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DISCLAIMER OF RESPONSIBILITY

This document was preparcic by or for the SPUN Corporation. Neither
GPUN Corporation nor any of the contributurs to this document:

a. Makes any warranty or reprosentation, express or implied, with
respect to the accuracy, completeness, or usefulness of the
information contained in this document, or that the use of any
information disclosed in this document may not infringe privately
owned rights; or,

b. Assumes any responsibility for liability or damage of any kind which
may result from the use of any information disclosed in this
document.
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SUMMARY

This report contains an analysis for TMI-1 which simulates a natural
circulation cooldown without reactor vessel upper head void formation. A
two-dimensional cylindrical model of the TMI-1 RV upper head was deveioped and
used as the basis for the thermal analysis. Computer aided analyses were
performed by means of HEATINGE (2 multi-dimensional, generalized heat
conduction code) to demonstrate the thermal response of the RV head to RCS
cooldown rates of 10F°/hr and SOF°/hr. The results indicate that for an RCS
cooldown of 10F°/hr to 204°F, it would require 22 hours to reduce the coolant
temperature in the reactor vessel head to 429°F*. On the other hand, for an
RCS cooldown of SOF°/hr to 204°F, the time required to ccol the reactcr vessel

head to 429°F* is on the order of 7 hours.

The results of these analyses may be correlated into pressure versus

temperature curves which can be incorporated into existing ccoldown procedures.

. 429°F is the saturation temperature which corresponds to the decay heat

removal system cut-in-point - 325 psig RCS pressure.
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INTRODUCTION
1.1 BACKGROUND

On June 11, 1980, the St. Lucie reactor was shutdown due to & loss of
component cooling water to the reactor coolant pump seals which also
required shutdown of the reactor coolant pumps. The cooldown was
accomplished by natural circulation. A: approximately four hours into
the event, charging flow, which was initially being divided between the
cold legs and the auxiliary ﬁressurizer spray, was diverted entirely to
the auxiliary spray to enhance the depressurization and reduce the system
pressure on the pump seals. At that time, abnormally rapid increases in
pressurizer level were observed. Detailed evaluation and follow-up
analyses have indicated that the increases in pressurizer level
indication were the results of steam void formation in the upper head
region of the reactor vessel. The steam void was produced at the instant
the system pressure dropped belcw the saturation pressure correspgonding
to the upper hezd coolant temperature. Under conditions of natural
circulation, ccolant in the upper head is expected to be in poor thermal
communication with coolant in the plenum. Consequently, the coolant
temperatures in the RV head will tend to remain elevated above

temperatures indicated by hot and cold leg instrumentacion.

1.2 NRC Concerns and Reguirements

Because of the unexpected occurrence the void during the St. Lucie

event, and the failure of the cperators to immediateiy recognize the void
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formation and take corrective action, the question of .whether such void
formation is properly accounted for in safety analyses has been an aree
of concern to the NRC. jhese concerns relate to a) procedures and
training to enable onerators tc avoid void formation (if possibie), or
recognize and properly react to reactor vessel head voiding during
natural circulation cooldown and b) the possibility that significant hezd
voiding increases the susceptibility of the plant to more sericus
accidents. In pa}ticular, these issues are contained in Reference |

which requests the following information:

1. A detailed description of the natural circulation cooldown procedure
eand its basis (it should include guidance on possibility,
prevention, and mitigation of upper hezd voiding and naturzl

circulation interruption).

2. Demenstration by analysis or otherwise, that:
2) Use of this procedure will not result in upper head voiding
%) If voiding occurs, the procedure will prevent any voiding at

the hot leg elevation

1.3 TMI-1 Natural Circulation Coolina Procedure OP 1102-16

Operating procedure 1102-16 addresses RCS natural circulation ccoling for
TMI-1 in which an RCS cooldown rate greater than 10F°/hr but less than or
equal to SOF°*/hr is prescribed as a means of preventing upper head
voiding. Section A.2.6 gnd C.4.3 include guidance on pessibility and

mitigztion of upper head voiding as quotsd below:
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Veids mey occur in the Reacter Vesszl head while
depressurizing the RCS due to head water temperature
beipg higher than RCS temperature. This condition may
be evidenced by an increase in pressurizer level while
reducing RCS pressure even though an adequate satu;ation
margin is indicatsd between T, (hot leg temperature)

and RCS pressure. Refsrence IE Circular 80-15.

