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Abstract

The blowdown history of the TMI-2 accident up to the isolation of the relief valve associated
-with a small break LOCA is reviewed briefly. An analysis is made to determine what instruments
:should be added in the core in order to prevent core damage in the case of the TMI-2 accident.
‘With the added instruments a procedure is presented on how to predict the uncovered level of
the core and how to calculate operator time margin. Sample calculations are done for the TMI-2
-accident to determine the uncovered level and operator time margin. Finally, the map to show

the uncovered level of the core and operator time margin is drawn with measurable parameters
‘by the above methods.
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led, two-phase, and superheated blowdown.,2

1. Introduction After the relief valve opened at 2, 155 psig and

a small break LOCA started, more pressurization

The blowdown of the TMI-2 accident may occurred due to no scram up to 8 sec after loss
be divided into the three phases of the subcoo- of feedwater pumps. Pressurization depends on
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the relative increase of specific volume and spe-
cific internal energy, and can be predicted by
the equation of state with the above two vari-
ables. The reactor was tripped on high pressure,
2, 355 psig, and depressurization occurred due
to a sudden power drop and the decay heat
removal mode through the heat exchangers.

Since no flow was injected into the steam
generators from the auxiliary feedwater system
due to closed valves, the steam generator levels
were very low. Then the only mode of decay
heat removal was blowdown through the break.
Owing to pressurizer level off-scale the HPI
pumps were manually tripped. The increase in
the pressurizer level is the unique characteristic
of steam side break in the top side of pressuri-
zer even though the level of primary system
dropped.

After about 20 minutes the system pressure
reached the saturation pressure and the two-
phase blowdown started. There was either no
pressure drop or a more gradual pressure decre-
ase due to nearly isothermal trajectory of coo-
lant. At about 100 minutes all reactor coolant
pumps had been tripped by the operator in acco-
rdance with the emergency operating procedure
to preclude the possibility of damage to the
reactor coolant pumps from operation in reactor
coolant saturation T-P conditions. The natural
convection of two phase mixture, which is the
effective decay heat removal mode after pump
trip, was not possible due to level drop below
the exit of the pressure vessel. The primary
system behaved like a boiling pot and there
was little flow through the core. The level of
the pressure vessel continued dropping and the
top of the core began to be uncovered.

The core and steam, respectively, began to
heatup and to be superheated in the uncovered
region of the core. The system underwent a
considerable reduction in pressure, down to as
low as 600 psia up to 2.3 hours after the acci-

dent. Generally, the initiation of superheated
steam blowdown causes slow decrease in the
mass loss rate but rapid increase in the enthalpy
of coolant through break. Therefore, the amount
of energy expelled through the break increases.
The decay heat removal mode by loss of super-
heated steam through break is more effective
than that by saturated steam. A more rapid
decrease of pressure in superheated blowdown.
is expected.

After 2.3 hours the relief valve was isolated
by the operator. Thus, level turnaround and
sudden repressurization occurred due to lack of
ability to remove decay heat. It may be expected
that level turnaround with sufficient decay heat
removal modes would increase heat transfer from
the fuel rod to coolant and the cooldown of the
fuel rods would start.

This paper will deal with the core in the in-

terval from core uncovery to level turnaround.

2. Main Section

Minimum Condition for Prevention of Core
Damage

First of all, the minimum condition for pre-
vention of core damage will be determined. The
most significant parameter for fuel failure during
LOCA is the clad temperature rather than the
fuel centerline temperature. During the uncove-
red period the temperature difference between
the clad temperature and the fuel centerline
temperature is small due to low power and redi-
stribution of stored energy. Of the temperature
at which significant phenomena occur during
core heatup, the selection of 2, 200° F clad tem-
perature as the minimum condition is conserva-
tive and is required by 10 CFR 50.46 as the
design basis accident.®

Instruments to be Added in the Core

Instruments to measure the clad temperature
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can indicate directly that the clad temperature
approaches 2,200° F. But there are no instr-
uments to measure the clad temperature in
typical power reactors. Also it may be expected
that installation of new instruments to measure
directly the clad temperature causes some safety
problems as well as highly technological and
economical problems. As the clad temperature
is related to the coolant temperature by an
appropriate correlation, the clad temperature
can be known with a measurable parameter
being the coolant temperature. In typical power
reactors the instruments for measurement of the
coolant temperature have a narrow range;for
example, 520°F to 620°F in TMI-2 for the hot
leg instrument range. In order to measure the
coolant temperature during the heatup process,
it is necessary to expand the range of instr-
uments for measurement of the coolant temper-
ature up to 2, 200°F. The methods to determine
the uncovered level, critical uncovered level,
and critical time with the above added instr-

uments will be discussed.

