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TEiviPERA.TTJRB TP.AJ\~Sill?iT FOLLO\IJING A 

LOSS-OF-COOLM'T ACCIDEHT ::ci'J A NTJCLEAR POlilER REACTOR 

Ronald Paul Omberg 

Inorganic V.!B.terials Researd1 Division, LaviTence Radiation Laboratory, 
and Department of Nuclee.r Engineering_. College of Engineering, 

University of California; Berl~eley, California 

ABSTRACT 

The effect of natural convection upon the temperature transient 

following a loss-of-coolant accident was analyzed for a typical power 

reactor configuration. The ,.:;ystem of equations develope-d was then solved . 

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

"'as found that natural convection ivill prevent melting of either the 

fuel ,or cladding at lovr pm.;er levels. At the maximum power'·density 

allowable in the LOFT the t:i:ne to fuel mel ti:rig was nearly twice that for 

an adiabatic transient. 

The solution vras based on the one-dimensional q_uasi-steady state 

flow conservation equations coupled to the lumped capacity transient 

energy equation for Sr.J.all a'd.al sections of fuel. The time dependence of 

the decay heat source was considered; the frictional losses and heat 

transfer were assu.rned to be adequately represented by the relations for 

turbulent pipe flmv. · A constant radial power density was assumed. The 

system of equations vras amenable to machine calculation using an itera-

tive scheme. It was found the.t natural convection has a pronounced effect, 

as compared to the adiabatic case, UQon the tempe:r-ature transient. With · 

a constant radial povrer density, it ~,ias found that the cladding will not 

meJ i: a.c power levels below 38 1/.LVr and the fuel will not melt at power 

levels below 68-l/2 Mw. 
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Cross-sectional area of fuel (em ) 

~: Cross-sectional area for coo:Lant ( cm
2

) 

c : 
p 

Specific heat (cal/gm-°C) 

d: . Fuel element di~~eter (em) 

E: Internal energy per unit mas:::; ( cal/grn) 

f: 

g: 

G: 

H: 

k: 

£: 

Friction factor 

2 Acceleration of gre.v:i.ty (cmj.:ec ) 

2 Mass flow rate (gm/cm -sec) 

Enthalpy per unit mass (cal/gm) 

Thermal conductivity (cal/sec-cm-°C) 

Either slab thiclmess or the exponent in the viscosity-temperature 
relation 

L: Core height (em) 

L': Height of core plus stack region above it (qm) 

L Equivalent length of the extcTnal piping eq_ 

p: Pressure (psia) 

P: Steady state power (\-ratts) · 

Pw: 'liletted perimeter in core (em) 

PH: Heated perimeter in core (em) 
'? 

q_: Surface heat flux (cal/cm--sec) · 

Q: 

r '. - H • 

t: 

Heat generation rate per ·~i~ volume (cal/cm?-sec} 

Hydraulic radius, rE = '7/P
1
-r ,..,.here Pw is the wetted perimeter. 

(em) 

Heated hydraulic radi~s, 

perimeter (em) 

Time (sec) 

r·T ... ' 
J:i 

P~/PH where PH is the heated 
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T: Temperature,~ absolute uniess stated otheri.,rise ( °K) 

u: Velocity of coolant (em/sec) 

x: Distance from the core inlet (em) • 

Dimensionless Nurrbers 

G: Dimensionless mass flm.,r rate 

Nu: Nusselt number 

Pr: Prandtl nuJnber 

Q: Dimensionless heat generation rate 

St: Stanton number 

Greek Letters 

a: Thermal diffUsivity (cm2/sec) 

Coefficient of thermal eA~ansion (l/°K) 

0: . Batio of L to L 
eq_ 

DL~ensionless lengt~ 

8:: . Dimensionless temperature 

~: Dyn&~ic viscosity (poise) 

p: Density (gm/cm3) 

-r: Dimensionless 

Subscripts 

c: Cladding 

f: :Fuel 

1: Inlet to core \ 
I 

! 

ex: External piping i 
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I. II'JTRODUCrL'ION 

Most calculations of the tem"!.)CY'3.ture transient follo\'ring a loss-of• 

coolant accident in a nucle:O!l' pcn·:er n:;;:;,ctor neglect the effect of natural 

convection. A survey of the ha:r~a:rd.s ::cnalyses for six operating poi'ler 

reactors indicated that '\vhi:).e heat tr·ansfer by conduction and. therma;L 

radiation v1ere considered, heat removal due to natural convection was 

1-6 neglected in each case. In the c·;.se of the Loss-of-Fluid Test Re-

actor (LOFT), Jensen, et al. considered natural convection; however, as 

the conduction and radiation mechanisms were emphasized, ~}le treatment 

f .... , t. . 1' ~· " 7 o navura.J.. convec ~on 1-,ras s~p n ~ea. If conduction and thermal rad-

iation are neglected and the natural convection process considered to 

act alone, a treatment considerably more detailed than'that of Ref. (7) 

is possible. ·For this case, Olander, et al. have shown that in a ;Low power 

reactor of the TRIGA type, the temper.stures Hithin the core remain signi-

ficantly below the melting ..... 8 
po~n..,. 

This investigation assessed the effect of heat transfer by. natural 

convection upon the temperature transient in a large power ;reactor. 

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

considering the coolant to be quiescent air and conduction to it as the· 

only mode of heat transfer. ~L'his ev·;,luation indicated that e. substantial 

amount of the coolant 1.;ras b~ing heated to ·a relatively high temperature 

prior to melting of the fuel element,.and consequently e. more detailed. 

analysis i'l'as vrarranted. Thus, an an·tlysis similar to that of Ref. (8) but 

with temperature dependent propertie.3 1·1as made using e. typical power 

reactor configuration considering natural convection to be the sole mode 
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of heat removal. The .. s_pecific asswn21tions 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. Infinit.e operation ·prior to shutdovm 'l·ras 

assumed. II 

(2) The flow through the system can be described by the quasi-steady 

state form of the one-diwem:ional conservation equations coupled . 

to the lumped capacity tranr-ient energy equation for small axial 

sections of fuel. 

(3) The frictional losses and heat transfer can be adequately des-

cribed by the relations for turbulent pipe flow. 

The magnitude of the time derivatives in the differential flow conserva-

tion equations were evaluated upon (3clution and neglecting them w-as 

found lto be justified for over 9Cf/o of the temperature transient. ' ' 

In the pov<'er reactor configuration to "\-;hich the eq'l,lations were 

applied, the break was assmned to t~~e place in the piping external to 

the pressure vessel. The frictional resistance of this piping and the 

increase in the buoyant force due to the stack effect in the region 

above the core were considered. The blo~-rdmm tir.1e was assumed to be 

zero.. Both air and steam coolants ,,;ere considered. 

T'ne resulting equations 1-rere a.'Tie':1a.ble to machine calculation :using 

.an iterative scheme. This was done using the design para.!!leters for the 

7 10 LOFT reactor. ' As compared to the adiabatic case, it was found that 

natural convect~on has. a pronounced effect upon the temperature transient, 

especially in the case of the steC-!'11 coolant. At low pow·er levels it alone 

' I 
is enough to prevent melting of eithe::- the cladding.or t~e fueL At the 

higher powe!' levels it produces a significant increase, as compared to 

the adiabatic case, in the time to fuel melting. 
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II. QUALITATIVE EVALUATION OF THE BUOYJU1T FORCE 

,., Initially it was not knmm >vhether the time from the inception of 

the loss-of-coolant accident until clad melting would be large enough 

to allow a significant flm-r rate to be developeq.. In order to evaluate 

this the following analysis 11as made. · 

If it iS assumed that the reaGtor core is filled with quiescent 

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

loss will be by conduction to the air rather than convection. An esti-

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

duction to the quiescent air to be tbe only mode of heat transfer 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 flow rate l·lill be developed. Con-

sequently, the effect of convection during this period should not have 

been neglected. However, if the profile 'bas penet-rated only a small 

distance, the flovl induced 'Jill probably have been small an4 so 

neglecting convection may be justified. 

Thus, a calculation was made for a fuel element equivalent to that 

in the LOFT reactor in order to evaluate qualitatively the ·magnitude of 

the buoyant force. By equivalent is meant that the LOFT cylindrical 
C'l 

' fuel element was represented by a semi-infinite slab whose thickness is 

prescribed so that the surface hen.t flu.'<: is identical to that of a LOFT 

fuel ele."llent during steady ste.te operation. A single se~i-infinite slab 

fuel element in an infinite air mediu:n was then considered and the 
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following asslli~ptions made: 

(1) 

(2) 

The fuel element is su:rrou...YJ.ded by quiescent air for all time. 

The i . ."''litial temperature of the air is 260°C. 

/3' \ ) The fuel element consists of a homogeneous mixture of fuel and 

. cladding with the interfacia:'... resistance neglected. 

(4) The temperature gradient lvithin the fuel element. was neglected 

since the thermal conductivity .of the fuel is much greater than 

that of the air. 

:t!JB.thematically the problem is exp:c-essed by the time dependent con­

duction Eq. (l) applied to the quiescentf/.a.ir, subject to the initial and 

boundary conditions (2), (3), and (4). Figure 1 shovrs the fuel element 

and pertinent dimensions. 

k 
pc 

p 

I. C.: T(x,o) = T 
0 

B.C.: lim 
X --7 co 

T(xJt) = T 
0 

where T is the initial temperature of the air, Q is the volumetric 
0 

decay heat generation rate, which is assumed constant during the time 

of interest, £ is the slab thickness, p and cp are the density and 

specific heat,., respectively, 1.;ith the subscript f denoting the fuel 

(1) 

(2) 

(3) 

(4) 

element. The slab thickness 1 is determined by the steady state equation 

(5) 

or 

(6) 

. ~- /· 

, 
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v1here q is the steady.,..state su:rface heat flux. Thus, from Table II, J. 

for a lumped capacity homogeneous fuel element is 0.490 em. Equation (1) 

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

as shown in Appendix A~.to yield: 

where 

At the 

T(x,t) = T + 
0 

erfc 

_§__ v 
.r; 

b 
2k 

o:(Pc )..,P. p .1. 

T) 
X 

= 
:}4 0: t 

v bx 
= 271 

(v 

exp 

surface of the fuel 

T(o, t) = T + 
0 

YJ) - (1 + 

1 2 ! 
\. -Tj ) ,_ 

I .., 

element, .{ 

•) 

2v71)erfc (.71) 

= 0: 

( 2 
~ exp (v ·) 

t_ 

erfc (v) - 1 + _:._-- v;.. 
F I 

'\/ II -

+ 

(7) 

(8) 

(9) 

. ,. 
(1Gl~ 

(11) 

It is difficult to deter:nine pr.:;cisely the value of Q. to be used in 

(7) and. ( 11). Since Q. is a constant in this solution it should be the 
. . ,... 

average value of Q.(t) over the ti.>ne to f~ei melting. An estimation of 

the time to' melting can be made by S<)l ving the adiabatic Eq. ( 12) within 

the f'uel u~ing the time dependent he ·1t source ( 13) • 9 . 



/ 

-b-

Q (t) (12) 

.. 
Q (t) = 

1 
- PM (+) 200 1 

v 
(13) 

( 12.05 t -0.0639 0.1 < t < 10 

I 
15.31 t -O.l8J7 M (t) = 10 <t < 150 (14) 

Here P l:s the steady state po-vrer in watts and t is the time after the 

shutdm-m in seconds. Using the values for the lumped capacity homo-

geneous fUel element and the properties of the air frn~ Table I, the 

solution gives the dashed curves sh01m in Fig. 2. The time over ;.;hich 

to average Q(t) for use in (7) and (11) is then determined to be 600 

and 2000 seconds for the maximu...~ and :.::.verage fuel elements, respectivelY,· 

0 l 
This is the time at lvhich the I~uel melts: (assu.-rned at 2500 C) in each case • 

. Average ·.values of M were then co:1puted to be 5.67 and 4.08, respec-

·tively. A plot of Eq. (ll) for these values is sho~~ by the solid lines 

in Fig. 2; the curves cross the adiah!,tic curves because a constant heat 

generation rate is being used in this case. Equation (7) is nmv solved 

to determine the temperature profile in the surrounding air at.t = 300 

seconds, the time at ;.;hich the cladding melts (1400 °C) in the maximum 

f-J heat generation case. This profile i~; shmm in Fig. 3. The profile can 

be seen to penetrate into the air a chstance of more than 1.5 em. As 

the LOFT fuel elements have a center-to-center spacing of 1.47 em, this 

indicates that most of the air surrounding the fuel elements will be at 

a temperature considerably above T
0

• Consequently, it is probll.ble that 
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Table I. Properties of the Lm:pecl Capacity Homogeneous Slab 
Fuel Element and Surrounding Air. 

Fuel Element: 

:VJaterial 

Density, 3 Pf (gm/cm ) 

Specific heat, c ( cal/fsil1- °C) 
p 

Thermal conductivity, k:f (cal/ sec-em- °C) 

Thiclmess, £(em) 

" Thermal diffusivity, a: (cm""/sec) 

Specific heat, c (cal/vn-°C) 
. p 

Thermal conductivity, k (cal/sec-cm-~C) 

0.115 

0.0242 

0.490 

0.586 

0.0000955 

.• 
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the flow rates induce<;l are large enortgh so that natural convection 

will be a significant mode of he.c:.t t~·e.nsfer during the temperature 

transient, and thus a more detailed .:cnalysis is warranted . 
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III •. : 'T.IIE I·TA'IUJ1AL COI'<'VEC'J:IO:ili 'rEIYIPERATURE TRANSIENT 

- '),'' .~· . ' ') 

As the buoyant force· d.evelO})ed appeared large enough to kvarrant ::. 
I • 

.1, l, 

furthe:r investig'ation, the one-·d:L"llensional flovr conservation ':E~quatio(> 
' ,., . :·:. . ~I 't 

>vith a lumped7c.?-~acity ;fuel enerr;;J equation Here solved for a \typ~cal ... · ·'' '· 
J, . :· . 

po·vrer :reactor configuration as shovm ~Ln Fig. 4. The following;.assump.'-' 
' ~ '· 

tions lvere made: 
. ·~-

1. 