If void formation should occur in the RV head, the head
bubblie should be condensed before ccntinuing the cooldown.
If an RCP cannct be bumped, then RCS pressure should be
held constant or slightly higher until the head bubble
has condens2d as indiczted by the return of pressure

control to the pressurizer.

In addition, the procsdursz will prevent any veiding at the hot leg

elevaticn by Steps A.2.5 and B.2.5:

Stezm voids at the tcp of the hot legs can interrupt
natural circulation. T-is is prevented by establishing

and maintzining &t lezst a 25°F subccoled margin after

Reactor Ccolant Pump trip.
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1.4 TMI-1 Natural Circulation Cooldown Analvsis without Reacter Vessel

Uprer_ Head Void Forma:ion
In order to formulate procedural requirements to prevent ccolant flashing
in the reactor vessel head, a~ analysis was performed to simulaiz a
natural circulation cooldown at THI-I.. ! two-dimensional cylinérical
model of the RV upper head w-s used as tne basis for the thermzi analysis
which utilized HEATINGS (a multi-dimensional, generalized heat conduction

code) .

An2lyses were performed for RCS cooldown rates of 10F°/hr and SoF*/hr to
determine the minizum time required to reach the decay heat remcval
s.stem cut-in point (325 psig and RCS temperature of 300°F) baszd cn the
system design. In order to empicy the decay hezt removal systss, the
temperature of fluid in the vesse) h-2d must be less than the szturation
temperature (429°F) which corresponds to 325 psig. In additicn, the RCS
temperature was allowed to decline to 204°F in both cases. The results

of these analyses are presented in Section 4.0.
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2.0 REACTOR VESSEL UPPER HEAD COOLDOWN PROCESSES

During natural circulation, the fluid in the RV upper head will remain
relatively stagnant since the reactor coolant system loop flow rates will
be significantly smaller than during forced circulation. The plenum
cover and structural components (shown on Figure 2-1) tend to isolate the
8V head f]uid from coolant in the plenum. Coolant will enter the head
region at low velocity through the CRD guide tubes which extend
approximately 20 inches above the plenum cover. Consequently, little
mixing is expected between entering coolant and the majority of fluid in
the RV head deme. The head metal and water will cool slowly by means of
the heat transfer processes delineated below and illustrated on

Figure 2-2. Patterns of fiuid circulation (which will Tikely result from

the effects of natural convection cooling) are depicted on Figure 2-1.

The head cocoling processes are:
. Heat transfer from the exterior surface of the mirror insulation to
containment is considered to occur by means of free ccnvection and

radiation.

Heat transfer across the three (3) inch thick mirror insulation is

considered to occur by means of conduction.

Heat transfer from the exterior surfaces of the vessel head through
the air space to the inside surfaces of the mirror insulation is

expected to occur by means of natural convection and radiation.



RY  COMEINENTS

RIE SPRCE

FICURE 2-¢




RV Herp Hewr TRansree

OORRNSNRRAORAAR

FIGURE 2-2

TR 017
Rev. 1
Page /¢

DRAWING [Z52ND

; CovvesT/on
® » Rapsariex
@ = Cworerion
Q) = arireLs Eounchpy
/?}IFE?ifU»P[




\

TR 017 ;

Rev. 1 ‘

Page [/ |

|
i Heat will be conducted aleng the metal walls toward the CRD housings !
|

located in the vessel head.

Heat from the upper head wall will be conducted along the vessel
steel toward the coolant inlet which is located in the anrulus
between the vessel walls and the core thermal shield. Heat will
also be transferred from the vessel walls to the cold and hot leg

nozzles.

Heat will be transferred from the air space to the CRD housings by

means of natural convection.

During the cooldown of RV head metzl, heat will be transferred frem
RV hezd ccolant to the vessel walis by means of naturzl cenvection.
In addition, heat will be removed from the upper heid water by

convective heat transfer between the coolant and the CRD lead screws.

Hezt transfer between layers of upper head wate- &t different
temperatures will include convective'effects. The conditions under
which convective heat transfer is expected are elaborated upon in

Section 3.3

5 In the short period of time follcwing the 4 RCP trip, heat will be
transierred frem the plenum cover &nd its structural members to the

plenum coclant by means of forced convecticn. Throughout the

remainder cf the cooldown pericd, ccolant which enters the upper
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head via CRD guide tubes is considered to mix with and displace the
coolant in the vicinity of the CRD guide tubes. Mixing effects were
restricted to the coolant volume defined by the 20.5 inch axial
dimension (the guide tube height) above the plenum cover as shcwn on

Figure 2-3.