Prediction of the Uncovered Level of Core

The uncovered level of core can be predicted
with the measurable parameters which are the
coolant temperature and the system pressure.

By energy consideration;

[0 @ dr=Woualhioy— 1o Eq(1)
Defining ¢*(z) as the average linear power over
the submerged fuel pin length,

f :q' (z)dz

(= T =+ [¢@d E@
z

Eguation (1) transforms to

W,
z=?ﬁ (htDP - he)

Eq(®
where z: unconvered length from the top of
core to the surface,
Wia : mass flow rate of a channel,

hi.p : specific enthalpy at the top of core,
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hg : specific enthalpy of saturation vapor
in the system pressure, which is
equivalent to steam enthalpy at the
surface of two-phase mixture,

g*(z): average linear heat ‘generation rate
of a fuel rod from the top to the sur-
face.
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Fig. 1. Uncovered Channel in the Cor:

Actually, the linear heat generation rate, ¢’ is
a function of the uncovered length z and time
t. However, since it takes a relatively long time
to uncover the top of core after reactor trip
(see page 6) for a small break LOCA, the amo-
unt of decay heat released in the core is nearly
independent of time. Therefore, ¢*(2) can be
assumed to be independent of time.

The calculation of the uncovered level of core
regquires the prediction or measurement of the
velocity of coolant in order to know the mass
flow rate of a channel in Eq(3). Also this vel-
ocity can be used to obtain the heat transfer
coefficient at the top of core. From energy and
mass considerations,

M,  ¢*(z):x

a hfg (P) Eq (4>
dTAfv =Vepeds Eq(5)
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VKP!Af: VtopptopAf= Wrod Eq (6)

dM,

P the amount of vapor to be for-

where

med per second in the two-phase
mixture,

¢*(x): average linear heat generation rate
from the bottom of the core to the
surface of two-phase mixture,

A; : channel area,

V, and V,,: velocity of saturation vapor at
the surface of two-phase mixture and
superheated steam at the top, respecti-
vely,

pg and p.p: density of saturation vapor in
system pressure at the surface and
superheated steam at the top of core,
respectively,

ks, ; enthalpy change by evaporation.

In Eq(1) it is assumed that the coolant in the
core is in the saturated condition, because after
the uncovering of the pressure vessel, natural
convection stops and pot boiling starts.®

By Eqs (3), (4), (5), and (6), we can pre-

dict the uncovered length and the steam velocity
during the heatup process with the instruments
which can measure the coolant temperature up
to 2200°F.

Prediction of the Critical Uncovered and
Critical Time

The critical uncovered level is the uncovered
level when the peak clad temperature reaches
2,200°F and the critical time is the interval in
which the uncovered level at time ¢ decrease to
the critical uncovered level.

The critical uncovered level, 2. can be calcula
ted with Eq(3);

Wf to
Z.= ?’(;‘5‘“ [hc p_hg(P):Ia

where c: denotes a critical value, and
hitor @ is the enthalpy of superheated steam
at the top of the core when the ma-
ximum clad temperature is 2, 200°F.

Here, h.°* can be determined from steam
table with the critical coolant tem-
perature at the top, T5%° to be ob-
tained by Eq (27) in Appendix A.

Next, the critical time, ¢, will be derived by

energy and mass conservation. From Eq(4);

@)z _ dM, __ dM
hrg(p) — . — adt

dfl‘f‘ =prAs zf;

i A

f :dt =—prAshs, f:q_*(;i)%

dz

te=psAshksg f ey Eq(?)

Here, (—dM;) is the amount of saturated li-
quid evaporated in the interval, d¢t at time ¢.

Actually, we can expect that the boiling-off
rate may be slower due to some neglected fa-
ctors. They include pool swelling,® the intake
of saturated liquid from the annulus, nearly
uniform level in each channel by the mixing of
two-phase mixture among channels.

Here, the boiling-off rate is derived by consi-
deration of only a hot channel. If we assume
that the core level is uniform in channels, we
can recalculate the critical time with this assum-
ption which is very reasonable and gives more
exact values of the critical time. As shown from
Eq(32) in Appendix B, the revised critical time,
¢t/ is equal to ¢, multiplied by%x%‘j—‘ﬂ.

Sample Calculations for TMI-2 Accident

Assuming the nominal power shape, we obtain
the following equation from Eq(2).

