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Film Boiling Heat Transfer during Reflood Process

Yukio SUDO and Yoshioc MURAO
Division of Reactor Safety, Tokai, JAERI

(Received December 1, 1976)

From Westinghouse's Full Length Emergency Cooling Heat
Transfer (FLECHT) test data and the previous studies on the
film boiling, local subcooling is found to be a dominant |
factor in the film boiling heat transfer, existing in the
reflood process.

By experiment, the correlation was obtained between
saturated film boiling heat transfer coefficient h,,sat and
subcooled hg, sub. The h,, sat is similar to Bromley's
expression, but the value differs from his. The ratio of

h sub to hg, sat is expressed with the local coolant sub-

cf
cooling Tgyp (°C) as

h,, sub/h., sat = 1 + 0.025 ATgup

The results in experiment are predicted by this formula

with error ¥ 20% .
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1. TIntroduction

1.1 Reflood Phenomena

On the evaluation of the light water reactor safety, the loss-of-
coolant accident is considered to be severe as one of postulated
accident.

Tn this accident, the coolant would be evaluated from the break point
of the primary leop and the temperature of the core would be resulted to
increase because of low cooling capacity.

To avoid the failure of the core due to excessive temperature rise,
the low pressure coolant injection system (LPCIS), which is omne of
emergency core cooling system (ECCS), is actuated to inject water into
the reactor primary loop to flood and coecl the core.

When the hot core is flooded with the water of LPCI, various kinds
of heat transfer mode and interesting flow patterns are observed.

Such a process is called "reflood process". As for the heat transfer
modes, for example, convection, nucleate boiling, film boiling and two-
phase flow cooling of steam and droplets are co-existing in coolant

channels.

1.2 Objective of the Study

In the various heat transfer modes during reflood process, we intended
to make clear the characteristics of film boiling heat transfer region in
order to provide the information for the computor coding of safety
analysis. The objective of the study is to determine the dominant physical
factors on the film boiling heat transfer region by using the FLECHT test
data(1l) which will be described in latter section and to evaluate quanti-
tatively the heat transfer coefficients by using the data of our model
experiment and the FLECHT test.

In this sutdy it was attempted, as a first step, to evaluate the
influences of the dominant physical factors especially on the film boiling
heat transfer region by using the FLECHT test data and second, to evaluate

the heat transfer coefficients.

1.3 Review of PWR FLECHT Test
The PWR FLECHT test data which is first analyzed in this report, is
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summarized in WCAP-7435(1). The geometry of the test bundle was chosen
to represent a typical pressurized water reactor fuel assembly.

Principal dimensions are as follows.
(1} Rod bundle array - 7x7 and 10x10 rods ( Square array)

(2) Heater rod length and diameter = 12 feet in heated length

and 0,422 inches in diameter
(3) Indirect heating rods
(4) Heater rod pitch -~ 0.563 inches in square pitch

The axial and radial power distribution are employed to correspond
to those that would be found in commercial PWR fuel assemblies. The
axial distribution used in FLECHT test is illustrated in Fig. 1 and the
power is changed with time following the decay heat curve (refer to Fig.2).
The conditions of 36 runs, which was analyzed in this report with regard
to the film boiling region, are summarized in Table 1. The parameters of
run conditions are bundle size, pressure, power, injected water velocity
and inlet water subcooling and the initial heater rod temperature. These
runs are characterized with the injected water velocity constant during

each run.

1.4 WNomenclature

ay 3 vapour film thickness

a, b, ¢, Co; constant factor

Cp ; specific heat of vapour at constant pressure
CpLs specific heat of water

D, d; diameter of tube or heater rod

gc ; gravitational acceleratiom

h ; heat transfer coefficients

he 3 convective heat transfer coefficients
hy ; radiative heat transfer coefficients
bt ; total heat transfer coefficients

hgg; latent heat of water

k1, ;3 thermal conductivity of water

ks ;3 thermal conductivity of flow tube wall
ky ;3 thermal conductivity of steam

. ; representative length of film boiling

elevation of heater rod

-
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P ; ©pressure

Q, gq; heat flux

R ; radius of heater rod

r ; axial distance (variable)

Tg ;3 gas temperature

Tin; Inlet water temperature

Tg 5 average gas temperature

T1, 3 water temperature

TQ 3 Quench temperature

Tg : saturation temperature

Ty 3 vapour temperature

Tw 3 heater rod surface temperature
t ; time

Uin; inlet water velocity

U, ; quench velocity

Up : inlet water velocity

V ; water velocity

Z 3 distance along the heater rod (variable)
ATgyhi subcooling

v 3 specific weight

§ ; wall thickness

e 3 emissivity

o 3 Boltzmann's constant, surface tension
p 3 density

he 3 critical length

Uy 3 viscosity

n 3 power distribution ratio

>

£ i decay heat power ratio
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2. Investigation of the Effects of Parameters on Film Boiling Heat

Transfer Coefflicients in PWR FLECHT (1) Test

2.1 Film Boiling Heat Transfer Region

The typical histories of the surface temperatures and the calculated
heat transfer coefficients selected from the PWR FLECHT test (1) are
illustrated in Figs. 3 and 4. The point Q where the surface temperature
begins to fall steeply near to the saturation temperature is called as a
quench point and the maximum temperature point P as a turnaround point
in Fig. 3. With regard to quenches, their times and temperatures of
36 runs at the midplane of rods are listed in Table 1. From the quench

times and the quench temperatures listed in Table 1, it is concluded that,

1°) Quench temperature is in general higher than 300°C (which is
about equal to the Leidenfrost temperature). Soon after quench, the rod
surface temperature becomes about saturation temperature of coolant as
seen in Fig. 3. Then, the rod surface can not be wet with water stably
and continuously before the occurrence of quench and on the other hand,

the surface can be wet after quench.

2°) Quench occurs delaying from the time when the water level
arrives the midplane of the rods, where the thermocouples are equipped for

measurements.

. 3°) Judging from the facts described in 1°) and 2°), there exists
the liquid in the vicinity of the heater rod surface above the quench

point but the liquid does not touch the rod surface.

4°) Then, the quench point where the surface temperature falls
steeply can be approximately considered as the start of the film boiling
heat transfer region and whence on the rod surface above the quench, there

exists the film boiling heat transfer region with some length.

5°) With regard to this film boiling, the flow model shown in Fig.5

ig introduced as a conceptional diagram of flow.
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Fig.3 Typical Histories of the Surface Temperatures
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Fig.5 Flow Model as A Conceptional Diagram of Flow
for Film Boiling Heat Transfer Region

2.2 Representative Length L with Film Boiling

Then, here the representative length L with film boiling is introduced.
In Fig. 5, the length from the quench point Q to the point M where the
thermocouple is equipped, can be considered as the representative length
L. In this analysis, the point M corresponds to the midplanec of the rod.

As the quench times tqy, tqm, tqe at the elevation 8', 6', 4' from
the lower end of the rod are known in PWR FLECHT test(l), the quench
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velocity Uq at the midplane can be calculated as follows.