Energy transport will occur from the upper head by means of effluent
coolant which will pass through the cutlet annulus to the hot leg.
Coolant which exits the upper head will be replaced by coolant flow

from the CRD guide tubes.

During the ccoldown, the specific volume of coolant in the upper
head will decline with temperature. Consequently, the RCS will
provide over S000 lbms of makeup ccolant to the head until the cecay

heat system is emoloved.
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3.0 HEATINGS MODEL OF TMI-1 UPPER HEAD

3.1 HEATINGE Code

HEATING6 is a multi-dimensional, gerneralized heat conduction code which
may be applied to problems which require steady state and/or transient
solutions®?’. The thermophysical broperties of various materials may be
considered to be anisotropic, temperature or time dependent. Boundary
conditions may be applied by means of the following:
‘f " Coefficients for convective heat transfer

- natural convection

- forced convection
x Coefficients for radiative heat transfer
¥ Temperature

. Heat flux
User supplied subroutines allicw flexibility in the manner in which the
methods of solution may be deveicped. Both explicit and implicit finite

difference numerical techniques are avzilable to the user.

3.1.1 HEATINGS Limitaticns

Since HEATINGS is a noda! heat conduction computer code, it is

limited by the following:

‘ The mesh applied over the geometry of interest is fixed in
size. The mass which occupies each unit mesh is 2ssumed to be

concentrated at the cescmetric center.

i f each unit mesh is censidered an elementzl contrgl volume,

mass transport acros: control surfacss is non-existent.
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In HEATING6, the variaticn of material density as a function of
temperature may inhibit cr prolong the convergence of the
jterative solutior procedure. Consequently, the density of
coolant in the upper head was assumed to be a constant

(50.0 1bm/ft?) throughout this analysis. This value tends to

increase the thermal capacitance of nodes at high temperatures.

In order to include convective effects between layers of
coolant at different temperatures,-an effective thermzl
_conductivity for the coolant mey be defined by means ci the
following:
Kerr = haue X L
where hye is the heat transfer coefficient for natutai
convection ard L is 2@ characteristic length of the ncczl

gecmetry.

3.2 Uooper Head Model

The gecmetry of the reactor vessel upper head was approximated in & two
dimensional cylindrical coordinate system. The 90° vessel symzetry about
the vertical centerline was tzken into cénsideration. Ouring the .
development of the thermal analysis, care was taken to account fcr the
heat transfer paths &nd processes discussed in Sectioﬂ 20. In addition,
the following corrections were applied to various convective hezt
transfer coefficients used in this analysis in order to account or any
differsnces in component surface &rza between the actual and mcczl RY
head cecometry:

l. The interior surfacs area ¢* the RV he:zd;
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2. The exterior surface area of the RV head;
3. CRD lead screws and housings.
The primary components of the thermal model are: the plenum cover, the
mass of uéper head coolant, the vessel walls and mirror insulation.
Mode ccnponeﬁt dimensions were estimated from construction drawings or
established by calculations. Geometric regions and nodes were further
used to cdescribe the head in detail. Figures 3-1 and 3-2 illustrate the
recions and materials of the HEATINGS RY upper head model. They are

discussed in detail below.

The carbon steel vessel walls were modeled from the mating surfacz down
toc a point just above the hot leg nozzle. Water from the cold isg which
entersithc vessel by means of the annulus downcomer was &1so included.
The plenum cover and CRD guide tubes were also modeled. A varialie
boundary tsmperature (based upon an energy balance betwesn coolant
entering znd leaving the upper head) was applied to the ragion cefined
from the top of the plenum cover to the top of the CRD guide tutes.
Applicaticn of the boundary condition restricted the effects of ccolant
mixing to the first 20.5 inches above thebplenum cover. Hezt transfer to
this region from the coolant directly above (adjacent ncces) is

considersd to occur by means of naturzl convection. Abeve the region of

adjacent ncdes, convective heat transfer effects were 2lso included.

