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PREFACE

This report represents one aspect of the research program "Safety
Considerations of Commercial Liquid Metal Fast Bieeder Reactors" (AT(04-3)
PA223 and AT(49-24)0246) funded by the U.S. Nuclear Re, ilatory Commission,
Division of Reactor Safety Research. The research program is divided
into the following tasks: a) transient analys:s of fuel elements,
b) accident analysis, c) post accident heat removal, d) fuel-coolant
interactions and e) thermodynamic effects.
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UCLA-ENG-7527 (April 1975).
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SUMMARY

This report explores in preliminary fashion the course of a
postulated accident scenario in an LMFBR involving rupture of all piping
connected to the reactor vessel in the event of an earthquake (or an
equivalent scenario involving both loss of heat removal and system
rupture). The core is successfully shut down but decay heat imposes a
threat to core integrity.

In the event of a sudden rupture of all piping attached to the
reactor vessel, the coolant level in the vessel drops to the level of the
break location. Because of continuous decay heat production, natural
circulation is maintained between the inlet and outlet plena. Using a
simple hydraulic flow circuit together with a transient heat conduction
model, the natural circilation rate, and the temperature variations in
the fuel, the cladding, and the coolant can then be calculated. [t is
found that the fuel temperature experiences a decrease as the power level
decays while the cladding temperature increases to a maximum value of
about 1,600° F Fafore it follows the same trend as the fuel temperature.
For the conditions assumed, it takes 5.6 hours for the cladding to reach
the incipient boiling temperature. When bubbles are nucleated, the heat
transfer at the cladding surface is improved. Both the fuel and the clad
experience a temperature drop before they reach a quasi-steady state
during nucleate boiling when evaporation of the sodium in the outlet
plenum is taking place. It takes 32 hours for complete cvaporation of
all the sodium liquid in the upper plenum.

As the sodium level recedes in the core region, both the fuel and
the cladding in the upper part of the core experience a rapic temperature

rise. Taking into account the effects of axial power distribution and
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axial heat conduction, clad melting is found to occur at a location

close to the top of the core, and at a rate of 0.08 ft3/sec. The <cdium
vapor velocity is not high enough to carry the molten stee! to the upper
blanket region. The molten steel is hence expected to move downward and
plug the flow channels in the lower axial! blanket region.

At tne time of clad melt, the fuel experiences a temperature rise
of approximately 2° F/sec while the temperature rise rate at the can wall
is 10° F/sec, which is mainly caused by heat radiation from the fuel pin
to the wall. Failure of the can wall may mark the start of gross fuel
motion wherein fuel pellets can be arranged into a more compact geometry
before they start to melt. Indeed, depending on the assumption of the
fuel pellet arrangement and the distribution of the control rod material,
the preliminary calculation indicates the possibility of the core gaining
recriticality prior to much fuel melting. A detailed description of fuel
behavior under nearly isotherma’ conditions prior to melting requires
further study, as does ti. subsequent course of events in this postulated

scenario.



TABLE OF CONTENTS

Page

PREFACE . . « v .« ¢ o o s s o & 8 0 0 o « 5 5 5 8 8 ¢ & 3 3 % & & i

SUMMARY . . & ¢ & ¢ o« 5 5 o o 5 ¢ 5 o 5 5 & 5 5 % 5 a «a & » 6 6% » iii

LISTOF FIGURES . . i . ¢« & « o s s 0 ¢« s 5 5 s o s 5 o o s ¢ 2 & & vi

BIST OF TABLES. - o & ¢« ¢« =« o = ¢ ¢ o 5 o % s % 4 6 & » 8 8 » % & & vii

LISTOF SYMBOLS . . &« & & 4 & & o o o o o s o s s s s s » o o & s » viii

1. INTRODUCTION . . « « 5 ¢« ¢ « o s o o s o » o o o s & o @ 1

1.1 Background . . . . . « ¢ + ¢ ¢ 4 2 s s s s 0 s s 1

1.2 System Analysis . . « & ¢ o ¢ o ¢ o o o o & o 2 . 2

1.3 Organization of the Report . . . . . . . . . . .+ . 2

2. ANALYTICAL METHODOLOGY . . « & v v v & o o s o o s & s » 5

2.1 Introduction . . . . . & ¢« ¢« ¢ & v 4 o o s 0 e 5

2.2 Natural Circulation . . . . « « + ¢« « ¢ ¢« ¢ & « & 7

2.3 SodiumBofling . . . « « ¢ & s o 4 ¢ b 4 e 0w 12

2.4 Core Dryout . . . . « ¢ « o o o o o o o s o o o o 14

2.5 Subassembly Failure Mode . . . . . . . « + « « « 19

J. RESIRYS . » ¢ ¢+ & a 5 4 85 5 & % % & > 85 0 u s e s on 21

4. CONCLUDING REMARKS . . . & v 4 & v 4 v o o o o o o o « & 43

S, REFERENCES . . . . &t « v v 4 s o e v o v s s o o s s s 45
OETEIEE R 5 5 o+ 5 5 7 5 & % & & 5 v &% 4 5 5 & 55 5 6 88 5 5 5 9
PPPERIIR S &« « 5 5 s o « 5 5 % & % & ¥ 0 % 4 55 % ¥ B F B K & B




=

Figure

Figure
Figure

Figure

rigure
Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

Figure

3.2.
3.3
3.4.

SoSs

3.6.
3.7,
3.8.
%
A.2.

B.1.

LIST OF FIGURES

General Configuration of the Heat Transport
System, One of Three Loops. . . . . . .