Uy )/ (bt + (artp)/ (tqurtqp) (/2 (1)
where &, = 8', &y = 6' (midplane), %= 4'. Quench velocities at each run
are summarized in Table 1. Then, the length L can be approximately
obtained as follows with Uy and the time t before quench occurs at the
point M.

L = tUqg | (2)

By adopting this representative length L, the heat transfer coeffi-
cients can be evaluated and the effects of various parameters on the heat
transfer coefficients can be investigated even with the different
conditions of parameters such as inlet subcooling, injected velocity and

initial clad temperature.

2.3 Effects of the Inlet Subcooling, Injected Velocity, Initial Clad
Temperature and System Presgsure
The total heat transfer coefficients h; shown in Fig. &4 are given
as the sum of the convective term h; and the radiative term h,. The term
hy is dependent on the emissivity e, rod surface temperature Ty and the

saturation temperature Tg of water and is evaluated as

he = el - Gen) "/ (@, - T (3)
where ¢ is the Stefan-Boltzmann constant.

As the term h, can be evaluated with ¢ = 1 with considerably good
accuracy, we will focus to the convective term he only. In the Figs. 6738,
the heat transfer coefficients h. at the midplane of the rods are
illustrated with regard to the length L from the quench point to the
midplane. In these figures, except for only one parameter the other run
conditions are the same in order to investigate the effects of that para-
meter on the film boiling heat transfer coefficients. These data are
calculated from. the histories of the rod surface temperature Ty, the total
heat transfer coefficients hy at the midplane (6' elevation), quench

veloeity and system pressure using eqns. (1), (2) and (3).

(A) Effect of the Tnlet Subcooling: The effect of the inlet sub-

cooling are illustrated in Fig. 6. The conditions of the other parameters
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are the same and are shown in the title of the figure.

(1°) This figure indicates that the greater inlet subcooling gives
the higher heat transfer coefficients h. for the same length in the range
from 0 cm to 40 cm long. As for the reason of this tendency, it can be
considered that the local subcooling at the midplane would become large
with increase of the inlet subcooling. Under the same conditions of the
other parameters, the heat transfer from the vapour film into the liquid
becomes greater in proportion to increase of the local subcooling ATgub;
ATgyh is defined as the difference of the saturation temperature Tg and
the local liquid bulk temrerature T1,. As the result, the vapour generation
becomes smaller and then, the vapour film thickness &+ becomes smaller. The
heat transfer coefficients are expressed with the thermal conductivity ky
as hg = ky/8y. .

It follows that h, becomes large with the small §y.

(2°) As the common tendency in each run, this figure also indicates
that the larger length L gives the smaller magnitude of the heat transfer

coefficients he.

(3°)_ The magnitude of the effect of the inlet subcooling on he becomes
large when the length L is small (especially near the quench point). It
could be said that the effects of the local subcooling are stronger with

the shorter length L if the explanation described above in (2°) is reasonable.

(4°) On the other hand when the length L becomes larger than about
40 cm, he 1s almost the same within the error of experiment with whatever
magnitude of inlet subcooling. As the reason for this, the following two
are considered. (a) In the case that the length L is larger than 40 cm,
the top of the liquid colurm shown in Fig. 5 may be below the midplane of
the rod and whence in the wvicinity of the midplane there does not exist the
film boiling hedt transfer region. There may exist the two phase flow
cooling of steam and liquid droplets. That is, the length L = 40 cm means
the maximum length of the film boiling region in this case. (b) When the
length L becomes larger than 40 cm, the local subcooling at the midplane may
be kept constant, in other words, the local bulk liquid temperature Ty,

becomes the saturation temperature Tg (ATgyp = 0).

(B) Effect of the injected water velocity; TIn Figs. 7(A) and (B),
the effect of the injected water velocity is illustrated. The other run

conditions are shown in the title of the figures. These figures indicate
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that the higher injected water velocity gives the larger heat transfer
coefficients he with the same length L. Fig. 7(A) shows the case that the
system pressure P is equal to 4 kg/cm?ab and Fig. 7(B) the case that P is
equal to 1 kg/cmzab. As the inlet subcooling and the power are almost

the same with each run in Figs. 7(A) and 7(B), the local subcooling at the
midplane is directly due to the magnitude of the injected.water velocity,
that is, the higher injected water velocity gives the larger local sub-
cooling. Then, the effect of the injected water velocity does in this

way cause the difference of the local subcooling of water at the midplane.

(C) Effect of the initial clad temperature Ty,int; The effect of
the initial clad temperature Ty jpt is shown in Figs. 8(A) and 8(B). The
initial clad temperature Ty ipt is the one at the midplane at the time when
the water starts to be injected into the test section. From the figure, a
very interesting and important fact can be pointed out that the heat
transfer coefficients he are almost the same within the error of experiments
with the same length L under whatever conditions of Ty jnt. The effect of
Ty itself is diminishing tactfully because the heat transfer coefficients hg¢
are obtained by substracting the radiative term hy from the total heat
transfer coefficients hy, where hy is directly dependent on the rod surface
temperature Ty(¢). It is made clear from this presentation of heat tramsfer
coefficients that the initial clad temperature Ty int are not necessary to
be paid attention to on purpose to evaluate the coefficients he. In addition,
it can be guessed that the local water subcooling is not affected signifi-
cantly at the midplane with the differences of Ty int because the much time
elapses before the film boiling region appears in the vieinity of the
midplane and because the effects of the initial clad temperature Ty int has

diminished already.

(D) Effect of the system pressure P; In the Figs. 7(A) and 7(B), the
effect of the system pressures p 4 ata and p 1 ata can be compared with
regard to the parameter of the injected water velocity. Although the test
runs are done in small numbers, the effect of the system pressure P appears
on the heat transfer coefficients h., that is, the higher system pressure
gives the larger heat transfer coefficients he with the same length L under
the same injected water velocity condition. This tendency would be
reasonably understood from the relation of he = ky/8y. For, "the specific
weight v, of steam becomes larger and then the vapour film thickness &y

becomes smaller when the system pressure p becomes larger, on the other
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hand, the thermal conductivity ky is almost the same. In this way, with
regard to the other parameters, the same tendency on the effect of the

system pressure is to be observed from the same reason.

2.4 Summary of the Effects of Inlet Subcooling, Injected Water Velocity,
Initial Clad Temperature and System Pressure
The data presentation that the heat transfer coefficients h. are related
with the film boiling Jlength L from the quench point to the midplane, can
make clear the effects of the main parameters which would not be understood
from the data presentation that the total heat transfer coefficients ht
are related with time after flooding. That is, with the same condition of

the other parameters,

(1°) The larger inlet subcooling gives the larger heat transfer

coefficients he for the same length L of film boiling.

(2°) When the injected water velocity is larger, he becomes larger
¥y

with the same length L.

(3°) When the initial clad temperature is higher, he is almost the

same within the error of experiments with the same length L.

(4°) It is pointed out that the higher system pressure gives the
higher heat transfer coefficients he with the same length L although the

test runs are in small numbers.
(5°) In each run, hc becomes smaller as the length L becomes larger.

