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L0SS-0F~COOLANT ACCIDENT IN A NUCLEAR POWER REACTOR

Ronald Paul Omberg

Inorganic Materials Research DlVTSan, Lawrence Radlation Laboratory,
and Department of Nucleer Engineering, College of Engineering,
University of California, Eorx\cley, California

Septermcer 1965 .

ABSTRACT

The effect of natural convection upon the temperature transient
following a loss-of-coolant accident was analyzed fbr a typlcal power

reactor configuration. The @ystem of eouatlons developed was then solved

‘using the design parameters of the loss-of-Fluid Test.Reactor (LOFT). It

wa.s found that natural convection will prevent melting of either the
fuel or cladding at low power levels. Af the max1mum power den31ty
allowable in the LOFT the tllc o fuel melting was nearly twice that for

an adiabatic tranSLent.

The solution was based on the one-dimensional quasi-steady state’

flow conservation equations counled to the lumped capacity transient

- energy equation for small Jal sections. of Tuel. ' The time dependence of

the decay heat source was considered; the frictional losses and heat
franpfer uere assumed fo beladeauately represented by the relations for
turbulent pipe flow. A constant radial power density was assumed..:The
system of equations was amenablevto machine calculation ueing an itera-

tive scheme{ It was found that natural convectlon has a pronounced effect,

a5 comnared to the adiabatic case, upon the temperature tran51ent. 'Wlth

a constant radial power density, it was founa that the claddlng-w1ll not: S
melt at power levels below 38 Mw and the fuel will not melt at power

levels below 68-1/2 Mw. ' .
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NOMENCLATJRE

. 2
Cross-sectional area of fuel {em”™)

g . ; 2
Cross-sectional aree for coolant (em”)

Specific heat (cal/gn-°C)

' Fuel element diameter (em) .

Internal energy per unit mass (cwl/gm)
Frlctlon factor
Acceleration of grevity (cm/secg)

Mass flow rate (gm/cm?-sec)

Enthalpy per wnit mass (cal/gm)

Thermal conductivity (cal/seﬂ-cm- c)

Either slab thickness or the exponent in the;viscdsityatemperatufe:
relation ' ‘ : S B :

Core height (cm)

-Heigh of core plus stack region above it (cm)

Equlve.lent length of the external piping
)
FPressure (psia)
teady state power (watis) -
Wetted perimeter in core (cm)
Heated perimeter in core (cm)

=}
Surface heat flux (cal/em -sec)

Heat generation rate per unit volume (cal/cm -sec)

Hydraullc radius, r. = AF/P where P is the wetted perimeter - .

%]

(em)

Heated hydraulic radius, ry’
. 4l

= .F/Pvanere Py, is ﬁhe-heate§ |
perimeter (cm)

Time (sec)



T: Temperature,” absolute uniess stated otherwise (°K)

us Velccity of coolant (cm/sec)

x: Distance from the core inlet (em)

Dimensionless Numbers

G: " Dimensionless mass flow rate

Nu: Nusselt number

Pr: Prandtl number
i , : v
O Q: Dimensionless heat generation rate
| .

St

tanton number

Greek ILetters

. . 2
a: Thermal diffusivity (em™/sec)
B: Coefficient of thermel expansion (1/°K)
5: . Ratio of L to L
g €q
SN E: Dimensionless length

O:: - Dimensionless temperature
oe Dynamic viscosity (poise)

>
p: Density (gm/cm”)
T Dimensionless time

. _ Subscripts )

c: Cladding

£ Fuel

1l Inlet to core - N
ex: Exéernal riping

i

!
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I. INTRODUCTIOﬁ
Most calculations of the teﬁperature transieht.foilowing.a'loss-of-
cooiant accident in a nuclear power reactor neglect_uhe effect of nauural
convection. A survey of the baza a: znalyses for six operatlng power
reactors indicated that while heat transfer by conductlon and<tnermaltﬁ
radiation were cons1qered heat removal due o naturai conveetiOn'wes

1-6

neglected in each case. In the c:se of the Loss-of-Fluld Test Re-

() ..
\ﬂ

actor (LOfT), Jenseh, et al. considered natural convection; hcwever, 2s
the cenauctlon and radiation mechanisms were emphasized,ftbe_treatment
of natural convection was simplified;7 It conduction ahd thermal fee-"
iation‘are neglected ané the natural convection process conSidered to
act glene, a treatment considerably more detailed than*that of Ref. (7):
is possible. ‘For this case, Olandef, et al. have showﬁ that in‘a low poweri
reactor of the TRIGA type, the termperatures. w1th1n the core remaln 51gn1- |
ficantly below the melting point.& |

This investigation assessed the effect of heat transfer by natural

- convection upon the temperature transient in a large power';eactor.

First, a qualitative evaluation of the buoyant force available was made

considering the coolant to be quiescent air andvconductiOn to it as‘the’

only mode of heat transfer. This CV{lhut70n 1nd1cated that a substantlal
amount of the coolant was He1ng heatzd to a relatlvely hlgh temperature
prior to melting of the fuel element,.and consequently'a more detailed.

analysis was warranted. Thu>, an aryly51s similar to that of Ref (8) but

with temnerature qepenaeﬂt vroperties was made us1ng a typlcal power

reactor configuration cons lde”lng 1atural convectlon to be the sole mode

-



of heat removal. The specific assumntions were:

(1) The radial power density is constant; the power density varies
as a cosine axially and the time dependence of the heat decay ..
is given by Ref. 3. Infinite operation prior to shutdown wés
assumed.

(2) The flow through the system can be described by the quasi-steady
state form of the one-dimencional conservation eguations cdupled.
to. the Iumped capacity transient energy equation for small axial
sectlons of fuel.

(3) The frictional losses and heat transfer can be adequafély des=
cribed by the relations for turbulent pipe flow.'

The magnitudé of the time derivatives in the differential flow conserva-
tion equations were evaluated uvon sblution and neglecting them wes

! ‘

_found%tp be Jjustified for over 90% of the temperature transient.

In the power reactor configuration to whiéh_the eguations were
applied, the break was.assumed to teke place in the piping:external to
the pressure vessel. The frictional resistance of this piping and the
increase in tﬁe buoyant force due to the stack effect in the région
above the core were considered. The blogdown time was assumed to‘be
zero.. Both air and steam coolants were considered.

The resulting equations were amenable to machine calculation using
an lterative scheme. This was done using the design parameters for the

LOFT reactor.7{lo As compared to the adlabatic case, it was found'that‘

natural convection has a pronounced effect upon the temperature transient,

especially in the case of the steam coolant. At low power levels it alone

" is ehough to prevent melting of either the cladding.or thé fuel. At the |

higher power levels it produces a significant increase, as compared to

the adiabatic case, in the time to fuel melting.



'II. QUALITATIVE EVALUATION OF THE BUCYANT FORCE
Iﬁitially it was not known whether the time from the inception of
the loss;of~coolant accldent ﬁntil clad melting would be large enough
to allow a significant flow rate to te developed. "In order to evaluate
this the following analysis was made.’ ‘ | B
If it is assumed that the reactor core is filled wiﬁh quiescent

air immediately following the loss-of-coolant accident, the initial heat

vloss will be by conduction to the air rather than convection. An estie~

mation of the buoyant force developed can be made by considering con-

duction to the quiescent air to be the only mode of heat tranéfer through=-

out the transient until such time as the melting point of the fuel

elements is attained. If at such time the temperature profile has

penetrated a significant distance into the surrounding air, it may be

concluded that, as a large volume of .air is heated, a buoyant force

large enough to induce a substantial fiow_rate will be developed. Con;(.
sequently, the effect of convection during this period should not have .
been neglected. However, if the profile ﬁas penetra@ed oﬁly a small
distance, the flow ihduced will.probably ﬁave been small and s0
negiécting convection may be justified.

_ Thué, a palculafion was made for a fuel element equivalent to that.
in the LOFT reactor in order to‘evaluate gualitatively the;magnitude of
the buoyant force. By equivelent is meant that the LOFT cylindrical
fuel'element'waé répresented by a semi-infinite slab'whose thickness is
prescribed so that the surface heat flux is_idehtical to that of a.LOFT
fuel element during steady state operation.‘ A single semi-infinite slabdb

fuel element in an infinite air mediun was then considered and the
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following assumptions msde:

(1) The fuel element is surrounded by quiescent air for all tire.

(2) The initiel temperature of the air is 260°C. - |

(3) The fuel element consists of a homogeneous mixture of fuel and

.'cladding with the interfacial resistance neglected.

(k) The temperature gradient within the fuel element.was negiected
since the thermel conductivity of the fuel is much greéter_than
that of the air.

Mathematically the problem is expressed by the time dependent con-

duction Eq. (1) applied to the quiescentiiai_r, subject"‘to the initial and
[ boundary conditions (2), (3), and (L). figure 1 shows the fuel élemeht

and pertinent dimensions.

i
]

ST 3% x - | 0
; =0, 4 = = : (1)
. 3t . o - o \ -
I.C.: T(x,0) = T, - - . ....":‘(2)-
B.C.: lim T(x,t) =T R | (3)
X = o -9 ) '
'Q'éi = (pcp>f 2£ g‘% (O:t) -k %Tc' (O,t) . ()4’)

where TO is the initial temperature'of the air, Q is the volumetric

decay heat generation rate, which is assumed constant duringﬁthe_time
f ' of interest, { is the slab thickness, p and cp are the density and
specific héat; respectively, with the subscript f denoting the fuel : “

element. The slab thickness £ is determined by the steady state équation

qcyl = qslab (5)

- or’

o . 7 = %-d - . (6)
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Quiescent air

MU-36720

Fig. 1



where g is the steady. state surface heat flux. Thus, from Teble II, £.

for a lumped capacity homogeneous fuel element is 0.490 cm.  Equetion (1)

subject to (2), (3), and (4) can be solved by Laplace Transformation,

as shown in Appendix A, .to yield: '
. - !
T(x,t) = T_+ ____..9_..._2_ {exp (2vn + v Y. \
o X
OC(DQ ).p o - .
p -
‘ erfe (v + 1) - (1 + 2vn)erfe (n) +
2 7 2 \ - ' v ' ‘
— V exp (7 )+ ' : o - (7)
= ] . . . ‘
‘where v : - :
N S 8
© = alpc )ot : : (8)
- '
n = T o . (9)
ot , : . -
! o | v o . | o (lQ)
At the surface of the fuel element, ¢ =-0:
(o, %) = To i o4 (ch)é 2 vﬁ e (V) -
o . ,
Vd - N ;2 \i :
erfec {(v) -1+ ——=Vr - (11)
' T B . .
N
t is difficult to determine procisely the value of Q to be used in
(7) and (11). Since Q is & constant in this solution it should be the
average value of Q(t) over the:time to fuél melting. An estimation of
the time to'melting can be made by'solving the adiabatic-Eq, (12) within oy
the fuel using the time dependent he2t source (13).9 |
L




(pc ) 2= 0 (¢) S )
Q(8) = gsEM () (23)
) '

0.1 <t <10

15.51 t—0.1837

it

M (t) 10<t <150 (1s)

-0.233L 6

K 26.02 % 150 <t < 410

Here P is the steady state power in watts and t is the time after the

shutdown in seconds. Using the values for the lumped capacity homo-

i‘, ) : geneous-fuel element aﬁd the properties of the air fram Taﬁle I, the
solutioﬁ gives the dashed curves shown in Fig. 2. The time over which
to avefage Q(f) for use in (7) and (11) is then determined to be 600
and 2000 secondé for the maximﬁm and average fuel elements, respedtivelf:
This is the time at which the fuel melts. (assumed at 2500°C) ih each casg}
Average values of M were then computéd to be 5.67 and h.08; respec=
“tively. A plot of Eq. (11) for these values is shown by the solid lines
in Fig. 2; the. curves cross the adiabatic curves because a consfant heat
generation rate is being used in this case. Equation (7) is now solved
to deterﬁine the temperature profile in the surrounding air at.t = 300

R . seconds, the time et which the cladding melts (1L00°C) in the maximum

) - heat generation case. This profile igs shown in Fig. 3. The profile can °

-

- be seen to penetrate into the air a distance of more than 1.5 cm. 'As
" the LOFT fuel elements have a center-to-center spacing of 1.47 cm, this -
 indicates that most of the air surrounding the fuel elements will be at

. & temperature considerably above TO. Consequently, it is probqblé. that
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Taeble I. Properties of the Iunped Cepacity Homogeneous Slab
Fuel Element and Surrounding Ailr.

Fuel Element:

Material er
Density, Pe (gm/cmi) 1 9.45
Specific heat, e, (cal/gm-°C) _ 0.115 -
Thermal conductivity, K (cal/sec=cm="C) . ©0.0242
Thickness, £(cm) ' z 0.490
Air (260°C):

Thermal diffusivity, o (cmg/séc) _ 0.586
Specific heat, ép (cal/@n—°c} Q.2h7

Thermal conductivity, k (cal/sec-cm-°C) _ 0.0000955

e




the flow rates induced are large enocugh so that natural convection
will be a significant mode of heat transfer during the temperature

transient, and thus a more detalled analysis is werranted.