(1) The radial pmv-er· density is consta.11t; the power densit~· varieS:• 

as a cosine axially.. The ti:ne dependence of the heat c.ecay is-' 

given. by ~s .. ( 13) e.n~. · (~~)··.·,~hich assume infinite operation 
··' ,, ,1,, ~. ! ,l prior to shutdovrn. '·. 

( 2.) Tne flow .. through the ;syst·em ..::an oe described by the qur~si-s.teac\.y 
. ! 

' 

state form of the one..;dimeLsional ~onservation equations. 6'oupleh 
·.; 

to the lumped capacity tr:msLent energy. equation for small axi( i: 
... I 

sections of fuel. 

(3) The frictional losses and he:.;.t transfer can be adequately ·des-

cribed by the relatior.s for ·Gurbulent pipe flow. 
.. . ·~ 

The one-d~ensional flov/eq~atio;1,s_ in?-icating .conservation of mass, 
·., ... _ \. 

momentum, and. energy in the co oi~:n.~ :·a:Y.'·C: ! · 

•' ... . ( 

d '. 'dX .. ·( P.u) ·=.= o 
·,_,·. _.·, 

(15) 

d (pu) dv + 

d [p ~ (E + 

" 2 <Jo a 
dX (pu ) ::: dx 

1 C) ' 

2 
;;,c.:) d 

+ ·..-- PU d::. 

.• , 
'-·•• .. 

:;:-r - Pug 
- 't.i 

"' 

{H 

f ~ - pg -
rH '2 (16) 

+ 1 2) -u 
2 ' J 

(17) 

' ',•• r 
•.· r· •., 

t• .... -

..... 
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Pressure vessel 

Fig. 4 
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where rH is the ·hy4,rap.Hc ·radius, r = A. j'p • . II 11' W*' 
'f., ..• 

and rH ', is the heated 

hydraulic rad.ius?,;/~Hi = AF/~-I' vrhere PH is the heated periineter. 

Defining 
G::;; Pu (18) 

and neglecting the derivatives w·ith respect to time, and also neglecting 

the kinetic and potential energy terms in (17), produces a set of ordin-

ary differentii'J.l equations ~<rith the time variable a parameter: 

dG 
dx ::: 0 (19) 

2 n 

.se. d (G ) 
.C•('L. 

= - - Pg - ~ 
dx dx p 2Pr.r 

t. 

(20) 

5._ (GH) = ~-
dx r ' 

li 

(21) 

( .~ 
'' 

If the subscript l denotes the inlet to the core,, then Eg·;· .(19} giv~s . 

and thus 

;!£ = _ G 2 d (];, ) _ pg _ 
dx 1 dx p 

·G . 
' 1 

(22) 

(23) 

(24) 

Using the ideal :gas law (neglecting the slight pressure drop through 
:.~· . 

the c<;>re): 

p = 

and the definition of specific heat: 

dH = c dT 
p 

(25) 

(26) 



reduces (23) and (24.) to: 

dD 
-·-- = 
d.:·: 

G 2 
l 

-ll·· 

d'l' 
2 

·:"G "' .. 'l .L 

The lumped-capacity fuel energy equation is·:. 

(pc )f d:f = 
p dv 

P..;.., 
Q(x,t) - ( / ) 

.c.f 

(27) 

(28) 

.' (29) -

- -
i'lb.ere the derivative is viritten as (~rdinary since conduction within -the 

fuel has been neglected. The heat transfer coefficient h is definecl by: 

h(T.., - T) (30) 
J. 

and the friction factor is assmned to be represented by 

f = K Re-n (31) 

where K = o. o46 and n = 0. 2 for turbulent flow and the Reynolds Number·· 
'• "<· . 

··.' 

is expressed:-

Re = 
4 rH G 

1..1. 
(32) 

The local Nusselt Number is assumed to be adequately represented by the 

Dittus-Boelter relation 

where 

Nu = 0.023 Re
0•8 Pr0•4 

4 rE h 
Nu = k 

c 1..1. 

Pr =_E._ 
k 

and the viscosity is represented Qy 

J. T . 
~..~. = l..l.1. CT' ) -

1 

. (33) 

(;54) 

(35) 

(36) 
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where £ = 0. 76 for a:L1·. A .set c:f cEmensionless variables and parameters 

is defined: 

}~ 

~ = -1 
(37) 

(38) 

(39) 

(40) 

(41) 

( 1.,2) 

(43) 

where 1 is the height of the core, I.' is the height of the core plus 

the stack above it, 1 is an equivalent length for the external piping 
e.2, 

(includes the resistance of the heat exchanger and coolant pump), and Q. 

is the midplane pm.,rer. density. Using the relations (30) to ( 43), Eqs. 

( 28) and ( 29) can be reduced as shmm in Appendices C and D, to : 

~~ + ~ st(~,T) e(~,T)= ~ st(s,T) ef(~,T) (44) 
Q~ .~ ~ . . .. 

, I • ) sln \ 11~ + Nu(g,T) e(~,T) (45) 

Thus the conservat;i.on of mass, momentum, and energy of ',the coolant and 

the conservation of energy in the fuel is represented by Eqs. (22, 27, 

, 
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44, and 45) respectively. Tr~e bour,d::c:r'Y and initial conditions for the.· 

equations are, respectively.: 

G(O,t) = G ( t) 
1 

(46) 

T(O,t) = T 
1 

(47) 

e(o,-r) =-8~ = 1 (48) 
.L 

8f(1;,0) = 8+'(£) (49) 
'"-

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

· G
1 

( t) is obtained from the solution of the momentum equation while T
1 

and e
1 

were specified as equal to their values at the inlet to the. 

external piping and ef( ~) is a para;'l.eter vrhich has been calculated for 

the ,LOFT reactor to be independer..t .)f s and equal to 260°C. 7 Blowdo'to.'Il 

calculations for other reactors, su·~h as Ref. (5), ·have also shown the 

final fuel temperature to be relatively independent of position. Equa­

tions (22, 27, 44, and 45) are then solved for the reactor configuration 

shown in Fig. 4. This consists of a pressure vessel with a reactor core 

located in the lower half of it and an equivalent length of pipe which 

represents the external piping. Th·~ coolant is assumed to enter this 

' piping at a constant terr..perature T
1 

and to pass through it with no 

temperature increase. After passing through the core, it is assumed to 

flow upward through the empty region above'the core 1 denoted the stack1 

at a constant temperature vrith no 1·n1.ll friction. It then exits as shown. 

The solution of the above equations for this. confi~ation is ;shown :in 

Appendices B, C1 and D. The resulting equations are: 



,r .. · 

Momentwn equation: ~· 

( 16 

1- 8(1;-r) 

8(1,-r) 

KL 
·2 r 

H 

l 

1-8 c ~' -rl ds. + 
8(~,-r) 

J r " n l r- I8.L+n;;(~,-r) + 5Jd~ = 0 
0 L J 

(50) 

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. 

t 
Coolant energy equation: 

e(s,-r) = t e(o,.-) 
e J"' e ( s. I , .- ) st ( ~ ' , T ) 

0 f 

,- L 1; I 1 } ! exp -r , J St( ~",-r)ds" / d~ 1 

,__ H 0 _, 

f I L s )l· 
.L, exr:1 - -., .-, J St(; ', -r) d~' j' 

\ .tH 0 

. Lwnped capacity fuel energy equabon: 

r 
-1" 

+ J 
0 

i Q( 1" I ) 

1 
sin (Tis). + 

(51). 

(52) 

<· 

t'' 
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where the Stanton. number is defined 3,S: 

St(~,-r) = 
Nu(~,-r) (53) 

Pr Re(;,-r) 

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

. (54) 

The effect of the extrapolation leng';h was negl,ected as indicated by the 

·use of sin, (7t~) for axial shape f'act'";r in Eq. (52). -The error in the 

heat generation rate at any axial po:;ition induced by this approximation .· 

will.be less.than 6 percent for a reactor of the LOFT type.which has an 

axial peaking factor of 1.5 . 

. These equations can be solved b:.,r an iterative method. Assuming 

value;~ for Re, e, and ef, Eq. (50) g.Lves a new value for Re, Eq. (51) a. 
. ' 

new value for e, and Eq. (52) a new value for ef. The process is then 

repeated until convergence j_s attainc:d. For initial estimates, simplified 

solutions of Eqs. (23), (28), and (29 L neglecting the variation of 

·viscosity and density with temperature except in the buoyancy term where 

it is represented by 

and neglecting the effect of the extE:rnal piping were used. These equations 

are solved in Appendix E. The resulting initial estill".ates a.re: 

) 

., 
'· 

Re(-r) = [A.B(2H-l) Q(-r)f·357 

e ( t,~r) = 1 +. ·p Q (-r) (1 7rt) 
"' .!.:) Re ( -r) - cos ':> 

(56) 

,i 
I 

(57) 
1 ·.\ 

\ 
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er;,-r) = (~~(s,O) + t lcxp(Nu(O)s);.l 
f' l J. · 0 L J 

[~u(o) S(<,s) + Q(s)(sin rr <)] 

ds J • [exp(-Nu(O)-r)J 

where the Nusselt number is given byE~. (33) and A and Bare the 

dimensionless coefficients: 

./ ... 

32 
A= 

2 A T y 3 01 g ~-'. 1 H 

K 2 
- fll 

k1 L 
B = _ _:;;_ _ __,.. 

I-Ll cp rH 

(58) 

(59) 

(60) 

, 
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, To eya:luate the effect of natu:r..s·l convection upon a temperature 

transient, a specific reactor desigr must be chosen. It has been propo­

sed T,lO that a reactor. whose charactEristics are typical of currently 

operating power reactors b<:? r::·:·n.s':::''.'.r:·t?·:~ :-~.nd deliberately subjected to a · 

loss-of-coolant accident. This reactor, a 50 Mw, uo2 fueled, ;pressurized 

water reactor, designated the Loss-of-Fluid Test Reactor (LOFT), furnished 

the thermal and-geometric parameters used in this analysis. It was chosen 

because these parameters are supposeCi.ly typical of presently operating 

pressurized water reactors. The para.ineters are shown in Table. II. 

Based upon the values in Table II, the parameters for· a homogenized fuel 

elemelt vlere calculated with ·-pf and cp defined by: 

i 

P_, A"" + PC A 
• .l. c 

pf - Af + P. 
c 

P:r Af cpf + PC A cPc c 
Cpf -

(A.(.' + A ) pf 
J. c 

At - Af +A 
c 

,{ A + }:: A 
kf 

l.f f c c - A· +A f c 

The parameters used in the solution of Eqs. (50) to (54) are.show in 

Table lii~··: · 

(61) 

(62) 

(93): 

(64) 

I 
'' 
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Tabl'e "II. Loft Des:tGn Parameters 

Core height, L (em) 

2 
Cross-sectional area of fuel, Af (em ) 

2 
. Cross-sectional area of cladding, A (em ) c-

Cross-sectional area for coolant, ~ (cm
2

) 

Rod spacing (center-to-center) (em). 

Fuel 

Density, pf (gm/cm3) 

Specific heat, cp~ (cal/gm-°C) 

Thermal conductivity, kf (cal/ em-see- °C) 

Pellet diameter (em) 

! Cladding 
I 

\ Thickness (em) 

Material 

Density, pc ( g;n/cm3 ) 

Specific heat, cPc (cal/gm-°C) 

Average fuel power density, Q 

Peaking factor 

RacHal 

Axial 

Total 

Hydraulic radius, rH (em) 

Heated hydraulic radius, rH' (em) 

Pressure loss through core (ps~.) 

Pressure rise across pumps (psi) 

: 

91 

1770 

380 

5130 

1.47 

10.2 

0.08 

0.010 

0.910 

0.038 

·:stainless steel 

8.04 

0.18 

256 kw/liter o:r 
61.5 cal/cm3-sec 

1.6 

1.5 

2.4 

0.480 . 

0.496 

6-1/2 

35 

• 

..; 

jt 
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T[tb lc III. l':u·:und;crc Used. in the Solution 

Core 

Height, t (em) 

Hydraulic radius, r H (em) 

Heated hydraulic radius, rH' (em)_ 
2 

Cross-sectional area for coolant, ~ (em) 

Cross-section~l area for :f'ii.el, Af ( cm
2

) " 

Equivalent length of external piping*, Leq 

Height of core plus stack region, L' (em) 

Fuel 

Density, pf (gm/cm3) 

Specific heat, cPf (cal/ gm- °C) 

Thermal conductivity, kf (cal/ sec-em- °C) 

· Initial f'ue 1 temperature, Tf
1 

(independent 
of ~) (°C) · · 

Coolant (at i~let) 

Pressure (psia) 

Temperature T
1 

(°C2 

Density, p
1 

(gm/cm)) 

Viscosity, !J.l (poise) 

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

Coefficient of thermal expansion, 
t'l (1/oK) 
Specific heat, cp1 (cal/gm- 6C) 

Prandtl Numb.er, Pr 

Viscosity exponent, 2 

2 2 
16 rH pl gL 

.2 
J.ll 

(em) 

Air 

14.7 

25 

0.0012. 

0.0002 

7.6·10-5 

0.0034 

0.24 

0.70 

0.76 

The method for calculating L · is sho"WWl in Appendix B eq 

91 

0.48 

0.496 

5130 

2150 

4oo 

182 

9.45 

0.115 

0.02~ 

260 

Steam 

35 ' 

127 

·0~00135 

0.000138 

6.8··lo-5 

0.0025 

0.52 

1.05 

0.98 
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TRANSillN'l' J?OH TI-lli LOli'£ I'OVlBl{ REACTOR 

. ' . . 

. ). machine program WaS written W~liCh SO 1 Ve S E_qs • ( 50,.;52 1 54) Using 
. ' .. . .. 

an itera~ive method. It is shown in Appendix :G. The temperature transient 

.. was then calculated using the design parameters show in Table III as 

input to 'the program. Two coolants ·;..rere considered: air at atmospheric 

·. temperature and pre~sure,' and steam at 127°C and 35 psia; the steam 
' 

conditions are identic'al to those assu!ned by Jensen, et al. 7 Four mid~ 

plane operating .power demsities·,·2_4:·5,: ,61. 5, 98. 5, and 147~ 5 cal /c~ -sec 

were considered for. the air coolant case 1vith .the last ·t~ee being .con-

.side red <in· the steam coolant. 'case. These qanbe equated to the PO'Wer 
'. 

level of the reactor, assuming_ a constant radial power density, by the 

relat~on P = Q (A:r ~ Ac) L/l.5 where. Q· is the midplane power density.· 
. ) . . . .. . .. . 