By the way, as regards the inlet subcooling the liquid bulk temperature Tj,
at the midplane may reach the saturation temperature Tg by receiving the
heat from the rod surface until the water reaches the midplane of the rod
in case of low injected water velocity even if the inlet subcooling is
large. On the contrary, even if the inlet subcooling is rather low, T,

at the midplane can be fully below the saturation temperature Tg in case of
high injected water velocity. Accordingly, only when the other parameters
are the same the effect of one parameter, for example the inlet subcooling
or the injected water velocity can be independently discussed, but when
another parameter, for example, the injected water velocity is different
the local subcooling at the midplane can not be decided in proportion to
the inlet subcooling. For, the local subcooling is decided at the same time
from the inlet subcooling, injected water velocity and heat output from the

rod surface. As has been investigated in section 2.3, the effects of both

"20-‘
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the inlet subcooling and the injected water velocity should be evaluated at
the same time and systematically by introducing the local subcooling at

the midplane. Then, in order to evaluate the effect of the local subcool-
ing on h. precisely the local subcooling is first to be evaluated at the
midplane. In other words, when the conditions are quite_different, he

can not be soon evaluated even if only the effect of the inlet subcooling
on he has been estimated from the test runs with the same conditions of the
other parameters and that, it follows that the effects of the local sub-
cooling can not be also evaluated so far as the local subcooling has not

been decided at the midplane.
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3. Estimation of the Local Subcooling at the Midplane and It's Effect on he

3.1 Estimation of the Local Subcooling at the Midplane

In this section the local subcooling at the midplane is estimated.
When water rises along the vertical heater rods, the quench points move
upwards on the rod surfaces behind time with the velocity.smaller than the
inlet water velocity Uipn. As seen in Fig. 3, the rod surface temperature
is at most the saturation temperature Tg below the quench point. Then, it
could be said that the heat output from the rod surface is consumed to
rise the water temperature Ty along the rod below the gquench point. The
local subcooling of water at the midplane at the time when the midplane
quenches, is decided from calculating the temperature rise AT{ between the
lower end of the heater rod and the midplane. The heater rod has the power
distribution N, along its increment length % as shown in Fig. 1 and power
change £(t) with time after flooding is also shown in Fig. 2. The power
change £(t) simulates the decay heat curve. The initial heat flux Qno in
each increment &n is shown as Nn*Qo with the initjial heat flux Q, at the

midplane. The heat flux Qp ¢ at the time t in each increment is shown as

E(t)Qno = E(t)'nn'Q{) .

It is assumed here that all of the heat generation in the increment is
consumed to rise the temperature of water while the water passes through

the increments. Then, the temperature rise ATy, of water in the increment
n is expressed as follows with the time t,s where tp is the time that after

flood the water reaches the midplane of the increment #p.

(p?2 - %*dz)YLCpATLn = Eé%a-wdg(tn)nn Qp ﬁ%i (4)
where D is the heater rod pitch (m), d the diameter of rod (m), YL the water
density (kg/m®), %Zn the increment length (m), Cp specific heat of water
(kcal/kg°C), Qp the initial power at the midplane (kcal/m?hr) and Uin the
injected water velocity (m/sec).

When the water passes from the lst increment to the Nth increment, the
sum ATy of the temperature rises ATy, during each Increment is expressed as

below.
N 7dQ, N

ATy = © ATy, = L £(tyin an (5
n=1 3600(D2 - E-dE)vchUin n=1 n

— 22 —
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To evaluate the right-hand side of Eqn. (5), the time tp in Eqn. (5)
is necessary to be decided. The time 2y/Uin elapses for the water to reach
the midplane from the lower end of the heater rod, where %y is the length
between the two and Ui, the water velocity. The water existing in the
vicinity of the midplane at the time to when the midplane quenches, has
been injected at the time (tQ - Ly/U3,) after flood. Then, t, which is the
time after flood when this water reaches the midplane of the increment in
is expressed as follows.

Lo n-1

—tg -t (5 I 29)/u (6)

t
n
Yo i=1

The value of E(tp) corresponding to the time tp is evaluated from
Fig. 2. Then, the right-hand side of Eqn. (5) is evaluated from Table 1,
Figs. 1 and 2, rod configuration and the physical properties of water. The
local subcooling AT, of water in the vicinity of the midplane at the

quench time ty are approximately shown as
ATgub = ATgub,in - ATy . ' (7)

Although the local subcooling at the midplane corresponding to the value of
1 can not be, of course, expressed with Egn. (7) precicely, the local sub-
cooling in the vicinity of the midplane can be evaluated with considerably
good accuracy so far as the values of L and L/Ui, are not too large. The
local subcooling at the midplane at the time tQ in each run is shown in
Table 1. When the subcooling is zero, the film boiling is the saturated

one. When it is not zero, that is the subcocled one.

3.2 Saturated Film Boiling Heat Transfer

In Fig. 9, the heat transfer coefficients he in all cases of the test
runs of saturated film boiling are shown with regard to the length L. Except
for two runs 3823 and 5123, the heat transfer coefficients h. are scattering
in a certain band with the same length L and the tendencies of h. with the
length L are similar to each other runs. With respect to the runs 3823
and 5123, the water temperature Ty becomes the saturated one Ty soon after
flood, that is, at the elevation much lower than the midplane of rod.
Then, the fluid at the midplane at the time tQ must be the two-phase flow
certainly. Then, its heat transfer characteristies are considered to be

different from the saturated film boiling. Also with respect to the other
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seven runs, the band in which the data are scattering becomes much wider

with the length L larger than 35740 cm. This reason is due to the same

one described above, that is, when the length L becomes larger than 35 %40 cm,
the film boiling region ends and two phase flow consisted of steam and water
droplets occurs. When this two phase flow exists, the heat transfer
characteristics are dependent on another new parameter, quality or void
fraction. If the length L is restricted less than 35V 40 cm, the saturated
film boiling heat transfer coefficients hc, gar are very well understood with

the length L.

3.3 Subcooled Film Boiling Heat Transfer

The heat transfer coefficients h. in all the other cases of the runms
where the local subcooling Tgub is not zero are shown in Figs. 10(A) and
10(B) by taking AT}, and pressure P as the parameters with repard to the
film boiling length L. Fig. 10(A) shows the case of constant pressure
P 4 ck/cmZab with various loecal subcoolings and Fig. 10(B) the case of
constant local subcooling ATg,p  35°C with various pressures. In Figs. 10(4)
and 10(B), it can be soon understood that the relation between h. and L has
the systematic tendency with regard to L and to ATgyb in all seven test rums
although the run conditions are much different to each other. hc becomes
larger as the local subcooling ATgy,y becomes larger with the same length L

and so does it with the larger pressure under the same local subcooling.

3.4 Summary of Characteristics of Film Boiling during REflood

(1°) The film boiling during reflood is characterized by the process
in which the coolant is supplied upwards along the high temperature vertical
full rods and by the phenomena that this region moves upwards later than

the water rises upwards along the rods.

