.1 438 356 0.370
639 1004 83.5 186.1 1548 46.1 384 0.385
576 872 747 183.1 156.8 48.8 41.8 0.391
520 756  66.1 179.7 1572 512 448 0.391
471 659 58.7 1775 1580 53.6 478 0.391
428 59.1 535 180.3 1634 575 521 0.401
408 547 498 1778 1619 582 53.0 0.396
371 47.1 432 173.6 1594 59.7 548 0.385
339 426 39.6 1788 1662 643 59.8 0.397
309 382 358 1827 1712 68.6 643 0.403

RUN 3 Water V =2.151(m/s) Steam V = 1.549(m/s)
Re = 92826.0 Void Fraction =0.858

Tw(c) Qt(kw/mz) qc h, (W/mZ/C) h, Nu; Nu Csat,l"

681 120.5 100.2 207.5 1727 49.2 409 0.385
646 1125 95.1 206.1 1742 507 429 0.390
613 104.0 89.0 202.7 1735 51.8 443 (.389
582 9.8 839 200.8 1740 53.1 460 0.390
526 85.1 754 1999 177.0 56.5 50.0 0.396
476 751  67.7 199.7 180.0 60.0 54.0 0401
432 64.8 59.0 195.0 177.8 619 564 0.393
393 571 526 1949 179.7 651 60.0 0.39%4
358 50.0 46.6 1943 180.8 681 633 0.391
326 447 420 1980 1859 725 681 0.397
311 424 400 200.8 189.2 751 708 0.401
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RUN 4 Water V =2.417(m/s) Steam V = 1.629(m/s)
Re = 104327.7 Void Fraction =0.816

f ‘w(C) gz (kW/m2) Ge ‘ht (W/m2/C) hc Nut Nuc Osat,F

672 137.7 118.2 240.8 206.6 57.6 494 0.408
639 129.6 112.8 240.7 2095 59.7 52.0 0415
607 121.2 106.6 239.1 2104 615 541 0417
577 112.3  99.7 2354 2090 627 556 (0414
522 100.0 90.5 2369 2143 673 608 0424
497 93.0 847 2342 2132 686 625 0422
451 80.3 739 2286 2103 708 651 0413
410 720 67.0 232.1 2160 757 705 0.420
374 634 595 2317 2175 794 745 0.419
357 60.2 56.7 2344 2209 822 775 0423
326 548 520 2429 2308 89.0 846 0.436

RUN 5 Water V =2.605(m/s) Steam V = 1.667(m/s)
Re = 112415.7 Void Fraction =0.797

Tw(C) (kW /m?) g h (W/m?/C) h, Nu Nu, Cour

684 154.0 133.4 263.7 2285 622 539 0424
653 1453 127.4 2629 2305 642 563 0428
623 137.0 1213 262.0 2320 662 586 0432
568 120.8 108.8 2584 2327 695 626 0434
542 114.3 103.7 2585 2346 717 65.0 0.437
495 1009 92.7 2553 2344 750 68.8 0.436
453 89.6 83.1 253.8 2354 784 727 0435
434 83.7 78.0 251.1 2338 795 740 0.430
397 754 70.8 253.6 2382 842 791 0434
365 67.0 634 2532 2394 878 83.0 0432
335 61.3 583 260.8 2482 943 89.7 0.443

RUN 6 Water V =2.864(m/s) Steam V = 1.707(m/s)
Re = 123585.9 Void Fraction =0.779

Tw(C) Qt(kW/mz) @ by (W/m2/C) h, Nu; Nu, Csa,t,F

668 162.0 142.8 285.1 2514 685 604 0.436
640 153.3 136.5 2843 2530 705 627 0439
612 144.7 129.8 2824 2533 722 648 0.440
562 130.8 119.1 2835 2582 76.8 699 0449
516 116.2 107.0 279.8 2577 80.1 738 0.447
474 104.3 97.0 279.1 2595 841 782 0.449
436 93.5 87.6 278.1 260.7 87.8 823 0.448
402 83.7 79.0 2774 2618 916 864 0.446
370 76.0 722 281.1 2670 967 919 0.450
342 694 66.3 287.3 2745 1029 983 0458
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Tu(C)

674
645
592
544
501
461
425
392
362

T, (C)

674
645
618
591
543
498
458
421
388
372

Tw(C)

685
657
604
579
533
491
453
418
402

RUN 7 Water V =3.251(m/s) Steam V = 1.748(m/s)

Re = 140287.5 Void Fraction =0.760

g (kW/ mz)