H/2
g*(2)= H/z2 ¥ 0% EO: e
gﬁ dy T P
-2
(1—cos ()] Eq(8)

L —cos(a)] Ea®

q* (x) Eq’max T
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i) Decay heat®: For =200 sec, 11: =
]
0. 095¢70-26
For the TMI-2 accident, it is believed that the
uncovery of core began from around 1,5 hours

after shutdown.
_ P _
At t=1, 5h1', T():O 01

The initial average linear heat generation rate
over the core
g’ (¢=0) =6kw/ft
g’ (¢=1. 5hr) =0. 06kw/ft
ii) By the assumption of the nominal power
shape, the local power peaking factor, F,¥ is
equal to 3,638,
From the definition of power peaking factor,
@ nax=FN ¢’
=0. 22kw/ft
Now we can calculate the heat flux at the top
of core.

rH
q”toP:q”maxcos< 21;1; )
Here, the extrapolated length, H, is roughly

0.2
g* (Btu/ft-sech-

~— t g* from cosine function ¢f hzat flux

-- : simplified q*

G.

I | H L | I [ i L H i
0 1 2 3 4 5 3 7 & 3 10 11 1

2 (ft)

Fig. 2. Profile of g* with Respect to z
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equal to (H+2Ly).

L., : thermal diffusion length, 0.0935ft,

H,=12, 1871t,

q"10p=0. 0467k w/{t?
By Eq(8), Fig.2 can be drawn for the unco-
vered level. The graph of ¢*(x) versus x is the
same if the variable, z is replaced by the vari-
able, z. Based on the facts that the heat transfer
coefficient in steady condition is conservative
and applicable in transient conditions,” and
that the amount of entrained liquid in the core
with low heat flux is very small,

Nu=0. 023Re;**Pr,"*4, Eq(10)
where b: property at the bulk temperature
Here, Pr, is set as 0.9.

The heat transfer coefficient at the top,

h:—%‘:’ Nu Eq(1D)

In order to obtain heat transfer coefficient, it is
necessary to calculate the velocity of coolant at
the top.

By Eqs (4) and (5),

VP
Vom0, ) B, T @2

Now we can calculate the coolant temperature

Eq(12)

at the top associated with the uncovered level
by Egs (2), (6), (10), (11), and (12).

Fig. 3 is drawn from the data of Table 1. It
should be noted that the coolant temperature,
heat transfer coefficient, and clad temperature at
the top of core are nearly independent of pre-
ssure. But the velocity at the top is sensitively
dependent on pressure due to the dependence of
specific volume on pressure. Fig. 3 tells us that
the coolant temperature at the top abruptly rises
with the level drop. We must make sure that
the maximum cladding temperature will not
exceed 2,200°F at an uncovered level in order
to determine the critical uncovered level.

Table 2 made by Eqs (25) and (26) in Appen-
dix A indicates that at z=6{t, the maximum
cladding temperature approaches closely the
critical cladding temperature, 2, 200°F. It can be
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Table 1. Cladding Temperature at the Top vs. Uncovered Level
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z=2ft ‘ 3
P he e L riy | ver | ome | T | Tin | e | pe | oTip
psi Btu/1b 1b/ft3 Btu
°F ft/sec heft?F °F |
400 1205. 5| 0. 86! 518 2 6. 6 757 6545, 2.28 7.3 861
600 1204 1.3 554 1.4 6.9 783 650, 1. 59 7.4 863
800 1199 1.76 572 1.18 7.4 785 660 1.2 7.5 870
1000 1192 2.24 599 1. 12 8.5 785 666 1 7.8 868
5 6 7
P
psi To% Vier hto? TH? T, Vier hto? TH? | ko T
Btu/1b
400 1250 2.8 i 8.7 1431 1796 2. 8| 8.7 1977 2850, >2200
600 1220, 1.8 8.5 1406 1742, 1.9 8.9 1919 27921 >2200
800 1150 1.4 8.5 1337 1607 1.4 85 1793 2428 >2200
1000 1110 1.24 9.3 1280, 1560 1.2 9 1735 2344| >2200

said that the critical uncovered level exists when
the uncovered level, z is just above 6ft. Con-
servatively, we can set the critical uncovered
level,z, as 6ft.