(2°) As the representative length of the film boiling during reflood,
can be selected the length L in the film boiling region from the quench point

to the elevation to be discussed.

(3°) Especially as the characteristies of the film boiling heat
transfer coefficients h., it can be pointed out that the inlet subcooling
and the injected ﬁater velocity have a great influence on hp as the effect
of the local subcooling in the film boiling region.

Then, the following two steps are to be taken; he is to be evaluated
first of the saturated film boiling (i.e. ATgyn =0) and second, hc of the
subcooled film boiling with the local subcooling {ATgyp > 0).
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4. Relation of the Film Boiling during Reflood with Previous Studies
on Film Boiling

4.1 Previous Studies on Film Boiling
The studies on film boiling carried out previously are summarized as

follows.

(I) Steady-state film boiling;

forced convection - vertical heater rod

E11ion(?) | Bromley(3),

horizontal heater rod
Chang(?), Berenson(®), Zuber(G),

Sparrow & Cess(7),

natural convection vertical heater rod

Bromley(s), Hsu & Westwater(g)

horizontal heater rod
Tachibana(lo), Bromley(ll)

(II) Transient film boiling;
Tachibana et al.(IZ), Tshigai et al.(la)

As one of the previous film boiling studies which are intimately
related to the film boiling during reflood, the one by Ishigai et al.(13)
may be pointed out. 1In that, the flow observation and the temperature
histories were investigated on the high temperature rod (10 em long and
10 mm in diameter) thrown in the water pool. But even this case can't be
directly applied to the film boiling during reflood because the test piece
was too small and did not have the heat generation in itself.

Although the steady state film boiling studies can not be directly
applied to, the film boiling during reflood has the possibility that it ean
be treated at least under quasi-steady state because the injected water
velocity is at most about 25 em/sec in the core and that, because the film
boiling region moves with the velocity much less than that. When the
previous studies on steady state film boiling are investigated from these
viewpoints, the important and interesting facts are revealed as follows with
regard to the effects of the representative lemgth L, rod surface tempera-

ture Ty, water subcooling ATg,, and velocity V.
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(1°) Representative length Lj Bromley(s) analyzed the saturated film
boiling heat transfer coefficients he on the vertical rod surface and
introduced the following relatiom.

Kk ~¥y) (Hy= /

hc = ¢C[ ] : (8)
LUV(TW_TS)

Bromley argued that the value of ¢ is between 0.667 and 0.943 theoreti-
cally. Later, Ellion{2) selected 0.714 as C from experiments. His experi-
ments were carried out under the condition; v = 1.1 ~» 5 ft/sec, ATgyp,in =
50 ~ 100 °F, P = 16 60 psia. _

These results imply that h. becomes smaller as the length L becomes
larger and that the effects of the water velocity V can be neglected in the

velocity range described above.

(2°) Coolant velocity V; Bromley(3) estimated the effects of the
coolant velocity V in the saturated steady-state film boiling on h. from
the investigation of the experiments in which water flows right to the

horizontal heater rods of diameter D.

K3y vy (Hy-Hp) 178

h., = 0.62 hen V//gD < 1.0 9
¢ [ Du(T,,~T,) ) when V/YED < ®
' vk H,-H 1/2

he = 2.7 [ vTy L)] when V//gD > 2.0 (10)

D(T,,~Tg)

Although the case of the vertical heater rod is apparently different
from the horizontal one in respect of the flow patterms, this experimental
results are to be paid attention to because these imply at least the

tendency of the effect of coolant velocity V on he.

(3°) Coolant subcooling; Rare are the studies which investigated the
effects of the coolant subcooling ATg,n even in steady-state film boiling
both experimentally and theoretically. With the subcooled water, the heat
transfer will occur in the liquid phase and then, the heat transfer rate
becomes larger compared with the case of saturated water.

Tachibana et al.(lo) did the experiments with electrically heated
nichrome wire of 0.5 mm and 0.8 mm in diameter set in water, alcohol and
CCl, pools. The part of the results is illustrated in Fig. 11. They
revealed that with the water subcooling of 45°C h, becomes twice of the

saturated film boiling heat transfer coefficients.

,29 —
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4.2 Recent Studies on Film Boiling Heat Transfer during Reflood

(1} Uchida, Kaminaga et al.(le) carried out the fundamental experiment

of reflood with the annular flow type test section which has the single
heater rod in it and also studied the characteristics of the tutrnaround
time, turnaround temperature, quench time and quench temperature as well

as the observations of the flow. Kaminaga(17) presented the correlation of

film boiling heat transfer coefficients,

T
h o= e kavYthg
Luy (Ty—Tg)

1
¢ = 0.8 + 0.0240;°

where Uy, is the injected water velocity. The characteristics of his
correlation is that the coefficient c is related only to the injected water
velocity Uj,. The principal aim of his analysis was to make clear the
mechanism of the quench propagation and whence, the correlation of the film
boiling heat transfer coefficients were used for this purpose. Then, this
correlation is not always apply widely to the film boiling heat transfer
during reflood and is rather to be used in the vicinity of the quench peoint.
When this correlation is used in the developed film boiling region, the

heat transfer coefficients are evaluated too high. As seen from the value c
caleulated as bellow, the coefficients h. become twice or thrice too high

when Uj, is above 10 cm/sec.

Uin = 1 cm/sec, ¢ = 0.823
Uip = 5 cm/sec, c = 1.102
Ui, = 10 cm/sec, c = 1.716
U;n = 20 cm/sec, ¢ = 3.576

Then, his correlation is to be restricted in any sense in order to be used

as the film beiling heat transfer coefficients during reflood.

(2) Aoki et al.(le) also studied the film boiling heat transfer coefficients
as well as the.characteristics of the quench phenomena. They reported that
the film boiling heat transfer coefficients lay in the band of 100~ 200
kcal/m?hr°C. -
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5. Film Boiling Heat Transfer Experiment

5.1 Experimental Apparatus

The schematic figure of the test rig is shown in Fig. 12.

The experimental apparatus is composed of the test section containing
in it a vertical simulated heater rod and a recirculation water line

through which water is supplied to the test sectiomn.

(1) BHeater rod; The heater rod is made of the stainless steel tube - 6.2 mm
I.D., 10 mm 0.D. and 900 mm in effective heated length. On the surface of
the rod five alumel-chromel thermocouples are furnished at the elevations

20, 40, 45, 50, 70 cm apart from the bottom of the effective heated section.
The heater rod is directly heated by DC electric source. Both voltage and
current are continuously recorded on the photographic paper at the same time

with the heater rod temperature histories.

(2) Flow tube; Water is injected in the annular space between the flow
tube and the heater rod at the bottom. The hydraulic diameter of the flow
tube is rather equal to that of the fuel assembly of PWR. The broader flow

tubes are used to compare the flow patterns and heat transfer characteristics.

{(3) Thermal insulation tube; In the thermal insulation glass tube outside
the flow tube, water is filled and it is held at the same temperature as
the injected water's so as both to keep constant the wall temperature of

the flow tube and to prevent the injected water from boiling on the flow

tube wall.