181.3
172.5
155.5
137.5
125.0
111.6
100.9

91.5

82.9

Qe

161.6
155.2
142.0
126.8
116.5
104.8
95.4
87.1
79.3

h; (W/m?/C)

316.0
316.4
315.9
309.6
312.2
309.3
310.7
313.8
317.1

h,

281.8
284.6
288.4
285.5
291.0
290.5
293.8
298.7
303.4

Nu‘;

75.4
77.9
82.6
85.6
91.1
94.7
99.5
105.0
110.5

Nu,

67.3
70.1
75.4
79.0
84.9
88.9
94.1
99.9
105.7

RUN 8 Water V =3.597(m/s) Steam V = 1.775(mn/s)

Re = 155245.6 Void Fraction =0.749

g: (kW /m?)

196.9
188.3
176.2
167.1
149.9
134.0
120.1
108.3

96.9

92.3

4c

177.2
170.9
160.9
153.6
139.3
125.6
1134
103.0

92.6

88.5

h; (W/m?/C)

343.0
3454
340.4
340.1
338.7
336.6
335.7
337.3
336.6
339.0

h,

308.7
313.6
310.9
312.6
314.7
315.6
317.1
320.6
321.7
324.8

Nut

81.8
85.1
86.5
89.0
93.9
98.5
103.1
108.5
113.1
116.3

Nu,

73.7
77.2
79.0
81.8
87.2
924

974

103.2
108.1
111.5

RUN 9 Water V =4.208(m /s) Steam V = 1.806(m/s)

Re = 181588.2 Void Fraction =0.736

q: (kW /m?)

217.0
2134
192.5
180.8
162.6
145.9
131.8
118.6
113.5

Qe

196.3
195.1
178.1
168.0
152.5
137.8
125.3
113.4
108.8

h, (W/m?/C)
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370.8
383.0
382.0
377.3
375.5
373.1
373.5
372.9
376.2

h,

335.5
350.2
353.6
350.7
352.2
352.5
355.2
356.4
360.6

Nut

874
93.1
98.6
100.2
105.3
110.1
115.5
120.5
124.2

Nu,

79.1
85.1
91.3
93.1
98.7
104.0
109.8
115.1
119.0

Csat,l«'

0.449
0.454
0.462
0.456
0.465
0.461
0.463
0.467
0.469

C'.‘m.t,l"

0.462
0.470
0.467
0.470
0.473
0.473
0.472
0.474
0.472
0.474

CsaL,F

0.458
0.479
0.485
0.481
0.483
0.482
0.483
0.481
0.485




RUN 10 Water V =4.742(m/s) Steam V = 1.824(m/s)
Re = 204649.2 Void Fraction =0.728

Tw (C) as (kW/m2) qc ht (W/mz/C) hc Nut Nuc Csat,F

681 240.5 220.2 4137 3788 979 89.7 0484
653 229.1 2111 4142 3817 101.1 932 0.489
600 206.0 1919 411.8 383.7 1068 995 0.493
552 187.3 176.2 4148 390.2 113.7 107.0 0.501
508 166.7 157.8 408.8 3872 1182 1119 0.496
468 150.3 143.2 4089 389.7 1241 1183 0.497
431 136.1 130.5 4115 3944 1308 1253 (0.499
414 128.6 1235 410.1 3939 133.3 128.0 0.497

RUN 11 Water V =5.665(m/s) Steam V = 1.845(m/s)
Re = 244490.4 Void Fraction =0.720

fFw (C) q: (kW/mz) qc ht (W/mZ/C) hc Nut Nuc C'.srat,F

690 278.6 257.6 472.6 437.0 1109 102.6 0.507
667 275.6 256.5 4859 4522 1168 108.7 0.526
646 266.9 249.6 489.3 4575 1204 1126 0.532
585 2353 2222 485.6 458.6 128.1 121.0 0.535
548 216.7 205.9 484.3 460.0 1334 1267 0.536
513 199.2 190.1 482.2 460.2 1385 1322 0.536
481 185.1 177.5 486.3 466.3 1453 1393 0.541
465 175.8 168.8 481.1 462.0 1464 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

Ty (C) qt (kW/mz) g h¢ (W/mz/C) h, Nu; Nu, C’sat,F

655 1164 984 210.0 1774 512 432 0467
621 109.7 94.2 2104 180.6 532 457 0.476
591 101.6 88.2 2072 1798 543 471 0475
534 874 773 2014 1780 564 498 0.469
509 822 734 201.3 179.6 582 519 0.473
461 72.1 653 199.7 180.8 61.1 553 0473
419 62.6 574 196.3 179.8 633 58.0 0.467
400 60.3 55.6 201.0 1855 66,5 614 0480
364 53.0 494 2009 187.1 69.7 649 0478
332 47.1 442 2029 1905 736 69.1 0.480
304 417 394 205.0 193.8 776 733 0482
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T,(C)