(°F)

1800

1€00

1400

1200 400psi

600psi

800psi
1000 I~

1000psi

coolant Temperature at the Top of Core

600 R

400

| | Il | ! 1
7 (£t)

Uncovered Level

Fig. 3. Coolant Temperature at the Top of Core

vs. System Pressure and Uncovered Level

Table 2. Maximum Cladding Temperature at the

Uncovered Level 6ft

Pysia T4? °F ym ft at
400 1977 4 2173
600 1919 4 2110
800 1793 3.78 2015

1,000 1735 3.74 1864

In order to obtain the critical time with the

above value of the critical uncovered level, Eg
(7) is integrated by the use of the simplified

g*(x) profile on Fig. 2.
If z. 26,

= d
tc:PfAfhfxfh——O 1131

=7PfAfhfxln<_;p—>

If =, <6,

Eq(13-a)

6

te=psAshys [ f s 0. ‘1{:3:5 *

=prAshsg [ [71n(-g—>+42( 1

)]

to calculate the critical time.
From Eq(32) in Appendix B

dzx ]
.0, 023822

Eq(13-b)
Here since z. is equal to 6ft, Eq(13-a) is taken
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'
tclz__i_ qqn)ax of,

—15.50;A/h ,g1n(—£—) Eq(14)

Fig. 4 canbe drawn by using Eq(14). For si-
mplicity, the critical time is calculated with con-
stant pressure which results in constant proper-
ties, p; andrhs,. Actually pressure continues to
decrease during boil-off. But Fig. 4 is useful
and directly applicable. If the level drops from
the top of the core to z=1ft and pressure de-
creases from 1,000 psi to 800 psi, we can know
the new critical time is 380 sec at =1 ft and
800 psi. As pressure decreases, the critical time
increases at the same uncovered level. Therefore,
the critical time with constant pressure is the
minimum value of the actual critical time with
decreasing pressure.

{sec) T T T T I

700 p—

zZo = 6ft
600 |_

z = 1ft
z = 2ft

z = 3ft

z = Aft

iy

100 b z = 5ft

z = 6ft
4%‘ eml 5'545 18‘6*’ L PEi

System Pressure

Fig. 4. Critical Time vs. System Pressure

Now with the measurable parameters of the
coolant temperature and system pressure, we can
draw the map to show the uncovered level of
the core and the critical time. In order to obtain

the uncovered level with the variable of the
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critical time, we can use Eq (14).
x=z; exp(4),
where A==t/;/(15.5 psAsk ;)
By converting z into 2,
z=6[2-exp(4)] Eq(15)
Combining Eqs (3), (4), and (5), we can

obtain the enthalpy at the top with the variable
Z,
* .
huoy=he () + - 1 (5)
From the fact that ¢*(2) is equal to 0.0238 =
from the top to 6ft,

_ 0. 023822
hioy=hy (p) + mhm (») Eq(16)

Putting Eq(15) into Eq(16), we can calculate
the enthalpy at the top.

0. 858[2-exp(A) ]2 Bro()
1. 6-0.858[2-exp(A)]z "¢

Eq(17)

The map, Fig. 5 can be drawn using Eqgs (15)

and (17). This map provides the uncovered

level and the critical time for the operator in

h!vp=hg (®) +

terms of measurable parameters, the coolant
temperature and system pressure. In order to use
this map the operator should know the maxi-
mum time required to accomplish a system
correction. The maximum time includes diagn-
osis time, decision making time, system man-
ipulation time, and time from system response
to actual correction of system which the operator
intends to accomplish. If the maximum time is
100 sec, the critical time, which is called in
abstract as operator time margin, would exceed
100 sec. Therefore, the operator must take a
corrective action before the coolant temperature
reaches the line of £,=100 sec. on the map for
the system pressure. Also with this map the
operator can determine what corrective actions
he can take in order to prevent core damage.
For example, more depressurization is desirable
if the uncovered level is expected to exceed the
critical uncovered level when the makeup rate
exceeds the fluid loss rate through break due to
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°F) i | | I |

2000 |~ \ |

iso0 [

o \ |

1400 I~

ta = €0sec
1200 +— —4

z = 5ft

te = 100sec
1000

L ¥\2=4“ _]

te = 200sec
z = 3ft
——+z = 2ft —
—-rtc = 300sec
[ z = 1ft
———3z = {
stc = 400sec
400,
t | | I 1 |
v

400 6C0 eeo 1009 1200 (psi)
system pressure

600 f—

Fig. 5. Map of Operator Time Margin and Un-
covered Level Determined by Measurable
Parameters

more depressurization. If more depressurization
is not possible, the isolation of broken loop and/
or the intermittent operation of primary pumps
can be considered in order to prevent core da-

mage.
3. Conclusion and Recommendaton

We can predict the velocity of superheated
steam, uncovered length and critical time with
instruments which can measure the coolant tem-
perature up to 2, 200°F. For TMI-2 the predicted
critical uncovered level is 6ft. If the operators
had had the map drawn here and the instr-
uments to indicate the coolant temperature up
to 2, 200°F, the operators would have known
the uncovered level of the core. Thus, the ope-
rators would have restarted primary pumps
earlier after pump trip and operated intermitte-
ntly them until the makeup rate exceeded the

J. Korean Nuclear Society, Vol. 15, No. 4, December, 1983

fluid loss rate through the relief valve by more:
depressurization.