€



- III. 'THE ‘AEL?AA CONVSCIIO\ TEMPERATURE TRANSIENT

T

As the buoyant force developed appeared large enough to harrant‘
s | \

further investigation, the OlC~QlﬁLnSLOﬂwl flow conservation: e ‘ation.
: . ¥

with a lumpede-cepacity fuel energy eguation were solved for a tynlcal R

power reactor configuration as shown in Fig. L. The followinglassvmpﬁz
3

£y

tions were made:

“ T ) : '-_’- co ' '. . : , N ' . N
e (1) The radial power density is constant; the power density varies:

2

as a cosine axially.v'?hé'time dependence of the heat cecay is A

4} -hich assume infinite operation ™y - .

glven by Eos. (l),punav(

' prlor to: shutdown.":ﬁ{fjji

.(2) The flow.through thenﬁystém can ve described by the qu@sifgﬁeaqy
state form oflﬁhe on¢4dimensional conservation equatioﬁsuéguplél
to the luﬁpedACapécity*trﬁﬁsient energy equation for small axi%&

'sectigns_of:fuei.' o " |

5" ' (3) The fricti onal losses dﬁ heszt transfer can be’adequafely'dés—}

crlbed by the relatlons ;or ou”bulent pipe flow. o i

-The one~d;men51o 12l flow equatloﬂs 1nd1cat¢ng conservation of nass,

s (15)
5t (ew) + g—; (pu") = = %?g‘-pg— -f;—}; 9—12— (16)°
3 12, A 1
5 [p (g + 3w ) ; tRg . o (H 5 u2) } =

Rl | oan.
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vwhere v is the'hydraulicmdius,rTI = AF/P”’ and r.' is the heated
. Y . & W

P

H
hydraulic radfﬁs;ng; = Aw/ﬁr) where PH is the heated perimeter.

Defining = . .
G= pu , (18)

and neglecting the derivatives with respect to time, and also neglecting
the kinetic and potential energy terms in (17), produces a set of ordin-

ary differential couations with the time variable a parameter:

& "0 L . N (19)

o 4 2 e :
= e ._I‘_ - Of'fi"' AT .

T = ) % " Born A (20)

S (em) = X . | (21)
dx v :
H ' : :
{t
\ » : : : L
If the subscript 1 denotes the inlet to the core, then equ(l9).givés,l‘ -
. G (x,%) = G (%) | o ~(22)
and thus
9. a2 Sl o o 2
-6 ZE) e Zpr, L (@)
aH W
Gty - (24)

e

Using the idealfgas law (neglecting the slight pressure drop thfough ‘

the core):

oL T | o
= - I 1)

- and the definition of specific heat:

= cpdT o (26)



R

-l

: (27) S

reduces {23) anad {(2L) to
’ 2 - i - Kal 2\
w_ G oa PRE TR T
ax plTl »ux T EplTlTH,- o )
¢ G, .§§= oA o o(e8)
plax ' z
equatioh'isi_ 7; S A
) : ,vflf(29)_‘:

iQ
=
=~

The lumped-eapac1ty fuel energy
(pe)r - q(x,t) - (ﬁi') =z
jo) ‘dt Af . rH'
en as crdinery éinee conduCtioh w1th1n the
trans;er coefficient h is deflned by
- o)

where the derivetive is wri
The heat

‘fﬁei has been neglected.
- "'.' Qy = h(Tf - f) | .
and the frlcﬁlon factor isfgssumca'bo be rep“eseﬁted ﬁy _f o
o (51)
0.2 for uurou;ent flow and the Reynolds Number
(_3é>vv

. f£=KRe™
where X = 0.046 and n
ls expressed ‘
o L Ty G

Re
. T .
The local Nusselt Number is assumed to be adequately represented by the
| 3

Dlttus-Boelter relation
| Pr

Nu = 0.02% Re
where '
| L Ty h
- Nu = e
e e ‘73,1e o
Pr = _EE_ »v .‘. o o . » e.f(35)
(38

. S
and the viscosity ieigepreéented oy
: ‘ . . F -
Ty SR
w=p (z)
1 le

0.8 O.i#‘ | ‘ A



where £ = 0.76 for air. A set cf dimensionless variables and parameters

is defined:

e
It
el B

(37)

- (2t ‘ 58
T ( Loy, r’ (pcO)f )t () )

6 = — | - (39)
Ty .
£
f- 7 ‘ ’
1 v
L
& = ==+ . | (k1)
I ‘ . ' .
R =1- ()
L oy r -
| . o~ " "H "H
| ) <I"Hl fLi/\) o ®
‘:; . Af '

where L is the'height'of the core, L' is the height of the core plus
the stack above 1it, Leg ié an quivalent length for the externél piping
(includes the resistance of the heat exchanger and coolant pump), and Q
" is the midpléne power density. Using the relations (30) to (hj), Egs.

hown in Appendices C and D, to:

[9]

(28) and (29) cen be reduced as

ae 'L L . '

Q—% e st(e,1) (¢, 7)= ;I—{T-St(_g,r) 0:(857). (Lh)
a0 N -
o+ Mg, )en(e,7) = Qr) sin (7g) + Mu(g,v) ©(¢,7) (45)
ag . i . _

Thus the conservation of mass, momentum, and energy oflthe coolant and

~ the conservation.of energy in ﬁhe fuel is represented by Egs. (22, 27,

VN



~1%-

L, and 45) respectively. The boundary and initial conditions for the:

equations are, respectively:

6(0,4) = ¢ (%) |
T(O,t) =T, )
0(0,7) =@, = 1 o L L, (1;3)
@g(g,0> =0 () e

where the functions on the right-hand side must be known. The function

G (t) is obtained from the solution of the momentum equation while Tl

and @ _were specified as equal to tneir values at the inlet to the ,

external piping and ®f(g is a paraueter which has been calculated for

the IOFT reactor to be independent 5f -t and equal to 260° C.7

: caloulations for other reaetors, suzh as Ref. (5),'haVe also shown the
:final fuel. temperature to be relatively independent of pos1tion. Equa- '
tions (22, 27, 4L, and hi) are tren solved for the reactor configuration.tl. o
.shown in Pig. 4.  This. conswsts of a pressure vessel with a. reactor core;;
vlocated in the lower half of it and an equivalent length of pipe which :i

, represents the external piping. The coolant is assumed to enter this

piping at & cOnstant temperature T and to pass through it w1th no

temperature 1ncrease. After passing. through the core, it is assumed to
' flow upward through the empty region above!the core, denoted the stack,

~at a constant temperature with no  wall friction. It then exits as shown; Lo

The solution of the above equationsfbr this configuration is shown in '

Appendices B, C, and D. The resulting equations are~

Blowdown~-'i"'”
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© Momentum equation: -

16 r 2,2 L '
. ( ;e I * 2-008,1) g, o+
' u12 / R32<O:T) 0 o(t,T)

L - 6(1;1) (R-l)} + ;rca(l,w);‘ 1 .

e(1,1)

XL 1 a1y 7 S
7y - [7187  (e,1) +5ldg = 0 (50)
: H Re (0,7) O + J

The first term represents the buoyant force of the heated coolant both
in the core and the stack above it; the second represents the accelera-

tion through the core; and the third represents the friction in the

core and inlet piping.
.{

Coolant energy eguation:
{i |

L

H

@(5:7) '=. {@(O,T) .'*' gg éf, (§‘9T5 St(g')i.)

r
] L (£ ayym i

jexp —— [> St{g",7)dg" de’ b .

! | i |

T - T
cexg - =~ 7 ost(s',t) agt ) (51)
L K LH 0 ’ J | ,

B Lumped capacity fuel energy equaﬁion:

r
T

6 (65) = {00600 + /[ 4 sin (me) +
0(e,51) 1 (g,57) | exp (7" (e, o) arr) -
- 0 ' :

.;- : . o . dT.} . €exé<'£T Nu(g’;-> af')]v o (52)



‘ where the Stanton number is defined as:

st(t,1) = —leT) )
" Pr Re(t,7) S

and Egs. (22), (32), and (36) give the Continuity equation:

o3}
(o]
(@}
s
A

:

(sh)

@
—~
yre
-
3
~—r

The effect of the extrapolatlon lenﬂ.h wa.s neglected as 1nd1cated by the
fuse of sin (ﬂ;) for axial shape factor in Eq. (52). The error in the -
“heat generatlon rate at any axial pOzlthn 1nduced by thls approx1mat1en
_w1ll be less. than 6 percent for a reuctor of tne LOFT type which hes an. -
ial peaking factor of 1.5.

' ’}These equations can be solved by an iterative method. -Assuﬁing‘ 
v,vaiue% fer Re, ©, and O, Eq. (5O)Igives_a'new value for Re; Eq. (5l)lai;
new value for @, and‘Eq. (52) a new value for 0, The process is then .T-
- repeated until convergence is attainced. For initial estl_mates, sn.mpllfled
solutions of EQs. (23), (28), and (29), neglecting the_varlatlon of,' |
e»viscoeity and aensityfwith temperature except in the buoyahcy term where
it is represented by

e -Eedrr) ()

and neglecting the effect of the external piping were used. . These equations-r

'afe solved in Appendix E. The resulilng 1n1u1al estlmates are:.

re(e) = sen) q(0 e

e (g,7) =1 % B %Ei%%T (1 -.eos TE) - (57)
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o ¢ o
= + [Yie " ).
. oft,7) = {@f('g,‘vo) é lL XP(I\u(O)»)-}

F(0) 6(t,5) + As)(sin 7 &) | -
L - B

ds}. [exp(-mo)r)] " - (58)

where the Nusselt number is given by Ea. (33) and A and B are the

.dimensionless coefficients:

32 olg g8 T, TJB' N . ' _

A= — | a (59)
‘ )8 “1 : v '

X L oL .

- Bse————— : - (6c)
S Hy e Ty R
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IV. '-'THERM%AM GECHMRTRIC PARAMETERS

To evaluate the effect o* naturel convection upon a temperature

: t*an51ent a specific reactor desigr muut be chosen. It has been propo-~ﬁ

_sed7 »10 that a reactor whose chavﬂcte?istics are typlcal of currently
operatlng power reactors be constructad and dellberately subgected to a-
'loss-of-coolant accident. ThlS reactor, a 50 Mw, UO fueled, pressurlzed
'waterjreactor, designated the Loss-of-Fluid Test Reactor (LOFT), furnished
lthe thermal and-geemetric parameters used in this analysis. vIt was chosen

because these parameters are supposedly typical of presently operating

pressurized water reactors. The parasmeters are shown in Table II.

Based upon the'values in Table TI, the parameterevfor7a homogenized‘fuell

element were calculated w1th pf and c deflned by:

1
\. . : - . pf Af * pC‘ [¢] v- v . v ' o (61)
pf = A+ A : , '
T c - v
o pp o Cpo v 0 A C _
Cpo'E £ "pf ¢ ¢ Pe (62)
£ -
(Af + Ac) Pe -
B, = A+ A (63) ._
, X, A, +k A -
- _ 7 c_c _ : o - ‘

The parameters used ‘in the solutlon of Egs. (50) to (54) are.shown in

Table III.
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_Teble*II. Loft Design Parameters

' Material

Density, Py (gm/émé) '

. Specific heat, Cp, (cal/gm-°C) :-

. Average fuel power density, Q

vPeaking factor
f_ Radial 'j
Axial

. Total

- Hydraulie radius, ry (em)

Heated hydraulic radius, ry' (em)

Pressure loss through core (ps:.)

- Pressure rise across pumps (psi)

~ Core heigﬁé, L (cm) 9;
' C:oss-sectional area of fuel, A, (ém?) 1770
 Cross-sectional area of claddiﬁg, Abv(cm?) : o ,:380
i.erss-segtiqnal area for coolant, A (c v5130-
Rod spacing (center-to-center) (cm). l.%?
'Fuel | . | _ | v
Density, o, (gm ij) 'i;lO.2
Specific_heét, céf (cal/gn-°C) : oﬁosf |
Thermal éOnductivity{ L3N (cul/cm-séc;fc): IHO,OlO,:‘i
Pellet diameter (em) . ' 0,910
{Cladding |
% Thickﬁess (cm) 0.038:f.

~ “Stainless steel

8.0k
0.18

256 kw/liter or
61,5 cal/emd-sec

16
’ 1,5
2.4
oo
- 0.k96
"6-1/2‘
135
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Table I.'lﬁf. - avtuneters Used in the Solution

Core

Fuel

f

i

.

 Height, L (cm)
©‘Hydraulic radius, r, (cm)

' Heated hydraulic radius, r (cm)

Cross sectional area for coo7ant Ag (cm )
Cross-sectional area for fiel, Af (em )
Equivalent length of external piping¥, L (cm)
Height of core plus stack region, L' (cm)

Density, B&l(gm/cmé)
Specific heat, ng (cal/en-°C)

Thermal conductivity, ET‘(cal/sec-cm-°C)

- Initial fuel temnerauure, —f (1ndenendent |

of &) (°C)

Cleant (at_ihleﬁ)‘ o - Air -
Pressure (psia) ' B kT
Temperature T, ( C) | | i:, - 25

B Density, o) (gm cm)) : | " 0.0012°
~ Viscosity, (poise) ' - 10,0002

91
0.48

0.496

5130 -
2150

%00

182

9.45
0.115
0.02k2

260
Steam
35
127

*0.00135
1 0.000138

Thermal conductivity, k. (cal/sec-cm-°C) 7.6-10’?‘ 6.8+107°

Coefficient of thermal exnan31on,

B, (1/°K) . | 0,003k
Specific heat, cp; (cal/gm-°C) 0.2k
Prandtl Number, Pr ' » 0.70
Viscosity exponenﬁ, ! - S 0.76
16 rH?plegL' | | . 7
—_— 1.18-10"
M

0.0025

105
0.98 -

3.14.107

The ‘method for'calculating‘Leq-is shown in Appehdix B




\ ‘1 !ll‘ I)lt"ll n H/\I‘UIJ‘!. C‘Olﬂf!“f "J‘lON ’I'l Iﬂ‘EMfURE
T ”hAN lLNT FOH Tﬂu IOI‘ EOWLR REACTOR

VAtva machlne program wa.s. wrlt ten w11ch solyes Eqs. (50 52 5&) u31ng o “;’
II»an 1terative method.b It is shown in Appendlx Ga The temperature tran51ent |
::rwas then calculated u31ng the de31gn parameters shown’ in Table III as L
:illnput to the program. Two coolants were con51dered' alr at atmosoheric ’

themperature and pressure, and steam at 127 C and 35 p31a the steam

Iffcondltlons are. 1dent1cal to those as,umed by Jensen, et al.7 Fbur mld- S

:?J{plane operatlng power densltles, Zh 5, 61 5, 98 5, and lh? 5 caJ./cnP-sec

' :uwere cons1dered for the alr coolant case wlth the last three belng con- f L

'“:‘v4j51dered in the steam coolant case. ”hese can be equated to the power

I7;:wlevel of the reactor, assumlng &, conatant radlal power dens1ty, by the

“‘A;;relatmon P= Q (A + A ) L/l.5 where Q is the mldplane power dens1ty.