_Thus.¥hese power densities corre$pond to power levels of 13-l/2, 33-l/2, 
. . . ' 

54, and 80 Mw' respectively. ' : . 

The maximum axial fuel temperature as a function of .time· is sho'm 

in Figs. 5 and 6 for air and steam coolants, respectively.- It can b~ 
. . 

seen that the_steam coolant givestemperatures approxima.tely a factor of 

two below those for an air coolant. There are two reasons for this: 

_one, the dimens'ionless coe~ficient multiplying the_buoyant force term in 
'' •· ... ·. . ·2 '2 . '2 .'• . . . 
· · Eq. ( 5), ( 16 rH P1 gL/J.L1 ) _is more than a factor of two higher _for steam' 

' .. '· '·. ., 

.l 

as sho-vm in ':rable III. This is entirely due to the difference in the 

kinematic_viscosities~ Consequently higher Reynolds numbers will exist 

. · with steam thereby raising the· heat transfer coefficient. That higher 

Re~olds numbers will in fact be calculated for steam is verified in 

.. Figs. 11 and 12. Secondly, the specific heat of steam is a factor of two 

higher 'than that of air giving lower coolant temperatures for equal amounts i 



.• 
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of heat transferred. ""·Ar:; the fuel temperature is a function of the 

coolant temperature and the heat transfer coeffi~ient, lower fuel 

. temperatures will be. obtained 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 same curves are plotted with 

the adiabatic case shown for comparison. The time to melting of the 

fuel.and cladding obtained from these curves is shown in Table IV (the 

melting points of the cladding and fuel are assumed to be l400°C and 

. * 2800°C, respectively) ; the percentage increase over the adiabatic case 

in the time to clad melting varies from 12 percent to an infinite amount 

while that for the fuel varies from 25 percent to an infinite amount. 

The data from Table IV is shown graphically in Fig. 9. When one or more 

of t~e points exist at infinity, the shape of the curve was difficult to 
• j 

! 
deterinine exactly and dashed lines were dra'Wn.in these.:regions. 

FigUre 10 shows the maximum fuel temperature occurring during the 

transient as a function of the operating power density. It is composed 

of the locus of the WAxima from Figs. 5 and 6. It can be seen 'in the 

steam coolant case that the cladding melts at 70 cal/cm3-sec and the fuel 

melts at 126 cal/cm3-sec. By the previous equation, these are equivalent 

to power levels of.38 and 68-1/2 ~hv, respectively. For air, similar 

values for melting of the cladding and fuel are 24 and 43 Mw1 respectively. 

* A value of 2500°C was used for tbe fuel melting point in the slab 

case; however, 2800°C appears.to be a more generally accepted value 

and so will be used here. 

;. 

. ' ·' 
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Figures 11 and 12 shovr the Reynolds number at the core inlet and 

exit. For the air case the Reynold~: numbers are decidedly below the 

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

d1;cts, departure from the la.11inar regime has been observed at Reynolds 

numbers on the order of 1000 1-rith tLe turbulent regime fully established 

at Reynolds numbers of 180o. 11-12 ~ne core length is approximately 48 

hydraulic dia;•neters and has several 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 

turbulent flow will persist throughout the core'length. For the steam 

case shown in Fig. 11, the Reynolds numbers are on the order of.l900 and 

so there is little doubt that the flovr is turbulent at the core inlet. 

Agaiil the complex flow path is assUJ?led to maintain the turbulent regime 
I 

\ . 

throughout the core length. A singJ.e calculation was made assuming 

laminar flow to exist throughout thE: transient and the results are 

discussed in the last paragraph of this section. The Reynolds number 

at the core inlet in Figs. 11 and l? does not increase monotonically wi:th 

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

temperature level increases with inereasing power density causing the 

hotter gas to experience less of a ehange in·buoyant .force per incremental 

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

gas at the lower power density. Thus, as the coolant temperature 

increases, ~he forces which retard the flow increase at a faster rate 

than the buoyant force which induces the flm-r, thereby causing the 

Reynolds number to pass through a m<vcimuro.. It is this effect that causes 

the maximum fuel temperatur~ for air to rise rapidly above 60 cal/cm3 -sec 

.as shown in Fig. 9. For. steam, the effect occurs at. a higher poiver density, 

, . .. 
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primarily because the higher specific heat of stea."ll results in a loHer 

coolant temperature for the sa:'ile po·wer density. 

Figures 13 and 14 show the maximu.rn coolant temperature transient for 

the cases considered. It usually, t~ough not ahrays, occurs at the outlet 

of the core. This departure of the ;,1aximum from the outlet occurs when 

the coolant becomes hotter than the fuel causing heat transfer from the 

coolant to the fuel. This is to be ·~xpected since the heat generation at 

the core exit is zero and a.xial cond·..:tction has been neglected. Its 

effect, however, w-as ah.rays small. 

The magnitude of the terms dropped in thederivation were evaluated 

by'the computer program upon solution and, with one exception, found to 

be less than one percent of the term.> retained for times greater than 

25 se,conds. The exception vas the a:dal conduction term; the axial 

conduction amounted to about 5 percent of the radial conduction rate. 
l t. 

It was attempted to determine if the assumption of a constant 

radial heat generation rate at the peak power density is conservativ~. 

An analysis similar to that used the derivation of Eqs. (50-54) was made 

on a system consisting of two parallel flow paths attached to a length of 

inlet piping. Each path contained a fuel element generating heat at a 

constant ratP. Tne system ,.,as assumed to be in a steady state. The 

effect of reducing the heat generation rate in one of the fuel e;Lements 

was investigated; however, the equat::.ons became too· complex to be easily 

solved. The analysis is shown in Appendix F. 

If an actual loss-of -coolant accident ,.,ere to occur, the containment 

vessel would be filled vri th a mixture of air and steam. Thus the specific 

heat of the mixture would be lower tltan that of steam which would result 

in higher fuel temperatures than for pure steam. However, the density of 



, .... 

the mixture will be greater than that for stea.m alone; reference to the 

momentum equation (27) sho·ws that th:.s vlill result in an increase in 

the buoyant force along with a decre~se in the acceleration and frictioP~l 

terms. Thus higher Reynolds numbers should exist and hence the t1v0 

effects are compensatory. 

A single calculation with the :rnE.chine program was made to indicate 

- the effect of the external piping. The result is shown in Fig. 15 for 

3 . 
a steaJTl. ~volant with a heat generatic,n rate of 147.5 cal/ em -sec. It 

can be seen that the Reynolds nu."llber~: are about 50 perce_nt higher and the 

fuel temperatures about 30 percent lo1·rer than the case with the external 

piping in the circuit. The fuel doe::: not melt in this case. 

A single calculation was also mc.de -vrith laminar f'low assumed to 

exist !throughout the transient. The principle diff'iculty is, of' course, 

to determine relations for the f'rictjon f'actor and Nusselt number in the 
! 

geometrically complex LOFT react,or core. As an approximation, it was 

assumed that the core could be represented by a circular pipe.· The 

friction factor is then given by Eq. (31) with K = 16 and n = _2. The 

local Nusselt number was assu.'ned to be given by the asymptotic constant 

-vrall heat flux case, that is Nu = 4.)64. 13 The results for a po1ver 

density of 147.5 cal/cm3-sec and the steam coolant are shown in Fig. 16. 

It can be seen that there is little d.ifference in the fuel' temperatures. 

The Reynolds number in the laminar CCJ.se rises less steeply because the 

laminar relation gives a higher friction factor at low Reynolds numbers. 

At high Reynblds numbers it drops mol'e steeply because the increasing 

temperature,: level of the coolant affects the f'riction factor,. through 

.the kinematic viscosit~) to the first power rather than yhe 0.2 power. 

In changing from the. turbulent to the laminar analysis, the length­

c.ver@,ged. :f'rietien :t"aetol:' has been inc·reasfild. by a factor of e.pproxil'nately 

• 



1.3 and the length-ayeraged Nussclt NUmber reduced by a factor of 

approximately 2. Both chanc;es tend to increase the maximu1n fuel temper-
' 

ature. The maximum fuel tempero.tur·.:: increased by less than 10 perc.ent 

thus indicating the fuel temperatur~ is relatively insensitive to changes 
•• 

in the:: friction factor r,nd Efussclt >Tu:-r:ber. It is believed that this 

insensitivity is caused by the 1.e.l'fY: staclc region and also possibly the 

inlet piping. The signific:::.nt point, h01vever, is that the fuel tempera-

tures.differ only slightly and that the inlet Reynolds number quickly 

rises to the critical value. Thus ~~he fact that natural convection 

existed during the initial port-:ion of the transient, and possibly near 

the core outlet, did not sig:1ifican~:ly affect the fuel temperature in 

this case. 



PO\-Ter Density 

(cal/_cm3:-sec) 

61~5 

61.5 

6l. 5 

93.5 

t_}C;. 5 

98.5 

147.5 

147.·5 

147.5 

. . f~· 

;· 

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

Coolant Time to 
clad melting 

(sec) 

Adiabatic 770 
• 

Air 1160 

Steam 00 

Adiab8,tic 410 

Air 490 

Steam 6oo 

Adiabatic 240 

Air 270 

St~arn 290 

r.·· 

':·· 

·:'\·.' 

Time to 
fuel melting 

(sec) 

. 2450 

00 

1200 

1870 

00 

690 

860 

1200 

Percentage increase 
in the time to clad 
melting over the 
adiabatic case 

( 1o) 

51 

00 

20 

46 

12 

21 

Percentage ~:ncrease 

in the time to fuel 
melting over the 
.adiabatic case 

(%) 

00 

00 

56 

00 

25 

74 

1' 

The melting points of the cladding and fuel are assumed to be 1400°C and 2800°C1 respectively. 
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VI. CONCLUSION 

The effect oflnatural convection upon the temperature'transient 

in a reactor of the LOP! type is significant. If the coolant .is .assumed 

to consist of steam alone and the reactor operates·at a midplane power 

density of 61.5.ca1/cm3-sec before shutdown, neither the fuel nor the 

'cladding will melt. The ma.ximwn temperature attained during the transient 

is l250°C. At 98.5 cal/cm3 -sec, the time tor each the melting point of 

the cladding has been extended from the adiabatic value of 410 sec to , . . 

600 sec; the fuel melting was not reached. At the highest power density 
. . 

. , ·. allowable in the LOFt, 147.5 cal/cm3 -sec, the effect of natural convection 
. i_,. 

··1. 

·"··.·.'. 

: ,.'. 

'. 
::,; 

\ 

.... ·' .. ·,. 

' ·'· 

~;. . ' : ' 

:.· •j"' 

. . . . ' . 

·.is to delay the onset of clad melting by 50 sec and fuel melting by 

510 sec. The melting point of the cladding and the fuel will not be 

attained at power densities below 70 and 126 cal/cm3-sec, respectively. 
i 

· As a constant radial power density has been assumed, these correspond to 

power levels of 38 and 68-1/2 Mw, respectively. If a double break occurs . 

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

maximum fuel_ temperature attained during _the transient at 147.5 cal/cm3-sec 

is 2500°C and thus the fuel will not melt. This corresponds to a power 

..... .level of 80 Mw. 

In summary, these calculations have indicate~ that natural convec-

tion would prevent melting of the LOP! fuel following a loss-of-coolant 

accident at low power levels. · At the peak power density in LOFT, the 

i · time to fuel melting is nearly twice that for an adiabatic transient. 
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APPENDIX A 

SOLUTION OF THE CONDUCTION PROBLEM 

The problem is to calculate the temperature profile which would 

exist if the fuel element were transferring heat by conduction. only to · 

a quiescent atmosphere. Since the thermal conductivity of the lumped 

. ' . 
' ~ . 

..... 

': ·.·· 
'•·, • I ' 

. . .. ... 

' .. ~·> · ... ~ . 
, , ~ r 

.'. ;_ .. ·.' 
.· ,, { 

! • ~ . • . 
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capacity homogeneous fuel element is much greater than that of the ·airj ·. 

the temperature gradient within the fuel will be assumed to be zero. Also, 

the cylindrical LOFT fuel element will be represented by an infinite slab. · 

as the solution is less tedious in the rectangular coordinate system. The 
. ~ . ' 

error induced in·· the temperature profile should be small for short 
' ' 

·. distances from the fuel element surface. The thickness of the slab will 

be·~determined so that its surface heat flux will be identical to that · 

existing in the LOFT reactor. 
6 ' 

The slab thickness is calculated using · . .:. 

~ ·. ·: 

'where .~. ,' 
.......... 

, 
. . ' ~: . ' " 

(2-A) 
·.···'· 

:'.and ' ... ' ·. ,.: 

(3-A) ,. 
., ' ., : ~. 

: ':' r 

··.giving·· 

(4-A) 

· Reference .to, .Table II shows I. to be o. 490 em where the diameter d is 

·: :. \assumed to include fuel and. cladding. ..... · ... 
·, 

'. ~ ' ·. 

The time dependent conduction equation'for the quiescent air is 

' ' 

• ,(5-A) . 

.,.·. . /' 
' ·~· 

.. , ....... 
'!.·,,· 

. ... '''. • I 

. : . ~ : 

' ' - . '· 
.J ..• 

. ... 

. ··:. •' 

• ~! 

.. 

.: . 

'· .·· :'• 

·. :· ,:--· .. 
:.·· 

.. ·, 
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'·. 

subject to the initial and boundary conditions: 

. I. c. : T(x,O) = T 0 

B. c. : lim T(x,t) .,; T 
0 

X ~-oo 

Ql ) . £ Ctr ) Ctr ( ) 2 = ( p ~p f 2 dt ( 0, t - k dX o, t 

The geometry of the problem is shown in Fig. 1. Defining 

gives 

with 

I 
\ 
t 
\ 

e(x,t) = T(x,t) - T0 

r •. c.: s(x,o) = o 

··B. C.: lim S(x,t) = 0 
X -+ oo 

' e.. 

. Ql . . £ d3 . d3 . . 
2 .= (p cp)f 2 'dt (o,t) - k 'dX (o,t)_ 

. (6-A) 

(7-A). 