It is recommended to examine the possibility-
of the installation of level detectors in the pre-
ssure vessel. The state of the primary system
can be known more effectively with the added’
level detectors in the pressure vessel. We can:
not know the level of core before the unco-
very of core with instruments for the measure-
ment of the coolant temperature, because the:
coolant temperature is equal to the saturation:
temperature before the uncovery of core. But,
the level detectors in the pressure vessel can:
indicate the level of core before and after the:
uncovery of core as well as the prediction of the:
coolant temperatue and of the critical time by
Eqs(15) and (16) after the uncovery of core..
Also level detectors enable the operator to dia-
gnose a small break LOCA within a few min-

utes.
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Appendix A

Calculation of the maximum clad temperature
with the variable of the coolant temperature at
the top with Fig. 1.

By Newton’s cooling law and energy conser-
vation, the following equations are obtained.

¢ (D =h[Ta(y) — Teoar (3] Eq(18)
WeodCrdT=¢’ (y)dy
:q’maxcos<%>dy Eq(19)

By integrating Eq (19) from the surface of two-
phase mixture to a position, y above the surface
with the assumption of constant specific heat in
thesuperheated region, we have the equation

Tean (9) = Teoa( 5 7)
e | sin( )

H
—sin(@)} Eq(20)

e

We can obtain the clad temperature at a posi-

tion, ¥ by combining Eq (18) and (19).

T () = Toaa - —2)+ 52 cos( 5 )
G, W Cooe [0 )

Eq(21)

WA kY

The position of the maximum clad temperature,

¥m can be determined differentiating Eq(21),

_H, . __/ kD,H.
In=-"7"tan (cpw,od> Eq(22)

By subtracting T, at the top from 7T, at the

position, ¥,

_ ror—_9 max T
Te1(Ym) Tcl 7D, [COS( H >

—cos( gg_ ]

0 W 0o [

—sin( 2”5 )] Eq(23)
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From Eq(18)
T::ll’p= Ttt:ggl + q”top/htop Ed (24)
Putting Eq(24) into Eq(23), we have

"
Ta(m) =TS0+ (Ih top

top

L [k )

+~7@I%;—q'max [ sin(—%’el)

~sin( )|

we can calculate the

Eq(25)

Replacing y with %,

coolant temperature at the top.

H H,
Toh = oo< > < /max'
o= Teon 2 ® zC, W, q

rop

H
[sin( nH )—sin( ﬂ<7 _z> )]
2H, H,

Eq(26)
Now we can calculate the maximum clad tem-
perature with the coolant temperature at the top
by Eqs(23) and (24) when the uncovered level
is z. When the maximum clad temperature, T
(¥) reaches 2,200°F, the uncovered level, z
and the coolant temperature at the top, respe-
ctively, are denoted by z. and T

From Eq(25), the critical coolant tempratuer,

T =2, 200°F — 4 on_

top

~ Lo [ con( B ) —cos( L) ]
__ﬂc-p[{ﬁqlmx. [sin( 7?1? >

— sin(ji% > } Eq(27)

Appendix B

By energy and mass consideration over the

whole core, we obtain

0* @) __ M (-4v2)
Rre d  PN\Ta
d.
=—prAN-—-F Eq(28)
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Q¥: average linear heat generation rate of all
over the core;
N : the total number of fuel rods in the core;
Af: flow area of a channel.
“The total decay heat in the core with the aver-

age linear heat generation rate over the core, g’
P=g'-N-H

0 )

H
= e

Q,max= g 'N'a/

=2

Q*(z)= f z_"%Q’m cos(—ﬁ—)dy/ f - :
- i En dy

EQImax f "'i— [1_(:05(%)]
Eq(29)
Using Eqs.(9) and (29, we can get the follo-
wing relationship

Q* (@) =g* () Foex

=/
—g® (eI _ T
=g*(z) o T2 N Eq(30)
From Eq(28),
dz 2 'max
dt=—0rAshss sy T qq,
EqBD

Integrating Eq(31), we obtain the equation

[l = prtin] oz

2 q,max

= .
tc'= z 7

o, Eq(32)