-a}ﬁg_:Thus these power dens1t1es correspond 0 power levels of 13 1/2 33 1/2 “[V

o 5h and 80 Mw, respectlvely.c {.I
The maximum axmal fuel temperature as a functlon ofvtlme is shown

,Z,ln Flgs. 5 and 6 for air and steam coolants, respectively. It can be ‘ 1..I} o

.seen that the steam coolant gives’ teuperatures approxmmately a factor of':;pAa

'iytwo below those fbr an air coolant There are two reasons for this"f :
‘x'!one, the dlmensionless coefflclent myltlplylng the buoyant force term 1nI:tf'
) ' (5), (16 Ty pl gL/pl ) is more than a factor of two hlgher for steam , -
'“yas shown in Table IIL. This 1s entlrely due to the difference in the ’
klnematlc viscositles. Consequently hlgher Reynolds numbers will exist

 with steam thereby ra131na the heat ‘transfer coefflclent. ,That higher jfﬁf P
':\Reynolds numbers w1ll in fact be calculated for steam is verlfled 1n |
:;Flgs. ll and 12 v Secondly,-the speclxlc heat of steam’ is a factor.of two

higher>than that of air giving'lower coolant temperatures for.equal amounts 'T



'cf heat transferred..mAs the fuel temperature is a function of‘the
coolant temperature,and tne heat transfer coefficient, lower fuel'

. temperatures will be obteined with steam. At the maxima of the curves
all of the heat generated is being removed by natural convection. In
Figs. 7 and 8 the initial portion of the_eame curves are plotted with
the adiabatic case shown for comparison. The time to'melting of fhe
.fuel;and‘cladding obtained from these curves is shown in Table IV (the
melting points of the cladding and fuel are assnméd to be lhOOfC and

| 280090,‘respectively)*; the percentage inciease ovei the-adiabetic case

1n the time to clad melting varies from 12 percent to an 1nf1n1te amount
 while- that for the fuel varies from 25 percent to an 1nf1n1te amount. |

. The data from Table IV is shown grarhically in Fig. 9; When one or more
:of.tﬁe points exist at infinity, the shape of the cnrve wa.s difficulﬁ tc

'-dete;minevexactly and dashed lines were drawn-in these.regions.

vFigure lO”shows the maximum fuel temperature occurring during the
transient as a function.cf the~0perating power density. It is'compcsed.
of the locus of the maxima from Figs. 5 and 6. It can be seen ‘in the |

: eteam coolant case that the cladding melts at 70 cal/cm?-sec;and the fuei‘

melts at 126 cal/cm}-sec. By the previone equation, these are eqnivalent\
to power levels of 38 and 68- 1/2 Mw reepectively.A For air, similar

" values for meltlng of the claddlng and fuel are 24 and 43 MW, respectlvely.

. A value of 2500°C was used for the fuel melting point in the slab
case; however, 2800 c appears to be a more generally accepted value

and so- w111 be used here.



22~

Figures 11 and 32 show the Reyrnolds number at the core inlet and

exit., ~For the ailr case the Reynolds numbers are decidedly belpw the

critical value of 2000 for smooth tubes; however, for non-circular

dvets, departure from the leminar regime has been observed at Reynolds

numbers'on the order of 1000 with tle turbulent regime fully established

11-12

at Reynolds numbers of 13800. The core length is approximately 48

hydraulic diameters ahd has séveral spacer'grids (used to maintain the
fuel elements in their proper orientation) across’ the core perpendicular

to the flow direction. Thus the calming length may be large enough that

turbuleﬁt flow will persist throughout the cdre“length. For the steam
:casevshbwﬁ in Fig. 11, the Reynolds numbers are on thé order of .1900 anq '
 so there is little doubt that the flow isvturbulent éf the core iﬁlet,
' Agaiﬁ the complex flow path is assumed to maintain the turbulent regime

throﬁghout the core length. A single calculation was made aséuming

leminar flow to exist throughout the transient end the results are
discussed_in the last paragraph of this section. The Reynolds number

at the core inlet in Figs. 11 and 12 does not increase monoﬁonically with

power density as might be expected.. This is because the average coolant -

temperature level increases with increasing power density causing the

“hotter gas to experience less of a change in-buoyant force per incremental )

~rise. Also, the hotter gas is more viscous and less dense than the colder

gas &t the lower power density."Thus; as the coolant temperature

'increases, the forces which retafd the flow increase at a faster rate

Uthan thé bﬁoyant férce which induces theﬁflow, thereby éausing the

Reynolds number to péss thfough a maximum, It is‘thisAeffecﬁfthat causes :
:'I'the maximum fuel>£emperaturé for air to rise répidly abové 60 cal/cm;-sec B

~.as shown in Fig. 9. For steam, the effect occurs at a higher power denSity,
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piimarily because the‘higher spe ecific heat of steam vesulcs in a lower
coolant temperature for the same power density. |
Figures 13 and 14 show the maximum coolent temperature transient for
the cases considered. Tt usually, though not @lways, occurs at’ the outlet
of the core. Thls departure of the maximum from the ouulet occurs when

the coolant becomes hotter than the fuel causing heat transfer f*om the

- coolant to the fuel. This is to be z=xpected since the heat generation at

the core exit is zero and axial conduction has been neglected. Its

" effect, however, was always small.

The magnitude of the terms drop?ed in the derivation were evaluated
by the computer program'upon solution and, with one exception, found to
be less than one percent of the terms retained for times greater than

25 seconds. The exception was the axial conduction term; the axial.

- conduction amounted to about 5 percent of the radial conduction rate.
\ X . o

It was attempted to determine ii the assumption of a constant

radial heat generation rate at the peak power density is conservative,

An ahalysis similar to that used the derivation of Eqs.'(50-5h) was made

on a system consisting of two pardllcl flow paths attached to a lencth of

‘1nlet plplng. Each path contained a fuel element generating heat at a:.

- constant rate.‘ The system wa.s assumed'to be in a steady state. The
_’effeco_of reduciné the heat genefation rate in‘one of the fuel elemenﬁs ;.
_was investigated; however, the equatlons became too’ complex to be easxl&

. solved. The analy51s is shown in Abpendlx I,

If en actual loss-of- coolant accldent were to occur, the contalnment :

- vessel would be fllled w1th a o1Ycuvc of air and steam. Thus the spe01f1c»:

" heat of the mlxture would be lower than ‘that of steam whlch would result ﬂﬁi*v

in hlgher fuel temperatures than for pure steam. - However, the den31ty of .



the mixture will fe égeater than thatl for steam aione; refgrencevto the
momentum equation (27) shows thaf this will result in an increase in
the buoyant force along with a decrease in the acCélefation and frictional
‘terms. Thué higher Reynolds numbers should exist and hence the two
effects are campensatory. | |

A singie calculation with the mechine prograﬁ waé made to indiéaﬁe N
»fhe effect of the'extérnal ?ﬁpinv The result is shown in Flg 15 for
a steam vuolant w1th a heat generatLOﬂ rate of lh? 5 cal/cm -sec.. It
can be seen that the Reynolds numbers are about 50 percent higher and the'
fuel temperatures about 30 percent lower than the case wiﬁh tﬂe ¢xternal ”
piping in the circuit. The fuel does not.melt in.this case.

' % sinéle calculation was also mcde with laminar flow'assumed_té'
existgthrqughoﬁt the transient. Thé principlé'difficultj is, of qoﬁfse,
to deéermine relations for the friction factdrfand Nusselt nu@ber‘in the
geometrically compl‘e‘zx' ‘LOFT' reactor core. As an approxi:na‘dion; it v\lra.‘.é.‘ v
aSsuméd thatAthe cére could be represented by a cifcular-pipe; ,Thgvl
friction factor is then given by Hq. (31) with X = 16 and n = 2. The
local Nusselt number was assuméd to bte given by the asymptotic constanth
wall heat flux case, that is Nu = 4 oh B me results for a power o
_ den31ty of 1&7 5 cal/cm -sec and the steam coolant are shown in Flg 16.
"It can be seen that there is little difference in the fuel'temperatures.

. The Reymolds number ih the laminar cease risesbless steeply because the
1amiﬁar relaﬁion gives a higher_frictipn.factor a£ low Reynoids_nﬁmbers. -
At high Reynélds numbers it drops more steeplyvbécause.the increasing |

. temperature; level of the c5olant affects the friction faci;or, through
fﬁthe klnematlc v150031ty, to the first power rather than the 0.2 power.

In changlng from the turbulent to the laminar analysms, the length- - ;3

averaged frietion fector has been increased by a factor of e.pproxima.-tely |

4»



— ) -
z_/)

.1.3 and the length-ayveraged Nussclt Number reduced by a factor of

appyoximately 2. Both changes tend to increase the maximum fuel temper-
ature. The maximum fuel»?emperature increased by less than 10 percent
thus indicating the fuel temperatur: is relati?ely ingensitive to changes
in the friction factor and Nusscli Il\?umber. t is believed that this |
insensitivity is cauéed by the large stack region and also possibly the

inlet piping. The significent poini, however, is that the fuel tempera-

'tﬁres.differ only slightly and tha%t the inlet Reynolds number gquickly

rises to the critical value. Thus Lhe fact that natural convection

existed during the initial portion of the ‘transient, and possibly near

the core outlet, did not significanily affect the fuel temperature in

this case.



Table IV.> Time to Fuel and Clad Melting for the Loft Reactor

__f R _ Percentage increase  Percentage Increase
o . S - in the time to clad in the time to fuel
- . e ‘ - Time to Time to © melting over the * melting over the
- Pover Density Coolant clad melting  fuel melting adiabatic case “&diabatic case

(cagl/cr;r-‘é'ec) . _ (sec) (sec) . (%) - _ (%)

61,5 , Adiabé}ié o0 ewso o | -
6‘1._57 Coar 1160 L | | 51 o ) o
61.5 . Steam - o R g ' _ . 0 | -
93.5 Adiabaiié, lhlo'_ LV | ]200’ ,‘., l. " - - .
gi.5 Cpdr B0 o 137¢ - | 20 | 56 v
98.5 Steam : 600 e o L6 o -

71&7.5 7 Mgisvatic  2h0 690 e L

47,5 o Air'i - - 210 o _860‘,»:v .' | 12 | . 25

‘1h7;5 | : " stéaﬁ;' - 290  ; N f. 12ooﬁ  : k_.’_'321_ =,'»f  ,-, Y {

The melting points of the cladding and fuel are assumed to be 1400°C and 2800°C, respectively.
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- VI. CONCLUSION

) The'effect.of‘natural convection upon theitemperatnre’transient;i"ir'
" in e reactor of the LOFT type is significant. If the coolant is assumedj ‘ff' f.i-3$
.13‘to consist of steanm alone and the reactor operates at a midplane power . tinj:ttbnx
A density of 61.5 cal/Cm -sec before shutdown, neither the fuel nor the .
‘cladding‘will melt. The maximum temperature attained during the transienthj
; o is 1250°C. At 98.5 cal/cmB—sec, the time to r each the melting point of :
'Yp’L;_the cladding has been extended from the adiabatic value of 410 sec to
| v*f:600 sec; the fuel melting was not reached. At the highest power density
‘ballowable in the LOFT, 1h7. 5 cal/cm -sec, the effect of natural convection.i_,ptpls.g
is'to delay the onset of clad melting by 50 sec and fuel melting by s
,_.510 sec; "The meiting point of the:claddiné and the fuelvwill not be _
'attained at power densities below 70 and 126 cal/cm;-sec,irespectively.
v“‘?As a constant radial power dens1ty has been assumed, these correspond to .
power levels of 38 and 68- 1/2 M, respectively. If a dovble treak occurs: n

(simultaneous rupture of the coolant piping to and from the vessel)Qﬂthe

Rt TR T

j‘maximum fuel temperature attained during the transient at 14T7.5 cal/cm;-sec .

";‘is 2500°C and thus the fuel will not melt. ThiS-corresponds to a power

v:level of 80 M.

et e fame e o e et e

- In summary, these calculations have indicated that natural convec-p;l*..-
tion would prevent melting of the LOFT fuel following a loss-ofecoOlant'
*ﬂjt accident at low power levels.‘ At the peak power density in LOFT, the 'f_wfﬁ}“*

©U time to fuel melting is nearly tw1ce that fbr an adiabatic transient.




28

ACKNOWLEDGMENTS

" The authorvwishes_to thank‘those individuals whose contributions
"have furthered this work: )
Professor.Dpnald R. Oiander, fbf suggesting the study and for his
most valuable guidance; | | ; | » |
Professor Virgil E._Schreck, for‘his interest end frequent |
'ressistance; - | o | |
' Professor Chang-Lin Tien, fbr'serQing on the thesis committee; .
: ‘ The Atoﬁic Energy Commission, who supported this work in pert'
through its Special Fellowship Program in Nuclear Engineering administered-
by the Oak Ridge Institute of Nuclear Studles, B |

. Lillien W. Omberg, fbr her patience and encoursagement.