Natural Circulatior Flow Model. . . . . . . . .
Physical Model of the Core Dryout Process. . .

Temperature Response during Natural Circulation
and Boiling Periods. . . . . . .+ « + &« . .

Standard Fission-Product Decay Heat Curve.
Heat Transfer Coe“ficient and Circulation Rate.

Axial Cladding and Fuel Temperatures during Core
PYYOUt. . ¢« o 4 o ¢« o o 5 o o o 2 o % 8 5 o s »

Receding Speed of '1qu1d Sodium (U ) and Sodium
Vapor Velocity (U

Sodium Vapor Heat Transfer Coefficient.

Fuel Rod Schematic for CRBRP Design. . . . . .
Fuel Assembly Schematic for CHBRP Design.
'lydraulic Flow Resistance Circuit Diagram.

Simplified Hydraulic Circuit for Natural
Convection. . . . . s « ¢ & ¢« o o o« s & o s s »

Average Fuel Pin Temperatures after Clad Melt.

vi

15

22
23
30

33

34
35
37
38
48

49
52



Table
Table
Table
Table
Table

3.1.
3.2
3.2.
3.4.
3:5.

LIST OF TABLES

Physical Parameters for CRBR Design. . . . . . .
Thermophysical Properties of Materials.

Heat Balance Teble. . . . « « ¢ v o o v o v o &
Properties of Fuel and Cladding Materials.

Results of Recritical Calculation. . . . . . . .

vii




R R R R N R R R R R R R R R R R RO R R RO B S —=———
|
|

> >

1 Bss 83

A O W ©™

LIST OF SYV30LS
Area
Cross section area
Radiosity
Constants defined by Equations (2.4), (2.5) and (2.6)
Specific heat
Droplet size
Bubble departure diameter
Bubble departure frequency
View factor
Gravitational constant
Grashoff number
Heat transfer coefficient
Latent heat of evaporation
Heat of fusion
Irradiation
Thermal conductivity
Fluid resistance
Total fluid resistance
Sodium level
Core length
Loop length
Distance between lower and upper plena
Mass
Molecular weight
Mass flow rate

Number of fuel elements

viii



al

Subscripts

C

co

LIST OF SYMBOLS (Continued)
Perimeter
Prandt] number
Decay heat
Heat flux
Gas constant
Thermal resistance from fuel to clad
Thermal resistance from clad to coolant
Time
Temperature
Velocity
Liquid velocity
Volume
Thermal diffusivity
Sodium expansion coefficient
Pressure drop
Emissivity
Number of fuel elements
Viscosity
Kinematic viscosity
Density
Surface tension

Stefan Boltzmann Constant

Sodium coolant

Core

7 % 3

ix



LIST OF SYMBOLS (Continued)

Subscripts (Continued)

¢ Cladding

f Fuel

g Gap

i Inlet plenum

L Lower plenum

n Melting

NB Nucleate boiling
0 Outlet

S8, Stainless steel
u Upper plenum

W Can wall




——‘—-———4*—-
;

1. INTROUCTION
1.1 Background

One of the generic safety concerns in Fast Breeder Reactors is
that the fuel is not arrayed in its most reactive configuration. Should
there be ways of arranging this fuel in a more reactive configuration,
it is possible to imagine recriticality which would subsequently lead to
pressure driven disassembly. The currently analysed sequences leading
to a recritical configuration usually involve the unprotected Loss of
Flow Accident (LOF) or the Transient Overpower (TOP). While these two
accident sequences could lead to rapid fuel melting and core disruption,
the recriticality potential of the system may ultimately depend on the
nature of the fuel distribution in the molten pool. In the so-called
'transition phase' of core disruption, it has been suggested by several
authors [1,2] that some fuel and/or steel will be removed from the core
region and frozen near the axial core boundaries in a large number of
subassemblies, thus blocking further material removal. It has been
estimated thit material remaining in the disrupted core region will be
dispersed by steel or fuel vapor formation. This boil-up phenomenon is
estimated to occur at decay heat levels of about 10% nominal power [1j.
However, it should be noted that this assessment depends to a large
extent on the thermal and the hydrodynamic conditions of the molten core
which are not yet completely understood [3].

On the other hand, one should realize that core disruption is
not, in principle, limited to these two accident scenarios. One objective
of this report is to examine another sequence, having a rather different
time history, in which recriticality might occur. While a mechanistic

approach is adopted here to follow the sequence of events of a postulated



accident initiated by a simultaneous break of both cold and hot legs in
a looped type LMFBR, an attempt has been made to make the approach
generic, so that it can be applied to similar accident scenarios. The
present analysis does not carry the postulated accident to completion;
rather, it examines the first phases and brings the event to the point

where recriticality might occur.

System Analysis

Sodium-cooled, fast power reactor designs may be pool type or
loop type [4]. The U.S. LMFBR program is sharply focused on the
development of the loop type, as exemplified by the designs of the
Fast Flux Test Facility (FFTF) (5], and Clinch River Breeder Reactor
(CRBR) [61.

The CRBRP has a loop type heat transport system (Figure 1.1).
A sudden rupture of all the vessel inlet and ocutlet piping would seriously
affect the cooling of the core. Even after the core is successfully
scrammed, the decay heat still imposes a potential threat to the core
integrity. It is logical to deduce that the core is initially cooled
by natural convection until the sodium reaches its boiling point.
Then the reactor vessel begins to lose its coolant inventory. Eventually,
the core is uncovered and this speeds up the fuel-temperature excursion.
Because of its fairly low heating value, the decay heat power may lead
to a different core disruption sequence in comparison with the situation
induced by unprotected LOF or TOP.