5.2 Experimental Procedure

While the water is circulated through the recirculation line with pump,
the temperature of the water in the reservior is regulated with the heater
before the onset of an experiment. The water in the thermal insulation tube
is also kept at the same temperature as the water in the reservoir with the
heater in it. The electric power is supplied to the heater rod at the
constant rate set beforehand. When the heater rod temperature reaches the
value selected, the water is injected upwards the flow tube by actuating the
valves and the run begins.

The injected water velocity Uip is calculated from the time that the

level of the water rises up to the upper end of the unheated section of the

— 32_
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heater rod, and water temperature Tin is measured at just before the inlet
of the test section. In each run, temperature histories of the heater rod
are continuocusly recorded as well as the voltage and current. The flow

patterns are taken by photographs simultaneously.

5.3 Physical Parameters and Their Ranges
In the experiment, the main physical parameters and their ranges are

as follows;

(1) injected water velocity Ujnt 0.5 ~ 30 cm/sec

(2) 1njected water temperature Tin: 20~ 97 °C

(3) system pressure P : atmospheric pressure

(4)  supplied electric power O: up to 8 kw/m

(5) 1initial heater rod temperature Tw,int: 300 ~ 950 °C

5.4 Validity and Advantage of Film Boiling Experiment by Annular Flow Type

Test Section

In this experiment, the annular flow type test section is adopted to
investigate the flow patterns and the heat transfer characteristics
especially of the film boiling heat transfer region in the core of PWR.

The configuration of the flow channels in the actual core is such as shown
in Fig. 13(A) and there does not exist the outer wall of the annular flow
fype test section. As the means to simulate the flow channels shown in
Fig. 13(A), such two types are considered as shown in Figs. 13(B) and (C),
that is, single flow tube type and the annular flow tube type. The former
simulates the unit of flow channels which is enclosed by four fuel rods and
has the defect that the flow chamnel is all enclosed with the heated wall.
Furthermore, it has the defect that the flow patterns can not be observed
directly corresponding to the heat transfer characteristics. This study
aims to evaluate the heat transfer coefficients in the film boiling heat
transfer.

In this sense, it is necessary to observe the flow patterns in the
vicinity of the heater rod to measure the heat transfer coefficients
corresponding to the flow patterns. The latter makes this aim to be attained.
On the contrary, this annular flow tube type has the defect that the outer
tube wall is apt to be wet with coolant and then, the coolant climbs the
wall independently of the flow conditions in the vicinity of the heater
rod. But, in so far as the problem is confined to the film beoiling region,

the characteristics of the film boiling heat transfer depends on whether the
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Fig.l3 Flow Channel for Experiment

heater rod surface is wet with water or not under the condition that the
water exists in the circumference of the high temperature heater rod. Then,
the éffect that there exists the wall wet with water becomes rather smaller
though the length of the film boiling region, the heater rod temperature
and so on become different from the situations in the actual core.

By the way, when the electrical power is supplied to the heater rod
of the annular flow type, the temperature of the outer tube wall becomes
high before the water is injected. Then, the injected water begins to boil
on the outer wall when the water is supplied into the flow tube. In this
situation, the flow patterns is hard to be observed and is complicated.

In this experiment, the thermal insulation glass tube is set outside

the flow tube to aveid this situation.
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6. Experimental Results

6.1 The Characteristics of Heater Rod Temperature Histories

Fig. 14 shows the examples of the heater rod temperature histories
which are recorded at the elevations 25, 40, 45 cm. The temperature histories
which are obtained from the responses of the thermocouples équipped on the
heater rod are in general considered to be divided into four stages.

The first stage is the period before the heater rod temperature
reaches the maximum, that is, the turnaround Point P. The second stage is
the period when the heater rod temperature is falling rather slowly from the
turnaround point to the gquench point Q. The time when the heater rod tem-
perature begins to fall slowly corresponds to the time when the top level
of water reaches where the thermocouple is equipped and that, is the time
the level where thermocouple is equipped begins to enter the film boiling
region.

The third stage is the period the heater rod temperature falls steeply
to the saturation temperature. The point where the rod temperature begins
to fall steeply is the quench point. The fourth stage is the period the
temperature falls slowly from the saturation temperature to the injected
water temperature Tijp. In Fig. 14, each stage from the first to the fourth
is designated as 0, A, B and C.

In the 2nd period, the heater rod temperature is above about 300°C and
is the temperature at which the heater surface can not be in contact or not
be wet with water judging from the thermodynamics. When the water exists
in the circumference of the heater rod in this period, the vapour film exists
beétween the water and the heater rod.

Then, it is considered that the heat is transfered under the film
boiling. As the heater rod temperature falls steeply to the saturation
temperature after the quench, the water can be in contact with heater rod
and the nucleate boiling occurs on the heater rod surface. The quench peoint
is approximately considered to be the initiation of the film boiling region

as described already.

(1) Effect of the elevations of the rod: The effect of the elevations of
the heater rod on the temperature histories is illustrated in Fig. 1l4.

The higher the elevations become, the longer the period A in which the film
boiling heat transfer continues and at the same time, the tempera-

ture decreases more slowly in this region. And that, even if the heater rod
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temperature at the elevation is higher than 400°C the quench occurs just
after the level of the ﬁater reaches the elevation when the elevation is
low dnd the film boiling region does not at all appear. It is noticed that
the condition for the film boiling to appear 1s not decided only by the

rod temperature.

(2) Effect of the initial heater rod temperature: In Fig. 15 is shown

the length of the period A, in which the film boiling heat transfer region
continues. The elevations illustrated are all 45 ¢m. The range of the
water velocities is from 3.3 to 5.0 cm/s. It is difficult to consider for
‘No.l and No.2 thermocouple responses to have the film boiling regions because
their temperatures are bellow 300°C though the same characteristics as the
period A that appears in No.5 thermocouple appeér in a short term in them.
The periods A in thermocouples No.3, 4 and 5 is considered to be the film
boiling region because the temperatures in the periods are above 300°C and
because the characteristics is observed that the higher initial rod tempera-
ture pgives the longer period A and the slower temperature fall in these terms.
When the initial temperature becomes above 400°C, the period A which is the

film boiling region becomes abruptly longer.

6.2 Relation between the Temperature History and the Flow Pattern.Obtained
‘ by Photograph
In Fig. 16, is shown a series of photographs which are taken at some
internals about the flow patterns in the vicinity of the heater rod. The

run conditions are as follows.

inlet water velocity = 1.8 cm/sec
inlet water temperature = 80 °C

initial rod temperature = 600 °C
heat input = 3.8 x 10% kcal/m?hr

flow tube inner diameter = 22 mm

A scale graduated in millimeter is set along the heater rod. The effective
heater section is the part above from 188 mm in the scale. The photographs
(1) ~ (5) show the flow patterns each at the time 3.7, 11.2, 17.0, 21.4 and
29.2 seconds after the water level arrives the start of the effective heater
section.