FORE



_ " APPENDIX A
1ot SOLULTON OF THE CONDUCTION PROBLEM
‘The problem is to calculate the temperature profile which would

li[?;ﬁ:{:_*ddi‘l_exist if the fuel element were transferring heat by conduction only to

" & quiescent atmosphere. Since_the_thermal conductivity of theglumped.
'i_cepacity homogeneous fuel element is much greater than that.of the7air;:
‘ the temperature gradient within the fuel will be assumed to be zero. ALSO,"df

- the cylindrical LOFT fuei element will he‘repreSented by an infinite slab. -

7zihae the solution is less tedious in the rectangular coordinate eystem.i The”i'v
";‘:terror induced in’the temperature profile should be small for short |

, ﬁ; ﬂadistances from the fuel element surface. The thickness of ‘the slab will
""beidetermined.so that'its_surface heat flux will be identical to that""
existing in the LOFT reactor. | - |

The slab: thickness is calculated using .

" ‘where

o d)/er d>

a o _{ L (u.A)

gt

Y -

Ot

'bqﬂg;Reference to T&ble II shows 2 to be O.h90 cm where the diameter d is

jbﬁessumed to include fuel and cladding. } |
The time dependent °°nd“0ti°n eQua.tion for the quiescent air is iy




 with

: 0

subject to the initial and boundary'conditions:'

B. C.: mn (x,8) =T, o (7-A)

X -0

l\)lp

- The geometry of the problem is shown in Flg. 1. Defining
o(x,t) = T(x,t) - Ty (9=

. gives.

0 _ 28 L 10-A)

- with

. g B

x—»w’

4

Qz

where the unsubscripted properties refer -to the air and are evaluated at‘e'

0

<oc>fagg<0t>-kaz<0t> e

CnceGuo) o o ()

B..Co: lim 6(x, t) -o o ) (12-4)

'J,f T ;  Taking the Laplace Transform with respect to the varlable t gives-:}_l‘:o-

.

ol

s
[0

‘&en;

| B. Co ¢ lim @_(x,s).é °.>'::»l‘ ,eq}_] 2;771iff(15~A)§

X —-» 00

=(pec ) — s 9 (0,s) - k —-— 6 (0 s)

end‘eolving thetdifTeientia1 Eq..-(14=A) for 5:-'

§=0. ';. N (lth)‘-i

i ._{('i's;Aj |

©
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I 1:-”1‘ 8lx,8) = y(e) exp Q/f_ )+ 0y(e) o Q/r_ ) ';<17-A>_,,1
; By the first boundary condltion 7 , ‘ L _
| cl(s) -0 | T (18-A)

"and by the second
o : . C, (s) = 2= =
S ‘ | ‘ 2s £ A
S | k\ﬂ; + (p cp)f.2~s

and thus ‘ | . R S - - » ;- |
" _'§(x,s) _Qz - exp(f\/:x) o ': " '_ (2'o-A).‘ .

This cen be inverted to give:

(1.9,'1‘;) B

‘r  . 8(x,t) = a(p - )f ~ exp(avﬂ +vv2>.

7 Q erf¢(v+n)’- (1'+ 2vn).
'-_A'Ev"-_.uiérfc(n)*1% .VI exp (-ne) } - | . | (21'A) T

N TT

' 2k v - E_ui iqu'f5*j'fff(aaeA)tfijffj o

CaeE= T ey
e T @y

Using Eq. (94A) with Eq. (21-A) thén gives Eq. (7) in the body of this .~ “ . . ']




-

" The values used *in plotting Figs. 2 and 3 were obtained by using
the series e‘xpansions for the exponential and comp]'.ementa.ryverror function

and terminating them after the second term. Thus

Y14y T . . - (25-A)

erfe (y) =1 ~ ——y - R o “(26-4) :_ B

NG

" for y << 1. Hence, at x = 0 and for t < 1'0%‘ seconds

(pc)b { (l-

5'from_ which Fig,. 2 is obtained. Fdr t < 104 vsecbnds’ and x< 2-1/2 cm

e (L L
T(x,t) w T + a(pc)sz {& v [(1-0%);

\ - P ,v e

 from which Fig.. 73,‘13 obtained.

V)} | :-, (27-A)

Q‘,f_.;'



S APPENDIX B
~ SOLUTION OF THE MOMENTUM EQUATION

The momentum equa.t:x.on in the form of (27) is solved for a nuclear :
reacto* configuration as shown in Fig. k. Using the dimensionless

va.riables (37) to (b3), (27) vecomes:

2
o G g e TG %10

a& "~ " dg O 2"1 "

(1-3).:'l

Integrating Eq. (1-B) over the reactor core (O <x < Lor 0 < §< l):
2 .

P(l;'r) —-p(o,-;) = -.E'___ '[6(1 r) ) 6(0’1) J
! ‘ | 012 o v

o fl £.e dé'g o (2-B)

| " 0. ' T

®h—'

-0, gL [t

In the stack above the core the heat sources and frictional resista_nce -

are neglected and so Eq. (1-8) reduces tos.
-
’ p, &L , e e e
ap __ A - T ey
a oL, 1) N S G

sy

; E Integrating Eq. (3‘-.3) over the stack (L <x < L' or. 1<¢e< ﬁ),

P(Rl)'f) = p(1,1)= - 16¥E) (R‘l), LS ()*-B) R

" vhere R is defined by (42).

~In the external piping, Eq. (1-B) can be written
d K : ex “ex o S L

where the dimensionless variables are not used y and upon integrating over

"the external piping (-L <xgop - g

- £ G

B R LR R e SR CEO NN

2r "Hy, "%



s, 1T
where ﬁ' in the second term arises from the fact that the buoyant force
contributes to the flow only in the vertical sectlons, also p(-Lp, T) =P,
was used. During steady-state operation (6-B) must still apply, and
-the right-hand side must be equal te the pressure rise across the pump
minus the pressure loss across the core. Neglecting the buoyancy term,

as most of the loss in this case should be frictional, gives:

fexGexeyp £ GleLeq » ' S

- A ~ = ) =B)’

Appympg pgp?e ~ 2‘pl rH 2 pl rH _ (7 )
T ex

where the third term is definition of Leq; the other values in the third

L‘term are core parameters. Now the pressure drop across the core during.-z

>_steady state operation is approximated by:-

-G 2 L

Ap??re ~ 2 Pl Ty - . o ‘ (3-3) -

i

_ and thus dividing Eq. (7-B) by Eq. (8-B) gives: .
oy | ‘

| A _ _ _ .
L . Ap - & . . - v N Lo . ) .
‘_5e= eq . __ pumps core - T (9@B)v

L. yﬁp

core 1 :; o s L
‘and therefore 5 can be calculated by the data 'in Teble III. Equation

- >(6-B) then becomes- ;
L 2 B

P<°ﬁ>,'- Pa = P8 - é'T—'e'q‘ I ¢ B

Now p(R,'r) D, and thus adding Eq. (2-B), (h-B), a.nd. (6-B) gives

| 2 - -
A Gl o o
0=-—106(L1)-6(07)|~p, 8L
: oL _ S & o
2

G.L p, gL

1l 1 1 1 1=
é 1) ag - 2per g £fede - m (R-l) +
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~ Combining terms and using Egs. (31, 32 and 36) and Eq. (l}-B)'bgloW, pluS'v"

the fact that 8(0,7) = 1 gives

s s v | |
16 ry” oy 8L 1 11-0(8,1) 4 4
( 2 ) 2 B(E,7 :
My Re (0,1) 0 ’

o
s

|

i
e

1 --6(1,1) _ - . ; '
el ‘,’“’}* [@(1, ) 1]+

1 1 |.1+nt o - R
o) g :{9 | _y(g,f) + SJ.dg = o._ o (12-B)

. which is identical with Eq. (50). By the continuity eqﬁatibn<(22), the

Reynolds number at any position in the core is giﬁen_in terms of ifs

- value) at the inlef by:

% . . Re(g,T) = B.%LQ-LI)- ‘ '.". : L (13_3) ‘
N 0 (&,7) ; A |
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APPENDIX C

SOLUTION OF THE COOLANT ENERGY EQUATION -

The coolant ehergy equation (28) using the dimensionless definitions

(37) to (h}) c@n be written

¢c. G, T | ‘ o
2110, S @)
qw=h&ﬂqf-®)' : {'T(ZC)_

a gUsihg Egs. (32, 34 and 35) gives

] L Nu | o\ ﬁv‘. -.' | 3 .
& rrT mR Cec . G

The Stanton nﬁmber~is defined

H

o ’ Nu(g;'f)

| : '
St(g,'r) m N (h-C) |
and so Eq. (3-C) becomes
gg t o se(se)e = s su(s,rey  (50)

H H

Tre

"Assuming ‘the right~hand side to be known, as it will be if en iteratlve .

, method of solution is used, Eq. (5-0) can ‘then be solved to yleld Eq. (51)
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APPENDIX D

SOLUTION OF THE FUEL ENERGY EQUATION.:

Using the dimensionless definitions (57) to (h}), the fuel energy

‘equatlon (29) can be written ’ o .,-f_ -,‘ﬂ o
b Ty ‘ o 'ddv ' S
-—=§(r)f(§) “RT Q e _(l-D)f' "

where f(t) describes the axial power variatlon and Q(T) is the midplane -

power density. By Eqs. (30,34, and 35),Eq.(1-D) can be written s

L8, . R
g =0 -meg-0) o (D)
“or, wifh f(é)sévsih.(ﬁgj'

-é et ; T Nu;®f1= Q) sin'(ﬂg).+:Nu 9 4?':l ‘}d?h_z(j_p) ;”iiﬁ“

If the right-hand 51de is known, 8 it will be if an 1teraxive method is SR

o used, ‘then Eq. (5-D) can be solved to glve Eq. (52)

ey
1




- APPENDIX E

SOLUTION OF THE INITIALIZING EQUAIIONS
" The solution of the inltie.llzmg equations is begun w1th Egs. (25),

,. (28), and (29) which, when written in dimensionless form, are

2

: 6L o :
dp _ g2 4 (17, - — . -
&= 4 dg(p/ S T (a-E)
: %%%ag-z:;%__ R
d@ L Ty ’ _~‘ - - v
- &(o)2(e) "R W | - E)

" Neglecting the variation of density with temperature in all Iterms of
(l-E) with the exception of the body force term, and representmg it

~ there las

p=pp - Beyp Ty(6-1) o Ry
giirés -
dp . .t Gle-L
a—-g-—-plgL+plgL6T(®l) 5T
. - ’ N . . l H .
- _Ihtegz;a.ting'Eq.ih(ﬁ-E) over the core (O <x<Lor0<Et<1l) :
p(1,7) - p(0,7) = - ,ol g L+ pl gLp 1.
. ©r 6L | | o
1 1
(8-1) dt - 5——— : ‘ . (6=E)
é | 2P Ty - . |

Integrat:inglEq..z(5-E) over the stack region (L <x < L' or 1 <E<R) |
’ and neglecting the frictional resistance therein:
2(R,7) - p(1,1) = - p) gL (R-1) +

eten GLY -DEL (1)
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8

If the external piping 1s neglected then the hydrostatic balance gives:

p(R,) - p(0,7) = - o) g LR (8-E)
Thus, adding Eqs. (6-E), (7-E), end (8-F) and using the definition of the
" Reynolds number, Eq. (32) gives: : o - | '
0 —_-'pl gLp T (8(1-1)-1)(R-1) +
o k® LR
ppelen/ (6';) a - ™)

o _
" where viscosity.is'assumed independent ofztemperaturé and the‘frigtion 1
‘Lfactor‘is giveh by Eq. (31). Rewriting gives

| -é—n . . 2 | v\ 1 . , S .
Re" (1) = AL(R-l)Q?(l-T)f%/ + g (8-1) ng ) -“f;;_,(lpr),

" where A is the dimensionless coefficient

2 3
32 P 8B T 1y
A =
IR, 2
' i |

If'it is assumed as an approximation in solving Eq. (25E) that

;_ T ) I r. - . e o
Q(r)f(e) :kl T % o een)

. the effect of which is to assume that all heat gener&ted.isltransférréd

e, '_i_%_ﬁ"'f £(e) N o
TSP TRT R ,T?rj'_(IS'E)'i:-f“ o

o where B is the dimensionless coefficient

e ' : B T T L
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- kL ' T I
" B = ——— N S (14-E)
l"ll p H . '
Integrating gives:
yeo1.8 80 . T e
B(e,T) =1+ r Rl (1-cos j t) - | (15-E)

Usingqus. (30) and (34), Eq. (3-E) can be written.:'

| 3.8

At - w0 . (6E) .

Assuming the Nusselt number can be apprbximated_by'its'initial value:

Nu(t) ~ Nu(0) . S . y ,A 4'(17;E)-l
. gives . - ) o
@ ST DR e
=+ M(0) 0, = Ax)2(e) + M0 C(18E)

t

‘ Solving by use of the integrating factor p
Cpmem (m)) .. T (e
gives: L | | _ R : "l. o _.v' ;
- 8(6,) = 18,(5,0) + [ e (o)) |
” T )
m(0) 6(s,9) + As)e() [ as § .

~

exp (-Nn(o)r)] ' : . :j .:'.(2O;E)7 
By Eq. (i5-E), Eq;'(lo-E)-can be reduced to: = L i o .
| ) A=)
Re(t) = [ - H( 5= ) J - (2E)
With £(¢) = sin(me), Eqs. (21-E), (15-E), and (20-E) coincide with Eqs.