1.3 Organization of the Report

This report is divided into five chapters. Following this

introductory chapter is the detailed outline of the analytical method
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that is used to evaluate the system response, in the event of a loss of
the piping integrity (LPI). In the analytical model, a compromise is
made between simplicity and accuracy, in order to bring out the signi-
ficant physics of the problem. Numerical data are computed and presented
in Chapter 3 where the design data of the CRBRP are chosen for the calcu-
lation. Discussion of the results and the concluding remarks of this
preliminary study can be found in Chapter 4. Chapter 5 lists the refer-
ences while two appendices are included to document the details of the

technical information used in connection with the study.
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2. ANALYTICAL METHODOLOGY

2.1 Introduction

In the event of a sudden rupture of all the piping attached to
the reactor vessel, the coolant level in the vessel drops to the leve:
of the break location. The scram action of the core would decrease the
core power to the decay heat level. Because of this continuous heat
production, a natural circulation is maintained between the lower and
the upper plenum as shown in Figure 2.1. Depending on the heat trans-
fer characteristic of the fuel rods, the cladding can be cooied
by the circulating sodium stream. Local subcooled boiling will occur
when the cladding reaches the incipient temperature of sodium beiling.
During this subcooled boiling period, the vapor is rapidly condensed
by the sodium liquid and so there is no net loss of sodium from the
reactor vessel. When the sodium reaches the saturation temperature,
bulk generation of the vapor takes place, and the sodium level starts
to recede. Depending on the bubble cluster formation, cooling of
the cladding can still be maintained if local liquid dryout is not
prolonged. This two-phase flow regime, especially in the confined fuel
bundle geometry, is still an unexplored research area. A simple model
based on two-phase pressure drop and bubble generation frequency is
adopted here as a first order estimation.

When the sodium starts to recede in the core, the upper part of
the fuel rod is cooled by the sodium vapor, while the lower part is
submerged in liquid sodium. At this stage, the axial heat generation
profile in the fuel and the axial heat conduction may play an important

role on the location of the clad failure. Fuel swelling is a possible
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event. In case of clad melting, it is important to note where the

molten steel will be dispersed. This depends on the sodium vapor velocity.
If the clad melts before the fu=l tails, the next state would be the
propagation of the subassembly can wall failure.

In estimating the failure propagation rate of the fuel sub-
assembly, the radial power distrioution of the core cannot be ignored.
If the subassembly is depleted of sodium, the major contributor for
the can wall failure would be the heat radiated from the heated fuel
pins. If the can failure rate is faster than fuel melting, recriti-
cality can occur as result of fuel collapse. In the recriticality
calculation, the iocation and the distribution of the control rod

material h:.ve to be considered.

Only a few criticality calculations, using simple hand calcu-
lations, are performed in this study as a scoping effort of ihe accident

sequential event.

2.2 Natural Circulation

As a compromise between simplicity and accuracy, the reactor
is represented by three axial regions: the inlet plenum, the core and
the outlet plenum. The core is represented by an average channel in
which the fuel rod is surrounded by the sodium coolant. The natural
circulation path is established as the hot sodium rises in the core
and is replaced by the cold sodium from the lower plenum. The flow
path is completed with the sodium flowing from the upper to the lower
plenum region through the blanket as shown in Figure 2.1.

As the sodium is circulated, the temperature changes in the

upper and the lower plenum (Tu and TL) are obtained by an energy

L]
1 71

J
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balance which includes the heat absorbed by the steel structure as,

aT
[("ucp)c ' (Mucp)s.s.;'a% " Woc(Ty = T (2.1)
AT
(e + ) o ] = fe (T, - 1) (2.2)

f where (M C ) and (HLC are the total naat capacity of the steel

up’s.s. p)s.s.
structure, (Mu)c and ("L)c are the sodium mass inventories, ‘n the upper
and the lower plena, respectively.

(Cp)c is the specific heat of the sodium liquid

. *
M is the natural circulation rate and it is given by

-3 -2 .
B M+ EM - By =0 (2.3)
where
| A A (2.4)
B, = hAKror (2.5)
: 2
B, = 4gg LochcA¢(T¢ - T.) (2.6)

- In these equations

KTOT = overall hydraulic resistance in the flow patn

hC = the natural heat transfer coefficient. For a fuel bundle,
it is given by [7].
K
e 2,0.147
he -t-(0.747(GrPr ) ) (2.7)
|
! where
- Pr = Pra dt! number
| Gr = Grashoff number
| kc = sodium thermal conductivity

*The derivation of this equation is given in Appendix A.
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g = volumetric sodium expansion coefficient
p. = sodium density

L = core length

T. = core inlet coolant temperature

A, = heat transfer arsa of the cladding

T_ = core outlet conlant temperature
T

¢ © cladding temperature
regions: the fuel, the cladding and “ne Z.olant.

balance, these temperatures are given by:

a1
f " ]
(Kcy)g ¢ = 9" (0= - [TeeTy)

dT
(Me,), 5 ﬁ-:- [Tf T¢] %{Tc Tc]

(Mc)dT L fr,-1
c dt E; [ ¢ c] '

where

The temperature distribution in the core is divided into three

Iinside the fuel, heat is

generated as a result of the decay heat. Hence, by simple energy

(2.8)

(2.9)

(2.10)