(8~A) 

(9-A) 

(10-A) 

(li-A) 

(12-A~ 

(13-A) .. 

where the·· unsubscripted properties refer to the air and are evaluated at 

. T
0

• Taking the Laplace Transform With respect· to the variable t gives: · .. 

with 
.. , 

B. C. : lim a (x,s) = 0 
X -+ oo 

' . 

· (14-A) · . 

: . ~ . 

.. ·. 
. .· ' .. , (15-A) . 
.·. ·~-~~~:,·--t· .. :::·:;_~· 

. :: . ~! = (p ~p)f J ~ e (o,s) - k ~ S (O,s). >~·:·-: .. '(16-A) 
... • ~ • .!. • 

' • • .• ¥ '<',~ .. 

and solving the. differential Eq.· .. (.14•A) for 9: 
• 

'' . 

,<,.. 1 • 
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By the first boundary condition 

and by the second 

1' 

and thus 
. ·(-!ix) 
exp )}.§:_ -

This can be inverted to give: 

where ·. --

'b 2k. 
= a(p c )fi. 

. . p 

X 
'.T) = ---. £ 4a.t 

v = bx 
2T) 

(17-A) 

(lB-A) 

(19-A) 

(20-A) 

:-.· ::.. 

_(21-A)_ 

·.·. · .. (22-A) · 

(23-A) 

'' (24-A) .·· .· : 
.... 

·.·,.· '. ·.; . : ~ 

Using Eq. C9-A) with Eq •. (2l-A) then gives_ Eq. (7). in :the body _of this 
~· ~·. ' 

(' 

report •.. · 

',• ,, 
•i. 

· ... ·.: . ·. ' 

.. ·, 

... ·, .. · 

:, : ~ 
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· .. 

' ' . ' .. ,·· ': .. _.: '; 
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· The values used •in plotting Figs. 2 and '3 were obtained by using 

the series expansions for the exponential and comp~ementary error function 

and terminating them after the second term. Thus 

erfc (y) 2 
:::1--y 

. .frr 

for y << 1. 
·4 Hence, at x = 0 and for t < 10. seconds 

T(x,t) ::: T + 
0 

Q 

(25-A) 

. (26-A) 

(27-A) , 

\ · from which Fig •. 2 is· obtained • 
'' ·.· ' 4 

For t < 10 seconds and x ·< 2~1/2 em· 

' ·· ... 

(28-A) 

from which Fig •. 3 is obtained. 
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APPENDIX B 

SOLUTION OF THE MOMENTUM EQUATION 

.. 
The momentum equation in the form of (27) is solved for a nuclear 

reactor configuration as shown in Fig. 4. Using the dimensionless 

variables (37) to (43), (27) becomes: 

d G12 d8 p1gL fG12Le * =- p1 ds - ·e- 2p1 rH 

Integrating Eq. (1-B) over the reactor core (0 Sx S Lor 0 S ~~ 1): 
. G 2 . . . .. 

p(l,-r)·-- p(o,-r) =- ;
1 

[e(l,-r) ~ a(o,-r) J 

(1-B). 

1 1 G1
2

L 1 · 
-P g L f - ds - f f 9 d,~ (2-B) 
. l . 0 e . 2 p1r H 0 

In the stack above the core the heat sources and frictional resistance t . 
( 

are neglected and so Eq. (1-B) reduces toz . 
\ 

Integrating Eq. (3-B) over the stack c~ . .sx SL' or 1 ~ ~ s R): 

. . P g L . 
. : p(R,-r) - p(l,-r )= - eC1,-r) (R-1) . 

~here R is defined by ( .42). 

In the external piping, Eq. (1-B) can be written 

f G 
2 

~ . ex ex 
dx = -P1 g - 2p r 

1 H ex 

(3-B) 

(5-B) . 

where the dimensionless variables are not used 1 and upon integrating over 

the external piping (-L < x < O)t 
p- -

p(01 -r) - p · = p g L' a 1 . 

. f G 2 
ex ex 

- 2pl rH 
ex 

L· 
.p 

\ 
(6-B) · . i, 

, I 

.. .. , . 

·,· 
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where L' in the second term arises from the fact that the buoyant force 

contributes to the flow only in the vertical sections; also p( -Lp' 't') = Pa 

was used. During steady-state operation (6-B) must still apply, and 

.the right-hand side must be equal to 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: 

~p - ~T'I -
.p:ump_~ >l:'.~re - (7-B) 

where the third term is definition of L ; the other values in the third eq . 

term are core parameters. Now the pressure drop across the core :duringi.·· c 

steady state operation is approximated by: 

f G 
2 

L 
~p - ~-1 __ 

9~:~e .... 2 Pl rH 
(8-B) 

.. and ;thus dividing Eq. (7-B) by Eq. (8-B) gives: 
\ 

L /\ ., . 
c.. = _£g. = AI> pumps - liP core 
v L. . 

6 Pcore . '! 
\ 

,, 
·and therefore o can.be calculated by the data in Table III. Equation 

(6-B) then becomes: 

... ·.:. 
fG 2 L 

p(O,-r) ~ p = p gL' .. 1 eq 
· a l 2 p1 rH (lO-B) 

Now p(R,-r) = Pa and thus adding Eq. (2-B), (4-B), and (6-B) gives 

2 ' 

0 = - S:__ [e(l,-r > ·- e(o,.-) J - pl g ::L • 
pl . . ' 

Jl!. 
G 2L 

Jl 
p1 g~ 

d~ - 1 fed~ - e(l,·r) (R-1) + ' . 
o e 2plrH 0 

" f G 2 L5 
p1 g L R - 1 

2 pl rH (11-B) · 

., 
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Combining terms and ~sing Eqs. (31, 32 and 36) and Eq. (13-B) below, plus 

the fact that 9{01T) = 1 gives 

. 2 2 
( 16 rH :1 g L ) 21 . [ fol 

~l Re (o,r) 

1 - ·9(l,r) (R-1 )} + 
e(l,T) 

1 

K L · -. 2r · 
H 

(12-B) 

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

Reynolds number at any position in the core is given in terms of its 

value.! at the inlet by: 

\ (13-B) . 

., 
·· .. .·, 

. ~ . 
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APPENDIX C 

SOLUTION OF THE COOLANT ENERGY EQUATION 

The coolant energy equation (28) using the dimensionless definitions 

(37) to (43) can be written 

a = h T (e - e) 
"'W 1 f 

· Using Eqs. · (32, 34 and 35) gives 

d8 1 Nu ) 
d~ +-rH' Pr Re (ef- e 

The Stanton number is defined 

Nu( ~,r) 
St(~,T) = Pr Re(~,~) 

and so Eq. (3-C) becomes 

(1-C) 

. (2-C) 

(3-C) 

(4-c) 

(5-C) 

Assuming the right-hand side to be ID1own, as it will be if an iterative 

method of so~ution is used, Eq. (5-C) can then be solved to yield Eq. (51). 
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APPENDD: D 

SOLUTION OF THE :FUEL ENERGY EQUATION.: 

Using the dimensionless definitions (37) to (43), the fuel energy 

equation (29) can be written 

(l-D) 

where f(~) describes· the axial power variation and Q(T) is the midplane 

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

(2-D) 

· or, with f(~) = sin (rr~)' 

sin (rr~) + Nu e ·. (3-D) 

If the right-hand s:i..de is known, as it will be if an iterative method is 

used, then Eq. (3-D) can be solved to. give Eq. (52). 
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· APPENDIX E . 

SOLUTION OF THE INITIALIZING EQUATIONS 

The solution of t~e initializing equations is begun with Eq~.(23), 

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

(1-E) 

(2-E) 

(3-E) 

Neglecting the variation of density with temperature in all terms of 
I • 

Eq. (1-E) with the exception of the body force term, and representing it 
·, 
t 

there '!as 

· ( 4-E) 
. . 

gives 

(5-E) 

.. Integrating Eq. (5-E) over the core (0 :S x :S ~~·or.:O :S g· :S 1): 

(6-E) 

Integra~ing Eq. ·. (5-E) over the stack region (L :S x :S L~ or 1 :S g :S R) 

and neglecting the frictional resist.:mce therein: 

p(R,-r)- p(l,-r) =- pl g L (R-1) + 

P1 g L 13 T1 (8(1,-r) -l)(R-1) (7-E) · 

; _,· -

. :.:. 
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.. 
If the external piping is neglected then the hydrostatic balance gives: 

(8-E) 

Thus, adding Eqs. { 6-E) 1 (7-E) 1 and (8-E) and using the definition of the 

Reynolds number, Eq. (32) gives: 

0 = p1 g L ~ T1 (8(1-~)-1)(R-1) + 

. . 1 K JJ.12 L Re2-n 
pl g L ~ Tl ~ (8-1) d~ - 32 Pl r~ (9-E) 

where viscosity is assumed independent of temperature and the friction 

factor is given by Eq. (31). Rewriting gives 

(10-E) 

· · where. A is the dimensionless ·coefficient 
. ; 

(11-E}. 

If it is assumed as an approximation in solving Eq. (2-E) that 

(12-E) 

·the effect of which is to assume that all heat generated is.transferred 

to the coolant,. then 

(13-E) . 

... 

where.B is the dimensionless coefficient 
·~ .. 
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(14-E) 

Integrating gives: 

. 8( ~,-r') ·=· 1 + ~ ~in) (1-cos TI S) (15-E) 

-
Using Eqs. (30) and (34), Eq. (3-E) can be written 

(16-E) 

Assuming the Nusselt nUillber can be appr~ximated _by its initial value: 

Nu(-r) ~ Nu(O) · (17-E) 

. gives 

d8 
d-rf + ·Nu(o) ef = Q(-r)f(s) + Nu(o)e · (18-E) 

Solving by use of the integrating factor p 

,- . 

p = exp (Nu(O)T) · 
,, 

. (19-t) 

gives: 

. a:r(£,<) = [af'(;,o) + f [•xp (Nu(O)s)J .• . 
I. 

[ Nu(O) 8(,,s) + Q.(s):r(;)J ds} •.. ·. 

(20-E) ' 

By Eq. (15-E), Eq. (10-E) can be reduced to: 

(21-E) 

With f(s) = sin(Tis), Eqs. (21-E), (15-E), and (20-E) coincide with Eqs. 

('6), (57) 1 and (58). 
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APPENDIX F 

CONSEQUENCES OF THE CONSTANT RADIAL POWER ASSUMPTION 

It is important to know if the assumption of a constant radial 

power density results in fuel temperatures which are conservative. A 

simplified model can be used to determine if this is true. Consider 

the parallel flow pathsystem consisting of two fuel elements with a 

common inlet length as illustrated in Fig. 1-F. An analysis.:.identical 

to that in the body of this report will be used on .this system. The only 

differences will be that the viscosity is considered cons'tant, the system 

. is a steady state one, and that the volumetric heat generation in either · 

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

equations applicable to this system are: 

dG - = 0 (d::: 

.d.xd · ( Gp
2 

) = _ dd.xp _ pg f G
2 

- 2prH 

:. (GH) 

~ = h(T:f-T) 

Nu = 0.023 Pr0•4Re0•8 

{1-F) 

(3-F) 

(4-F)· 

(5.-F) 

(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), Ti (L) 

• 
Path a 

Path fj 

L 

MU-36721 

Fig. 1-F. Parallel-flow path system used to 
evaluate the consequences of the 
constant-radial-power assumption. 
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~ aJT;Q 
Q=-----

pl c Tl .fg 
' p 

(7-F) . 

(8-F) 

(9-F) 

(10-F) 

Also, for simplicity, the left-hand path will be considered identical to 

the right-hand path in all aspects except that the heat generation rates 

may be controlled independently. The .conditions imposed by the system 

on the conservation equations are: 

Pc/Ll) = p f3(Ll) = p(Ll) (11-F) 

Pa(L) = pf3(L) = p(L) (12-F) 

p(L) = pl - P g L 1 
(13-F) . 

G1 = ~ ( Ga + Gf3) (14-F) · 

where a denotes the left-hand path and f3 ~denotes· the right-hand path • 

The solution of the momentum equation can be shown to be in the.heated 

region: 

• 

(15-F) 

~ 
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where i = C/. 1 13 and i'n the inlet region: 

The solution of the energy equation is: 

a Qi ~ 
TJ.. (L) - T1 = c G. 

p l. 

·The fuel temperature is given by: 

4 rH rH' 

Tf. = k Nu 
l. . 

a Q •. 
J. + T. 

l. 

(16-F) 

(17-F) 

. (18-F) . 

Applying the conditions (11-F) through (14-F) to (15-F) and (16-F) and 

using.the dimensionless definitions gives: 

.. . [ G o 
- - - - a \l 0 = (G Q - G %) + . - Ln (1 + ~) 

CJ. 'tX A - . -
.. 1-' % Ga 

(19-F) 
·' .... ''l. 

[:a Ln (1 ~ ~) + 013 Ln(l+~ )] + 
'\:i Go: . Qp GP .. 

; 

A[a1·scl·+ ~)+a 1·8(1 + ~) l } (20-F) · 
0: - 13 -·J l . Go: Gl3 . l 

. ·: .. 

,· 

&· 

. . 
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where A and Bare the dimensionless coefficients: 

· 4 rH p1 .J12 g ). -0.2 
. C = K (-....;:.;;........;;;;.__ __ 

. 1 . ~ . . 

The co~lant. energy equation in dimensionless form. is: 

Q . 
~ ei =-

G .. 
~ 

and the fuel energy equation is: 

' '. 

where D is the dimensionless coefficient 

. D 
= 4 rH rH•p1cp ~ 

!t.JI; 

(21-F) 

(22-F) 

(23-F) 

(24-F) 

(25-F).· 

A_solution of equations (19~F) to (26-F) does not appear to be readily 

available; however, the equations can be simplified by considering two 

cases: 

Case I: ~ = Q~ = ~ 
implying. 

a = a : a 0: f) . 

e = e -:;- e 
0: f) 

·, '. '· 

(27-F) 

(28-F) 

. (~9-F) , 

. . . 

(30-F) ·.· 

··.• .. 

l 



.. ' 

.. · .. · 

\ '· . 
;_.' ·.,. ~. . 

. . ·~ 

:· ',J ·.' 

- .... 

. ··,· 

-46 ... 