(56), (57), ana (58).
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APPENDIX F

CONSEQUENCES OF THE CONSTANT RADIAL POWER ASSUMPTION

It is important to know if fhe assumption of a constant radial> 
éowef density results in fuel tempepafures which are conservatiVe.' A
.simplified modelvéan be uéed to determine if this is true. Cohsidér
the parallel flow pathsystem consisting of two fuel‘elements with.a}
- common inlet length &s illustrated in Fié, 1-F. An analyéi;iidentical,
: to that in the body of this report will be uSédvon this system. The only
| 'differencesAwill be that the viscosity is considered constanf, the system:
.is a stéady state one, and that the volumetric heat generation in either

element is a constant, though not necessarily equal. Thé conservation

equapions-applicable to this system are:

.'G . ) . ) - :

- 2 2 -
& (G \_ ap I S R

S E)gwtE en

@y R
I A 3 | - S .
% = Q5 (=) o o D)
@, = B(T-T) _ | R , (5-F)
Mu = 0,023 pp0: 4pe 08 RER o (6-F) -

The ideal gas law (25) will also be used and the following dimensionless

- quantities defined:
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Heated air out at p(L);T;(L) .

A | &
nmi
. I
% A —}.L

. |Path B/ _
AVIV - NCold airin at"pl,TI

MU.36721

‘Fig. 1-F., Parallel-flow path system used to ~
evaluate the consequences of the
constant-radial-power assumption. .
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a = fg' _ | - (7-F) ;
AL . | 4
or.m .
1 . . .
~ ¢ : . ' R
G = ————— . (9%'F)
oy Vipa r
a,JNE; Q. -
§ = (10-F)
.pl Cp Tl Jé

Also, for simplicity, the left-hand paﬁh will be considered identical to -
the right-hand path in all aépects except that the heat generation rates
may be controlled independently. The conditions imposed by the system‘

on the conservation equations are:

| B =pgl) =pm) . (LE)

B S
p(L) =p, -0, 8L o (15-F).
6, =5 (G, + Gy) S ' O

‘where O denotes the left-hand path and B <denotes' the right-hand path,
The solution of the momentum equation cen be shoﬁn-to bevin thelheatedv
~region:

al, G Q o Tyc gG

T a Q - | a Q |
' m<l+ %) <12 o
R Ty ¢ Gy 2p, Ty Sy 1 M1 . :



-

RSN

vhere i =@, B and in the inlet region:

2. o
£L_G° |
l "eq 1 PR (16-F)

p(L,) =p, ==-p, gL, -
N 1 1 1 2 Py Ty

The solution of the energy equation is:

i L
LWt = - . amm
p 1 _

"The fuel temperature is given by:
| Cbhr o r'aq, . '
‘ H'H i o T Al
vai_ o +‘Ti_‘ - .(18 F)-

_Applying the conditions (11-F) through (14-F) to (15-F) and (16-F) and
using the dimensionless definitions gives: , o

PP . _" | +§1_

_"U§Otl'mz

ok , - N [1'8<1 . %) ~ 1. 8(1 2’1_5_ | (20-F) -
A : . G . ! .

Ln<l+a [l8<1+—9-‘_>
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I? Cl

A= 2r
H

. L ¢
B = eq 1
8 Ty

Lbr o
= K ( H". "2

and the fuel energy equation is:

L _o, +238
- | efiv'_'@i.'*' T

D= H H l P
k JIQ

" where A'and B are the dimensionless coefficients:

N

)

M1
o The coolant energy equation in dimensionless form is:
‘@ ) %i
g,
i

--where D is the dimensionless coefficienﬁb_;

hr r c Ng

| ~(21-F)

(22-7)

_(25;-F)

| (2L-F)

‘(25-F):‘:

(267F)

A solutlon of equatlons (19-F) to (26 F) does not appear to be readlly

available; however, the equatlons can be smmpllfled by considerlng two.

cases: .
Case I: Qx Q E
implying.
G, = GB =G
9, =@{3 =0
‘ p =0y =9

(27-¥)
“"-7,_(28-F) '¢ -
'l‘(29fF):ffv*

RCE R
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Case II: @u = q, QB =0 . C(31-F)
For Case I the equations then redﬁce"td;

1 = (4 +2%%) g8, [" +ima .

ol

§+agds - (z-F)
0 = % L | S :(33-F)4
f@ + % < V . - (3k-F)

- For Case II we have:

1={A+ (2 +_%)i.8 B IG l‘é,+ ":+
[ Jare |
i (1 + g—)] PR .°’.§ | o .'(5.'5'.;). B

- A G s ST L o s
: qx E : S o

(1._+§—-)-f.]5 +§8 A (57-AF).
. (38-F)

.7.',

o
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If the assumptionvof constant radial power density is conse:vative,vthen"

e should be less than ®f- But again there appears to be no easyfmgﬁhod'

To

of determination if this is true. Possibly the best approach would be
to solve the Egqs. (32-F) to (39-F) on & machine for a sequence of'values )

of A, B, C,,: D and Q.
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APPENDIX G

‘THE MACHINE PROGRAM

Qutline of Program I ,:

Rcaa mput - — wicalculate Q(ry ' . ‘,"‘ B i
: ' and store. ' ay

\ -
Calculate initial values
of Re (§,7T), 0(6,7),.
0¢(€,7) and store.

| | v
~—— ——-— — - — o v om— — vy Do f‘or;all Spe'cified .
r ' - ‘ time points 7,

y .
Calculate a new
Re (£,7)

\14

v

s T . ICalculate a ne\‘yﬁ(ﬁﬂ.“f)-

fCalculate a new Qt(gi‘;")@

Not OK - Gl e T , T

Locate max. O'f(t_‘,,'r)

|
|
|
|
|
|
|
|
ﬁ’ - |Test max efwuh el . o< &<
|
|
|
)
!
|
|
L

Jprevious 6.

for the given 7.

‘NotOK . | OK . o v

" [Test Re. (O ) thh the] :§Evaluate terms dropped
previous Re (0,7). :' L et from differcntial equatxons.

-

'.’Brint outéut. l . :

MU.36762 |
i .
[
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Program Nomenclature -

AFLOW}u’  : :Cross;seetiOnal area of coelant,‘AF-t“
' AFUEL:' - ‘LfCross-eectiOnal area of fuel, AT-
Jb_-fzk{‘u -~ BETA; . . . Coefficient of thermal,expansion;'ﬁ
'}c8(J):": :f Initial fuel temperature, @f(g)
‘-CPi: o Specific heet of~coelant at_inleﬁ, ¢y

~1

CPF: ' Specific heat of‘fuel,.cP
- .
DELTA: . - Ratio of Leq to L, &

- EX: - " Exponent in the viscosity-tempereture reletion,;g

FRL: ' Coefficient in the friction factor relation

FRR: . Expenent in the friction factor relation

u»ICHEKifv . A parameter determlnlqg whether the turbulent or lamlnar .
. heat transfer correlation is used zero 1f lamlnar, one.

v if turbulent

IPRINT: Varlable controlllng quantlty of output prlnted

- ITRIP: - Varlable controlllng quantity of output prlnted j?: ;;5f37

JTRIP:Ng%- . Variable controlllng amount of output prlnted

< KTRIP: f - Variable controlllng amount’ of output prlnted
NL: . __'e_ One plus the number of length 1ntervals 1nto which orelﬁQ
length XL is divided . - .

NT: . One plus the number of time intervals into which th

L ) '::51_transient'duratiqn T is divided -
'}f FvP::' ) ';ﬁbperating‘power_deusity_‘ v' i i{ﬁf .
, :u?Qf::iff ;.¥w.Vblumetric decay'heatiéeneretiou:rete?:Q.ﬁ. ;' ﬁ
' ‘"’*u R:‘;; -i{‘?V Ratio of eore plus stackvheigﬁﬁ:feieoreaheiéﬁt ; E‘
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REYNOL: | | Reynolds.nﬁmSer, Re

RHOl: : Codlant density at inlet,“pl
RHOFL; | ‘Fuel density, e, | : | N | : S - ;1: .
RHT? ' Heafed‘hydraulic radius, rH‘ | | - ' T
RHYD: - Hydréulic radius, Ty

ST: Stanton‘numbér,hSt ' . | R ' 3

- Time span over which temperature transient is to be

ot bt pay g tom e o o

 evaluated

 TEML: { ~Coolantvtempera£ure at inlet, Tl*

e St o g n

TDELY: Delay time, between reactor shutdown and initiation of

the temperature transient,‘i.e..blowdown time ‘ f lb

THETAl: Dimensionless coolant temperature, @

SV ey p gy,

vTHETA2£'f‘,, Dimensionless fuel temperature, Gf
_TITLE: 7‘ ‘ ~ Job title of run _
XxXre f; . Thermal conductivity cf coolant at inlet, kl fi- - ::;:g,:A  *}_-f ?

XKF: - Thermal conductivity of fuel, k, - - .

XL: S ‘ . Length of core, L

co o XMUL: ,i';ﬂ;i_Coolant,viscosity at inlet; By

XW: - Nusselt number T P

A1l valuesvmust be in the CGS system for use in the prbgram.' All other

o o 1 Sp—

variables used in the program are defined in terms of these within the

program. o : I e T S o gg
N o o
o . , , $

A ek s e
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LLOW  DIACEAST

/ i /f'eao/ , '

| rrreE, rress, F7ESA, A’f/’f/’
T AL, WT ZARIAT, REPL, A7,
| FErrs, ake, sET, 202, PP,
A YD, /p//r ,y,czﬁ’w //;z/é‘/
',,rz DELTA, £, X<, CHBAL, EL
Crs, T, P, FX, FOELY, é’é'w S

/
/9/‘//7/

.7’1’)’2f‘f' ~, ,/M/)" )7' ;7149‘5;{ )/
LPRINT, N2, XL, RHNPL, X112,
FEML, sos, ka2, PETH, R |
X, VO, v AFzgw, |
/1/"4/&‘1, DELTA, £, ,m//; N
RHBIL, CPE, EF (T

Y

I ﬁa/eu/a./e
e o5, ca, 07, 42, A2, 42, |
N\, s, s, 0k 22 22 |
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S ‘ 1
S ' C ;/_/”/‘
eE, 25, s, 67 AL, /2 A5, .

At AS, pr, OL, D2, A,’/_Jv

Y

ﬁa// ' - \

;  PHBWVWEL e
(P, 7, N7, FOLLY, ®) .

/ar/‘)?/
R

Lol
. TR BA
(ew, 05, ci, 07,28, @, 7
XL N2, T REYNSL,
TAETL, TET92 )

y
Sorrrr

o\ reynss, roET, ;wz;wz




SRR T =L, N |

Y -

ISR 225

X

.&f‘;?_y = RLEYNBL (T, 2)

v | R
Cua /7l | \ a
AL N
(A2, ’72; A2, AHE, A5,
THLETAL |, I, VL, X<,
RAEYNEL)

. ) . ) ;
. O , : . .
. A -
’ ' v N - 3 S
. ) B L .
. . g ) ¥, S
¢ .
-+
'

Vi
Lar
- T o
(2'{'. CEYNVNBL, VL, XZ:.RV |
L, THETALZ, FHETAL)

(D2, 02, O3, T, N, NT;
o 3 »7")’ /\’4) 7-/;/[7-/_1/ Qj;
REYNDBL, 7THETAR)
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NS = NS »~ L
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N
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2

~

)
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Y
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L VAL S

(X/vzxz S RHNO, YT, RHBL,
TEML, CPL, NL,NT XL, T
X/{’F ALLEL, AFLBW, 7—//57,4;
REYNZL, TFHETAR)

/D/“//? f

LT A2

REYNBL (77), THETALL T
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POWER
(P, 7, N
TOELY, Q)

| DELFE = 7 ) LG 7 (NT —~2)
- —'—.— — ' . 5‘
T T =L, NNT
— - Y ‘
TENL) = DELTE ¢ fLABATF(L=2) A~ TOELY

[ 4 . _
Q([/.=' 0.06025 % P/?‘Zﬁ[) X0 0639

|

20



[ i, B 7 o Sl gt 1 ey .

, . ::- -
e ( T Se, & e D

N oW P S B N M NNV Y o o/ BGE R N er/l

=57

.3

i
. :
X {
B T — W :
- .//“\ B
P
\.'.
. 4,
f 7N
RS
- ")
. \_

O s o E L 4 e e e b e s,

. ‘ - —
N e e W P
b . -
o Z ;
i !
. H
l 'ff’

: ! ke X " i oy e _‘:—‘4., » -‘ o p . .; e 4. - I
M @UE) = 0L LRDy T P THL) R 08 ~'°”""J

\

P e ) ;
. }I
- !
Yy YV s




_585

7L EA

. _ 4 v
\ares = 7 ) Fegar (n7-2)
\Apre = 31226 /) FLPn7r (WL =2)

|
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NOGO

DECKS

LABEL
.FORTRAN

‘MAIN CONTROLLING PROGRAV - } ,
DIMENSION TITLE(16)s C8{11)s D3(11)s REYNOX(201)s REY{(201s11)>
1 THE1(201911)s XNU(201s11): ‘ - . B
DIMENSION Q(201)s REYNOL{201s11)s THETA1(201s11)s THETA2(201511)
- DIMENSION. 2(12000) o

COMMON Z '

EQUIVALENCE (XNU(1)s2(6660))

COMMON IPRINT, EX:
CSENSE LIGHT ©

READ "10s (TITLE(K)sK=1512)

READ 12» ITRIPs JTRIPs KfRIP

IF (ITRIP)549547

CONTINUE

SENSE LIGHT 1

CONTINUE

FORMAT(12A5)

READ 12s NLsNT

'READ 125 IPRINT

FORMATI(315)

READ 14s RHO1ls, XMUls §iEMls xK1ls BEVAs CPl, PR

READ 14s RHYDs RHTs AFLOWs AFUEL

READ 14, XLs DELTA, R

READ 14s XKFs RHOFL, CPF

READ 14y Ty P

READ 14, EXs TDELYs FR1s FR2s ICHEK

FORMAT(T7F10e5)

PRO&4 .= PR¥*%0,40

PRO6 = PR#*%0,60

IF (ICHEK)17517+18

SENSE LIGHT 3

CONTINUE

IF ICHEK 1S ZFERO THE FLOW 1S LAMINAR, IF 17 15 ONE THE FLOW I
. TURBULENT

CPRINT 25

FORMAT(23H1INITIATION OF PRINTOUT).