The CRD lzzd screws and housing were also modeled. The &% CRD izad
screws anc housings were grouped into four separate concentric
cylinders. The lead screw and housiag cylinders were c¢istributss

radially and eligned on center with the CRD guide tubes.
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ESTIMATE OF tﬂ.l—l UPPER VESSEL HOARD GEDMETRY
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The reactor vesse! head geometry was approximated by means of two
cylindrical shells. The top of the head was modeled as a disk. Radial
dimensions of various head components were fixed from construction
drawings. The axial dimension of the head was established from a
calculation which considered total coolant volume to be on the order of

8§22 cubic feet.

The vessel insulation was modeled as a cylindrical shell with an outer
radius of 103 inches. The top of the insulation was modeled as & disk.
Since the distance between the head and insulation actually varies wit
the head radius, a mathematical average cistance was usaed to fix the

position of the insulation.

3.3 Assumotions
The following modeling assumptions were used in the analysis:
1. The spherical head was approximated as a disk on tcp of two

cylindrical shells.

2. The resistance to heat transfer offered by the 0.125" stainless
steel cladaing on the interior of the vessel was assumed {o te

negligible.

- The effects of mixing between stagnant fluid in the upper hzid and
coolant whica exits the CRD guide tubes is assumed to occur in the
first 20.50 inches above the plenum cover. An energy Jalancs over

that recion was used to establish 2 time dependent temperatuire which
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was applied as boundary condition at the top of the CRD guide
tubes. The effects of coolant flow from the CRD guide tubes were

considered limited to that region.

Heat transfer from the plenum cover to coolant in the plenum was
based on a forced convection heat transfer coefficient for fluid

flow over a flat plate.

Heat transfer from upper head coolant to the head metal was assumed

to occur by means of natural convection.

Heat transfer from the CRD housinqs'tn the service structure regicn
and containment were not included. A boundiry temperaturs cf 120°F
was applied to the CRD housing 3 1/2 feet zbove the RV heid. The
temperature was based on a si plified heat transfer analysis

performed on a CRD lead screw.

Heat transfer to/or from the CRD housings to the air located betwesn

the vessel head and insulation was neglected.

A short subprogram was used to include the effects of convective
heat transfer in the axial and radial directions between ncdes &t
different temperatures. Heat transfer between nodes in the racial
direction is discussed in Item 9. For the zxial direction, the
relative position between a specified node and its neighbor were
determined first. Convective effects wers included if the following

criteria were satisfied;
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a) Neighboring node located above the specified node - temperature
of the neighbor less than that of the specified node.
b) Specified node located above the neighbor - temperature of the
specified node less than that of its neighbor.
Otherwise, the convective effects between nodes were considered to

be limited to laminar natural convection.

A somewhat less conservative but realistic assumption is that some
convective heat transfer is expected between adjicent nodes in the
radial direction. Since cooler (denser) fluid will tend to fall in
warmer surroundings, it is no* unreasonable to expect fluid velocity
components in the radialidirection. Consequently, it zppears
realistic.to carry over the influence of convective effects to the

radial direction.

The thermophysical properties of the stainless steel mirror
insulation were estimated from its thermal conductivity and

knowledge of its construction.

Prior to the onset of the transient, the temperatures of upper head
coolant and metz] were initialized to 604°F. This temperature
includes measurement uncertainty‘®’, and is the approximate

temperature of ccolant in the hot leg under conditions of 100% power.

Sbbsequent to the 4 RC? trip and flow coastdown, naturzl circulatien
flow was assumed to beccme stable and fnvariant at 3% cf ratad RCS

flow at 100% power.
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Coolant flow into the upper hezd from the CRC guide tubes was
assumed to be 8% of the RCS flow at any given time.¢*’
A four pump coastdown was assumed to occur following the reactor
trip. The effects of the coastdown were included only in the energy
balance described by Item 3, Section 3.3. Operation of the RCPs
after a reactor trip will tend to substantially reduce the
temperatures of upper head coolant and metal. Since the temperatures
of coolant and metal in the RV head tend to follow the hot leg
temperature during forced flow conditions, the amount of temperature
reduction in the upcer head will be dependent upon the duration of
RCP operation assumed after the reactor trip and the post-trip

cooldown rate of the RCS.

The ambient (reactor building) temperzture wes assumed constant at

120°F.
The insulation was considered to be completely sealed agzinst zir

leakage.

