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1.0 INTRODUCTION

| 8¢

1.2

Scope of Work

This document provides the minimum time required to reach the decay
neat removal system cut-in point during a natural circulation cool-
down without flashing in the reactor vessel head. The decay heat
removal system [OHR) cut-in point was assumed to be 291 2s5ig ard
280°F (Ref. 1).

Background

During natural circulation, the fluid in the upper reactor vessel
head (above the plenum cover) is essentially stagnant and does not
thermally communicate with the rest of the reactor coolant system,
The cocldown rate of the head metal and fluid is very slow and is
controlled by heat transfer to the reactor building and to the
small amount of coolant that flows over the plenum cover. dence,
if the RCS is depressurized and cooled rapidly, flashing of the
head fluid and uneven thermal stresses may result. Therafore,

the head cooldown controls the amount of time reauired to reach the
DER cut-in point,

Summary

Figure 5 shows the maximum RV head fluid temnerature as a function
of time, and Figure 6 plots the corresponding saturation pressure.
In order to start the decay heat removal system at 291 psig, the
head fluid temperature must be below 419.1°F (Tgat at 291 psig).
This also assumes the rest of the RCS is at or below 280°F. Thus,
it takes about 135 hours to cocl the head to this temperature.

2.0 ANALYSIS
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Analvtical Methnds

The cooldown rate of the RV upper nead under natural circulation
conditions was determined using a finite difference heat transfer

-t
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moael. The model consisted of nodes representing the coolant,

olenum cover, vessel wall, insulation, and the air trapped between
the insulation and metal (see Figure 1). Heat transfer mecha-isms
considered were conduction, convection, and radiation. Figure 2
shows the heat transfer paths and mechanisms.

The flow through the upper head region was derived from nrevious
hydraulics calcuiations,and Figure 3 shows these flow paths. The
RV head temperature was assumed to be 604°F. This is approximately
the not leq temperature for 100 percent power. The head fluid
temperature was initially set to 585°F (assuming the pumps continue
to run for a short period after the reactsr trips). However, as
shown in the results, the fluid temperature quickly increasas to
the metal temperature. The RCS loops, inciuding the hot 1egG, were
assumed to cool down at 100°F/hr from 585°F to 10°T.

Other important assumptions used in this analysis are listed below:

1. Convective heat losses from the control rod drive (CRD)
were effectively modeled as conductive heat losses.
Instead of a Q = hA .T equation, a Q = -kA 4T/dx eguation
was used with the CRC temperature set at 120°7 three fect
above the RV head.

2. The flow rate for ratural circulation was 3 percent of
full flow.

3. dhere conductive heat transfer exists between adjacent
nodes of different materials with different thermal
conductivities, the smaller or limiting value was used.

4. Radiative heat transfer was used for the reflective
insulation heat losses to the containment atmosphere,
An emissivity value of 1.0 was used.

5. The ambient (reactor building) temperature was assumed
constant at 120°F,

i



Typical RV head mirror insulation transference values were
used at insulation/air interfaces. The upper porticn of the
RV and internals was divided into a multinode representation
as shown in Figure 1. A mass transfer model was superimposed
on this multincde mocel as indicated by the solid and dotted
flow paths. A solid 'ine from one node to another signifies
mixing. A cotted line signifies no mixing, sucn as the case
for coolant rising inside the column weldments from the upper
plenum to the RV upper head. Figure 1 shows that mixing is
assumed only in the first Tayer of nodes in the RV upper head.
This assumption is critical to the results of the analyses
and, as discussed above, is conservative.

As shown on Figure 1, each node represents a three-dimensional
ring in the analysis. Finite difference ecuations were then
written for each node volume. This set of finite difference
equations was then solved simultaneocusly for each discrete
time step. A 2C-second time step was chosen based on conven-

; ticnal stability criteria. Future node temperatures were
calculated based on the current temperature plus the heat ana
mass transfer over the time step. The general form of the
finite difference eguations is:

.

Teuture * Tpresent N lt(Qk *Q + 0, * Q)

Vv
p X Cp X

where:

At = time step,

| Q, = conduction heat transfer = -kA x 4T/:X,

Q, = convection heat transfer = hA 1T,

Q =h t ferred with mass = o x V) x (T =T 374
Q eat transferre t sS x ¥ x Cp ( new ™ Toresent!/ 3ts

0 = radiation heat t =B xAx(T )4 - )4
) radiation neat transfer = 8 x A x ( — (TadJ’ ,
o> = density of node material,

C. = specific heat of node material,

V = volume of node,

36-1140819-00 tha o




thermai conductivity of node material
temperature difference across interface,
temperature gradient across node,
convection coefficient,

Stefan-8oltzman constant,

temperature of adjacent node

/ i T . in ! : al .
[both Tpresentand T3 n Q. equation are absolutea),

new temperature of node due to mass transfer,

Toresent = Tin’ exo (=0 x vol)og)+ Tin®

mass flow rate into node,
weignted mass average inceming temperature,

T r nt node temper r
oresent present node temperature

Conductive heat transfer was considered at the boundaries of similar
media (air-air, steel-steel, water-water, insulation-insulation).
Convective heat losses were considered at other boundaries, (air-steei,
air-insulation, steel-water). Finally, radiative heat transfer was
considered for insulation-ambient air conditions.

4 The CRD convective heat losses (to the service structure region)
were modeled as conductive heat losses. Ambient conditions of
: 12C0°F were assumed:

: Qk = -kA(dT/dx)
|
where:
jk = heat transferred by conduction,
k = thermal conductivity of carbon steel,

= horizontal-cross secticnal area,

=Y
]

dT/dx = linear temperature gradient along CRD length

36-1140819-10 -4 -



The additional Q term above was added to the finite difference
equations for nodes in the RV head (dome) that contain CRD nozzies.
The leadscrews and column weldments were modeled similarly. The
masses and volumes of these components were distributed among

the applicable node rings to take into account the cooling by

these comoonents.