PRINT 26.

FORMAT ( 1HO)

PRINT 198 :
" PRINT 27s (TITLE(K)sK=13512)

FORMAT(1HO s 16A5)

PRINT 198

PRINT 28

FORMAT(13HOTHE INPUT 15)

PRINT 30, P v

FORMAT (38HOTHE POWER DENSITY P IN CAL/CC/SEC IS 5E1548)
PRINT 31y NT _ : '
FORMAT(30H THE MAXIMUM TIME INDEX NT IS »13)

PRINT 32, T :
'FORMAT(33H THE TIME INTERVAL IN SECONDS IS .sE1548)
PRINT 63, TDELY

FORMAT (30H THE DELAY TIME IN SECONDS IS sE1548)

PRINT 33, IPRINT

FORMAT(24H THE VALUE OF IPRINT IS5 513)
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PRINT 34, NL
34 FORMAT(34H THE MAXIMUM DISTARCE .INDEX NL 13 »I3)
: PRINT 369 XL _
36 FORMAT(29H THE CORE LENGTH XL IN CM 1S 5E15.8)
"PRINT 38, RHO1- . '
© 38 FORMAT(36H THE INLET DENSITY RHO1 IN-GM/CC 1S5.,E1548)
PRINT 40s XMU1 : '
40 FORMAT(38H THE INLET VISCOSITY XMUl IN POISE IS «E1548)
PRINT 42, TEM1 ' : :
42 FORMAT(36H THE INLET TEMPERATURE TEM1 TN K IS sE1548)
PRINT 43, CP1 _ -
43 FORMAT(32H THE INLET SPECIFIC HEAT CP1 IS ,E1548)
PRINT &4,y XK1
44 FORMAT(39H THE INLET THERMAL CONDUCIIVITY XK1 IS 5E158)
PRINT 46, BETA , '
46 FORMAT(46H THE COEFFICIENT OF THERMAL EXPANSION BEV1A Is> sE15.8)
PRINT 45, PR ' '
45 FORMAT(29H THE ‘INLET PRANDTL NUYBER IS5 sE1548)
PRINT 47+ EX
47 FORMAT{43H THE EXPONENT IN THE VISCOSITY RELATION IS sE1548)
PRINT 49s FR1 - v . :
49 FORMAT(52H THE COEFFICIENT IN THE FRICTION FACTOR RELAIION Is
1 F15,8) ,
PRINT 51s FR2 o
51 FORMAT(49H THE EXPONENT IN THE FRICTION FACIOR RELATION IS s£E1548)
PRINT 48s RHYD '
48 FORMAT(30H THE HYDRAULIC RADIUS RHYD IS $E1548)
PRINT 50s RHT
50 FORMAT(33H THE HEAT . TRANSFER RADIUS RHT IS sE15.8)
"PRINT 52, AFLOW ‘
52 FORMAT(40H THE FLOW CROSS SECTIONAL AREA AFLOW IS sE1548)
. PRINT 54, - AFUEL o : ‘
54 FORMAT(40H THE FUEL CROSS SECTIONAL AREA AFUEL Is »E1548)
© PRINT 56s DELTA ' '
56 FORMAT(47H THE EQUIVALENT EXTERNAL LENGTH RATIO DELTA IS »E1548)
PRINT 58, R
58 FORMAT(4CH THE RATIO OF TOTAL TO CORE. LENGTH R IS sE1548)
PRINT 60s XKF :
60 FORMAT.(38H THE FUEL THERMAL CONDUCTIVITY XKF IS sE15.8)
PRINT 62s RHOFL :
62 FORMAT(27H THE FUEL DENSITY RHOFL IS sE15,.8)
PRINT 64s CPF o
64 FORMAT(31H THE FUEL SPECIFIC HEAT CPF IS ,E15.8)
C4 = 32,0 % RHO1#%2 % 980,0 % BETA # TEM1 % RHYD#¥%*3 / FR1 / XMU1
1 #®%2

C5 = XK1 * XL /- XMUl-/ CP1 / RHT
C6 = XK1 * AFLOW / AFUEL 7/ 440 / RHYD / RHT / RHOFL / CPF
C7 = 440 % RHYD % RHT / XK1 / TEM1 / AFLOW 3 AFUEL

READ 65, (C8(J)sJ=1sNL)
65 FORMAT(7F1042)

DO 68 J = 1,4NL

-D3(Jy = C8(J)
68 CONTINUE

Al = 1660 % RHYD¥*#2 # RHO1%%2 % 98060 # XL / XMU1¥#%2
A2 = FR1 * XL / 2.0 / RHYD

A3 = 1,0 + FR2 # EX

A4 = DELTA

A5 = R :

B1 XL / RHT

D1 -

‘0425 % AFLOW * XK1 / AFUEL / RHOFL / CPF / RHYD / RHT
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- D2 =-140 / TEM1 / CPF / RHOFL ~
PRINT 70
70 FORMAT(29HOTHE CALCULATED CONSTANTS ARE)
PRINT. 26 :
PRINT 72s Chs C5s C6s C7
72 FORMAT(5HOC4 =4E15. 8;5X94HC5 =9E15, 8,5X94HC6 =9E156895X94HCT =y
"1 E15.8) '
_ PRINT 74y (C8(J)sJ=1sNL)
T4 FORMAT(6HOC8(J)/(5E20.48))
PRINT 76s Als A2s A3s A4s A5
76 FORMAT(5HOALl =3E156895X9s4HA2 =9E15¢895Xs4HA3 =3E15e895Xs4HAL =
1 E154895X94HAS =9E1548)
PRINT 78s Bls D1s D2
78 FORMAT{(5HOBY =3E154835Xs 4HDl 29E156895Xs4HD2 =3E1548)
PRINT 80s(D3(J)ysJ=1sNL)
80 FORMAT(6HOD3(J)/(5E208))
PRINT 26
. PRINT 100
100 FORMAT(14HOTHE OUTPUT 185)
CALL POWER(Ps Ts NTs Qs TDELY)
PRINT 1059 (Q(K)sK=1sNT)
105 FORMAT(48HCOTHE DECAY HEAT GENERATION RATE IN CAL/CC/SEC 1S/
1 (5E2048)) ’
CALL TRIGA(C4s C5y CHs CTy C89 Qs Ts Xl NL9 NTs REYNOXs THETAl,
1 THETA2s FR2s ICHEKs PRO4)

DO 115 K = 1sNT
DO 115 J.= 1,NL
REY(KsJ) = REYNOX(K)

"THE1(KsJ) = THETA1{K»sJ)
REYNOL(KsJ) = REYNOX(K)
115 CONTINUE
PRINT 120
120 FORMAT(48HOTHE INITIAL ESTIMATES FROM SUBROUTINE TRIGA ARE)
DO 130 I = 1sNT4IPRINT
PRINT 122s Is (REYNOL(IsJ)sJ=1sNL)
122 FORMAT(12HOREYNOL(IsJ) s5Xs3HI =913/(5E2048))
PRINT 124s Is (THETAL(IsJ)sJ=1sNL) ,
124 FORMAT(12HOTHETA1(IsJ)s5Xs3HI =s13/(5E20e8))
PRINT 126s Is (THETA2(IsJ)sJd=1snL)
126 FORMAT(12HOTHETA2(1sJ)s5Xs3HI =913/(5E2048))
130 CONTINUE
. PRINT 198
"PRINT 26
: PRINT 150
150 FORMAT(58HOTHE VALUES CALCULATED BY SUHROUTINES REs TH1s AND TH2 A

1RE)
198 FORMAT(41HO **w***w*w*"P*'k"’t**x**w**"*-kwww L IR S IUATSEI I S g S L

SR H IR R R I I H R 36 33 3 363 3 3 % 6 3 36 36 3 3 36 3 9
1 20 )
NNS = 0

B1G2
: TEST2 = 00
200 FORMAT({19HOTHE TIME INDEX IS +13)
DO 225 NTRIAL = 1425
BIG3 = REYNOL(Is1l)
EST = REYNOL(Is1)-
STORE = XL .
XL = 100
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CALL RE(Als AZs A3, Ahs AS5s THETAls Is NLs XLs FR2s REY)
CALL TH1(B1ls REYNOLs NLs XLs I, THETA2s THE1ls PR0O6)
CALL TH2(D1ls D2s D3s Is NLs NTs Ts XLs THETAls Qs REYNOL, THETAZ2,

1 PRO4) , :

CALL MAX(THETA2, NLs 25 Is BIG2s 1POS)
XL = STORE

DO 210 J = 1sNL _

THETAL(IsJ) = THEL(I4J) : ,
REYNOL(I,J) = REY(1s1) / THETAL(IsJ)®*%EX

210 CONTINUE
BIG4 = REYNOL(I»sl)
‘TEST .= ABSF(BIG2/BIGl ~ 1.0) : S
212 FORMATI(6HO sSXs6HBIGL =9E15e895XsH6HBIG2 =3sFE15.835Xs6HTEST =,
1 E15.8)
, IF (0401 — TEST)I215+s2144214
214 TEST2 = ABSF(B1G4 / BIG3 = 1.0)
IF (001 = TEST2)21552305230
215 CONTINUE '
IF (JTRIP)2054+2054225
205 CONTINUE
IF(XMODF(IsIPRINT)Y - 1)22542165225
216 PRINT 200, 1 _
PRINT 217s NTRIAL
217 FORMAT(14HCTRIAL NUMBER s12)
PRINT 212s BIGl, BIG2s TEST
PRINT 218s BIG3s BIG4s TEST2
218 FORMAT(1HO» 10X s6HBIGS3 =9E154835Xs6HBIGL =9E154895Xs THTEST2 =,
1 E15.8) '
PRINT 122s Is (REYNOL(IsJ)sJ=1sNL)
PRINT 124s Is (THETAL(IsJ) sJ=1,sNL)
- PRINT 126 1Is (THETA2{IsJ)sJ=14NL)
225 BIGl = BIG2
PRINT 2265 1 4 -
226 FORMAT(24HOTHE ITTERATION FOR I = 413,23H HAS FAILED TO CONVERGE)
NN5 = NN5 + 1
IF (NN5 = 2)227+2275300
227 GO TO 250
230 CONTINUE
IF(KTRIP)206,206,250
206 CONTINUE :
“TF(XMODF(ISsIPRINT) — 1)250,231,250
231 PRINT 26
PRINT 198
PRINT 232s Is NTRIAL ,
232 FORMAT(38HOTHE ITTERATION HAS CONVERGED FOR I = sI3,14H AND NTRIAL
1 = »12s16H THE RESULTS. ARE). :
PRINT 1229 1s (REYNOL(IsJ)sJd=1,NL)
, PRINT 2349 Is (XNU(IsJ)sJ=1sNL)
. 234 FORMAT(BHONU(IsJ)} 95X s3HI =,13/(5E208))
PRINT 124s Is (THETAL(IsJ)su=1sivi)
PRINT 1265 15 (THETA2(14J)su=1sie)
PRINT 198" :
250 CONTINUE
PRINT 26
- PRINT 26
PRINT 198
PRINT 198 v o
CALL EVALU(XMUls RHYDs RHT, RHOls TEM1ls CP1ls NLs NTs XLs T
1 XKFs AFUELs AFLOWs THETAl, REYNOLs THETA2, FR1ls FR2)
PRINT 26 ‘ :



-81-

PRINT 150
PRINT 251
251 FORMAT(58HOTHE THETAS ARE THE TEMPERATURE RISE IN DEGKEES CENTIGRA
1DE)
DO 275 I = 1sNTsIPRINT
T1 = T % FLOATF(I=1) / FLOATF(NT=1)
PRINT 260y T1 o
260 FORMAT(BHOTIME = 5E1548512Xs1HXs7Xs6HREYNOL »14Xs6HTHETAL 914X
1 6HTHETA2) _ - : S
DO 275 J = 1siL .
XX1 = FLOATF(J-1) / FLOATF(NL-1)
THETAL(1,J) = TEML % (THETAL(IsJ) = 140)
THETA2(I5J) = TEM1 % (THETA2(IsJ) = 140)
~ PRINT 2655 XX1s REYNOL(IsJ)s THETAL(I»J)s THETA2(I»J)
265 FORMAT(33XsF4e253E2048) :
275 CONTINUE
300 CONTINUE
PRINT 310 .
310 FORMAT(16HOEND OF PRIMTOUT)
CALL EXIT
END
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LABEL

FORTRAN : » '

SUBROUTINE POWER(Ps Ts Ns Qs TDELY) . ' ,
THIS SUBROUTINE CALCULATES THE DECAY HEAT GENERATION Q IN TERMS OF
THE OPERATING POWER P IN THE SAME UNITS FOR A SPECIFIED NUMBER OF
TIME INTERVALS N OVER A GIVEN TIME SPAN- T IN .SECONDSs THE TOTAL

. NUMBER OF CALCULATED VALUES IS Ny T MUST BE LESS THAN 4%10%*6

10
15

20
25
30
35

50
1CO

SECONDS : .