Steadv State Heat Transfer

The steady state heat transfer rate from fhe RV hezd was estimated from

the manufacturer's specification for the heat flux associated with the

insulation. Convective coefficients for the films which act at the

exterior surfaces of the insulation and between the vessel head and the

interior surfaces of the insulation were determined by means of an

iterative procedure which included the follewing constraints:
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1)  Radiative heat transfer was assumed to take place between the
exterior surfaces of mirrer insulation and the containment
surréundings. The insulaticn was assumed to be a gray body which

: transferrad heat to black surroundings maintained at 120°F. An

emissivity for #18-8 polished stainless steel (evaluated at 200°F)

|
was assumed to be adequate. ‘
2) The film resistances between the RV head metal and goolant were

considered to be zero at steady state.
3). The RV hezd metal was considered to be at a temperature of 604°F. |
4) The temperzture change across the insulation (approximately 380F°)

was determined from:

l). Hezt flux specified by the insulation manufacturer. The heat

flux was assumed applicadble for steady state condit: ins.
b) Thermal conductivity ¢f mirror insulation - zssumed ¢ be

incdzzendent of temperziure.

S) Centainment air tomperature_was assumed to be invariant at 120°F.
The heat transfer ccefficient applicible between the vessel and
insulation was initially assumed and iterated upon until all constraints

were satisfied.

3.5 Initial Ccnditions

Several of the initial conditicns imposed on the thermal model &t the
onset of the reactor trip have aiready been outlined in Sections 3.3 &nd

3.4. Consequently, they will te summarized by the follcwing:
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The plant was assumed to be cperating at steady state conditicns at
100X power.
Insulation temperature was taken to be 408°F.

Cold leg temperature was considered to be 535°F.

These are shown on Figure 3.3.

At time (t =« 0+), the transient was initiated with the following events

imposed:

Reactor trip with insertion of control rods achieved.
Following the reactor trip, 4 RCPs are tripped.
Subsequent to the trip of the 4 RCPs, RCS flow was taken to decay

with pump coastdown.

3.6 Boundarv Conditions

Various boundary conditions were applied to ccmoonents of the ugser

vessal head model. The types that were used are delineated belcw and

illustrated on Figure 3-4.

3.6.1 Specified Temperature

As explained in Section 3.3, a constant temperature (120°F) boundary
condition was maintained at the top of the CRD lead screws and CRD
housing., (BCS). A time “ependent temperzture (which is a function
of the RCS cooldown rate) was applied beiween ccolant in plenum and

hot leg metal (BC2).

A time dependent boundary temperature wis defined at the tcp of the
CRD guide tubes. The methcd used to estzbiish boundary conditicn

(BC&) is delineated in Section 3.3, Ite=m 3.
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3.6.2 Convective Hez* Transfar

A heat transfer coefficient fcr forced convection was applied as a

boundary condition to the lower surface of the plenum cover (BCl).

Similarly, a natural convection hea® transfer coefficient was
applied in the annulus downcomer between the vessel wall znd the

core thermal shield.

In the upper head, natural convection heat transfer coefficients

were applied at all metal-water surface interfaces.

Natural convection ccefficients were also applied to the fcilowing
model components:

To the outside surfaces of the insulaticn

To the air spacc between the vesse] head znd the insics

surfaces of the insulation

As mentioned earlier, the convective coefficients were calculated by
means of an iterative procedure perfbrned on the conduction and
convection heat transfer relationships. A knewn steady stzle heat
flux across the insulation was used in the procedure to predict
temperatures on the interior and exterior surfazes of the
insulation. Subsequently, the temperatures were used to predict
suitable convective ccefficients. It should be noted that the

convective coefficient used between the vessel &nd the ingics
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surface of the insulation is considered to include radiative heat
transfer effects. Since it was difficult to determine an
appropriate radiative heat transfer coefficient for the ccmplex
geometry of the air space, the lumped convective coefficient was

adopted and the air space was modeled as an area devoid of material.
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4.0 ANALYSIS RESULTS

Two analyses were carried out to demonstrate the thermal! respeonse of the
RV head as a function of the cooldown rate in the RCS. The ccoiccwn
rates imposed on the RCS were 10F°/hr and SOF*/hr. The 10F°*/ hr rate was
imposed for a 40 hour period. The 50F°/hr rate was applied fer an 8 hour
period. Thereafter, the RCS temperature was held at 204°F for two

hours. The results are shown on Figures 4-1 through 4-4 and are

discussed in Sections 4.2 and 4.3.
The volume averaged coolant temperature in the top foot of the vessel
head was used to represent the overall coolant temperature as explained

in the following.