Photograph (1); In the_vicinity of the heater rod, the layer of

vapour bubbles is formed and the very small vapour bubbles are observed even



JAGRI—M 6848

( a1y u/Teoy 0[Xg z=b ‘e3e T=d ‘D.08= 'L )
_ Auawiiasdxy poy oTburls a8yl ur

seanjeiadwe] pod I93e9H [BTITUI 9Y3 JO S309F3d G Htidg

( Do) [(s/UWD)

0S% | €% | S
o6 | 06 | ¥
09¢ | o5 |¢
09z | €€ |2
091 | oy K
el uin |ON

osl|

— 061

— 06¢

— 0GY

...lo_.mm.

N

0S

_Aluwm ._. .lV“

—og
o[« L'ON
—osz

<r_ ¢ON

J_P,ﬂn_\l €ON .

— OSE

" %'ON
v 7O
| - wo gy =

GON uoneasjs | 0S?

( Do) oinjeiodwia]




JAERI—M 6845

&}
Q
0
0 ~
— 5]
] O
P
H o ®
g @ s
-
H M =
[
£ QD
[ -
m -
= O
2% o
m &y O
B w0
L
n o~ B
o g
ooa A
o - a
H w0 K
o e
[o T )]
+ O -
o + o
Fa) +
aPEE w10}
-
0} -l
L T
+ 0 A
e}
H oA -
e} Hq—)l &
[+]
n M o
O o«
- o R
H g o -
U -~ H
o H H
o]
[ o Bl

Fig.l6




JAERI—M 6848

in the water in the circumference of the wvapour bubbles layer. The water

is got muddy in white. The lower end of this vapour bubbles layer is
observed definitely. Below this lower end, the heat transfer is done by
forced convection as the rod temperatue is bellow 100°C and above this end
it is done by nucleate boiling as the rod temperature is. above 100°C at most
by 10°C. By this time the film boiling does not occur. When the top level
of water reaches the some elevation, the rod temperature falls suddenly

near to the saturation temperature.

Photograph (2); Along the heater rod, a rather complicated flow
pattern is observed. In the lowerest part of the heater rod the forced
convection heat transfer region exists where the heater rod is observed
clearly. In the vicinity of the heater rod above this region the vapour
bubbles layer is observed and the nucleate boiling occurs there. Above
the nucleate boiling region, the film boiling region exists, where vapour
film is recognized in the circumference of the heater rod. In this region
the heater rod temperature is above 300°C. With this tEmperaturé the water
can not be in contact directly with the surface of the heater rod under the
stable state. Above this film boiling region the water level is turbulent
and the boundary of the water and the vapour is rather apart from the heater
" rod surface. The top level of water can't be decided definitely as the flow
patterns is complicated. On the other hand, the quench point is not deter-

mined by the photograph and is determined only by the temperature responses.

Photographs (3), (4), (5); As the time elapses, the flow patterns move
from the photograph (3) to photograph (5) and each heat transfer region
becomes longer. Especially in the photograph (3) rather definite existance
of the vapour film is recognized in the vicinity of the rod between 350 mm
and 420 mm on the scale. This region is the film boiling. As the time
elapses, the top level of water becomes more turbulent and the larger lumps

of water are scattered upwards.

6.3 Film Boiling Heat Transfer Coefficients

The characteristics of the film boiling heat transfer coefficients he
are investigated with the relation of h,. and the length L (representative
length} from the elevation where the thermocouple is equipped to the quench
point bellow. The calculations of the heat flux and the local subcooling

at each elevation are shown in Appendices A and B

__41 i
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6.3.1 The effect of the elevations of the heater rod; At each elevation
the characteristics of the heat transfer coefficients histories are dif-
ferent even under the same run because the local subcooling of water
becémes smaller along the heater rod. In Fig. 17,.the heat transfer co-
efficients h, at the elevations 20, 45, 70 em are illustrated with selecting
the length L as the ordinate and h. as the abscissa. The run conditions

are shown in the figure. In the film boiling region, the lower elevation
shows the higher heat transfer coefficients with the same length L. At the
elevation 70 cm the local subcooling is'zero, that is, the water temperature
is saturation temperature from the calculation of the local subcooling.

The effect of the elevation on h. can be said to be the effect of the local
subcooling judging from the fact that the local subcooling diminishes aloeng

the heater rod.

6.3.2 Saturated film boiling heat transfer coefficients hg gar3

Even if the subcocled water is supplied into the flow tube, the water
can become the saturation temperature Tg at some elevations because the
water receives the heat input from the heater rod and the water temperature
rises along the heater rod to the saturation temperature, when the saturated
film boiling cccurs. Tn Fig. 18, is illustrated the saturated film boiling
heat transfer coefficients hg,gat With respect to the representative length L.
In the figure the ordinate shows the length 1 and the abscissa shows the

convective heat transfer coefficients hc,sats which is obtained as follows.

ht = he(he/he) /3 + by (11)
_ TW y Ts 4 kcgl
hr = 4.88 {(W - (m) ,}/ (TW-TS) {mzhroc] (12)

where ht is the total coefficient and hy is the radiative coefficient.
Whether the local temperature of water has become the saturation tempera-.
ture at some elevation is judged from the Eqn. (B-6) in Appendix B. The
representative length L is calculated from Eqns. (1) and (2). Run conditions
are shown in the figure.

As seen in the figure, the following characteristics are pointed out

of the saturated film boiling heat transfer.

(1°) With the same length L, the coefficients he gat are approximately

the same although the inlet temperature and velocity of water are different.
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(2°) The tendency is clearly observed that hg, sat becomes smaller

as the length L becomes longer.
£

6.3.3 Subcooled film boiling heat transfer coefficients hc,sub;

The results of the relations between he and the length L are shown in
Fig. 19, which are investigated with respect to the inlet water subcooling.
Group number 1 shows the results of inlet water subcooling 3°C, Group
number 2 shows the ones of 10°C, Group number 3 shows the ones of 20°C and
Group number 4 shows the ones of 60°C. In the same group number, the water
velocity is different in each run. The elevation is 40 ecm and is all the
same. From Fig. 19, the following characteristics are recognized.

(1) The larger inlet water subcooling gives the larger heat transfer
coefficients h, with the same length L.

(ii) TUnder the same inlet water subcooling the heat transfer coeffi-
cients h, become 1afger with the same length L when the water velocity is

larger.

The result in Group number 1 shows the saturated film boiling heat
transfer coefficients he gar because at the elevation 40 cm the water tem;
perature has become the saturation temperature by the heat input from the
heater rod. This is shown for comparison.

In the results in other Group numbers, it may be considered that the
éubcooled film boiling heat transfer occurs at the elevation 40 cm because

the water temperature at the elevation is bellow the saturation temperature.

A45 —
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7. Analysis and the Discussion of the Experimental Results

From the preliminary analysis for the PWR FLECHT TEST data and the

experiment for the film boiling heat transfer, the followings are made clear.