(Mcp)f, (Mcp)t' (Mcp)c = Total heat capacity of the fuel element,

claddina, and coolant, respectively

RI ]
1
i.e. R, = +
g 4k h
1 k¢ Ln gAg
where k. = thermil renductivity of the fuel

f
L = height of the fuel element

n = total number of fuel elements in the core

= Total themal resistance of the fuel and the gap conductance,




-
L

gap ccnductance

>
"

total fuel surface area

=
H

o = thermal resistance of sodium coolant film (= F%K:)

q"(t)

vf fuel volume

decay heat power

The coolant temperatuce is assumed to be the average of the core
inlet and the core outlet te.peratures, i.e.
To T
Tc - 21 (2.11)
An additional relation between To and Ti is obtained by balancing

the total energy of the coolant channel, i.e.

hcAc(T¢-Tc) = ﬁcpc(ro-r1) (2.12)

Equations (2.1) to 72.12) constitute the basic equations for the
evaluation of the fuel and the cladding temperature, the sodium
temperatures in the core, in the upper and lower plenum, and in addition,
the natural recirculation rate through the system. This natural circu-
lation is assumed to prevail until the cladding reaches the temperature
limit when surface boiling starts. This temperature limit i35 obtained
by balancing the heat fluxes of the natural convection and the nucleate

boiling regimes, i.¢

0.14 k_ (\%)Prc] aTgpr = 0.0015 phe —;] X

i y 1/4
209 (hf "‘C ):H / .
L Pe 2RTS§TO )
[p k 15/8 1/3
£ )2 = (Pr ) X M§AT
[ Ye \PV'fg/ \%c /| -

(2.13;



The boiling heat flux is obtained from the Zuber correlation.
The symbols in cquation (2.13) are
Pe for density;

h._ for latent heat of vaporization;

fg
a for thermal diffusivity;
o for surface tension;

M for molecular weight;

R for gas constant;

u for viscosity ;

v fur kinematic viscosity ;
TSAT for saturation temperature of sodium at 1 atmosphere.

The subscript ¢ denotes the liquid phase, v stands for the vapor
phase. (AT)SAT represents the superheat temperature when sodium boiling
occurs.

Since the channel coolant may not reach the saturation temperature
when surface boiling occurs, the period folloving the first natural
convection period is characterized by local subcooled boiling. Vapor
is generated on the cladding surface but is rapidly condensed by either
the coolant in the core or in the upper plenum. There is no net loss of
vapor from the system. A check on the heat flux is necessary to ensure
that the surface heat flux has not reached the critical value.

The governing equations for the tes{) r2tures are the same as the
natural convection case except the w1 ran_ler coefficient has to be
modified to accomodate the boil , pii.. <.2non. A brief literature survey

reveals a basic lack of sodium boiling data. The Zuber correlation is

chosen because it is better correlated with ligu *3] data.
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c ZRTSATO

Pe [ K. 2/ /8 1/3
(e &) @) e e "

where the symbols are the same as in equation (2.13).

a \1/2f20g_f/h. M p \3\1/4
X g cf fg "¢
th 0.0015 pvhfg( n) 2( = ( ) )

This subcooled boiling period is assumed to be terminated when the
coolant in the upper pienum reaches the saturation temperature. At
that time, the accident sequence steps into the third period.

¢.3 Sodium Boiling

When bulk boiling occurs, the main driving force for ¢ ~culation
is no longer due to the temperature gradient. Instead, the buoyancy
force of the vapor beccmes the main driving force. The presence of the
vapor in the flow path increases the flow resistance. The governing
equations for the cladding and the fuel are the same as in the previous
two periods. However, the mementum equation for the flow has to be

modified to incorporate the two phase pressure drop as:

M

L G6= 09 8V - o (4P) A - g (2P) A (2.15)

Q.

where

Lc is the characteristic length for the flow circuit

M,
&V = E;T is the vapor volume (2.16)
Mgl (Te-Te)

ﬁv . . (2.17)

fg



Og(oc-pv)

1/4
f = 9ﬁ§9 (—-—-——7?-) is the frequency of bubble departure (8]
Pe (2.18)
/2
D, = 0.0208 ¢ '1"£L“7 is the diameter of the departing
¢ [9 Pe™ Py J bubble [8] (2.19)

6 1is the contact angle at the wall

Aco is the flow area in the core

Ar is the flow area in the blanket

The two phase pressure drop (AP)Cobetween the lower and the upper

plenum is
h,. P 0 p
3 _Ni_.._c_ 2_-72 _‘__C—-
()., (EF)CO( .)(D 1)(L Zoap) *+ (L, L)AQ(O 1) + L
thg MRy Vv ,
(2.20)
where
(?SP)co is the single phase pressure drop quality of scdium at
core melt
_ MgP Te-Te) (L-Zgpp) -
" h, M '
fg
Mlhgyr = by )
ZSAT B ( ) distance from the bottom of the core where
T, =T )hy P
¢ NS boiling starts (2.22)
L = core length
L, = distance betweer the location of inlet sodium saturation point

1 and upper plena

-
"

wetted perimeter

hSAT = saturation enthalpy

= g
"

inlet enthalpy

=
e
S

13



The system starts to lose the sodium coolant in the form of the

vapor. The change of mass in the upper plenum is given by

dM h, A
u.__NB -
=t —h;f (Te- T) (2.23)

while the change in the lower plenum temperature is given by

dTL (Mch)c

- (Tepe =
dt (MLCD)C + (Mch)s.s. SAT

T

L) (2.24)

This bulk boiling period is assumed to be terminated once the
coolant level reaches to the top of the core.
2.4 Core Dryout