A1l sources of nheat--both into and out of each nrde--were summed
and then divided by the mass and Cp of the node. This term was
adaed to the present temperature to obtain the new node temperature.
The process was carried out for all nodes before continuing on to
the next time sten.

ra
e

Analytical Results

The results of the reactor vessel head corldown analysis are shown
in Figure 4. The temperatures of the hottest RV head coolant node
and the hot leg coolant are shown as a function of time. The maxi-
mum coolant cooldown rate in the RV head is 1.70°F/hr while the
primary coolant cooldown rate is 100°F/hr (Ref. 2). The aralysis
assumed the following:

[nitial coolant temperature of 385°F

Initial sheli temperature of 604°F

Ambient temperature of 120°F

Natural circulation flow of about 3 percent normal flow

The analysis assumed that flow up through the plenum cover affected
only the first layer of nodes above the cover. These nodes cooldown
at the same rate as the circulating coolant (100°F/hr). Hence, if
flow were to extend farther above the plenum cover, the cooldown
rate would increase.

However, there is no data or evidence to suggest that additional
venetration would occur during natural circulation. Flow velocities

86-1140819-00 -5 -



into the upper head ragion from below the plenum cover are expected
to be less than two feet ner second and could not cause aopreciable
penetration up into the dome region. It should be pointed out that
the dome reaion is a large volume, approximately 500 ft.3, with a
olenum cover to dome top distance of about 53 feet. Even if

twice the penetration had been assumed, the results would not
change dramatically.

The mouel's results were compared with simple independent hand
calculations which determined the initial cooldown rate with the
head at 585°F. The agreement was good, confirming the model's
general accuracy.

These results cannot be directly supported nor refuted by field
data. No B&W plant has ever performed a natural circulation
cooldown. In addition, the necessary instrumentation to measure
the RV nead cooldown rate is not presently installed at any site.

As shown in Figure 4, the model only simulated about eight hours
of cooldown. Since the head fluid temperature i: about 586°F at
eiant hours, the resuits need to be extrapolated to reach the
decay heat removal system cut-in point. Since the cooldown rate
is dependent upon the head fluid/ambient temperat:ure differential,
the cooldown rate will decrease as this differential decreases.
The long-term cooldown is expected to be governed by the following
equation:

Ty () = Ty

RVH g
(t=0) - A

TavH

-t/t (Eguation 1)

whera:
= temperature of the RY head fluid
(t=0) = approximately 600°F

ambient temperature, 120°F

=y
time constant, hr °

86-1140819-00




The time constant was evaluated using data from the eight hours
of simulation.

From Ref, 2, the peak RY head fluid temperature is 599.2°F at
.17 hours, and the fluid temperature is 586.2°F, 7.7 hours after

the peak,
Therefore:
- s ot = __-7.7 & -1
t RVH(tT » ’A (586.2 - m v 280 hr
In n
RVH(t=0)-T, (599.2 - 120)

Figure 5 has been constructed to extend the head fluid temperature
vs. time plot using Equation 1. Note that it requires about 135
hours to cool down to 419.1°F (TSat at 291 psig).

Figure 6 plots the saturation pressure corresponding to the head
temperature as a function of time. This gives the minimum RCS
pressure vs. time to avoid ‘lashing durina a natural circulation
cooldown., Figure 7 shows head fluid tempecature vs. saturation
pressure superimposed with the NDT limits (Ref. 3). A subcooling
margin line for the head saturation line has been developed by
adding 25 osi and 10°F for instrument errors. Information has

also been added to Figure 7 regarding the cooldown of the rest

of the RCS. Assui.ng the hot leg conditions at full power are
approximately 604°F and 2170 psia, the RCS could be depressurized
and cooled to 350°F and 1500 psia in less than three hours (100°F/hr)
without flashing in the head or violating NDT limits. Then as the
system is slowly depressurized and the head fluid slowly cools over
the next 130 plus hours, the RCS should be cooled to at least 280°F.

In summary, to prevent flashing in the head, the head fluid conditions
mist lie above and to the left of the head subcooling line,

96-1140819-00 -7 -
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As previously mentioned, it is possible to cool the rest of the
RCS down at 100°F/hr from 604°F to 350°F if the head subcooiing
'ine and NDT limits are not violated. However, the resulting
thermal stresses from having the head at 600°F and the rest of
the RCS at 350°F may be significant and have not been evaluated.

3.0 CONCLUSIONS

Important conclusions of this document are:

® I[n order to prevent flashing in the head during a natural circulation,
at least 135 hours are required to reach the decay hcat removal system
cut-in point. This may also require large amounts of AFY to remove
decay heat for cuch an extended time period.

8 Once the decay heat removal system cuts in, the RCS depressurization
must still be slow since the RV head fluid will still be stagnant
and cooidown very slowly.
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PRESSURE, PSIA

86-1140819-00

2500

2000

1500

1000

500

w

2 -

NDT

T

L]

Minimum Pressure for 100°F/hr cooldown of RCS to
(t ~ 2.5 hrs)

Maximum RCS Temperature (220°F) for DHR cut-in.

350°F

(t ~ 13

Limits

5)

100°F/hr Cooldown _~

o

for Cooldown™>___ lo

Head Subcooied /7|

Line -

=

5 :2 Head
Saturation
Line
1 | T 1 .
200 300 400 500 600
TEMPERATURE
FIGURE 7: PRESSURE - TEMPERATURE DIAGRAM FOR NATURAL

CIRCULATION COCLDOWH

« 15 =