Case II: % = Q., % = 0 

For Case I the eq,uations then reduce to: 

1 = (A+ 21· 8B) a1· 8 + lQ. +! Ln • 
L Q 

(1 + ~)l G +A Q. G0~ 8 
. - I . G .. 

For Case II we have : 

w:P:ere 

·· (1 + S..)'] G . ~ A~ a 0·8 
· - a a G . a . 

a. 
f = ~ 

Ga 

0 = .i 1 ~ Q. - fi. 8 ':a l. 8 + [.1:... Ln • 
. \. - )ex -. . G Q . ex . 

• f , .. 

(31-F) 

(32-F) 

(33-F) 

(34-F) 

(35-F) 

(36-F) 

(37-F) 

. . ~ -
(38-F) .. 

(39-F) ', 

. ·, 
·, ' 

. ~ .. 
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If the assumption of constant radial power density is conservative, then 

should be less than ef. But again there appears to be no easymethod 

of determination .if this is true. Possibly the best approach would be 

to solve the Eqs. (32-F) to (39-F) on a machine for a sequence of values 

of A, B1 · c
1

, .. ·D· and Q • 

\ 
i 

.• ' :1 

,,· 

. , ·, 
. ' 

~· .. ~·· ' 

. ·:: .,·· .. 
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APPENDIX G 

THE MACHlNE PROGRAM 

Outline of Program 

Read input. 

r--:--.--- ...... -~~----:--~ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I ., 
I 
I 
I 
I· 
I 
I 
J 

ncw,O(~,T), 

Not OK 

~ Test max af wHh the Locate max. 9f(t,'T l 
0 ~ ~ ~ t· 

previous 8£' tEo------lfor the given T, 

Not OK. OK 

tl 

I .. P_r_in_t_o_u_tp_u_t_._._. ----..J~ , 

MU-36762 

r 
t 

I. 
i 
I , . 

. i 
t 

I ,, 
f 
( 

> I. 

r. 
l· ., 

,... . :~ 

i 
I 
f ., 

. l 

. l r 
I., 
I. 

I 
r 
r 
;· 
r 

f 
I 

.'I t 
j.• 

··, !,·;; ,. 
r. 
I· 

.:r ,. f .. ' 
,· [-



·'· 

•. 
! 

. . ' ' . 

··· .... 

.. ·, . 
. ·. ·' .;:: 

'• ! .• 

. _, ( .. 

·.,. ... 

····.r· 
\ 

..... 

AFUEL: 

BETA: 

c8(J) :· 

· CPl: 

CPF: 

DELTA: 

EX: 

FRl: 

ICHEK: 
I 

IPRINT: 

ITRIP: 

JTRIP: 

KTRIP: 

NL:. 

NT: 

P: .. . ,_ .. · 

PR: 

Q: 
'._.; 

R: ·:. 

Program Nomenclature 

Cross-sectional area of coolant, ~ 

Cross-sectional area of fUel, Af 

Coefficient of thermal expansion, ~ 
I . 

Initial fUel temperature, ef(~) 

Specific heat of coolant at inlet, c 
pl 

Specific heat of fUel, c 
pf 

Ratio of L to L, o eq 

. "::~- ·r .•• 

~;. ' <0 

Exponent in the viscosity-temperature relation, ~.: 

Coefficient in the friction factor relation 

Exponent in the friction factor relation .: .. '' 

A parameter determining whether the turbulent or l~inar 
heat transfer correlation is used; zero if laminar, one 

if turbulent 

Variable controlling quantity of output printec?- •·. 
~ 

Variable controlling. quantity of output printed 

Variable controlling amount of output printed 

Variable controlling amount of output printed 

One plus the number of length intervals into which -~o.t~ . 

length XL is divided 

O~e plus the number of time intervals into wl:}i(!h t~~ · 

transient.duration Tis divided 

Operating power density 

. Prandtl number 1 Pr 

Volumetric decay heat generation rate, Q 

Ratio of core plus st.ack height to~. core 

' . 

'".· .. 

·,:.:". 
·' 

~ ·. 

,I 

' '~·.: ' .. ' 
'· . ,. 

'· ;=· . 



..... 

~. ' ' 

\ : 

· ... 

:'·."::· .. 

.. ~ 

•·' .. · 

. :,<' 

REYNOL: 

RHOl: 

RHOFL: 

RHT: 

RHYD: 

ST: 

..... 
.L •. 

TEMl: 

TDELY: 

THEW.: 

THETA2: 

TITLE: 

XlCL: 

XKF: 

XL: 

XMlD.: 

XNU: . 
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Reynolds number, Re 

Coolant density at inlet, P1 

Fuel density, Pf 
., 

Heated hydraulic radius, rH 

Hydraulic radius, rH 

Stanton number, St 

Time span over which temperature transient is to be 

evaluated 

··Coolant temperature at inlet, T1 . 

Delay time, between reactor shutdown and initiation of 

t~e temperature transient,· i.e. blowdown _time 

Dimensionless coolant temperature, e 

Dimensionless fuel temperature, ef 

Job title of run 

Thermal conductivity of coolant at inlet, k1 

Thermal conductivity of fuel, kf 

Length of core, L 

Coolant.viscosity at inlet, ~l 

Nusselt number· 

·" 
.. 

All values must be in the CG.S system for use in the program.· All other 
> . .' 

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

program. 

··" 

{, 
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/fe~c/ . 

TITL£ 1 ETR£-PJ .TT/ff,_PJ A'T/?./~ 

. N~., N0 ..l'//f'I/1/0 .lf'//p-tJ ,YMJ./J, 

TE~../, ,(~..t, .dcTA~ c?~L, /R.> 

~//Y.o,~ /'P//7";, A~Lp!IW., A~v.t::~, 

-('L, .~!).;!!"~ T/1, ~~ X A"~ R#;drL~ 
I 

C!~r~ T ~ ,&'_, EX) T~L!"~ Yl t!B(J) 

?r/nr 

TITLE, r> ~ /1/0 T_, T~&~ ~ ; 

Er'.R'IN~- #..t., XL"'. ,R//p~1 . ~/t?Vj.~, > 

T&H~, ~/'..L 1 XKL_, ~E"-r/1~ ~..R1 

eX., ~//)"~., R//~ A~~/fJW,~_ 

,/1,&-v&~, ..t>&~ TA.) R., ....r'k~ 

,R#~E~,~ t:?~.;r:.J &:!PI.T) 

tJa.·/a~/.a./e 

( . 
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$fMS 
* NOGO 
* DECKS 
* LABEL 
·* · FORTRAN 
CMAIN 
C MAIN CONTROLLING PROGRMI. 

DIMENSION TITLEI16lt C8111lt D3(11lt REYNOXI201lt REYI201t11lt 
t THE11201t11J, XNU(2Q1,111 

Dii'I\ENSION Q(201J, REYNOLI201d1lt THETA1(201tl11t THETA21201tlll 
DIMENSION Zl12000) 
COMMON Z 
EQUIVALENCE IXNUI1ltZI66601.1 
COMMON !PRINT, EX 
SENSE LIGHT 0 
READ 10, ITITLEIKltK=1,121 
READ 12, !TRIP, JTRIP, KtRIP 
IF ( ITR I PI 5, 5, 7 

5 CONTINUE 
SENSE LIGHT 1 

7 CONTINUE 
10 FORMATI12A51 

READ 12, NL,NT 
READ 12t !PRINT 

12 FORMATI3I51 
READ 14, RH01, XMU1, iEM1, XK1, BEtA, CP1, PR 
READ 14, RHYD, RHr~ AFLOW, AFCEL 
READ 14, XL, DELTA, R 
READ 14, XKF, RHOFL, CPF 
READ 14, T, P 
READ 14, EX, TDELY, FR1, FR2, ICHEK 

14 FORMAT(7F10.5) 
PR04 = PR**0.40 
PR06 = PR**0.60 
iF ( ICHEK117,17,18 

17 SENSE LIGHT 3 
18 CONTINUE 

C IF ICHEK IS ZERO THE FLOW I~ LAMINAR, IF If I~ ONE THE FLO~ I~ 
C TURBULENT 

PRINT 25 
25 FORMATI23H1INITIATION OF PRINTOUT) 

PRINT 26 
26 FORMATI1HOI 

PRINT 198 
PRINT 27, ITITLEIKJ,K=l,121 

27 FORMAT11H0,16A51 
PRINT 198 
PRINT 28 

28 FORMATI13HOTHE INPUT lSI 
PRINT 30, P 

30 FORMATI38HOTHE POWER DENSITY P IN CAL/CC/SEC I~ ,E15.81 
PRINT 31, NT 

31 FORMAT<30H THE MAXIMUM TIME INDEX NT IS ,131 
PRINT 32, T 

32 FORMATI33H THE TIME INTERVAL IN SECONDS IS .,E15e81 
PRINT 63, TDELY 

63 FORMAT(30H THE DELAY TIME IN S~COND~ I~ ,E15.8J 
PRINT 33, !PRINT 

33 FORMAT<24H THE VALUE OF IPRINr IS ,I31 
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PRINT 34, NL 
34 FORMAT<j4H THE MAXIMUM DISTANCE INDEX NL IS ,I3l 

PRINT 36·, XL 
36 FORMAT!29H THE CORE LENGTH XL IN CM IS ,El5.8l 

PRINT 38, RHOl· 
38 FORMAT!36H THE INLET DENSITY RHO! IN·GMICC I~ ,El5e8l 

PRINT 40t XMUl 
40 FORMAT!38H THE INLET VISCOSITY XMUl IN POISE IS •El5.8l 

PRINT 42, TEMl 
42 FORf'1A T < 36H THE INLET TE>',PERATUi~E TEi-11 Hl K I~ , E 15 • 8 l 

PRINT 43, CP1 
43 FORMAT!32H THE INLET SPECIFIC HEAT CP1 IS ,E15.8) 

PRINT 44, XK1 
44 FORMAT!39H THE INLET THERMAL CONDUCI IV.IlY XKl IS ,El5.8l 

PRINT 46, BETA 
46 ~ORMAT!46H THE COEFFICIENT OF THERMAL EXPANSION BElA I~ ,E15.8) 

PRINT 45, Pf~ 
45 FORMAT!29H THE INLET PRANDTL NU~BER IS ,El5.8l 

PRINT 47, EX 
47 FORMAT!43H THE EXPONENT IN THE VISCOSITY RELAliON I~ ,E15e8l 

PRINT 49, FR1 
49 FORMAT!52H THE COEFFICIENT IN THE FRICTION FACTOR RELAliON I~ , 

1 E15.8l 
PRINT 51, FR2 

51 FORMAT!49H THE EXPONENT IN THE FRICTION FAClOR RELAliON IS ,[15.81 
PRINT 48, RHYD 

48 FO~MAT!30H THE HYDRAULIC RADIUS RHYD IS tE15.8) 
PRINT 50, RHT 

50 FORMAT!33H THE HEAT TRANSFER RADIUS RHT lS ,El$.8) 
P R IN T 52, A F LO\rl 

52 ~ORMAT!40H THE FLOW CROSS SECTIONAL AREA AFLOW IS ,E15.8l 
PRINT 54, AFUEL 

54 FORMAT!40H THE FUEL CROSS SECTIONAL AREA AFUEL I~ tE15.8l ., 
PRINT 56, DELTA 

56 FORMAT!47H THE EQUIVALENT EXTERNAL LENGTH RATIO DELTA IS ,El5.8l 
PRINT 58, R 

58 FORf'1AT!40H THE RATIO OF TOTAL TO CORE LENGTH R IS tE15.,_8) 
PRINT 60, XKF 

60 FORMAT!38H THE FUEL THERMAL CONDUCTIVITY XKF IS tE15.8l 
PRINT 62, RHOFL 

62 FORMAT!27H THE FUEL DENSITY RHOFL IS ,E15.8) 
PRINT 64, CPF 

64 FORMAT!31H THE FUEL SPECIFIC HEAT CPF IS ,E15e8l 
C4 = 32.0 * .RH01**2 * 980.0 * BETA * TEMl * RHYD**3 I FR1 I XMU1 

1 **2 
C5 = X~1 *XL I XMU1·1 CP1 I RHT 
C6 = XK1 * AFLOW I AFUEL I 4.0 I RHYD I RHT I RHOFL I CPF 
C7 = 4.0 * RHYD * RHT I XK1 I TEM1 I AFLOW * AFUEL 
READ 65, !C8(J),J=l,NLJ 

65 FORMAT!7F10.2) 
DO 68 J = 1, NL 
D3!Jl = C8!Jl 

68 CONTINUE 
A1 = 16.0 * RHYD**2 * RH01**2 * 980.0 * XL I XMU1**2 
A2 ~ FR1 * XL I 2.0 I RHYD 
A3 = 1.0 + FR2 * EX 
A4 = DELTA 
A5 = R 
B 1 = XL I RHT 
Dl - 0.2~ * AFLOW * XKl I AFUEL I RHOFL I CPF I RHYD I RHT 
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D2 = leO I TEMl I CPF I RHOFL 
PRINT 70 . 

