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ABSTRACT

A reflood heat transfer correlation has been developed from the FLECHT
reflood data for different axial power shapes and arbitraiy variable
flooding rate conditions. This correlation consists of a separate quench
correlation and a heat transfer coefficient correlation. The reflood
correlation predicts both the quench front location and the heat transfer
coefficient above the quench front. The reflood heat transfer correlation
prediction is in good agreement with both the cosine and the skewed axial
power shape FLECHT reflooding data.

INTRODUCTION

The existing reflood heat transfer correlation which is used for safety
analysis calculations in a hypothetical loss-of-coolant accident has been

fl-2)
derived from FLECHT cosine axial power shape reflood tests1 '. How-
ever, since a reactor can experience different axial power shapes, it is
desirable to have a generalized heat transfer correlation which can be
used to predict the reflood behavior of different axial power shapes.
Recently completed FLECHT skewed axial power reflood experiments' '
provide the basis for a more generalized reflooding heat transfer correla-
tion. The new correlation also simplifies the existing FLECHT reflood
correlation' ' by using the concept that the local heat transfer is pri-
marily a function of the distance above the quench front as will be dis-
cussed below.

Examination of the FLECHT cosine and skewed axial power shape reflood data
indicates that after the two-phase flow is developed in the rod bundle,
the local rod heat transfer is primarily a function of the distance above
the quench front. This concept is not new and has been suggested by other
work* 1 > 4» 5\ By examining the FLECHT data and FLECHT movies of the
two-phase flow patterns, it was observed that, in general, the same flow
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pattern exists above the quench front and simply moves up the bundle at
the speed of the rod quench front velocity. For high flooding! rates
(larger than 8 cm/sec), film boiling exists at the quench front in the
form of a thin stable film. As the distance above the quench front
increases, the vapor film becomes thicker due to the increasing vapor
generation and the vapor-liquid interface becomes unstable. Further up
the rod, the increasing vapor generation breaks the liquid into droplets
which are entrained out of the bundle. Once the liquid is broken into
droplets, the flow regime becomes dispersed flow film boiling. For lower
flooding rates (less than 8 cm/sec), the flow regime at and below the
quench front is a bubbly flow which then becomes a dispersed flow above
the quench front." The inverted annular film boiling observed at the
higher flooding rates is usually not observed as the flooding rate
decreases and the flow quickly becomes dispersed. Since these flow regime
patterns move up the bundle with the quench front velocity, the rod heat
transfer correspondingly changes with distance above the quench front.

In order to predict the post CHF heat transfer above the quench front, two
empirical correlations have been developed, they are:

1. The quench front correlation (the 2 -correlation) which predicts the
quench front elevation, Z , as a function of time, and the

2. heat transfer coefficient correlation (the h-correlation) which pre-
dicts the heat transfer coefficient, h, as a function of the distance
from the quench front, Z-Z .

QUENCH FRONT CORRELATION

The quench front correlation has been developed from the correlation
reported in Reference 1. However, it has been generalized to predict the
quench time for other axial power shapes, at any elevation, by using the
integral of power, Q , defined as

Jo"'(Z)dZ
Zpeak power

(Z)dZ 0)
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where Q'(Z) is the linear power (kW/m) at the elevation Z(m). It has been

shown in previous FLECHT flooding tests (1,6) that the quench time is
proportional to the heat input below the quench front. This heat input
can be reasonably approximated by the integral of power below the quench
front. The quench front correlation has also been modified to reflect
different axial temperature profiles, or equivaiently, different stored
energy distributions, associated with each axial power shape.

The modified quench correlation for computing the quench time t (Z )
(sec) at any elevation, Z (m), of any power shape is given by

VV [100

in.

(2)

where "**" denotes the exponentiation to avoid possible confuction,

*atft 1S 91ven by the following correlation

tq6ft = 98.39 Fexp (-0.01926ATsu|j) |l-exp(-0.2626Vin)j
• i l + 0.5 exp (-112.9 p3) + 1.3 exp (-0.0172V?n)

+ 17.3 exp (-112.9 p3) exp(-0.07595Vin
2) jJo.ZOSQ'g^-S-O.ee? .