When the sodium level reaches to the top of the core, the core
region can no longer be modeled as a single volume. Because of the
continuous vapor loss of sodium, the sodium level in the core recedes
leaving the upper part of the core cooled by sodium vapor only. Both
the fuel and the cladding temperature will experience axial variation.
The axial power distribution of the core must be considered in the
estimation of the clad failure. If the core is modeled as shown in

Figure 2-2, the fuel temperature distribution is given as

_ et _ o, —
(66y) ¢ R =5t = Kehp — + 0" (LU, - [Tet)-T (0t

1 (2.25)
where (pcp)f = heat capacity per unit volume of the fuel

Tf fuel temperature

T¢ clad temperature

Af total fuel cross-sectional area

S R
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kf = thermal conductivity for the fuel
q"{,t) = volumetric decay heat

Ri = thermal resistance
across the gap and the 2 1 1

fuel pellet Tk, . Wg ”

where Pf = is the perimeter of the fuel pellet
The cladding temperature distribution is given as

aT T
/ A —t-pn 8,1 R
(o€g)e By 5% + kA, —§ + X [Telxst) = Telx,t)] (2.26)
i
o [Telx,t) - T(x,t)]
2
heat capacity per unit volume of the cladding

"

where (pCp)¢

k¢ = thermal conductivity for the clad
Kk= total clad cross-sectional area

v . _ ]
R2 = thermal resistance = X + e

hc ¢ £
Both the coolant temperature Tc and tie heat transfer coefficient hc
depends on the axial location x. For the vapor region, the temperature

is given as
Tv 3Tv
(o) ['5?’* uy(t) '?57] = hvpt[Tt(x’t) i Tv(x’t)] (2,273

and the heat transfer coefficient hv is given by the Bolter-Dittos
correlation,
uv(t) is the vapor velocity and it is determined by the sodium

vaporization rate

E(t)
u,(t) = ——f— / T (xt) - Tear | o (2.28)

Py co fg




where 2(t) is the location of the liquid-vapor interface. It is related

to the receding speed of the sodium level by

t
t) = L - U](t')dt' (2.29)
J
where ; t)
h Mt
u(t) = —2€ Jf (T,(x,t) = Teqp)d (2.30)
X _h 0 ¢
Pcfeo fg

In the lower liquid region, nucleate boiling is assumed to

prevail so
T. =1 for &(t)> x>0 (2.31)

h=h for (t)> x>0 (2.32)

When the cladding temperature reaches the melting point, equation
(2.27) has to be modified to accomodate the phase change. ODuring the

melting process, the local clad temperature is constant and is given by

= (2.33)
Tc m
whereas the amount of clad melt is given by
de 1
oehs s gt = Ly (T (x,t) - T) (2.34)

where Tm = melting temperature

h = heat of fusion

sf

Vm = amount of clad melt

Failure of the cladding would lead to the release of the fission gas

into the sodium stream. As will be shown in Chapter 3, in most cases,

17




the receding speed of the sodium is fast, therefore, at the start of

the melting clad, all the sodium in the core is almost gone.

parametric study is performed to determine the ability of the

sodium vapor to disperse the molten clad into the upper core region.

The molten droplet size (d) is based on the critical Webcr number for

atomization, i.e.:

fy(”v'“s.s.)zd <12
%.3.
Where
ov = sodium vapor density
uv = sodium vapor velocity
U o ™ velocity of molten steel
d = atomization diameter
¥ o " surface tension of stainless steel

(2.35)

The minimum vapor velocity required to disperse the molten steel

is given by [9]:

(u,)

v'min

K is constant depending on the flow regime.

=

1/4
gcs.s.(r’s.s.°cv)]

-1/2
K pv [

for droplet flow and 1.3 for annular flow.

(2.36)

It is equal to 0.2

[f the gas velocity is greater than this minimum velocity, the

molten steel is assumed to end up in the upper plenum, otherwise, it

will move down and plug the flow channel.

will be melted.

Equation (2.34).

Eventually, the cladding

The melting rate can be approximately found by

18



2.5 Subassembly Failure Mode

When the cladding in the core region is melted away, heat can be
radiated from the fuel pins to the channel wall. It can be shown in
a detailed radiative heat transfer calculation that the inner rows of the
fuel pins are heated up adiabatically, while most of the heat incident on
the can wall is from the outermost zone (Pppendix B). Since the fuel
pins are closely packed, the heat up model of the fuel within the sub-
assembly can be approximated as a big lump of fuel which radiates heat
to the can wall (Figure 2-3). An energy baiance of the fuel region gives
the temperature rise as:

dT

(V)¢ g5 = 9" (tar) - Qgyp (2.37)

where q"(t,r) is the decay heat and because of the radial power

distribution, it is a function of the fuel assembly

location.

QRAD is the total heat radiated from the fuel to the can wall,

so the temperature in the can wall is given by

dT
" (2.38)
(onV)w —at - %Rap

In determining QRAD’ both the can and the fuel surfaces are assumed
to be grey, so

£
_ £ 4
Qpap = A T, (oT¢" - Bg)

where €¢ is the emissivity of the fuel

(2.39)

B, is the radiant rediosity from the fuel

f
Af is the exposed fuel area

19
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3. RESULTS

The general solution procedure develsped in Chapter 2 was used to
study characteristics of the sequential events in the CRBRP system in
response to the pipe rupture incident. There are at present no data
available in the literature for this type of slow decay heat transient.