DIMENSION Q(201)s TE(201)s Z(12000)

COMMON Z . ‘

EQUIVALENCE (Z(1)sTE(1))

DELTE = T / FLOATF{(N-1)

DO 5 I = 1N :

TE(I) = DELTE % FLOATF(I-1) + TDELY

CONTINUE

DO 15 I = 14N

IF (TE(I) = 1040)10520520

Q(I) = 0406025 % P / TE(1)*%040639 ,
CONTINUE o . :

GO TO 100 : .
M= T

DO 30 I = MeN

IF (TE{I) = 15040)25435435

Q(I) = 0607655 % P / TE(I1)*%041807

CONTINUE

GO TO 100

M = T

DO 50 I = MsN

Q(I) = 041301 % P / TE(1)#%0+2834

CONTINUE '

CONTINUE

RETURN

END
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LABEL
FORTRAN
A : . :
SUBROUTINE FOR TRIGA TYPE QUASI-STEADY STATE ANALYSIS ~ =
SUBROUTINE TRIGA(C4s C5s Cbs -CTs CBs Hy Ty XLs NLs NTs REYNOL)
1 THETAls THETA2, FR2s ICHEK, PRO&4) - L
THIS SUBROUTINE CALCULATES REYNOLs THETAls AND THETA2 FOR A
"GIVEN TIME SPAN T AND DISTANCE SPAN XL FOR RANGES 2sNT AND 1sNL
RESPECTIVELYs .1 AND 2 DENOTE COOLANT AND FUEL

RESPECTIVELYs H DENOTES POWER DENSITY S
DIMENSION H(201)s REYNOL(201)s THETA1(201,11)s THETA2(201511),
1 F(201), XIG(201), CB(11)5 Z(12000) S .
. COMMON 2 A

EQUIVALENCE (Z({1)sF (1)) (Z(205)»X1G(1))

ARGl = T / FLOATF(NT-1)

ARG2 = 3414159265 / FLOATF(NL-1)

XL = XL

Cl10 = C4 * C5 # C7 # 3,0 / 3.1416
C12 = 140 / (340 — FR2)

DO 15 I = 1eNT .

REYNOL(I) = (C1l0 # H(I))%%Cl2
CONTINUE - :

IF (ICHEK)16s16,18

XNU = 4,364

GO TO 19

XNU = 0,023 REYNOL(I)**O 8 '# PROY4

CONTINUE

IF (SENSE LIGHT 1)20,22

PRINT 21s (REYNOL(I)sI=1sNT) -

FORMAT(6HODEBU695X96HREYNOL/(5E20 8))

SENSE LIGHT 1

CONTINUE

Cl4 = C6 * ARGl

DO 75 J = 1lsNL

X1 = "ARG2 % FLOATF(J-1)

DO 44 1 = 14NT

‘Tl = ARG1 * FLOATF(I-1)

F(I) = EXPF(XNU #* C6 * T1) : : .
THETAI(IsJ) = 140 + C5 % H(I) * C7 / REYNOL(I) # (140 = COSF(X1))

1 / 3.1416 ) . . ,
FAI) = F(I) * (XNU % THETAL(IsJ) + C7 * H(I)* SINF(X1))
CONTINUE L

IF (SENSE LIGHT 1)36,38

PRINT 37s (F(I)sI=1sNT)

FORMAT (6HODFBUGs5X9s4HF (1) /(5E208))
SENSE LIGHT 1

CONTINUE

SUM = 000

X1G(1) = 040

DO 40 I = 2,NT _ :
XI1G(I) = Cl4 ¥ (SUM + 0.5 ¥ (F(1) + F(Iy)),
"SUM = SUM + F(I) '

CONTINUE

IF (SENSE LIGHT 1)41+43

PRINT 425 (XIG(I)sI=1sNT)
FORMAT(6HODEBUG95Xo3HXIG/(5E20 8))

SENSE LIGHT 1

CONTINUE

DO 70 I = 1NT
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Tl = ARG1l % FLOATF(I-1) . .
THETA2(1,J) = EXPF(=XNU * C6 # T1) * (C8(J) + XIGI(I))
CONTINUE o v '
CONTINUE

IF (SENSE LIGHT 1145450

PRINT 46s ((THETAL(IsJ)sJ=1sNL)sI=14NT)

FORMAT (6HODEBUGs5Xs6HTHETAL1/{5E2048) )

PRINT 47, ((THETAZ2{(IsJ)sJ=1sNL)sI=1,NT)

FORMAT (6HODEBUG s5Xs6HTHETA2/ (5E208))

SENSE LIGHT 1

CONTINUE
IF QUOTIENT OVERFLOW 52,54
PRINT 53

FORMAT(42HOA QUOTIENT OVERFLOW HAS OCCURRED IN TRIGA)
IF DIVIDE CHECK 5660 v

PRINT 57 '

FORMAT(37HOA DIVIDE CHECK HAS OCCURRED IN TRIGA)

CONTINUE ‘

RETURN’ ' ,
END
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LABEL
FORTRAN . T
SUBROUTINE RE(A19 A2s A3y Ahs ASs THETALs 1s NLs XLs ESTs REYNOL)
THIS PROGRAM SOLVES THE NO1FNTU4 EUUATION TO UBTAIN REYNOL(I!I)
WHERE I IS A TIME INDEX
DIMENSION REYNOL(201s11)s THETA1(201s11)s F(201s1l)s Xll(ZOIQll’Q 
1 XI2(201s11)s Z2(12000C) ' e T

COMMON Z ' ' . .
EQUIVALENCE (Z(1)sF(1))s (Z2(2220)sXI1(1))y (Z(4440)9X12(1))
DO 25 J = 1sNL- . »
F(leJ) = (140 = THETAL(IsJ)) /7 THETAL(IsJ)

25 CONTINUE - :

.~ IF (SENSE LIGHT 1130435

30 PRINT 329 Is (F({IsJ)sJ=1sNL) _ .

32 FORMAT(éHODEBUG,5X96HF(I’J)97X93HI =315/(5E208))
SENSE LIGHT 1 :

35 CONTINUE ) ‘
CALL INTEG(Fs XLs NLs 29 Is XI1}
DO 50 J = 1sNL
F(leJd) = THETAL(TIsJ)**A3 + A4

50 CONTINUE
IF (SENSE LIGHT 1)55,460

55 PRINT 32y Is (F(IsJ)sJ=1sNL)}
SENSE LIGHT 1

60 CONTINUE :
CALL INTEG(Fs XLs NLs 29 Iy XI2) - ’
Cl1 = Al ¥ ((A5 = 140) % (1e0 — THETAL(IsNL)) / THETAL(IsNL) +-

1 XI1(IsNL))
.C1 = -C1
cz2 = THFTAl(I,NL) - 1.0

C3 A2 % X12(1,s NL) -
IF (SENSE LIGHT 1165470
65 PRINT 67, Cls C2, C3
67 FORMAT(6HOD¢BUGo5X,4HC1 =9E15e895Xa4HC2 =9E154895X94HC3 =9E15,8)
SENSE LIGHT 1
70 CONTINUE
IF QUOTIENT OVERFLOW 80485
80 PRINT 82
82 FORMATI(39HOA QUOTIENT OVERFLOW HAS OCCURRED .IN RE)
85 IF DIVIDE CHECK 90495
90 PRINT 92
92 FORMAT(34HOA DIVIDE CHECK HAS OCCURRED IN RE)
95 CONTINUE A
CALL ROOT(Cls C2s C3s EST» ZERO) -~
REYNOL(Is1) = ZERO
RETURN '
END
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LABEL.

FORTRAN , :
SUBROUTINE TH1(B1ls REYNOLs NL,. XLs 1s THETA2s, THETAls PRO6)
THIS SUBROUTINE SOLVES THE COOLANT ENERGY EQUATION TO OBTAIN
' THETA1(IsJ) WHERE I IS THE TIME INDEX

DIMENSION REYNOL(201s11)» THETAL(201s11)s THETA2(201511),
1 ST(201511), F(201511)5 F1(201511)5 F2(201511)5 F3(201511)5.
2 2(12000)

COMMON Z - , ‘ . :
EQUIVALENCE (Z(1)sF(1))s (2(2220)5F1(1))s (Z(4440)sF2(1))s
1 (Z(6660)5F3(1))s (2(8880),ST(1))

IF(SENSE LIGHT 3)15,18

DO 16 J = 1sNL -
STUIeJd) = 44364 / REYNOL(IoJ) / PRO6%#%(1e0/0460)
SENSE LIGHT 3

GO TO 21

CONTINUE

DO 20 J = 1sNL ' . .
ST(1sJ) = 06023 / (REYNOL(IsJ)#%0e2 #* PRO6)
‘CONTINUE S

CONTINUE

IF (SENSE LIGHT 1)30,35 ~

PRINT 32s Is (ST(IlsJ)sJ=1sNL)

FORMAT(6HODEBUG,5X,7HST(IyJ),SX,BHI =915/(5E2048))
CSENSE LIGHT 1 :
CONTINUE

CALL INTEGI(STs XLs NLs 29 Is F)

DO 50 J = 1sNL :

TEMP = F(IsJ)

F1(I1,J) = EXPF(-B1l * TEMP)

F2(15J) = EXPF(B1 * TEMP)

F2(1,J) = THETA2(IsJ) #* ST(IsJ) * F2(1,J)
CONTINUE

CALL INTEG(F2s XLs NLs 29 Is F3)

TEMP = THETA1(I,1) '

DO 75 J = 1lsNL . o '
THETAl(I,J) = F1(IeJ) % (TEMP + Bl % F3(1,J))
CONTINUE ' '
RETURN

END
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LABEL

FORTRAN : PR L ‘

SUBROUTINE TH2(D1ls D2s D3s I NLs NT.‘T,-XL; IHETAl..H. REYNOL »

1 THETAZ2s PRO%) .
THIS SUBROUTINE SOLVES THE FUEL ENERGY EQUATION TO OBTAIN
THETA2(IsJ) WHERE I IS THE TIME INDEX . _
DIMENSION REYNOL(201s11) s THETAl(ZOlsll)o‘THETA2(201o11)bVH(201)’
1 D3(11)s XNU{201s11)s F1(201511)s F3(2019s11)s F5(201s11)>
2 F(201s11) ) o ' :
DIMENSION Z(12000)

COMMON 2 E ‘ o :
EQUIVALENCE (Z(1)sF3(1))s (Z(2220)9F5(1))s (2(4440)sF(1))s
1 (Z(6660)9sXNU(1))s (2(8880)sF1(1))

IF(SENSE LIGHT 3)18,22

DO 19 J = 1,NL

XNU{Tsd) = 4e364
SENSE LIGHT 3

GO TO 25
CONTINUE

DO .20 J = 1sNL

XNU(TsJ) = 04023 % REYNOL(IsJ)*¥*0e8 %* PRO4
CONTINUE

CONTINUE

IF (SENSE LIGHT 1)30,35

PRINT 32y Is (XNU(IsJ)sJ=1,sNL) .

FORMAT {6HODEBUG 95X s THNU (1 9J) 95X 93HI =,15/(5E2048))
PRINT 33 :
FORMAT(1H )

SENSE LIGHT 1

CONTINUE .

Tl = T / FLOATF(NT=1) * FLOATF(I-1)

DO 75 J = 1¢NL

CALL INTEG(XNUs Tls Is 1ls Js F)

X5 = FLOATF{J=1) % 341416 / FLOATF(NL=-1)
XL = XL

TEMP = F(l,4J)

F1(IsJ) = EXPF(-D1 % TEMP)

FS5(1sJ) = EXPF(D1 % TEMP)

FS(IsJ) =

F5(1,J) % (D2 % H(I) * SINF(X5) + D1 * XNU(I,J) #

‘1 THETAL(IsJ))

50
52

55

“CALL INTEG(F5s Tls Is-1s Js F3)

THETA2(IsJ) = Fl(IsJ) % (D3(J) + F3(I;J))

IF (SENSE LIGHT 1)50s55

PRINT 525 TEMPs F1l(IsJ)s F5(Isd)s F3(1,J)

FORMAT(6H DEBUGs5Xs6HTEMP =9E15, 8:5X,4HF1 -’E15.895X,4HF5 -9E15.80
1 5Xs4HF3 =5E154,8)"

JSENSE LIGHT 1

CONTINUE

75 CONTINUE

RETURN
END
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LABEL

FORTRAN - _

SUBROUTINE ROOT(Cls C2s C3, FR2s ZERO) B

THIS SUBROUTINE FINDS THE REAL ROOT OF THE EQUATION Y = Cl/X##2 -

C2 - C3/X*%FR2s ZERO 1S5 THE VALUE OF THE ROOT.» ESTIM IS THE

ESTIMATED VALUE.

'DIMENSION ROOT(30)

ESTIM = 041 * SQRTF(10.0 % Cl / C3)

ROOT(1) = ESTIM

DO 50 I = 1525

Y = C1 / ROOT(1)#%2 = C2 = C3 / ROOT(I)#**FR2

YPRIME = FR2 * C3 / ROOT(I)#%(1s0 + FR2) = 2.0 * .Cl / ROOT(1)#¥3

RATIO =Y / .YPRIME

ROOT(I+1) = ROOT(I) = RATIO

CHECK = ROOT(I+1)

IF (CHECK)20,25,25
20 ROOT(I+1) = 0425 # ROOT(I)
25 CONTINUE , '

TEST = ROOT(I+1) / ROOT(I) = 1.0

TEST = ABSF(TEST) '

'IF (SENSE LIGHT 1)40s45
40 PRINT 42, I, Ys ROOT(I+1)s TEST
42 FORMAT (6H DEBUGs5Xs3HI =s1355Xs3HY =5E15e855Xs11HROOT(I+1) =4E1548

1 »5Xs6HTEST =,E1548)

SENSE LIGHT 1
45 CONTINUE-

IF (04005 = TEST)50.75.75
50 CONTINUE

PRINT 52
52 FORMAT(39HOSUBROUTINE ROOT HAS FAILED TO CONVERGE)
75 CONTINUE

IF QUOTIENT OVERFLOW 80,585
80 PRINT 82
82 FORMAT(41HOA QUOTIENT OVERFLOW HAS OCCURRED IN ROOT)
85 IF DIVIDE CHECK 90595 .
90 PRINT 92
92 FORMAT(36HOA DIVIDE CHECK HAS OCCURRED IN ROOT)
95 ZERO = ROOT(I+1)
~ RETURN

END
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LABEL
FORTRAN ‘

SUBROUTINE MAX (ARRAYs Ns Ks L, BIGs IPQS)

THIS SUBROUTINE 1S DESIGNED TO DETERMINE THE MAXIMUM OF A TWO DI-
MENSTONAL ARRAY ARRAY(I,J) WITH RESPECT TO EITHER VARIABLEs THE
MAX-1S CALLED BIGs IF K = 1s THE FIRST VARIABLE IS SCANNED, IF

K = 2y THE SECOND IS SCANNEDs N IS THE MAXIMUM VALUE OF THE INDEX
BEING SCANNED, L IS THE VALUE OF THE VARIABLE HELD FIXED, IPOS

Is THE POSITION OF BIG IN THE ARRAY..

