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INTRODUCTION

Analytical solutions to 18 repository design, waste package and radiological
assessment benchmark problems were performed using FORTRAN, BASIC and
LOTUS 1,2,3 spreadsheet programs. These programs are documented and
presented in the following sections.
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1. BASIC PROGRAM RD2.4

This Basic program perforins a transient conduction analysis of an infinite
fength and width slab with temperature-dependent thermal conductivity
exposed to a constant surface temperature at time zero. .

Theory

The engineering aspects of this problem are presented in Section 24 of
Reference 1 (attached for the readers convenience at the end of this section).

Program

Input Data: Input specifications for BETA, X, DX, K, C, RHO, and DT are
found in line 70, as well as values for Ty (=250) and T; (=30) in
line 100, and time (=60000) in line 130. Note that Ty, is input
twice in line 100. The specifications may be c¢changed bv the user
for the solution of other problems. The wuser is cautioned to
select values of Ax and At that satisfy the stability condition
given on page 24 of the reference.

Line 210: Equation 8 is solved for each time step and distance step defined
by parameters DT and DX.

Output: The output from this program is displayed on the screen. Output
can be redirected to a printer by capturing it as it appears on

the screen or by changing the PRINT statements to LPRINT in
line 230 of the program.

The first column of the output is time (hours). The second
column gives the temperature of the slab at a distance of DX
from the outside boundary (I meter for this problem). Columns 3
through 10 give the temperature at successive DX steps into the
slab, while column 11 is the temperature at the center of the
slab.

A listing of the program is contained in Figure 1, and the output for the
problem in Reference 1 is shown in Figure 2.



Figure 1

Basic Program RD2.4 Listing

ZO BETA=,0004: X=30:DX=1':K=1";Cx725: RHD=2980: DT=100' #3500: TERM=K#DT/ (RHDECEDX#DX
B0 DIM D(X/DX+2) ,N(X/DX+2)

100 FOR I=2 TO X/DX+2:0(1)=30:NEXT 1:0(1)=250:N{1)=250

%%9 LPRINT * TIME TEMPERATURES (C) AT DISTANCES DX FROM THE OUTSIDE BOUNDA

12ng§§!NT *(Hours) DX=1 DX=2 DX=3 D=4 DX=5 DX=6 DX=7 DX=8 DX=§

125 LPRINT

130 FOR T = DT TO 60000!#3400 STEP DT

200 FOR 1=2 TO X/DX+}

210 N(D=0(1) % (1-24TERM* (1 +BETA#D(1))) + TERME(1+BETA#0(1))#(0(I+1)+0(1~1}) ¢
TERM#BETA#, 25#(D(1+1)%0(141)-2%0(1+1)#0(1~1)+D(1-1)%D(]-1))

220 NEXT 1

225 PT=7/(1000235600)

230 IF{INT(PT)=PT) THEN LPRINT USING "#4%#%";7/3600s:FOR I=2 TO X/DX+1s1F{INT(PT

}=PT) THEN LPRINT USING "SWNE#. B#";N(I); i NEXT 1:LPRINT

240 FOR 1=2 TO X/DX+1:0(1)eK(I):NEXT 1:0(X/DX+2)=D(X/DX)

250 KEXT 7

990 END



Figure 2

Basic Problem RD2.4 Sample Output

DX=% DX=10

Dxs2 pX=3 DX=4 DX=5 DX=b6 DX=7 DX=8

TEMPERATURES (C) AT DISTANCES DX FROM THE OUTSIDE BOUNDARY
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2.4 Transient Conduction Analysis of an Infinite Siab
With Temperature-Dependent Thermal Conductivity
Exposed to a Constant Surface Temperature at Time
Zero (Dowty and Haworth, 1965, and Ozisik, 1968, p. 380)

Problem Statement - This problem deals with the thermal response of a
slab of infinite length and width, thickness 2L, and finitially at
uniform temperature Ty, exposed to a constant surface temperature T,
on both sides at zero time (Figure 2.4-1). The thermal conductivity of
the slab is allowed to vary linearly with temperature. The temperature
distribution in the slab at any time {is to be calculateds Due to
symmetry, only one half of the slab thickness need be modeled.