70 FORMAT(29HOTHE CALCULATED CONSTANTS AREI 
PRINT 26 
PRINT 72, C4, C5, C6t C7 

72 FORMAT15HOC4 =tE15.8,5X,4HC5 =tE15.8,5Xt4HC6 =,E15.8,5Xt4HC7 :, 
1 E15.8) 

PRINT 74, <C8(J),J=ltNLI 
74 FORMAT(6HOC8(J)/(5E20.e8ll 

PRINT 76t Alt A2t A3t A4t A5. 
76 FORMAT<5HOA1 :,E15.8,5X,4HA2 =tE15e8t5Xt4HA3 =tE15e8t5Xt4HA4 =t 

1 E15.8t5X,4HA5 :,E15.8) 
PRINT 78, Blt Dlt D2 

78 FORr-1ATI5HOB1 =tE15e8t5Xt4HD1 :,E15.8,5X,4HD2 =tE15e8.) 
PRINT 8Q,(D3(J),J=ltNLl 

80 FORMAT(6HOD3(Jl/(5E20e8ll 
PRINT 26 
PRINT 100 

lOO FORMAT(14HOTHE OUTPUT IS) 
CALL POWER<~, T, NT, Q, TDELYI 
P Rl NT 1 0 5 ' ( Q ( K ) , K = 1 , N T l 

105 FORMAT(48HOTHE DECAY HEAT GENERATION RATE IN CAL/CC/SEC IS/ 
1 <5E20.8ll 

CALL TRIGAIC4, C5, C6t (7, C8, Q, T, XL, NLt NT; REYNOX, THETAl, 
1 THETA2t FR2, ICHEK, PR04l 
.DO 115 K = ltNT 
DO 115 J = l,NL 
REY(K,J)' = REYNOX<Kl 
THE1(K,Jl = THETA1(K,J) 
REYNOLIKtJl = REYNOX<Kl 

115 CONTINUE 
PRINT 120 . 

120 FORMATI48HOTHE INITIAL ESTIMATES FROM SUBROUTINE TRIGA ARE! 
DO 130 I = 1tNT,IPRINT 
PRINT 122t I, IREYNOL( I ,J) ,J=.l,NLl 

122 FORMATI12HOREYN0L(I,Jl,5X,3HI =tl3/15E20•8l l 
PRINT 124' r, <THETAlii,J),J=l,NLl 

124 FORMATI12HOTHETA1(!,J),5X,3HI =ti3/15E20e8)) 
PRINT 126' I, <THETA2(l,J),J=1,1'lLl 

126 FORMAT(l2HOTHETA2(I,Jl,5X,3HI =,I3/(5E20e8l l 
130 CONTINUE 

PRINT 198 
PRINT 26 
PRINT 150 

150 FORMATC58HOTHE VALUES CALCULATED BY SUBROUTINES REt THl, AND TH2 A 
lREl 

198 FORMATC41HO*************~**************************t41H*********** 
1******************************,20H********************l 

NN5 = 0 
DO 250 I = l,NT 
BIG1 = 1.0 
BIG2 = 10.0 
TEST2 = 0.0 

200 FORMATI19HOTHE TIME INDEX IS ,I3l 
DO 225 NTRIAL = 1,25 
BIG3 = REYNOL(I,ll 
EST = REYNOL(I,1l 
STORE = XL 
XL = 1.0 
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CALL REIAl' A2, A3, A4, A5, THETA!, I, NL, XL, FR2, REYl 
CALL THl(gl, REYNOL, NL, XL, I, THETA2, THE!, PR06l 
CALL TH2(Dl, Dz, D3, I, NL, NT, T, XL, THETA!, Q, REYNOL, THETA2, 

1 PR04) 
CALL MAX!THETA2, NL, z, I, BIG2, IPOS) 
XL = STORE 
D-0 21 0 J = ];, N L 
THETA 1 ( I ,1J l = THE 1 ( I , J l 
REYNOUI,Jl = REY!Idl I THETAl(I,Jl**EX 

210 CONTINUE 
BIG4 = REYNOL(I,ll 
TEST = ABSF!BIG21BIG1 - l.nl 

212 FORMAT(6HO ,5X,6HBIG1 =,El5.ff,5X,6HBIG2 ='El5o8,5X,6HTEST =, 
1 El5.8) 

IF (0.01 - TESTl215,214,214 
214 TEST2 = A5SF!5IG4 I BIG3 - leOl 

IF (Q.Ol - TEST2l215,23Q,230 
215 CONTINUE 

IF !JTRIPl205,205,225 
205 CONTINUE 

IF!XMODF(I,IPRINTl- 1)225,216,225 
216 PRINT 200, 1 

PRINT 217, NTRIAL 
217 FORMAT(l4HOTRIAL NUMBER ,I2l 

PRINT 212, BIG!, BIG2, TEST 
PRINT 218, BIG3, BIG4, TEST2 

218 FORMAT!lHO,lOX,6HBIG3 =,El5.8,5X,6HBIG4 =,El5.8,5X,7HTEST2 =, 
1 El5.8) 

PRINT 122' I, (I~EYNOL(I,J),J=l,NLl 
PRINT 124, I, (THETAl(I,J),J=l,NLl 
PRINT 126, I, tTHETA2(I,J),J=l,NLl 

225 BIGl = BIG2 
PRINT 226, I 

226 FOR~ATI24HOTHE ITTERAT!ON FOR I = ,I3,23H HAS FAILED. TO CONVERGE) , 
NN5 = NN5 + 1 
IF INN5 - 2!227,227,300 

227 GO.TO 250 
230 CONTINUE 

IFIKTRIPl206,206,250 
206 CONTINUE 

'IFIXMODr'II,IPRINTl- ll250,231,250 
231 PRINT 26 

PRINT 198 
PRINT 232' [, NTRIAL 

232 FORMATI38HOTHE ITTERATION HAS CONVERGED FOR I = ,I3,14H AND NTRIAL 
1 = ,Iz,l6H THE RESULTS ARE!. 

PRINT 122' I, CREYNOLCI,J),J=l,_NLl 
PRINT 234, I, CXNLJCI,_,J),J=l,Nll 

234 FORMATC8HONUCI,J),5X,3HI =,I31(5E20.8l l 
P R I N T 1 2 4 , I , C T H E T A 1{ I , J l , J = 1 , l'l i....l 
P RI N T 1 2 6 , I , CT HE T A 2 { I ; J l , J = 1 , I 'I L l 
PRINT 198 

250 CONTINUE 
PRINT 26 
PRINT 26 
PRINT 198 
PRINT 198 
CALL EVALUCXMUl, RHYD' RHT, RHOl~ TEMl, CPl, N~, NT, XL, T, 

1 XKF, AFUEb AFLOW, THET.Al, REYNOL, THETA2, FRI, FR2l 
PRINT 26 
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PRINT 251 
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251 FORMATI58HDTHE THETAS ARE THE TEM~EKATUKE I<!SE IN DEGKEES CENTIGHA 
I DEl 

DO 275 I = ltNT,IPRINT 
Tl = T * FLOATF(I-Il I FLOATFINT-Il 
PRINT 260, T1 

260 FORMATIBHOTIME = tEI5.8,12XtiHXt7Xt6HREYNOLti4Xt6HTHETAitl4Xt 
I 6HTHETA2l 

DO 275 J = ltNL 
XXI = FLOATFI~-Il I FLOATF.(NL-11 
THETA1(I,Jl = TEM1 * ITHtTAl!I,Jl- leOI 
THETA2(I,Jl = TEMI * ITHETA21ItJl- ledl 
PRINT 265t XX1t REYNOLIItJit 'i"HETAHitJit THETA21ItJI 

265 FORMATI33XtF4.2t3E20e8l 
275 CONTINUE 
300 CONTINUE 

PRINT 310 
310 FORMATI16HOEND OF ~RINTUUT) 

CALL EX IT 
.END 
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* LABEL 
* FORTRAN 

&UBROUTINE POWER!P, T, N, Q, TDELYl· 
C THIS SUBROUTINE CALCULATES THE DECA~ HEAT GENERATION Q IN TERMS OF 
C THE OPERATING POWER P IN THE SAME UNITS FOR A SPECIFIED NUMBER OF 
C TIME INTERVALS N OVER A GIVEN TIME SPAN T IN SECONDS, THE TOTAL 
C NUMBER OF CALCULATED VALUES IS N, T MUST BE LESS THAN 4*10**6 
C SECONDS 

DIMENSION 01201), TE120ll, Zl12000l 
C Of'-1fviON Z 
EQUIVALENCE IZ ( 1 l ,TE ( 1 l l 
DELTE = T I FLOATF!N-1l 
DO 5 I = 1,N 
TEl ll = DELTE * FLOATFI I-ll + TDELY 

5 CONTINUE 
DO 15 I = 1,N 
IF ITE!Il- 10.0)10,20,20 

10 Q(l) = 0.06025 *PI TEIIl**Oe0639 
15 CONTINUE 

GO TO 100 
20 M = I 

DO 30 I = 1\1,N 
IF ITEIIl- 150.0)25,35,35 

25 Q(Il·= 0.07655 *PI TE!Il**Oe1807 
30 CONTINUE 

GO TO 100 
35 r-1 = I 

DO 50 I = fV1,N 
Q( I l = 0.1301 * P I TEl I l*~~o.2834 

50 CONTINUE 
1 CO CONTINUE 

RETURN 
END 

... 
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* LABEL 
* FORTRAN 

.CTRIGA 
C SUBROUTINE FOR TRIGA TYPE QUASI-STEADY STATE ANALYSIS 

SUBROUTINE TRIGA!C4, C5, C6t C7, CB, H, Tt XLt NLt NTt R~YNO~, 
1 THETA1t THETA2, FR2t ICHEKt PR04l 

C THIS SUBROUTINE CALCULATES REYNOLt THETA!, AND THETA2 FOR A 
C GIVEN TIME SPAN T AND DISTANCE SPAN XL FOR RANGES 2tNT AND ltNL 
C RESPECT !VEL Y, .1 AND 2 DENOTE COOLA.NT AND FUEL. 
C RESPECTIVELY, H DENOTES POWER DENSITY 

DIMENSidN Hl201lt REYNOL120llt THETA11201t11lt THETA2120ltl1), 
1 Fl201), XIGI201h C811llt Z!12000l 
, COiv1t-10N Z 

EQUIVALENCE IZ!lltF!lllt IZI205ltXIGilll 
ARGl = T I FLOATFINT-11 
ARG2 = 3.14159265 I FLOATFINL-11 
XL = XL 

.ClO = C4 * C5 * C7 * 3.0 I 3.1416 
C12 = 1.0 I t3 .• 0 - FR2l 
DO 15 I = ltNT 
REYNOL!Il = !ClO * H!Ill**Cl2 

15 CONTINUE 
IF IICHEKll6tl6tl8 

16 XNU = 4.364 
GO TO 19 

18 XNU = 0.023 * REYNOL!ll**"Oe8 '* PR04 
19 CONTINUE 

IF !SENSE LIGHT 1l20t22 
20 PRINT 21t !REYNOLIIltl=1tNTl 
21 FORMATI6HODEBUG,5X,6HREYNOL115E20e8l l 

.SENSE LIGHT 1 
22 CONTINUE 

C14 = C6 * ARG1 
DO 75 J = 1tNL 
X1 =·ARG2 * FLOATF(J-1) 
DO 44 I = 1tNT 
T1 ~ ARGl * FLOATFII-11 
Fill = EXPFIXNU * C6 * T1l 
THETA11ItJl = 1.0 + C5 *Hill * C7 I REYNdLCil * CleO- COSFIXlll 

1 I 3.1416 
FOl = Fl·l) * IXNU * THETAllltJl + C7 *Hill* SINFIXlll 

44 CONTINUE 
IF !SENSE LIGHT 1136,38 

36 PRINT 37, IFII)tl=1tNTl 
37 FORMATI6HODEBUGt5X,4HFIIli!5E20·8l l 

SENSE LIGHT 1 
38 CONTINUE 

SUM = 0.0 
XIGI1l = 0.0 
DO 40 I = 2 ,NT 
X I G I I l = C 14 * I SUM + Q,. 5 * IF I 1 l + F ( I l l l 

( 

SUM·= SUM+ Fill 
40 CONTINUE 

IF !SENSE LIGHT 1l41t~3 
41 PRINT 42t. IXIG!Iltl=1tNTl 
42 FORMATI6HODEBUG~5Xt3HXIGI15E20e8ll 

SENSE LIGHT 1 
43 CONTINUE 

DO io I = 1, NT 
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T1 = ARG1 * FLOATF!I-1) 
THETA2!I,Jl = EXPF!-XNU * C6 * T1l * !C8!J) + XIG!I)) 

70 CONTINUE 
75 CONTINUE 

IF !SENSE LIGHT 1)45,50 
45 PRINT 46, !!THETAl!I,JltJ=1,NUd=1,NTl 
46 FORMAT!6HODEBUG,5X,6HTHETAl/!5E20•8l) 

PRINT 47, !!THETA2!1,J),J=l,NUd=l,NTl 
47 FORMAT!6HODEBUG~5Xt6HTHETA2/!5E20·8~) 

SENSE LIGHT 1 
50 CONTINUE 

IF QUOTIENT OVERFLOW 52,54 
52 PRINT 53 
53 FORMAT!42HOA QUOTIENT OVERFLOW HAS OCCURRED IN TRIGA) 
54 IF DIVIDE CHECK 56t60 
56 PRINT 57 
57 FORMAT!37HOA DIVIDE CHECK HAS OCCU~RED IN TRIGAl 
60 CONTINUE 

RETURN. 
END 
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* LABEL 
* FORTRAN 

SUBROUTINE REIAlt A2, A3t A4t A5t THETAlt It NLt XLt ESTt .RE•YNOL) 
C THIS PROGRAM SOLVES THE MOMENTU~ EUUATION TO OBTAIN ~EYN0L11·~1) 
C WHERE I IS A TIIviE INDEX . 

DIMENSION REYNOL120ltlllt THETA1120ltlllt F(20ltlllt Xlli20ltlllt 
1 XI2120ltlllt Zll2000l 

COHMON Z 
EQUIVALENCE IZilh,Fillh IZI2220hXIUlllt IZI4440hXI21lll 
DO 25 J = ltNL 
F(I,Jl = 11.0- THETAliitJll I THETAUitJl 

25 CONTINUE 
IF ISENSE LIGHT ll30t35 

30 PRINT 32t It !F(I,JhJ=ltNLl 
32 FORMAT16HODEBUG,5Xt6HF!ItJlt7X,3HI =ti5115E20e8ll 

SENSE LIGHT 1 
35 CONTINUE 

CALL INTEG(F, XL, NL, 2t I, XIll 
DO 50 J = ltNL 
F!ItJl = THETAl(ItJl**A3 + ·A4 

50 CONTINUE 
IF !SENSE LIGHT 1!55,60 

55 PRINT 32, I, IF(l,J),J=ltNLl 
SENSE Ll GHT 1 

60 CONTINUE 
CALL INTEG(F, XL, NL, 2, It XI2l 
Cl = Al * ((A5- leO) * !leO- THETAliitNLll I THETAliitNLl + 

1 XIliitNLll 
Cl = -Cl 
C2 = THETAl(j,NLl - 1.0 
C3 = A2 * XI21It NLl 
IF (SENSE LIGHT 1!65,70 

65 PRINT 67, Cl, C2, C3 
67 FORMAT!6HODEBUGt5Xt4HCl =tE15.8t5Xt4HC2 =tEl5e8t5Xt4HC3 =tE15e8l 

SENSE LIGHT 1 
70 CONTINUE 

IF QUOTIENT OVERFLOW 80,85 
80 PRINT 82 
82 FORMAT!39HOA QUOTIENT OVERFLOW HAS OCCURRED IN REI 
85 IF DIVIDE CHECK 90t95 
90 PRINT 92 
92 FORMAT!34HOA DIVIDE CHECK HAS OCCURRED IN REI 
95 CONTINUE 

CALL RpOTIClt C2t C3t ESTt ZERO)· 
REYNOLIItll = ZER6 
RETURN 
END 
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* LABEL 
* FORTRAN 

SUBROUTINE TH1!B1t REYNOL, NL, XL, 1~ THETA2t THETA1, PR06l 
t THIS SUBROUTINE SOLVES THE COOLANT ENERGY EQUATION TO OBTAIN 
C THETA1! I ,J) W.HERE I IS THE TIME INDEX. 