(i) When the water temperature becomes the saturation temperature at
some elevations, the characteristics of he with respect to the representa-
tive length L take the same tendencies at these elevations even if the
subcooled water is supplied into the test section (heat transfer coefficients

are almost the same with the same length L).

(ii) When the water velocity is small, the water subcooling at the
elevation to be discussed can become small or to be zero even if the inlet

water subcooling is wvery large.

(iii) Then, to discuss the effect of the water subcooling on h, it

is necessary to investigate the local subcooling.

In this chapter, the saturated heat transfer coefficients hg gat are first
evaluated quentitatively and then, the subcooled ones hc,sub are evaluated

with using the subcooling ATg,, and he gat-

7.1 Saturated Heat Transfer Coefficients hg gat
7.1.1 Applicability of the previous studies' results;

(1) Berenson Correlation(5)

In the U.S. loss-of-coolant code RELAP4, the Berenson correlation is

used for a stagnation condition.

1
%gcpv(pL'pv)hfg]I/H

(13)
A
uyAT (z_i)

k
h = 0.425 [

This correlation is derived for film boiling on a horizontal flat plate.
The thin vapour film over the horizontal surface is unstable and large
bubbles are formed and break away. The characteristic spacing of these

bubbles Lo is determined by

c

Ao /2
2 [g(pL-pv)] ()

This correlation is compared with the FLECHT TEST results in Fig. 20.

{(i1) Bailey correlation(lh)

Bailey suggested that the globular voids are formed on vertical heated
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surfaces by a process of varicose instability of a hellow gas cylinder

within a denser liquid as proposed by Chandrasekhar. He proposed the

correlation,

k3g e (PP )hEs 1/

ho= | vec v %C v _jg] / (15)

AUVAT(—Z—TT_)
1

e 29
L = (16)
21 0,484 :

where d is the fuel rod diameter. _
This correlation is also compared with the FLECHT TEST results in
Fig. 20.

(2)

(iii) PBromley correlation(e) and Ellion correlation

In addition to developing the theory for film boiling on horizontal
cylinders, Bromley also gave the results of the same type of theoretical
treatment for a vertical tube or plate.

3
kg P, (Pr—P Y hel
h=c[vchvfg]1/4 (a7

LuyAT

The value of the constant ¢ in this case is between 0.667 and 0.943.
Bromley did not represent experimental data to check the validity of

the result; however Ellion(z) later developed a similar theoretical result,

k3g.po1hel 1/n
h., = 0.714 [ Svee"v L7 fg ] (18)

¢ LUVAT

and represented some experimental data to substantiate this equation.

These correlations are compared with the FLECHT TEST data in Fig. 20.

(iv) Grietzer and Abernathy's study(15)

Another recent study of vertical film boiling was done by Greitzer and
Abermathy. They considered that the large vapour bubbles released from the
£film and took account of the time-varying vapour thickness. This study also
indicates that the smooth interface laminar flow solution, equation (17)
predicts a value'of approximately two too low. The effects of subcooling
and 1liquid velocity are also established for methanol over a wide range of
values. Typically increasing the liquid veloeity from O to 15 ft/sec or
alternatively the subcooling from 0 to 45°F might double the heat transfer

coefficients in each case.
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7.1.2 Evaluation of he gat;

As one of the characteristics of the film boiling heat transfer
during reflood, it is pointed out that heater rod surface temperature is
not uniform but has the distribution along the rod from the start of the
film boiling to the portion to be discussed. Then, to evaluate the local
heat transfer coefficients at the portion to be discussed it is necessary

. to consider the temperature profile from quench point to that portion.

From the same treatment as done by Bromley, the vapour film thickness

ay is expressed as follows at the arbitrary elevation L.

b L vy Ky (Ty-Ts)
ay = [ C ;
o Yv'L hfg

dZ (19)

For simplicity, the temperature profile Ty between the quench (Z = 0) and

the elevation (Z=1) is expressed as
Ty = (Tyz=r) - TQZ/L + Tg (20)

As vapour temperature used to evaluate the physical properties such as uy,

ky and so on, the following average temperature is used.

Tg = 0.5[0.5(Ty(z-1) + Tw) + Tg) (21)
Then, a, is approximately evaluated as follows at Z=1L.
A Hyky Tw(ze) * TQ
ay,, = [ 1 ( - Tg) (22)
= hngvYL EG 2
k
¥ =L
hc,sat] = v(Z=L) (23
Z=L 4y (Z=L)
, .
YVYthg 1/4
= Co'va [ T _1\+T ] (24)
G(Z=L) LUVRV(_WL?;IZJL_Q -T)
e
where TG = 0.5[0.5(TW(Z=L) + TQ) + Tgl
To(z=1) = 0+5(Tw(z=1) + Ts) | (25)
¢, = c-1/v
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In equation (24), the value of comstant Cgy is not yet determined.
Although this value is theoretically determined frﬁm the vapour velocity
profile across the vapour film, it involves the uncertainty of the validity
of this analysis. Then, it is tried conversely to determine the value G,
by cdmparing with experimental results. The values Co determined with the

experimental results (hc,sat)exneriment can be expressed as

(he,sat) ;
¢, s8at experlm?nt (26)
v 0 YyTLhfg - 174
T =7 3+T
- e
Ta(z=L) g, (ELI D 4 -
2 :

Co =

k

G

The results are shown in Fig.21(A) by taking C, as the ordinate and the

length L as the abscissa. The results obtained from the PWR FLECHT test

data are shown in Fig. 21(B). Although the values of comstant C, are

dependent of the length L, the bold line Cp = 0.94 expresses the characteristics
of the values Co fairly accurately. This value C, = 0.94 is near the value
(0.943) introduced in Bromley's analysis under the boundary condition of

zero interfacial shear stresses.

7.2 Subcooled Heat Transfer Coefficients hg gup

Although it is well known that the subcooled film boiling heat transfer
coefficients hg gyb become larger than the saturated ones hy gat, the valid
evaluation for hg gyb has not yet been carried out and that, it is not made
clear quantitatively how much the coefficients increase compared to the
saturated film boiling heat transfer coefficients when the subcooling exists.
Then, as one of the means to evaluate the effect of the subcooling, the
ratios of hg gub to he,sat are investigated with regard to the subcooling
in Fig. 22,

In this figure, the ordinate shows the ratio hc,sub/hc,sat’ the absissa
shows the subcooling and the heater rod surface temperatures are also shown
as the parameter. The FLECHT test results are expressed with the - marks.
The results of this experiment are expressed with - marks. The vélues
he gat in the ratios he,sub/he,sat are evaluated from eqns. (24) and (26)
and the values hc,sub are experimental results. From this figure the

followings are pointed out.

(i) The ratios hc,sub/hc,sat become large in general in each run in
proportion to the increases of subcooling though they have the some range

of fluctuation.
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(ii) Each run has the common tendency that the ratios become larger
when the surface temperature are low than when they are high. That the
surface temperature are high inplies that the quench point, that is, the
start of the film boiling is far bellow the elevation to be discussed
and that the length L is large. On the other hand, that the surface tem—

perature is low implies contradictory condition in general.