- 2.8 (0.3048 Q1 - 1.3)/(1 + 100 **- (130 - 30.48 Q'eq)) j

+ 19.145/V^1-1 -2.8 exp (-0.3937V.n) J | 1 + 0.5 exp (-112.9 p 3 ) } |

• J 1.001882+0.00010584Tinit - 1.05 exp(-.08-0.0045Tinit)J [ l + O.

+ 50** (2-0.2626V.n)}] [l + 0.32/ [l + 50** (5-14.5P)}] (3)

where,

eq maxtq
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and

Q1 , = equivalent peak power (kW/m) obtained fay multiplying theinaxtQ
peak power Q'max(kW/m) by the ratio of the time
integrals of current power decay curve and power decay
curve B as given in Reference 2. If the radial power
shape is uniform, Q m a x t a is multiplied by another
factor 1.1.

V. = flooding rate (cm/sec)

ATsub = inlet s u b c o o l i n 9

P = pressure (HPa)

The initial temperature, T^ni^. (°C), at the elevation Z is approximated by

= (Tinit,P"
Tsat) Tsat

where:

= saturation temperature (°C)

c1adding temperature at the peak power location

F(Z) = power at the elevation I divided by peak power Q'
max

and the f factor is given by

,(Qr)/[zq(Qr)]FLECHT Cosine

where Z (Q ) means that Z is a function of Q and can be obtained
from equation (1), and the subscript "FLECHT Cosine" denotes the
corresponding value of Z for the FLECHT cosine power bundle with the
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saune value of Q . Thus f is the ratio of the elevation for the bundle
of interest to the corresponding elevation of the FLECHT cosine power
bundle such that the integral of power, Q , is preserved.

For the heat transfer calculation, it is necessary to compute the
quench front elevation, Z , as a function of time, t. This can be
accomplished by first computing the quench front velocity V (m/sec)

y ,wv-vv (6)

where t ( Z + A Z ) and *„(£„) are the quench times computed from
equation (3). Then the quench front elevation Z can be computed from
the integral

Í Vqdt
J o

(7)

or by a finite difference approximation

Z (t+At) = Zq(t) + VqAt (8)

The above method of computing the quench front elevation Z as a func-
tion of time t by using equations (6) and (£') can be applied to the case
of variable flooding rate. The time t (=t (t)) in these equations
is the quench time if the flooding rate were kept constant at the
current value V. (t) from the beginning of reflood. Thus for a
constant flooding rate case, t and t are identical, while for a
variable flooding rate case, t and t are different by the amount due
to the excess or deficit of water injected into the bundle over the
amount of water that would have been injected during the time t at the
constant flooding rate of the current value V. (t). The detailed
explanation of this physical meaning is given in Reference 7.
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The above modified quench front correlation has been compared to both the
cosine axial power shape and skewed axial power shape^ ' FLECHT tempera-
ture quench data as shown in Figure 1. The agreement is quite good.

HEAT TRANSFER CORRELATION

Examination of the heat transfer data and the FLECHT movies indicated that
the heat transfer process at a given position above the quench front could
be divided into three distinct parts: the developing period, the quasi-
steady period, and the heat transfer above the peak cladding temperature
elevation.

The early developing period extends from the beginning of reflood to the
time when the heat transfer reaches a quasi-steady state process in which
the two-phase flow is developed. During the developing period, the heat
transfer mechanism changes from the radiation-dominated pre-reflood condi-
tion, to single-phase stuam flow, and to dispersed flow after the steam
velocity becomes great enough to carry droplets up the bundle. For low
flooding rates (< 8 cm/sec), the dispersed flow eventually becomes a
quasi-steady state. For high flooding rates {> 8 cm/sec), the heat
transfer mechanism further develops into the unstable film boiling which
then becomes quasi-steady. During this developing period, the heat
transfer quickly increased up to the quasi-steady values. It takes
typically 40 seconds (for the case of 2 cm/sec flooding rate) for the heat
transfer to be quasi-steady.