DIMENSION REYNOL!201t11lt THETA1!201,11lt THETA2!201t11lt 
1 ST(201t11lt F!201t11l~ F1!201t11lt F2!201t11), F3!201t11lt. 
2 Z!12000l . . . . . 

COMMON Z 
EQUIVALENCE !Z!1ltF!1llt !Z!2220ltF1!1llt !Z!4440ltF2!1l)t 

1 !Z!6660ltF3!1llt !Z!8880l,ST!1ll 
IF!SENSE LIGHT 3115,18 

15 DO 16 J = 1tNL 
16 ST!I,Jl = 4.364 I. REYNOL!),Jl I PR06**!1eOIOe60l 

SENSE LIGHT 3 
GO TO 21 

18 CONTINUE 
DO 20 J = 1tNL 
ST!I,Jl = 0.023 I !REYNOL!ItJl**0•2 * ~K06l 

·20 CONTINUE 
21 CONTINUE 

IF !SENSE LIGHT 1l30t35 . 
30 PRINT 32, It <ST!ItJl~J=1tNLl 
32 FORMAT!6HODEBUG,5X,7HST!I,Jlt5X,3HI =ti51!5E20.8ll 

SENSE .LIGHT 1 
35 CONTINUE 

CALL INTEG!ST, XL, NLt 2, It Fl 
DO 50 J = 1tNL ' 
TEMP = F! I,J) 
Fl!I,Jl = EXPF!-81 *TEMPI 
F2!I,Jl = EXPF!B1 *TEMPI 
F2!I,Jl = THETA2!I,Jl * ST!ItJl * F2!I,Jl 

50 CONTINUE 
CALL INTEG!F2, XL, NLt 2t It F3l 
TEMP= THETA1!It1l 
DO 75 J = 1tNL 
THETA1!I,Jl = F1!I,Jl * !TEMP+ B1 * F3!I,Jl l 

75 CONTINUE 
RETURN 
END 

• 
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LABEL 
FORTRAN 
SUBROUTINE TH2tD1, D2t D3, I, NL, NT, Tt XL,' THf:TAlt.· Ht REVNOLt 

1 THETA2, PR04l , . 
THIS SUBROUTINE SOLVES THE FUEL ENERGY EQUATION TO OBTAIN 
THETA2(I,Jl WHERE I IS THE 'riME INDEX , 
DIMENSION REYNOL1201t11lt THETA11201t1llt .THETA2120ltlll• HC20llt 

1 D3111lt XNUI201,1llt F11201tlllt F3120ltlllt F5C20ltlllt. 
2 Fl201tlll -

DIMENSJON Zt12000) 
COMMON Z . 
EQUIVALENCE ( Z ( 1 l , F 3 ( ll l ' ( Z (2 2 20 l ·, F 5 ( 1 l l , C Z ( 4440 l t F C 11. l t 

1 !Z(6660),XNU!lllt !Z18880),Fl<lll 
IFISENS~ LIGHT 3118,22 

18 DO 19 J = ltNL 
19 XNU!I,Jl = 4.364 

SENSE LIGHT 3 
GO TO 25 

22 CONTINUE 
DO 20 J = 1,NL 
XNUII,Jl = 0.023 * REYNOL(I,Jl**Oe8 * PK04 

20 CONTINUE 
25 CONTINUE 

IF !SENSE LIGHT 1130,35 
30 .PRINT 32, I, <XNU<I,Jl,J=1,NLl 
32 FORMATI6HODEBUG,5X,7HNU(I,Jl,5X~3HI =,I51t5E20e8ll 

PRINT 33. 
33 FORMATI1H l 

SENSE LIGHT 1 
35 CONTINUE 

T1 = T I FLOATFINT-11 * FLOATF<I-11 
DO 75 J = 1,NL 
CALL INTEGIXNU, T1, It 1, J, Fl 
X5 = FLOATFIJ-11 * 3.1416 I FLOATFINL-11 
XL = XL 
TEMP= Fti,Jl 
F11I,JI = EXPFt-D1 *TEMPI 
F51I,JI = EXPFID1 *TEMPI 
F5!I,Jl = F5(I,Jl * !D2 *Hill * SINF<X~l + Dl * XNUCitJl * 

1 THETAl!ItJII 
CALL INTEGIF5, T1t I, 1, J, F3l 
THETA2(I,JI = Fl!I,Jl * ID31Jl + F3(I,Jll 
IF !SENSE LIGHT 1150,55 

5 0 P R I NT 5 2 , T E 1,1 P , Fl < I , J , F 5 ( I , J l , F 3 I I , J l 
52 FORMATI6H DEBUG,5Xt6HTEMP =tE15.8t5X,4HF1 =tE15e8t5Xt4HF5 =tE15e8t 

1 5Xt4HF3 =tE15.81 
SENSE LIGHT 1 

55 CONTINUE 
75 CONTINUE 

RETURN 
END 
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SUBROUTINE ROOTIC1t C2t C3, FR2, ZERO) 
THIS SUBROUTINE FINDS THE REAL ROOT OF THE EQUATION Y = Cl1X**2 -
C 2 - C31X**FR2, ZERO IS THE VALUE OF· THE ROOT, EST li'-1 IS THE 
ESTIMATED VALUE. 
DIMENSION ROOTC30) 
ESTIM = 0.1 * SQRTFC10e0 * C1 I C3l 
ROOTCll = ESTIM 
DO 50 I = 1,25 
Y = C1 I ROOT( Il**2- C2- C3 I ROOTCil**FR2 
YPRIME = FR2 * C3 I ROOTIIl**l1eO + FR2"l- 2.0 * ·Cl I ROOTCil**3 
RATIO = Y I YPRIME 
ROOTCI+1) = ROOTIIl -RATIO 
CHECK= ROOTCI+1) 
IF CCHECKI20,i5,25 

20 ROOTCI+1) = Oe25 * ROOTCil 
25 CONTINUE 

TEST = ROOT I I+ 1 l I ROOT I I l -. 1. 0 
TEST = ABSFCTESTl 
IF !SENSE LIGHT 1140,45 

40 PRINT 42, I, y, ROOTC1+1lt TEST. 
42 FORMATC6H DEBUG,5X,3HI _=,I3,5Xt3HY =,E15.8,5X,11HROOTCI+ll =,E15.8 

1 ,5X,6HTEST =,El5e8) 
SENSE I:..IGHT 1 

45 CONTINUE 
IF 10.005 - TESTl50,75,75 

50 CONTINUE 
PRINT 52 

52 FORMATI39HOSUBROUTINE ROOT HAS FAILED TO CONVERGE) 
75 CONTINUE 

IF QUOTIENT OVERFL0\4 80.' 85 . 
80 PRINT 82 
8:? FORMAT I 41HOA QUOTIENT OVERFL0\1/ HAS _OCCURRED IN ROOT l 
85 IF DIVIDE CHECK 90t95. 
90 PRINT 92 
92 FORMATI36HOA DIVIDE CHECK HAS OCCURRED IN ROOT) 
95 ZERO= ROOTII+1) 

RETURN 
END 
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·* LABEL 
i~ FORTRAN 

SUBROUTINE MAX(ARRAY, N, K~ L, BIG, IPOS) 
C THIS SUBROUTINE IS DESIGNED TO DETERMINE THE MAXIMUM OF A TWO DI-
e MENSIONAL ARRAY ARRAY(I,Jl WITH RESPECT TO EITHER VARIABLE, THE 
C MAX·IS CALLED BIG, IF K = 1, THE FIRST VARIABLE IS SCANNED, IF 
C K = 2~ THE SECOND IS SCANNED, N IS THE MAXIMUM VALUE OF THE INDEX 
C BEING SCANNED, L IS THE VALUE OF THE VARIABLE HELD FIXED, IPOS 
C IS THE POSITIO~ OF BIG IN THE AR~AY. 

DIMENSION ARRAY(201,~ll 
IPOS :::: 1 
JF (K- 1)10,10,50 

10 J = L 
BIG= ARRAY(1,Jl 
DO 25 I = 2,N 
B = ARRAY(I,Jl 
BIG = MAX1F(BIG,Bl 
IF (B - BIGl25,22,25 

·22 IPOS = I 
25 CONTINUE 

GO TO 100 
'50 I = L 

t3IG = ARRAY( Idl 
DO 75 J = 2,N 
B = ARRAY(I,Jl 
BIG = MAXlF(BIG,R) 
IF (B - BIGl75,72,7~ 

72 I POS = J 
75 CONTINUE 

100 RETURN 
END 
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* LABEL 
* FORTRAN 

SUBROUTINE INTEG CFt XL, Nt IPOSt Lt XI). 
C THIS SUBROUTINE INTEGRATE~ A FUNCTiON FCI,Jl WITH RESPECT TO 
C EITHER INDEX USING THE TRAPEZOIDAL RU.LEt XL IS' THE INTERVALt N IS 
C THE MAXIMUM VALUE-~F THE INDEX INTEGRATED OVER, IPOS DENOTES ITS 
C POSITIONt L IS THE VALUE OF THE FIXED INDEXt XI IS THE VALUE OF 
C THE INTEGRAL. 

DIMENSION FC20lt111t XI_C20lt11l 
·suM= o.o 

20 GO TO C25t501,IPOS 
25 XIC1,L) = 0.0 

IF CN-1130,28,30 
28 GO TO 100 
30 CONTINUE 

H = XL I FLOATFCN-11 
DO 40 I = 2tN 
X I C I , U = H * · C SUiVl + 0 • 5 * ( F C 1 , U + F (I t L I ) ) 
SUM= SUM+ FCI,L) 

40 CONTINUE 
GO TO 100 

50 XICL,11 = o.o 
IF CN-1160,58,60 

58 GO TO 100 
60 CONTINUE 

H =XL I FLOATFCN-11 
DO 65 I = 2,N 
X I < L , I I = H * C SUivl + 0 • 5 * ( F ( L, 11 + F < L , I I I I 
SUM; SUM+ FCL,Il 

65 CONTINUE 
100 RETURN 

.END 

.•.. 
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* L.A.BEL 
* FORTRAN 

SUBROUTINE REIMANIF, XL, Nt Xll 
C THIS SUBROUTINE INTEGRATES A FUNCTION Fill FROM I = 1 TON WHERE 
C XL IS THE INT~RVAL AND Xllll IS THE VALUE OF THE INTEGRAL 

DIMENSION Fl201lt Xll201l 
SUM = 0.0 
XII1l = 0.0 
IF IN - 1120,20,5 

5 H = XL I FLOATFIN~1l 

DO 15 I = 2,N 
X I I I l = H * I SUM + 0 • 50 * ( F ( 1 l + F I I l l l 
SUM= SUM+ Fill 

15 CONTINUE 
2CJ RETURN 

END 
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* LABEL 
* FORTRAN 

SUBROUTINE EVALU!XMUl, RHYDt RHT, RHO!, TEMl, CP, NLQ, NTOt XLOtTt 
1 XKF, AFUEL, AFLOW, TH, REt THl, FRl, FR2) 

DIMENSION THI2Ql,ll), REI2Ql,lll' TRM1120llt TRM2120llt TRM31201lt 
1 TRM4(20ll, TRM5!201), TRM6!20ll~ TRM7!201lt TRM81201), TRM9!201lt 
2 TRM10!20llt TRM11!20ll 
D!MENSIO~ Z!l2000lt ~llllt Xlllll, TH1!201tlll 
COMMON Z 
E Q U I VALENCE ( Z ( ll , T RM 1"1 1 ) l , ( Z ( 2 0 5 l , T R f-1 2 11 H , ( Z ( 41 0 h T RM 3 ( 1 l ) , 

1 !ZI615ltTRM41lllt !ZI820ltTRM51lllt !Zil025ltTRi'46(1))t 
2 al1230ltTRM7(l)lt. IZ!1435ltTRM81lllt IZI1640)tTRi'l\91llh 
3 <Z<1845ltTRM10!lllt !ZI2050ltTRMll(l)) 

COMMON !PRINT, EX . 
NL = NLO 
NT = NTO 
XL = XLO 
NTl = NT - 1 
Nll = NL - 1 
XLl = XL I FLOATF!NLll 
Tl = T I FLOATFINT1l 
NL2 = NL - 2 
SUM = 0.0 
EXO = EX 
EXl = leO - EX 
EX2 = 2.0 * EX 
EX3 = EX2 + 1.0 
EX4 = 3.0 * EX + 2.0 
El = XMUl I 4.0 I RHYD 
E2. = XMUl I 2.0 I RHYD 
E3 - 980e0 * RHO! 
E4 = XMU1**2 'l 16.0 I R~YD**2 I RHOl 
E5 = FRl * XMU1**2 I 32.0 I RHYD**3 I RHOl 
E6 = XMU1**2 I 32.0 I RHO!"/ RHYD**2 
E7 = XMU1**3 I 128.0 I RH01**2 I RHYD**3 
E8 = 4;.2*10.0**7*TEM1 * RH01 * ,CP 
E9 = 4.2*10.0**7 * TEM1 * XMU1 * CP 1·4.0 /RHYD 
ElO = TE·Ml * XKF 
Ell = 1.0 ,/(4.2 * 10.0**7) 

_PRINT lOt Elt E2, E3, E4t E5t E6t E7t E8, E9t ElOt Ell 
10 FORMAT!2HOE/!5E20e8)) 

DO 60 I = ltNTl 
DO 15 J = 1tNL 

15 F!Jl = !TH!I+1,Jl**EXO * REII+1tJl - THIItJl**EXO * REIItJll /T1 
CALL REIMAN(F, XLt NLt X!) 
TRMl(!) = EL* XIINL) I XL 
DO 20 J = ltNL 