4.1 Volume Averacing of the Too Foot of the Vesse! Head

Heat transfer by means of natural convection is a complex proczes which
involves mass and energy transport at relatively lew fluid velecities.
Fluid circulation in natural convection is attributable to wuovzat forces
which arise from temperature variations in the fluid. Consaguestly, free
convective flow is compre;sible flow. In this process, the convective
heat transfer coefficient is characterized by the Rayleigh numzer which
is a product of the Prandtl and Grashof numbers, the Grashof numter being

proportional to the ratic of buovant to viscous forces.

Ouring a natural circulation ccoldown, convective cocoling of uscer hezd

metal and ccelant will result in buoyancy driven fluid circuiztica. With
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continued cooling of fluid layers at different temperatures, coolant |

circulation is expected to develop as depicted on Figure 2.1.

During the cooldown, it is expected that buoyancy driven fluid
circulation will propacate from the head walls and lead screws toward the
centerline of the head. As mentioned previously, with the decline of
coolant temperature in the RV head, it is expected that over 5000 ltms of
coolant will be provided to the head by means of the RCS. Consequently, '
it appears to be unrealistic to treat the cooldown o the hezd strictily

as a conduction problem.

Since ccavective effects are included in both coordinate diractions, the
use of a volume averaged ccolant temperature in the top fecot of the upger
head appears to be a conser :tive representation of the ccolznt

conditions in the RV head.

4.2 RCS Cooldown at 10°F/HR

Figure 4-1 demonstrates the rate of change of coolant temperzture in the
RV head in response to the 10F°/hr RCS cooldown rate. The results
indicate that the coolant temperature decreases at the rate of §.86 7°/hr
over the 40 hour period. Figure 4-2 demonstrates the rate of change in
the saturation pressure of head coolant throughout the cooldown. At tais
cooldown rate, it appears that it would take approximately 22 hours t2
cool the head to the DHR cut-in point without coolant flashing. The
average change in coolant temperature over that time is on tae order cf

8.23F%/hr.
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4.3 RCS Cooldown at SOF°/hr

Figure ¢-3 demonstrates the thermel response of RV head ccolant to the
SOF*/hr rate of change impcsed upon the RCS. As you will note, the RCS
coolant temperature was held constant at 204°F after 8 hours. The
results indicate that the average rate of decline in coolant temperzture
over the first 8 hours is approximately 31F*/hr. Thereafter (in the
interim between hours 8-10), the rate of decline in coolant temperature

shows the effects of the hold at 204°F.

Figure &-2 demenstrates the rate of change of the saturation pressure of
head coolznt throughout the ccoldown. At this cooldown rate, the results
indicats that it would tike approximately 7 hours to reach the DHR cut-in

point.

t this zeint, it should be noted the: the hezd ccolant saturation
pressurz versus time datz cbtzined for this cooldown rate were ccmgared
to RCS pressure data cbtzined during the natural circulation cooldown
event at St. Lucie. The results of this analysis compare quite favorably
to the ST. Lucie data in predicting the time at which onset of ccolant

flashing wi fetected. The ccmpariscn is elzborated upon in Ascendix A.
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5.0 OPERATIONAL GUIDELINES

The methodology in previous sections of this report will provide the

basis for operational guidelines to be developed for a natural

circulation cooldown.

While it is desirable to avoid reactor vessel upper head voiding in

non-emergency cooldown situations, the following should be noted to keep

this phencmenon in perspective:

B

A natural circulation cooldown is an unlikely occurrence

The two most likely reasons in which the RCPs will not be available
are luss of power tc the RCP motors and loss of services (cooling
water and seal injection) to the RCPs. Experience has shown that

both of these are unlikely for an extended time.

A steam bubble in the RV upper hezd is not & safetv oroolem

A steam bubble in the RV upper head is not in itsalf & safetly
problem, but a plant control problem for the operator. The
expansion of the void into the hot leg to interrupt natural
circulation is unlikely since the regions below the upper head are
subcooled, and expansion of the void into these regions would result
in condensation, thus restricting the void to the unper head region

only.