When the pipe breaks, the sodium inventory in the reactor vessel
above the break location is spilled onto the containment floor. The
reactor is assumed to be scrammed successfully and the decay heat plus
the stored energy are the principal heat sources inside the reactor vessel.
The heat generated in the fuel is transferred across the gap to the
cladding, and finally, to the sodium liguid. Using the forward march
technique, the temperature transients in the fuel, the cladding and the
sodium were computed from equations (2.1) - (2 .12), and the results are
shown in Figure 3.1. Thz physical parameters for the calculation are
tabulated in Tables 3.1 and 3.2.

Using the point model, the average fuel temperature is found to
experience a decrease as the power level decays (Figure 3.2). Since the
initial fuel temperature profile is parabolic in shape, a more refined

heat conduction calculation will give a more accurate trans;ont
spatial temperature di<* _.cion. The cladding temperature increases
to a maximum va' ¢ of about 1600°F before it follows the same trend
as the fuel temperature. The coolant temperature increases as it
absorbs heat from the cladding. In the present calculation, the
temperatures of the structures in the upper and the lower plena

are assumed to be the same as the coolant temp=rature. Bubble
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Table 3.1.

Physical Parameters for CRBR Design.

Coolant Flow Rate

Core Flow Area

Reflector Flow Area
Average Core Flow Velocity
Inlet Temperature

Outlet Temperature

Average Heat Transfer Coefficient

Initial Axial Peaking Factor
Initial Radial Peaking Factor
Mass of Fuel

Mass of Cladding

Mass of Sodium

VESSEL PARAMETERS

Liquid Volume o€ Upper Plenum
Liquid Volume of Inlet Plenum
Liquid Volume of Core
External Surface Area

FUEL ASSEMBLIES

Maximum Midwall Cladding Tem;

Maximum Assembly Mixed Mean Outlet Temp.

Maximum Fuel Centerline Ten.
Average Linear Power
Peak Linear Power

Maximum Linear Power

¢ ature

24

135 x 0% 1b/sec.

9.24 ft°

4.2917 ft°
20 ft/sec.
730°F

9950F

6.05 Btu/ft2~sec. F

1.24
1.20
14, 486 1b
33, 963 1b

5

5.3017 x 10” 1b

6607 ft°

3218 ft3

27.72 ft3

2600 ft°

13500F
1107%
4780°%F
6.6 KW/ft
11.1 KW/ ft
14.4 KW/ft

0%

| &




Table 3.1. (Continued)

Maximum Fission Gas Pressure
Maximum Assembliy AP
CRBRP FUEL ASSEMBLY DETAILS

Rods per assembly
Rods (total number)
Rod outside diameter

Rod radial spaciny

Rod triangular pitch
Hydraulic Diameter

Clea “nce between fuel rod
asc blies at wires

Clearance between fuel rods
Cladding thickness

Rod axial support

Rod length

Pellet Column Lencth

Fission Gas Plenum Length

Fission Gas Plenum Available
Volume-Cold

Lower axial blanket length
Lower axial blanket composition
Cere region length

Core Pellet Material

Core pellet Diameter

25

186 psia

111 .sia

217

47,966

0.230 in

0.056 inch wire

wrapped around fuel rod
cladding in clockwise helical
spiral with pitch of 11.9 inch
0.2877 in

0.0139 ft

0.017 in
0.0577 in

0.015 in

17 key shaped rails through
keyhole slots in bottom end
caps

114.40 in

64 in including two 14 inch
axial blankets

43.0 in

1.274 in°

14 in

Depleted uranium oxide
36 in

Plutoniuwm-uranium oxide

0.1935 in



Table 3.1. (Continued)
Pell ¢ Length
Density:

Nominal (percent of theoretical)
Cold smeared(percent of theoretical)

Plutonium Content:
Inner enrichment zone
(weight percent)
Outer enrichment zone
(weight percent)
Ratio outer/inenr zone

Diamatral gap between fuel cladding
and fuel pellet

Upper axial blanket length

Upper axial blanket composition

Axial Blanket Pellet

Axial blanket pellet length

Nominal density (percent of theoretical)

Diametral gap between fuel cladding
and axial blanket pellets

Inlet Nozzle Discrimination
Post Max. Dia.

0.205 to 0.283 in

18.7
27.1

1.45
0.0065 in

14 in

Depleted uranium oxide
0.1935 in

0.31 to 0.46 in

97.1

0.0065 in

1.750 in

NOMINAL RADIAL BLANKET ASSEMBLY DESIGN PARAMETERS

Assemblies (number)

Blanket Rods per Assembly (number)
Number of Flow Orificing Zones
Pitch to Diameter Ratio

Blanket Rod Spacing

Blanket Rod Length
Cladding and Duct Material

26

150

61

4
1.077

Wire-Wrap, 0.037" dia. wire
with 4" pitch

105 1in

20 percent cold worked
Type 316 Stainless Steel




Table 3.1. (Continued)

Rod Outside Diameter 0.520 in
Claddina Thickness 0.015 in
Fuel Pellet Column, inch 64
(uranium-dioxide)
Pellet Diameter 0.485 in
Pellet Length, 0.5 in
Peilet Density, % theoretical 95.6
Smeared Density, % theoretical 93.7
Pellet Material Depieted U02
Diametral Gap between Cladding and 0.005 in
Pellet (initial, cold), inch
Distance across Flats on Duct Inside 4,450
Duct Wall Thickness, 0.100
Number of Radial Blanket Rows 2-1/2
Fuel Arrangement Column of Cylindrical Pellets
Fission G§s3Co]d Available Plenum 5.93
Volume, in
Fill Gas He

Fill Gas Pressure, atm =t ambient temp.) 1
Spacer Material 316 SS - 17% CW
Assembly Pitch 4.760 in

27
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nucleation is started when the cladding reaches the incipient boiling
temperature of 1640° F.