675
641
609
550
498
474
411
374
326
298

Tw(C)

662
629
598
569
515
468
426
354
339
310

Tw(C)

667
636
606
501
479
417
382
350
321

RUN 2 Water V =2.338(m /s) Steam V = 6.739(m/s)

Re = 100887.8 Void Fraction =0.909

2: (kW /m?) g hg (W/mz/C)

121.6 1019
117.1 100.1
1094 94.7
954 844
83.6 75.2
781 707
63.1 58.1
56.7 52.8
474 447
43.7 415

211.6
216.6
215.1
212.1
210.0
208.7
203.1
207.0
209.8
220.9

h,

177.3
185.1
186.3
187.6
188.9
189.1
187.0
192.7
197.7
209.9

Nut

50.4
53.6
55.2
58.3
61.4
62.8
66.2
70.9
76.8
84.3

Nu,

42.3
45.8
47.8
51.5
55.3
56.9
61.0
66.0
72.4
80.1

RUN 3 Water V =2.436(m/s) Steam V = 7.001(m/s)

Re = 105145.1 Void Fraction =0.874

¢ (kW/m?)  g. hy (W/m?/C)

130.3 1117
121.5 1054
114.6 100.7
1058 93.7
923 831
809 738
72.1  66.6
559 525
52.6  49.6
48.1 457

232.0
229.7
230.2
225.8
222.3
219.9
221.4
219.9
220.5
229.2

h,

198.7
199.2
202.2
199.9
200.2
200.7
204.6
206.6
207.8
217.7

Nut

56.1
57.6
59.8
60.7
63.7
66.7
70.9
77.4
79.3
86.0

Nu,

48.0
50.0
52.5
53.7
57.3
60.9
65.5
72.7
74.7
81.6

RUN 4 Water V =2.646(m/s) Steam V = 7.360(m/s)

Re = 114189.5 Void Fraction =0.832

9:(kW/m?)  g. h; (W/m?/C)

1563.2 134.1
1442 127.6
136.0 121.6
1049 964
99.1 916
832 780
734 692
65.5 622
58.7 56.1
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270.3
269.4
269.0
261.5
261.9
262.0
260.4
262.3
266.2

h,

236.6
238.4
2404
240.3
242.1
245.6
245.8
249.2
254.3

Nut

65.0
67.0
69.3
76.2
78.5
84.7
88.3
92.9
98.2

Nu,

56.9
59.3
61.9
70.0
72.5
79.4
83.3
88.2
93.9

Csat,l"
0.424

0.447
0.450
0.453
0.451
0.441
(0.449
0.452
0.473

Csat,F

0.430
0.432
0.439
0.434
0.434
0.433
0.438
0.433
(0.433
0.447

Csut,F

0.457
0.461
0.466
0.465
0.467
0.468
0.464
0.465
0.468




RUN 5 Water V =2.802(m/s) Steam V = 7.545(m/s)
Re = 120943.1 Void Fraction =0.811

Tw(C) qt(kW/m2) g b (W/mz/C) h, Nu; Nu, Csat,F

679 - 166.7 146.5 287.8 253.0 683 60.0 0461
647 158.0 140.5 289.0 257.1 711 632 0.469
586 138.6 125.5 285.1 2580 751 679 0472
533 120.7 110.6 279.1 2558 783 717 0.468
485 108.3 100.5 281.6 2614 837 777 0476
442 94,6 885 276.7 259.0 86.7 812 0.468
403 845 797 2787 263.0 91.8 86.6 0472
368 75.9 722 283.0 2690 977 928 0477
337 68.6 65.6 289.5 2769 1044 998 0.485

RUN 6 Water V =3.028(m/s) Steam V = 7.744(m/s)
Re = 130677.9 Void Fraction =0.791

Tw (C) qt (kW/m2) Qe ht (W/mz/C) hc Nut Nuc Csa.t,F

655 172.3 154.2 3107 2782 757 67.8 0476
626 164.3 1484 3125 2824 787 711 (0484
572 146.6 134.3 3107 2847 832 762 0488
524 129.5 1199 3059 2832 867 803 0485
480 114.8 107.2 3022 2822 904 844 0482
441 102.8  96.8 3019 2842 948 892 0482
405 922 874 302.8 2871 99.6 944 0483
372 833 795 3064 2922 1052 1004 0.486
342 757 726 3126 299.8 111.8 1072 0.493