(iii) Although the data are scattering in rather broad range, the
characteristics of hg, gyp with repeat to the local subcooling ATg,.p, can
be grasped with the bold line in the figure. The error the bold line
represents is within +20 %Z. Then, the subcooled film boiling heat transfer
coefficients hC,Sub are evaluated with the accuracy within +20 7 error as

follows.

he sub = (1 + 0.025 Tsub)he,sat (27}

YoYrhe!
vL'f 1/4
he,sat = 0.9hky [ 8 /

(zZ=L) Lk ( W —2 Q .

-Ts) Tg

vhere ATgyp is the subeooling in degree C, Tg is 0.5 (0.5(Ty(z=r) +Tg) + Tg)
and the physical properties in the bracket [ | are evaluated with the

temperature TG'

7.3 Limitation on the Applicability of the Relation between hc,SUb/hc,sat
and ATg 4 ‘

It is impossible to read the film boiling heat transfer coefficients
in the vicinity of the quench point (in the region 0 ~ 5 cm above the guench
point) in the PWR FLECHT test data sheets. Furthermore, it can not be
considered as reasonable that the value which is obtained without taking
into account the heat conduction along the heater rod in the viecinity of
the quench point, is the true film boiling heat transfer coefficients Just
above the quench point. As the uncertainties are left in the vicinity of
the quench point as described above, the applicability of the relation
between hc,sub/hc,sat and ATgyt is restricted in the region except for the
vieinity of the quench point, to say concretely, in the length larger than

5 cm above the quench point.
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8. Conclusion

To make clear the characteristics of the film beoiling heat transfer
during the reflood and to evaluate the heat transfer coefficients, the
investigation on the PWR FLECHT test data and single rod film boiling

test were carried out. As the results, the followings were made clear.

(1) By considering the representative length L which is defined as the

one from the quench point to the upper elevation to be discussed, the effects
of injected water velocity, inlet water temperature, initial rod temperature
and system pressure on heat transfer coefficients are made clear. Under

the same conditions of other parameters, the heat transfer coefficients he
become larger as the inlet subcooling and injected water velocity become

larger. Initial rod temperature does not make effect on h¢ significantly.

(2) The local subcboling was determined from the inlet water subcooling,
the injected water velocity and heat release from the heater rod. This

subcooling was found to make a great effect on he.

(3) As the start of the film boiling during the reflood the quench point
can be taken. By the length L from this point to the elevation to be

discussed, the effect of the elevation on hg can be evaluated approximately.

(4) The saturated film boiling heat transfer coefficients hc,sat can be
evaluated well with the same type as the Bromley's correlation by selecting

0.94 as the value of the constant Cgy. The expression is as follows.

yovphe! 1/ y
he,sat = 0.94 ky v'L fg ]
(z=L) Tu (z=1)1T _
Lipyky{ 2 ~Tg} TG

(5) The subcooled film boiling heat transfer coefficients hy gy, can be
evaluated as follows with the local subcooling ATgyp and the saturated film
boiling heat transfer coefficients he gat with the accuracy less than *20 Z

error.

hc,sub = (1 +0.025 Tsub)hc,sat'
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Appendix A

Calculation of heat flux from the rod surface;

As the heater rod temperature is varying with time, heat release of
the stored energy in the rod must be taken into account as the heat flux as
well as the heat generation by electric power supply. It is not valid to
consider that temperature across the cross section of the rod is uniform
and that it falls at constant rate with time.

Tnder the following assumptions thét will be reasonable in the film
boiling region with respect to the temperature profile, the heat flux is

chtained (see Fig. A-1).

(i) The temperature along the rod in the film boiling region is
uniform as the temperature change is rather moderate there. The quench

region where temperature changes steeply is not considered here.

(ii) The temperature across the cross section of the rod is expressed

as
T(r,t) = A(t)r24B(t)+r + C(t) (A-1)

A(t),B(t) and C(t) are the coefficients dependent on time t.

k3 , 3T(r,t) = 3T(r,t) -
- D1 (r e ) + g5 = Cp ot Rg < r < Ry (A-2)
boundary conditions
(a) §I§£¢El.| =0 (A-3)
r
r=R0
®) T(r,t) | = F(t) = Ty(1-at) (A-4)
r=Ry
(c) T=T at r=Rp, t =0 (A-5)
(d) T=Tp atr=2R, t=0 (A-6)
a2 t a
a T,-T .
AR) = G2~ he®t -2 (A-7)
Rl_RD an
_1 .03 2 2 qn3 _
a1 = 13 (SR; + 17R R, + 11R.R; 9R;) (A-8)

f5’i¢',
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T(r,t )= unknown.
Tr=g, =known.

DO

N

-t

N

MRS

“\\\\\\\'\\\\\\\\\\\V .

—r
T(r,t)= A(t).r2+B(t).r+C(t).

Fig.A-1 Temperature Profile in the Rod Used for Calculating
the Heat Flux from the Rod Surface

2k
a, = =5 R (A-9)
2 CpY 3
Ry+R g
1
a3 = —— (> + a) (A-10)
2 Cpy
Then,
= .--..-g---- A"ll
h ToT, ( )
- = k gI (A-12)
wTg 91 =R,

‘ 52
Zk(R,-Ry) a3 T)-Ty a5 @l

= T &t (o ~ e
TW_TS RI_RO 82

(A-13)

When the temperature history at the outer surface of the rod cannot
be approximated to change linearly with time such as Ty(l-at), it is assumed

for the temperature to change lineariy with time in some time intervals.
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Appendix B

The determination of the local subcooling in this single rod experiment;
In the experiment the boiling on the inmer surface of the flow tube

is avoided because the thermal insulation tube outside the flow tube is

filled with water of the same temperature as the inlet water. The tempera-

ture of water supplied into the flow tube rises along the heater rod. .On

the other hand, through the flow tube wall the heat releases. Then the

local subcooling is estimated approximately as follows.

With respect to the temperature rise of water flowing upwards with

velocity u, the heat balance in the intervals dZ along the rod is
(%)(Dz—dz)YCp dT = 7dq,dZ/u - mDq,dz/u ' (B-1)
k
a4, =5 (T-Ty)) (B-2)

where D is the diameter of flow tube, d the diameter of rod, vy the
specific weight of water, Cp heat capacity of water, T water temperature,
u water veloecity, q; the heat flux from rod, q, the heat flux through the
flow tube wall, § the thickness of the flow tube wall, kg the thermal
conductivity of the flow tube wall and L the water temperature in the
thermal insulation tube (constant).
dT

w(@?-d®>)vc, & = 4{q

P 4z

kg
(d - = D(T - T, )} (B-3)

As the inlet temperature is given as T = Ty, at Z = 0, the subceoling

o]
at Z = Lo is expressed as

Mgyp = Ts = Tz=lo , (B-4)
= (Tg=Tye) = (T, = Ty - (B-5)
= (T -T,,} ~ == [l-expf{- ———— 11 (B-6)

s Lo Dkg P SCPYu(Dz—dz)
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