When bubbles are nucleated, the heat transfer at the clad surface
is improved. Both the fuel and the clad experience a temperature drop
before they reach a quasi-steady state temperature during nucleate
boiling.

The heat transfer coefficient and the circulation rate during the
natural circulation period are shown in Figure 3.3. The natural circu-
lation rate through the core is about 1/250 of the normal force convection
rate. In the actual system, since force flow is maintained when the pipe
ruptures, there is a finite time for the coolant to coast down to the
natural convection range. This finite time is conservatively neglected
in the present analysis. On the other hand, the time delay required for
the scramming is also neglected. As the circulation rate decreases, the
coefficient decreases, but increases as boiling starts. As reflected in
Figure 3.1, the fuel and the cladding temperatures remain fairly close
to the saturation temperature during boiling. It takes 5 hours to heat
up the cladding to the recipient boiling temperature; 2 more hours to
start bulk boiling, and 32 hours for complete boiling off of the sodium
in the upper plenum.

A simple heat balance table for the transient is shown in Table
3.3. This table serves the purpose of a quick check of the heat transfer
calculation. It is observed that the sodium and the steel structures
serve as the major heat sinks for the decay heat generated in the core

where the heat loss from the vessel surface is negligible.
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Period Time (hr) Heat Generated Heat Content Heat Content Heat Content Heat Content
in the in the in the in the in Structural
Fuel (Btu) Fuel (Btu) Cladding (Btu) Sodium (8tu) Material (Btu)

8 5 5 7 7
Natural 5.62 2.08 x 10 -5.36 x 10 2.56 x 10 8.31 x 10 9.36 x 10
Convection

7 4 3 6 6
Subcooled 1.15 2.9% x 10 -1.86 x 10 -7.43 x 10 9.8 x 10 10.8 x 10
Boiling
Neoleate 32 5.9 x 108 -6.71 x 10° -420.8 5.75 x 108 0
Boiling (vaporize)

Table 3.3.

Heat Balance Table.



Because of the low flow rate, the pressure drop across the core is
about 0.01 psi during the natural circulation period. The pressure
drop is increased by a factor of 3 during the two-phase bubbling flow.

As the sodium level recedes during the core dryout period, the
upper part of the cladding could only be cooled by the sodium vapor
which is much less effective than by nucleate boiling. In fact, the
clad heats up almost adiabatically where there is no sodium as
evidenced from the calculational result shown in Fig. 3.4. The same
observation .. be applied to the fuel temperature. If an axial power
distribution as shown in Fig. 3.5 is used in the heat calculation,
the melting will occur at a location of 0.006 ft, below the top of the
active core. The melting rate is estimated to be 0.08 ft3/sec.

It is found that at the sodium vapor velocity the molten steel cannot
be atomized. 'n accordance to equation 2.36, the sodium vapo: velocity
is not high enough to carry the molten steel to thz upper blanket
region. This leads to the expectation of the downward motion of the
molten cladding steel. Lower blanket flow blockage is expected.

The ‘eceding speed of the sodium level is shown in Fig. 3.5. As
the sodium Tevel moves downward, less vapor is generated, so both the
vapor velocity and the vapor heat transfer coefficient decreases
(Figs. 3.5 and 3.6).

It is found that the axial conduction has minor effects on
mitigating the temperature rise at the hot spot. The temperature rises
almost linearly in the fuel 2nd in the cladding, once dryout occurs.
When clad melting starts, the sodium level recedes to a level which is 1 ft

from the bottom of the active core. In view of the low heat transfer
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coefficient, the gross clad melting is estimated by an adiabatic model.
It is found that the Lime for all the clad tc melt is 83 sec. At that
time, the fuel temperature is 2823° F.

The loss of cladding integrity leaas to the release of the fission
gas. 5Since the release process is rather spontaneous, the effect of
fiscion gas release is rot modeled in this preliminary study.

The loss of both cladding and sodium in the core region would
lead to reactivity insertion. However, with the control rods inserted,
this positive reactivity effect is not large 2nough to overcome the
negative reactivity effect of the control rods. The reactor remains
subcritical until fuel movement occurs.

The complete melting of all the cladding takes place in about 83
sec, whereas melting of the fuel would start in 25 min from an initial
temperature of 2823° F, if it is heated up adiabatically. It is conceiv-
able that small portions of the fuel may experience melting before all the
cladding dis_ppears from the core region. But, because of the current
design of the fuel ro. {Figure 3.7), the loss of the cladding might not
cause any major fuel dislocation if the fuel pellets are fused together.

Dring the clad melting, the bare fuel ~ods radiate heat to the
can wall. Using the calculational model outlined in Chapter 2, ihe can
wall f~| s in 50 cec. Once the can fails, the fuel rod loses its
supporting structure (Figure 3.8). It is probable that the fuel rods will
collapse into a pile of pellets before pellet melting v.-''rs. Some
relevant properties and criteria for the stainless steel and the fue’
pellets are tabulated in Table 3.4.