Controlled transition to natural circulation or intermittent

operation of RCPs

In the highly likely event of 2 controlled transition to matura!

circulation, operation of the RCPs after & reacter trip will reduce
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the RV upper head temperature. RCP operation for several minutes
beyond the reactor trip will be an effective method in reducing the
saturation pressure at which coolant flashing will occur. In
addition, either intermittent operation or 'bumping' would be an
equally effective alternative in reducing the potential for coolant

flashing.

Figures 4-1 and 4;3 of the previous section demonstrated the theramal
respons2s of the RV head to 10F*/hr and SOF*/hr cooldown rates in
the RCS. The RCS could conceivably be cooled down at any rate_up to
SOF*/hr. Figures 5-1 and 5-2 represent the minimum (limiting) RCS
presiures required to prevent ccolant flashing in the RV head.

These curves were developed by correlating the RCS temperature
against the appropriate head ccolant szturation pressure. For 2
given RCS temperature, as.long as the RCS pressure is meintained
ahove the saturation pressure line, ccolant flashing in the RY he:d

will be prevented.

Plotted on the saturation pressure versus RCS temperatures coordinate
system, the data obtained for the *herma! response of the RY head to
sarious RCS cooldown rates no longer appsar explicitly in time.
Consequently, Figures 5-1 and 5-2 are process diagrams. IFf the
(P vs T) data for the 10F*/hr cocoldown (Figure 5-1) werz to be
super-imposed onto Figure S-2, it is apparent (for a given RCS

temperature) that the 50F*/hr rate is more pressurz limitsd. As you

will note, the important parameter on the process diggrea is the
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slope of the curve, i.e. the change in RV head saturation pressure
with respect to the change in RCS tempsriture. With 604°F as one
reference temperature, the slope of the ZJF*/hr curve is obviously
smaller than the slope of the 10F°*/hr eviluated over the same
cor“itions. As a result, system pressures at the S0F*/hr rate must

" be maintained substantially above those for the 10F*/hr case.

The data obtained from the SOF°/hr coolécwn analysis will be
included in the pressure/temperature limits for a natural
circulation plant cooldown. S.hould thers be 2 conflict between the
E0F*/hr data and the fuel-pin-in-comprezssion limits whereby the
fuel-pin compression 1imits prove to bz zcre limiting over 2
particular region of the process diagrim, & composite diagram of the

two will be developed 2s the limiting curve cver that region.
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6.0 LUSIONS

Several important conclusions of this report are:

In order to initiate the DHR systam, the conditions in the RCS must
be no greater than 325 psig and 300°F. 7o prevent coolant flashing
in “he RV head during RCS cooldowns at 10F°/hr and S0F°*/hr, the head
will e required to be cooled for at least 22 and 7 hours

respectively.

Provijed the system pressure is maintained above the indiczted
minimms during the cooldown (saturaticn nressure shown on process

diagrans 51 and 5-2), flashing of RV hezd ccolant will be prevented.

The resulis of SOF*/hr ccoldown analysis (Figure 5-2) will be
incorporate.! into the existing ccoldown proczdures. Sacule there be
a potential canflict between this data and the fuel-pin-in-

compression linits over any P-T regicn, the mere limiting P-T data

will be used over that region.
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APPENDIX A

As mentioned in Section 4.3, the thermal response of the analytical mecel to
the §0F'lhr RCS cooldown was compared to RCS pressure data obtained during the
natural circulation cooldown at St. Lucie. The saturation pressure of RV head
coolant (refer to Figure 4-4) was cverlayed on to the RCS coolant pressure
versus time history for the first 5 hours as shown on Figure A-1. You will
note there appears to be reasonably close agreement in the time during which
the onsgt of flashing of upper heid coolant is thought to have occurred.
Reference 15 indicates that the cnszt of RY head cocolant flashing appezrs to
have occurred at 6:15 AM. The authers have also noted that the RY head at

St. Lucie appears to have ccoled 2t z rates of 14F°/hr over the first 3 hours
of the event. The RV he;d temperzture versus time data for the first 2 hours
(refer to Figure 4-3) predicts the RY head tc be ccoled at the rate of
15F*/hr. You will also note that the cross-hatched area (beycnd the
intersection of the two curves) on Figure A-1 demenstrates the preseacs of
steam voids in the upper head. In zddition, temperature data (cited in
Reference 15) obtained from the core exit thermocouples throughout the event

at St. Lucie, indicates the variaticn in RCS coolant temperature over time to

be substantially reduced beyond the 3 hour merk into the event.
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