20 F!Jl = 0.50 * !REII+l,Jl I TH!I+l,Jl**EXl + REII,Jl I THiltJl** 
1 EXll * <THII+l,Jl- THII,Jll I T1 

CALL REIMAN!F, XLt NLt Xll 
TRM2( ll = E2 * XI!Nll ./ XL 
DO 25 J = ltNL 

25 F!Jl = 0.50 *!leO -1 THIJ+1tJ) + 1.0 I TH!ItJl) 
CALL REIMAN!F, XLt NL, Xll 
TRM31Il = E3 * XI(~Ll I XL 
DO 30 J = 1tNL1 
FIJ) = 0.50 * THII+ltJ)*~EX2 * REII+ltJl**2 * !THII+lt~+l)-

1 TH!I+l,Jll I XLl 
F!Jl = F!Jl + Oe50 * TH(J,Jl**EX2 ~ ~E!ItJl**2 * ITH!l,J+1)-



1 TH!I,J)l I XLI 
XI!Jl =XL!* F!Jl 

30 SUM= SUM+ XI!J) 
TRM4! Il = E4 *SUM I XL 
SUM = o.o 
DO 35 J = ltNL 
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35 F!Jl : Oe50 * !TH!I+l,Jl**EX3 * RE!I+l,Jl**!2.0-FR2l + TH!ItJl** 
1 EX3 * RE!I,Jl**!2.0-FR2ll 
CAL~ REIMAN!F, XL~ NLt XI! 
TRM5!Il = E5 * XI!NL) I XL 
DO 40 J = l,NL 

40 F!Jl = !TH!I+l,Jl**EX3 * RE!I+l,Jl**2- TH!I,Jl**EX3 * ~EiltJl 
1 **2) I Tl 

CALL REIMANIFt XLt NLt Xll 
TRM61 Il = E6 * XIINLl I XL 
TRM71 Il = THII+l,NLl**EX4 

J (l+ldl**3 

' * REII+l,NLl**3- THII+ltll**EX4 * RE 
TRM7!Il = TRM711) + THIItNLl**EX4 * REII,NLl**3- TH1ltll**EX4 * 

1 RE!lfl)*i~3 

TRM71Il = 0.50 * TRM71ll 
TRM71 ll = E7 * TRM71 Il I XL 
DO 45 J = ltNL . 

45 F(Jl =. LOGFITHI I+ltJ) I TH<l ,J) l I Tl 
CALL ~EIMAN!Ft XL, NL, XI) 
TRM81I) = E8 * XI!NL). I XL 
DO 50 J = 1, Nll 
FIJ) = 0.50 * THII+ltJl**EXO * RE!I+l,Jl *ITHII+ltJ+ll - TH 

1 !I+hJl) I Xll 
F!J) = F!J) + 0.50 * THII,Jl**EXO * RE!I,Jl * ITH! I,J+fl ·~ THI 

i ItJ)) I XLI 
XIIJ) = Xll.* FIJ) 

50 SUM= SUM+ XIIJl 
TRM9!I) = E9 *SUM I XL 
SUM = 0.0 
DO 55 J = l.,NL2 
F!Jl = Oe50 * .(TH11I+l,J+2l - 2.0 *·THlll+l,J+ll + THl!J+l,Jlll 

1 Xll**2 
55 F!J) = 0.50 * !TH1!I,J+2l- 2.0 * THl!I,J+ll + THlii,Jl'l I XL1**2 

1 + FIJ) 
CALL REIMAN!Ft 
TRMlO!I) = ElO 
TRMll!Il =Ell 

. 60 CONTINUE 
PRINT 101 

XLt NL2t XI! 
* X I ( NL2 l I XL 
* TRM91Il 

101 FORMAT!88HOfHE ABSOLUTE VALUE OF TRMl ANO TRM2 SHOULD BE MUCH LESS 
1 THAN EITHER TRM3, TRM4, OR TRM5l 

PRINT 102 
102.FORMATI71H THE ABSOLUTE VALUE OF TRM6t TR~7, AND TRMB MUST BE MUCH 

1 LESS THAN TRM9l 
PRINT 103 

103 FORMAT!57H THE ABSOLUTE VALUE OF TRMlO MUST BE MUCH LESS THAN TRMl 
11 ) 

PRINT 105 
105 FORMATI52HOTHE DIFFERENTIAL TERMS IN THE MOMENTUM EQUAT10N ARE! 

PRINT 106 
106 FORMAT!3HO It8Xt4HTRMltl6X,4HTRM2tl6Xt4HTRM3,16Xt4HTRM4tl6Xt4HTRM5 

ll 
DO 110 K = ltNTl,IPRINT 
PRINT lOSt Kt TRMl(K)t TRM21K), TRM31Klt TRM41Klt TRM51Kl 



108 FORMATI1Xti3t5E20.8) 
110 CONTINUE 

PRINT 115 

-94-

115 FORMAT I 50HOTHE DIFFERENTI-AL TERMS IN THE ENER<lY EQUATION ARE) 
PRINT 116 . 

116 FORMA~I3HO It8Xt4HTRM6t16X,4HTRM7t16Xt4HTRM8t16X,~HTRM9) 
DO 120 K = 1tNT1tiPRINT 
PRINT 118t Kt TRM61Klt TRM71Klt TRM8!K), TRM91Kl 

118 FORMATI1Xti3t4E20.8) 
120 CONTINUE 

PRINT 125 
125 FORMATI48HOTHE DIFFERENTIAL TERMS IN THE FUEL EQUATION A~EI 

PRINT 127 
127 FORMATI3HO It8Xt5HTRM10t15Xt 5HTRM11l 

DO 130 K ~ 1tNT1tiPRINT 
PRINT l29t Kt TRM101Klt TRM111Kl 

129 'FORMAT! 1Xtl3t2E20.8) 
130 CONTINUE 

RETURN 
END 

' ~, 



.· .. ·:·''. .· . 
.. : .. ·· 

·,, , .. 

·"' ·.·. 
~ .. ,. . . 

·,. ,I 

.. <· .. _ .. ' . ·.· .. 
:_::: 

..·· 
. ·.,,: 

,· . 
. ~ .: ··. ·, ;--. .~. 

• ••• ~·' • 0< 

l. I{APD-SC-541, ·. "S~ippingport. Haza t'ds._Sl.l.~l.'rli~Y R7:l?.o~.~:";. Se:l?te~~f."lQ57 ~ · 
.... .,. 

~· i, '" . 

2. TJll-6318;· "Technical Info~rr.atio'1 a~d Fi~al._'Ha~ard.s Summary Rei)ort -
' ' . . . '·-:~··: ' ' .. -. -' ' 

Yank~e 11 , December 1960. · :~ · : · ':;, .... 

PRWRA-GNEC-5; "Final Hazards Sw~lm3.;y Report - ~~ling· Nuc;lear SUpe.r.:.. 

~ . ·. 

.. 
3· 

· heater Power Station", Februar~r 1962. , ' ... . ~ ·. . 

. 4. I\TP-11153, ·"Final Hazards SUm.vnar~:r Report for the Big Rock PoiJ?.t Plant'',.: 

November 1961. 

~ ""· 
5. .· B~.I-1356, "Core Temperature Excursions Following a Pipin'g Failu:re. 

-~ ' •' ' 

in,the P:· .. :.-~.o::1iu.":1 :Secycle ~est :\eactor", July 1959 •.... · . 
'.·1'1. '· 

., . 

·.··6/ · BAW-1164, "Nuclear Merchan~. Ship Reactor~S~feguard~ R~po;ty, March;(, .::.. , 
·,·· :'· J:. ,· 

',,,:::I 
'. ,. -~~: ' 

... . .. .. •-. :_'.. "" ' . ·.:~ : :,' 

7. :S. E._ Jensen; e:t al., 11StatusRt~port, LOFT Loss>of~C~bl.~t:.'Pierma.l'···.: 
. ' I -< ... ' .... ;·:··: ''_'~ ' :: 

Transient Analys-is''} PTR~67( (~ranuary.l964). · ' · ... ·· · · · 
. . .- ., . ' . ' ' ' . . {", .. 

8~: ~D. R. Olander;: et. -~t. i ''S~fety i~-al;Ysis' fo~;·~~~·:.u~c •• ~~r~el~Y Rese~ch·.<, .. , 
' ...... ·· ··:,. ;_: ·• 

.·-... 

Reactor", February 1964. ; '. - · . . ·. ' . . .. .'. - .. ·. ·. . . . .· ' · 

.. 9. . K. Shure, "Bettis T~~;;;;ic~J:~~i.~~·~. R.~oto~ k:;k;~}~!>Y .. ; wAPlJ-BT-~4 .·• 
·. ·, . . ·' . 1:' + ·""' ,;_.. 

" (December 196i) •. _ ':· ,·J:::;··:C.~(./): .. :)::•},1):·::~:·:,:, .. · .. ·. . .• __ , :;.;·· •.... 

lO: t T • R. Wilson et al~ , : "A.rl :£ng~ri·ecr~ng .Test 'Prosr.arn to' :Iri~e stiga:te ,-a> 

I ' 

..,,, 

•,. (; 

' ' 

; ; .. ,. . . :U,s~~of-Coola.nt Acc,id~nt;.,· IDo .. l?049 ( oc'tober _1964 ). •. -. ' 
.! .. ', ,·' ,, • '·_ - •• : ,' -~··· ·.:.-:'i·;· . , ...... ·.,i:' .<·'\·~~.:.·.,, --

'- 11 •.. E. R. G.' Eckert· and T.· F. ;rrvine,.- Jr.,· Incompressible :~ictiol'l.·"'' ·· · ··. :' · · .. · .. ,. .. ,., " ' . · .. 

.-.· 

. 1 

. <. Factor, Transition. and' H;dr~d:fr1einic Ent~aric~:Length Studi~s of·. · ·· 
<··:· --:.;. : ;;~· ' .. ':·' :· . ' ·>~-.. '.l' ~·-;· ., .··:r':;·''!-:"-', .. •:)~;-~· .,.,· ·-~~··t.'< ·~ -;,.,:,; ,v .• • ~·, .... ·~ '!:~;· .~;·:):.~:. ~ '··' 

. ' ' ' ! '.' DUets with Tiia~gular~.·~d;'Rec~~n~l~r·, c~~~s Secti'ons" ;',·F:!.fth -Mid;.~.<:),-' 
, c • . • · ., I , · . · • - . . · ~ ' ' · <--

" -, '· ... ··., ~·.·1 ': .. ·. < ' •• ·.~- :- • • -~ ••• ·.b .. : "· • ... :·. -":~_~··:_:·. ·J.~:~··.~.-'-·~·. .. . ·.· .·. ·.·· : -- : ~:- : . 
. . , , _ ... ·;· .' weste,rn .conference.:on ]':L~id~ Mechanics;_jUniversity .o.f MichiS~ P_ress; ;; 

;. (.! •• •'•v .' ,t', ~-.·,. -'·',.-'··~·,·,. ',,'··· •I' ;'"1· .... , • ·~t '' ._.{~·:···,·~~·,.,,·· •_'; ,. , ·; .,· 

". :. '··· ._.,. ·A._ p~il '19_57 .-· ' . :- -; > ,.·',- ·: . ·-\< > .. 
c......... :.: '. \.-:~:· . . . ~ '' ·. I' "'\ - :·; .. : ·,,... ~-~, :·0: ' ', .,· ., : ~ :?~, ( ~\ .: 

_·12• :E.; R;. G •. Eckert·and- T•-:F.~_;::~rvin~ ;":Jr. 1'· ;''fr~s'~u..re,>proi' and,: Heat· 

: .. :: 

·, 

'·. ., . :·.·.·- 't.':. . ;_ ;i· 
·;:. ,< ·.·' ' · .. -·· . 

. ·.· .. ;. 
. ,. . '\. . <· .. 

' .. ·, ' ":~'. 

i~ 



.... 

I 
I 

I 

I 

in a Duet with. Triangular Cro:>s-Section", Trans._ ASME, 82_, 126 (1960). 

13. J. G. Knud::;en and D. L. Katz, 2''luid Dynamics and Heat Transfer, 

I, 

-I 
i_' 

l 

McGraw-Hill Book Company (195{)). 

. ;~ ' . ' .. ·, .. ·. 

,_ 

',-

.,, 

.·t-

·' ·.i 



I . 

I 
. I 
. I 

·:' 

.,. ; 

l f-4 

.. 

-97-

FIGURE CAPT~ONS 

Fig. 1 Infinite slab fuel element. 

Fig. 2 Slab fuel element temperature transient. 

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

Fig. 3. Temperature profile surrounding the slab fuel element with 
·heat removal only by conduction to quiescent air (t = 300 sec). 

Fig. 4 Nuclear reactor configuration to which the cons'ervation equations 
are applied. 

Fig. 5 

Fig. 6 

Fig. 7 

. Fig. 8 

·' 

-· 

Natural convectionwith air temperature transient. 

Natural convection with steam temperatu~e trans~ent. 

Comparison of natural· convection with air and adiabatic 
temperature transients. --Adiabatic, -Natural convection • 

Comparison of natural convection with steam and adiabatic 
temperature transients. 

Fig.: 9 Time to fuel and clad melting versus operating pow-er density. 

' 
Fig.\ 10 Maximum fuel temperature·occurring during-the-trariS.ient vers?-s 

power density. 

Fig. 11 Reynolds number at core inlet and exit for air coolant • 
. - Inlet, --Exit. 

.. Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

Fig. 16 

\. 

Reynolds number at core inlet and exit for steam coolant.· 
- \~-:· -Inlet, --Exit. 

Maximum coolant temperature for air cool~mt transient. 

Maximum coolant temperature for steam coolant transient. 

Natural convection temoerature transient without external piping. 
Coolant: Steam; Q.: i47•5 cal/cm3 .. sec. 

Comparison of maximum fuel temperatures and Reynolds numbers for 
the laminar and turbulent regimes. 
Coolant: Steam; Q.: 147.5 cal/cm5-sec; L : 400 em. 
-Inlet, --Exit. eq 

Fig. 1-F Parallel-flow path system used to evaluate ~he consequences ·of 
the constant-radial-pov.rer assumption. 
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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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