Four cases of recritical calculations for the fuel pellets were

performed. In all of these cases, the pile is assumed to be cylindrical

3 o
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POST

6
37.60 cm 5
121.92 cm
35.70 cm
60
91.50 cm
35.70 cm
o
140 cm  20/10
12
o - 4 4+ -~ 7

(1Sd) d0¥O 3¥NSSIUd ONY NOIS3IO LNYI00D



Ty
1

Fuel Cladding

Material (Puo.zuo.a)o2 Stainless steel type 316
Melting Temperature  5,018° F 2,570° F
(2,770° C) (1,410° C)
Yield Point (below 1.1549 x 10° (gst) 23,000 (psi)
3,000° F) (6.796 x 10% (\/m))  (1.5858 x 10% (v/m?))

Table 3.4.

Froperties of Fuel and Cladding Ma“eriais.
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in shape. The lower boundary is stainless steel while the upper boundary
can be vacuum or stainless steel. Two void fractions were chosen for the
calculation, namely 30% and 50%. For both cases, if no control rod
material is assumed in the fuel region, the reactor will go critical. If
centrol rod material is homogenously mixed with the fuel pellet, the
reactor will be in a subcritical state. These results are summarized in

Table 3.5.

40



Void Fraction

k

Cases Boundary Condition of f
1 No stainless at top boundary 30% 1.000324
2 Stainless steel at top and 30% 1.2284
bottom boundaries
3 Stainless steep at top and 50% 1.11427
bottom boundaries
4 Homogenous mixture of fuel subcritical

and control rod material

Table 3.5.

Results of Recritical Calculation.
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4. CONCLUDING REMARKS

The postulated accident involving sudden rupture of all pipes
connected to the reactor vessel (with scram) is well-defined mathemati-
cally, and hence was chosen as possibly representative of a class of
accidents in which both some primary system piping rupture and a loss of
heat removal capability from the reactor vessel result. Of first
interest was a determination of the rough time scale to sodium boiling,
clad melting and possible core collapse, since many of the consequent
phenomena depend on the then-current decay heat rate.

Modeling the various possible phenomena which might be important
in subseguent motion of the fuel, remains to be done as a follow-on study.
The role of gravity as affected by core support structure and upper
blanket and plenum structure remains to be examined. The behavior of
irradiated fuel pellets under relatively slow heating rates prior to
melting remains to be studied. The possible re-configurations of the
core remain to be estimated. And the applicability of current ideas on
core boilup and dispersion remains to be investigated.

A1l this study does is provide a possible starting point for
further studies of a rather different class of core disruptive accidents
than the currently emphasized unprotected loss-of-flow and transient
overpower accidents.

While no attempt has been made herein to identify specific
initiators which might lead to a situation equivalent to that postulated,

severe earthquakes certainly provide one pcssible source.
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APPENDIX A
POST ACCIDENT FLOW RATES
Coolant flow rates during the post-accident period have a signifi-
cant bearing on assessment of heat removal., For the CRBR design, a hydrau-
lic model of coolant flow can be established, as shown in Figure A.1. The
model assumes that the flows are in quasi-steady state, and that each
individurl flow rate, ﬂj, within the reactor vessel, is related to the
corresponding pressure drop, APj. as follows:
'12

j =K 3 * (A.1)

AP

where Kj are the values of the flow constants given in Figure A.l.
Since the resistance in the leakage flow region is large in comparison
with the other regions in parallel, the leakage flow can be neglected.
During the natural circulation, the flow path can be simplified as a
single circuit, as shown in Figure A.2. This may be an oversimplified
picture of the flow paths, but is adopted here as a first order of
estimation of the post accident flow rate.

The heating of the sodium in the core provides the available

pressure for the natural circulation. The pressure developed is approx-

imated as
&P = p. B(T, = TyL, (A.2)
where
g = acceleration due to gravity
fe = sodium density
g = coefficient of expansion
T, = temperature of sodium at outlet of the core =71 A
Z 21
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Figure A.1 Hydraulic Flow Resistance Circuit Diagram
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T1 = temperature of sodium at inlet of the core

L = distance between inlet and outlet.
If the flow circuit is quasi-steady, then the pressure available
must be equal to the pressure loss throughout the circuit, i.e.
K
AP = HDTI&Q (A.3)
where Kror 15 the total flow resistance.

Since the temperature difference (TU -T.

]) can be related to the

cladding temperature as
MCpc(To - Ti) = hcAc(T¢ - Tc), (A.4)
by combining (A.2), (A.3) and (A.4), we obtain the quasi-steady

circulation rate as

B, + B - 8, = 0 (A.5)
where

B, = 2, Kpor (A.6)

B, = hAKror (A.7)

By = 48h A, (T, - T,)o2aL. (A.8)




APPENDIX B
THERMAL RADIATION EFFECTS ON SUBASSEMBLY WALL FAILURE

In the detailed radiative heat transfer calculation, the fuel pins
within the subassembly are divided into semitransparent circular rings.
A set of linear, non-homogenous equations [10] describes the incident
thermal flux on each surface of these rings. Using the Monte Carlo
method, the macroscopic radiative properties within the unit cell such as
transmittance, reflectance and absorptance can be determined. The
average temperature of each segment and the can wall is then calculated
from a simple energy balance in which azimuthal conduction is neglected.

Figure B.1 shows the temperature rise rate for each row within the
array. Comparing with the rate of increase, under adiabatic conditions,
only the two outermost rows are affected by the can wall temperature. At
the time of wall failure, temperature differences of 80° C were calcu-
lated on the outside row of pins. This temperature difference leads to

the possibility of pin failure via a thermal stress mechanism.
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Fig. B.1 Average Fuel Pin Temperatures after Clad Melt
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