RUN 7 Water V =3.381(m/s) Steam V = 7.959(m/s)
Re = 145899.0 Void Fraction =0.769

Tw(C) @(kW/m?) ¢ h (W/m?/C) h, Nu Nu, Cer

686 1945 173.8 332.2 2969 783 700 0.468
655 183.8 165.7 331.3 2986 807 728 0472
625 181.1 165.2 3447 3146 868 792 0.498
570 160.2 148.0 340.8 3149 914 845 0.499
520 140.5 131.1 3346 3122 953 889 0494
497 133.5 125.1 336.1 3151 985 923 0.498
475 126.4 119.0 3369 3173 1013 954 0.500
454 119.0 1125 3359 3174 1036 979 0498
435 112.2 106.4 3354 3180 106.1 100.6 0.497
416 105.2 100.1 3332 3168 1079 1026 0.493
398 1002  95.6 336.1 3207 111.5 106.4 0.497
381 9.6 905 3365 3219 1141 109.2 0.497
365 89.8 86.2 339.2 3253 1176 1128 0.499
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Tw(C)

681
648
617
587
559
507
460
419
381

Tw(C)

657
631
606
582
537

478
442
409
393

T,(C)

674
646
592

521
499
458
421

RUN 8 Water V =3.708(m/s) Steam V = 8.095(m/s)

Re = 160028.7 Void Fraction =0.756

g (KW /m?)

213.7
201.0
188.6
177 .4
166.7
146.9
128.8
115.2
101.9

Gc

193.4
183.5
173.4
164.2
155.2
138.1
122.0
110.0

97.8

h; (W/m?/C)

367.7
366.8
365.2
364.6
363.6
361.2
357.6
361.8
362.9

h,

332.8
334.8
335.7
337.4
338.5
339.6
338.9
345.3
348.3

Nut

87.1
90.0
92.9
95.9
98.9
104.6
109.5
116.8
123.1

Nu,

78.8
82.2
85.4
88.8
92.1
98.3
103.8
111.5
118.2

RUN 9 Water V =4.303(m/s) Steam V = 8.255(m/s)

Re = 185700.7 Void Fraction =0.742

g: (kW /m?)

220.5
211.0
201.1
190.7
173.1
158.9
149.2
134.4
122.5
116.0

4c

202.3
194.7
186.6
177.8
162.7
149.6
141.7
128.4
117.6
111.5

ht (W/m2/C)

395.9
397.2
397.4
395.6
395.9
381.6
395.2
393.7
397.3
395.8

h,

363.0
366.6
368.8
368.8
372.3
359.4
375.5
376.0
381.3
380.6

Nut

96.2

99.4
102.3
104.7
110.4
109.2
118.5
123.4
130.0
132.2

Nu,

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

g: (kW /m?)

242.0
2334
206.8
197.6
177.8
169.5
150.8
136.5

qe

222.3
216.0
193.2
185.6
168.3
161.1
144.1
131.2

h; (W/m?/C)
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421.6
427.9
420.3
423.0
422.8
425.2
421.1
425.0

h,

387.3
396.0
392.7
397.3
400.3
404.1
402.5
408.4

Nut

100.6
105.3
110.0
113.9
120.3
124.3
129.3
136.7

Nu,

92.4

97.5
102.8
107.0
113.9
118.2
123.6
131.4

Csat, r

0.494
0.498
0.501
0.504
0.505
0.506
0.501
0.507
0.506

Csat,I"

0.494
0.500
0.503
0.504
0.508
0.490
0.510
0.507
0.511
0.508

Csa.t,F

0.493
0.505
0.502
0.508
0.511
0.515
0.510
0.514



RUN 11 Water V =5.778(m/s) Steam V = 8.435(m/s)
Re = 249336.8 Void Fraction =0.726

T,(C) ¢(kW/m?) ¢ h (W/m?/C) h, Nuy Nuc Csarr

677 266.5 246.6 461.8 4272 109.8 101.6 0.494
651 262.2. 2444 4762 4439 116.6 1087 0514
600 2375 2235 475.1 4470 1232 1159 0519
554 215.0 203.8 4741 4493 129.6 1229 0.521
532 204.7 194.7 4740 4508 133.1 1265 0.523
511 1944 1854 4730 451.1 1362 1299 0.523
491 185.3 177.2 473.8 453.1 139.8 133.7 0.524
472 175.8 168.6 4727 4532 1427 1368 0523
454 168.6 162.1 4765 458.1 147.1 1414 0.527
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