DIMENSION ARRAY (201,11)

IPOS = 1 ‘
IF (K = 1)10s10450.
J=L ' ‘

BIG = ARRAY(1,J)

DO 25 I = 2,N

B = ARRAY(I,J)

BIG = MAX1F(BIGsB)
IF (B - BIG)25522525
IPOS = I

CONTINUE

GO TO 100

I =L

BIG = ARRAY(I,1)

DO 75 J = 2,N

B = ARRAY(I,J)

BIG = MAX1F(BIG,R)
IF (B = BIG) 75572575
IPOS = J

CONTINUE

RETURN

END
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LABEL

FORTRAN

SUBROUTINE INTEG (Fs XLs N» IPOS, L’ X1y .

THIS SUBROUTINE INTEGRATES A FUNCTION F(I,J) WITH RESPECT TO
EITHER INDEX USING THE TRAPEZOIDAL RULEs XL IS THE INTERVALs N IS
THE MAXIMUM VALUE OF THE INDEX INTEGRATED OVER, IPOS DENOTES ITS
POSITIONs L 1S THE VALUE OF THE FIXED INDEXs XI IS THE VALUE OF
THE INTEGRAL. . :

'DIMENSION F(201s11)s XI(201911)
“SUM = 0,0

GO TO (25550),1P0S
XI1(1lsL) = 0e0
IF (N-1)30+28,30

GO TO 100

CONTINUE

H = XL / FLOATF(N~1)

DO 40 I = 29N

XI(IeL) = H % .(SUM + 0e5 ¥ (F(lel) + F(IvL)))
SUM = SUM + F(1I,L)

CONTINUE

"GO TO 100

XI{Lsl) = 040

IF (N-1)60558,60

GO TO 100

CONTINUE

H = XL / FLOATF(N- 1)

DO 65 I = 29N .

XI(LsI) = H % (SUM + 0e5 3 (F(Lsl) + F(LsI)))
SUM = SUM + F(LsI) .

CONTINUE

RETURN

.END
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LABEL .
FORTRAN
SUBROUTINE REIMAN(Fs XLs N»

XI)

THIS SUBROUTINE INTEGRATES A FUNCTION F(I) FROM I = 1 TO N WHERE

XL IS THE INTERVAL AND XI(1)
DIMENSION F(201)s XI(201)
SUM = 060

X1(1) = 040

IF (N = 1)20+20+5

-H = XL / FLOATF(N=-1)

DO 15 1 = 24N

IS THE VALUE OF THE INTEGRAL

XI(IY = H ¥ (SUM + 0450 % (F(1) + F(I)))

SUM = SUM + F(1)
CONTINUE

RETURN

END
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LABEL

FORTRAN _

SUBROUT INE EVALU(XMUls RHYDs RHTs RHOls TEMLs CPs NLOs NTOs XLOsTs
1 XKFs AFUEL»s AFLOWs THs RE, THls FR1, FR2) -

DIMENSION TH(201s11)s RE(201s11)s TRM1(201)s TRM2(201)s TRM3(201)5s
1 TRM&4(201)s TRM5(201)s TRM6(201)% TRM7(201)9 TRM8(201)’ TRM9(201) s
2. TRM10(201)s TRM11(201)

DIMENSION Z(12000)s F(11)s XI(11)s TH1(201,11)

COMMON 2 : )

EQUIVALENCE (Z(1)sTRMI(1))s (Z(205)sTRM2(1)}s (Z(410)sTRM3(1)),

1 (Z(615)sTRM4(1))s (Z(820)sTRMS5(1))s (Z(1025)sTRM6(1))s
2 (Z(1230)sTRMT(1))s (Z(1435)sTRM8(L1))s (Z(1640)sTRMI(1) )y

3 (Z(1845)»TRM10(1))s (Z2(2050)sTRM11(1})

COMMON IPRINT, EX. -

" NL = NLO

NT = NTO

XL = XLO

NT1 = NT = 1

NL1 = NL - 1 -

XLl = XL / FLOATF(NL1)

T1 = T / FLOATF(NT1)

NL2 = NL - 2

SUM = 0,0

EXO = EX

EX1 = 140 - EX

EX2 = 240 * EX

EX3 = EX2 + 1.0

EX4 = 340 % EX + 240

E1 = XMUl / 440 / RHYD

E2. = XMU1l / 2.0 / RHYD

E3 = 98040 * RHO1
CE4 = XMU1%#2 / 1640 / RHYD#%2 / RHOl

CE5 = FR1 # XMUl¥%2 / 3240 / RHYD¥#3 7/ RHO1
E6 = XMUL#%2 / 32.0 / RHO1l / RHYD#%2 '
E7 = XMU1%#%3 , 12840 / RHO1%%2 / RHYD##3 .
E8 = 4a2%#1040%#7T#TEML # RHO1 %* CP

E9 = 442%10,0%%#7 * TEM1 * XMUL % CP /- 440 /RHYD

10

15

20

25

£10 = TEM1 #* XKF
E1ll = 1e0 /(4e2 * 1040%%7) o

'PRINT 10s E}s E2s E3s E4s E5s E6s E7s E8s E9s E10s Ell
FORMAT(2HOE/(5E2048)) ' S

DO 60 I = 14NT1 } o

DO 15 J = 1sNL o

FUJY = (THUI+19J)#%EXO #* RE(I+19J) = TH(I9J)%*EXO # RE(IsJ)) /T1
CALL REIMAN{Fs XLs NL»s -XI)

TRM1(I) = E1 % XI(NL) 7/ XL

DO 20 J = 1,sNL : .

F(J) = 06450 * (RE(I+1sJ) / TH(I+1sJ)#**EXL. + RE(IsJ) / TH(I,J)#*
1 EX1) # (TH(I+1lsJ) = TH(I,J)) / T1

CALL REIMAN(F, XLs NLs XI)

TRM2(1) = E2 % XI(NL) / XL

DO 25 J = 1sNL"

F{J) = 0a50 % (140 ./ TH(I+1,J) + 160 7/ TH(I1sJ))

CALL REIMAN(F, XLs NLs XI) -

TRM3 (1) = E3 # XI{NL) / XL

DO 30 J = lsNL1 ' :

F(J) = 0450 % TH(I+1sJ)**EX2 * RE(I+1eJ)%%#2 % (TH(I+1,J+1) -

1 TH(I+1,J)) / XL1

F(J) = F(J) + 0e50 # TH(I,J)**EX2 #* RE(I,J)%#%2 % (TH(I,J+1) -

o)
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1 TH(TI,J)) /7 XL1
XI(Jy = XLE * F(J)
s 30 SUM = SUM + XI(J)

TRM&4(1) = E4 % SUM / XL
SUM = 0.0 v
DO 35 J = 1,NL

35 F(J) = 0050 % (TH(I+1sJ)%%¥EX3 % RE(I+1,J)%%(240-FR2) + TH(IsJ) ¥
1 EX3 % RE(I,J)#%(2,0-FR2))
CALL REIMAN(Fs XLs NLs XI)
TRM5(1) = ES5 # XI(NL) / XL
DO 40 J = 1,NL .
40 F(J) = (TH(I+1,J)**EX3 % RE(I+1sJ)%%2 = TH(IsJ)**EX3 * RE(1sJ)
1 *%2) / T1 ,
CALL REIMAN(Fs XLs NLs XI)
TRM6(1) = E6 * XI(NL) / XL S
TRMT(1) = TH(I+1sNL)*¥EX4 % RE(I+1sNL)%*%3 —~ TH(I+1,1)%#EX4 # RE
1 (I+151)%%3 , : ,
CTRM7(I) = TRM7(I) + TH(ISNL)**EX4 #* RE(ISNL)%#3 = TH(Is1)*#EX4 #
1 RE(I,1)%%3 ‘

TRM7(I) = 0450 % TRMT(I)
TRM7(I) = E7 % TRM7(I) / XL
-~ DO 45 J = 1sNL :
45 F(J) = LOGF(TH(I+1sJ) / TH(IsJ)) / T1

_ CALL REIMAN(Fs XLs NLs XI)
’ » TRM8( 1) £8 % XI(NL) / XL
. DO 50 J 1,NL1
CF(J) = 0e50 % TH(I+1sJ)¥¥EXO % RE(I+1sJ) *(TH(I+1sJ+1) - TH
1 (I+1sJ)) 7/ XL1
F(J) = F(J) + 0450 % TH(IsJ)R*EXQO # RE(IsJ) * (TH(IsJ+1) .= TH(
1 1sJ)) /7 XL1 :
_ XI1(J) = XL1 #* F(J)
50 SUM = SUM + XI(J)-
" TRM9(1) £9 # SUM / XL
SUM = O
DO 55 .J 1sNL2 . _ _ -
F(J) = 050 * (THl(I+1,J+2) = 240 # THI(I41sJ+1) + THI(I+1s4))/
1 XL1#%2 _ _ o
55 F(J) = 0e50 % (TH1(I,J42) = 260 * TH1(I,J+1) + THI(IsJ)) / XL13#3#2
1 + F(J) _ '
CALL REIMAN(Fs XLs NL2s XI)
TRM10(1) = E10 % XI(NL2) / XL
. TRM11(I) = E11 % TRMS(I)
760 CONTINUE '
- : PRINT 101
- 101 FORMAT(88HOTHE ABSOLUTE VALUE OF TRM1 AND TRM2 SHOULD BE MUCH LESS
1 THAN EITHER TRM3, TRM&4s OR TRM5) ‘
PRINT 102 ‘
102 FORMAT(71H THE ABSOLUTE VALUE OF TRM6s TRMT7s AND TRM8 MUST BE MUCH
' 1 LESS THAN TRM9) '
PRINT 103
103 FORMAT(57H THE ABSOLUTE VALUE OF TRM10 MUST BE MUCH LESS THAN TRM1
11)
PRINT 105
105 FORMAT(52HOTHE DIFFERENTIAL TERMS IN THE MOMENTUM EQUATION ARE)
PRINT 106
106 FORMAT(3HO I+8Xs4HTRML 516X s 4HTRM2 516X » 4HTRM3 5 16X s 4HTRMb » 16X 3 4HTRMS
1)
DO 110 K = 1,NT1,IPRINT :
PRINT 108s Ks TRMI1(K)s TRM2(K)s TRM3(K)s TRM&(K)s TRMS(K)

noun
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FORMAT(lX,IB,SEZO 8)

CONTINUE

PRINT 115

FORMAT(50HOTHE DIFFERENTIAL TERMS IN THE ENERGY EOUATION ARE)
PRINT 116

FORMAT.{3HO - I98X,4HTRM6916X94HTRM7,16X94HTRM8916Xo4HTRM9)

DO 120 K = 1sNT1sIPRINT .

" PRINT 1185 Ky TRM6(K)» TRMT7(K)s TRM8(K)y TRMI(K)

FORMAT(1Xs13s4E2048)

CONTINUE

PRINT 125

FORMAT (48HOTHE DIFFERENTIAL TERMS IN THE FUEL EQUATION ARE)
PRINT 127

FORMAT(3HO 158Xs5HTRM10915X>s S5HTRM11)

DO 130 K = 1sNT1sIPRINT . :

PRINT 1295 Ks TRM1O0(K)s TRM11(K)

"FORMAT(1X91352E2048)

CONT INUE
RETURN
END

3y~
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. FIGURE CAPTIONS

>

- Infinlte slab fuel element

,.Slab fuel element temperature transient.

— — Adiabatic w1th time-dependent heat source.
——— Heat removal by conduction only with a constant heat source.

" Temperature profile surrounding the slab fuel element with
“heat removal only'by conduction to guiescent. air (t 300 sec)

Nuclear reactor conflguratlon to which the conservation equations_
are applied. .

Natural convection with air temperature transient. -

- . Natural convection with steam temperature,transient;

'Comparison of natural convection with air ‘and adiabatic

temperature transients. —'—-Adlabatlc, — Natural convection.

Comparlson of natural convectlon with steam and adiabatlc

temperature transients.
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Time to fuel and clad melting versus operatlng power denSLty.

Maximum fuel temperature occurrlng durlng the tranSLent versus

power density.

Reynolds number at core inlet and exit for air coolant : ﬂ

‘‘‘‘‘

 Maximum coolant temperature for air coolant transient.

Maximum coolant temperature for steam coolant tranSient.

Natural convection temperature transient w1thout external piplng.

' Coolant: Steam; Q: 147.5 cal/emd-sec.

Comparison of maximum fuel. temneratures and Reynolds numbers for'

the laminar and turbulent regimes.

- Coolant: Steam; Q: 147.5 cal/cm5—sec; Leq*;.“oo cM..

= Inlet, — — Exit.

 Parallel- flow path system used to evaluate the consequences of
~the constant radial~-power assumption.- -




This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
., Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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