During the quasi-steady period, the liquid entrainment is developed and
slowly increases above the quench front, and moves up with the quench
front. This time period is generally the longest period and extends past
peak temperature turnaround. Since the flow pattern is basically quasi-
steady, the heat transfer above the quench front is also steady and the
heat transfer becomes independent of time and collapses when plotted
against Z-Z as shown in Figure 2.
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Heat transfer coefficient above the peak cladding temperature elevation is
different from that below the peak cladding temperature elevation and,
therefore, must be treated separately. Above the peak cladding
temperature elevation, the steam temperature may be greater than the
cladding surface temperature and the heat may be transferred from the
steam to heater rods. The FLECHT definition of the heat transfer
coefficient is referenced to the saturation temperature as the sink
temperature. Thus, when heat transfer is fr^m the superheated vapor to
the heated rod, the heat transfer coefficient? must be negative according
to the FLECHT definition. At elevations bslow the peak temperature
location, the vapor temperature never exceeds the heater rod temperature
so that the FLECHT definition of heat transfer»coefficient never yields a
negative value.

The three parts of the heat transfer correlation are as follows: (The
transition between the developing period and the quasi-steady period
occurs when Z is equal to Z , which is defined below.)

Developing Period (Z <_ Zg )

h = hj [1 - exp (2.5 x-10)] ?

+ [h? - hj{l - exp (2.5 x-10)}] [l - e"
x -0.9 xe"x ] (9)

where the heat transfer coefficient h is in w/m °C and

Zc = 0.558 (0.3937 V . ) * * (0.5466 - 0.01677 V.,1' i n in1

x =4Zq /Z s

hj = 6.351 Q'(Z) [ l - exp{- (1.8 T.nU(Z) - 667)/435}]

h2 = h3 + 215.8 exp (-0.059 Vin) exp { -3.937 (Z-Z ) }

h3 = 261.2 [l-exp (-0.0984 Vir))]

•[0.714 + 0.286 (1 - e "1684.3P/Vin
2

)j

Z = elevation (m) where the heat transfer calculation is desired

Q'(Z)= local power (kW/m) at Z

-7-



Quasi-steady Period (Z > Zg)

h = h.
(IP)

In the quasi-steady period, the heat transfer coefficient is practically
independent of time. Therefore, the expression for the heat transfer
coefficient is less complicated.

Above Peak Cladding Temperature Elevation (Z > Z b)

h - h 4 - 88..524 [l - Q T S ^ ) ] exp{-0.224(Z-Z peak)}

where h- is the heat transfer coefficient computed either from
equation (9) or (10), depending on the period, at the peak cladding
temperature elevation Zpeak'

The correlations for the first two parts are functions of the distance
from the quench front, Z-Z_. The correlation for the last part is a
function of the distance from the peak cladding temperature location.
All these correlations have been compared with both skewed and cosine
data with satisfactory agreement. The correlation is generally con-
servative or falls within one standard deviation of the hot rod data.
Figure 2 is a typical one of these comparisons.

Of more general interest and practical use is a heat transfer coef-
ficient-versus-time 'history at a given elevation. The heat transfer
coefficient-versus-time prediction can be obtained by changing the space
variable Z in the heat transfer coefficient correlation to the time
variable through the quench correlation. Figure 3 shows the comparison
of the predicted heat transfer coefficient versus time for the FLECHT
cosine power shape and skewed power shape data. The prediction with the
old FLECHT correlation' ' is also included in Figure 3 to show the
improvement of the present correlation, especially at early time. Comparisons
of the present correlation with some of the BWR FLECHT*
test datav ' were also made with reasonably good agreement.

TV ; and semi-seale
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CONCLUSION

A quench time and heat transfer correlation has been developed which
will predict the reflood heat transfer for different axial power
shapes. The correlation has been shown to be in good agreement with
reflood data for different power shapes.
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