The governing equation for one-dimensional conduction in a solid may be
wrritten in the form:

oT 9 £l
PCST " X (kﬁ) = 0 | (1)

where: _

temperature,

time,

material density,

specific heat,

thermal conductivity, and

perpendicular distance to a point from the center
plane of the slab.

X AOO ot~
n o uw N

For this problem, the variation in thermal conductivity is expressed
as:

k = ko (1 + gT) (2)
where:

ko = thermal conductivity at zero degrees; and
B = temperature coefficient of thermal conductivity.

The solution to the above equations, subject to the following initial
and boundary conditions:

T(0< x <L) = T, at t <0,

oT _ -
w 0 at x =0, and

T=T, at x=1 for t 20,

describes the slab depicted in Figure 2.4-1.



T=T (1t<0) T=Ti K=k (T) T=T; (t<0)
T= 7o (t 20) (t<0) T:T, (t 20)
X
>
\J
t— L —pig—— L —p

Figure 2.4-1 Infinite Slab with Temperature-—
Dependent Conductivity



Objectives - The purpose of this problem {s to check the numerical
techniques in the one-dimensional transient portion of the code with
variable conductivity.

Solution - The solution to the above problem is presented by Ozisik
who utilized the numerical results of Dowty and Haworth (1965).

The results were developed from finite-difference formulation and

plotted in dimensionless form. Figure 2.4-22 shows the dimensionless
center-plane temperature

Te = To
(1+0.48T,) T, (3)
as a function of the dimensionless time (Fourier modulus)
U.ot (4)
T = s
L2
for various values of the parameter
v =10 8T, (5)
where:

Te = center-plane temperature; and
oy = thermal diffusivity at zero degrees.

Figure 2.4-2b is a position-correction chart which provides a means of
evaluating the temperature at other positions in the slab. On this
chart, the dimensionless temperature

T - To ()
lc - io
is plotted as a function of x/L and ¢/

The temperature of a given position can be determined by multiplying the
value of

Tc - To
o
by the value of
T - T0
ic - io



Limitation
1. To>T, for all curves
2.00 <7, < 315 *¢
forcurves - 25 < ¢ <140
3.315 <T; <425°C
for curves 0.0 < ¢ <14,

—— 101 V=1087%] |
[ €\§i§§}\\ RN —
N RV NN

A\
— ALIMMRARRNNNN NN
= \\\\\ \k\\\
2 AN NN NN
: AN
= 1072 e B R
AT 0.0
ARALLI AR Y
A ARV L AM A YN
L\ VAN S 20
\\ Q\XQL_
1073 4’=l40\ 8;\\ 40
0 05 10 15 20
-

Figure 2.4-2a Dimensionless Center-Plane Temperature

of an Infinite Slab (From Dowty and
Haworth, 1965)
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Figure 2.4-2b Position Correction Chart
(From Dowty and Haworth, 1965)



The results for comparison have been computed by the following implicit
finite-difference formulation:

qut
Tn,t:+1 = {1 -2 2 ) (1+ BTn,t) Tn.t

AX
qut
tor T Tepge * Thaye! (8)

uobt B 2
Yo (E) {Tn+l,t '(ZTMl.t) (Tn-l.t)

2
* Tn-l.t }

with the stability condition of:

(8x)°
O TETy 2 20

where: Ty = 0 if g fs negative or-the highest temperature encountered
if g is positive.

Assumptions - The assumptions made 1in solving the above equations
include:

¢ Density and specific heat are constant; and
¢ The slab is uniform section and of infinite length and width.

Input Specifications - An example problem is described by the following
data:

¢ Geometry
- Slab half-thickness L =10.0m
e Material Properties
- Density p = 2980 kg/m3
- Specific heat ¢ = 725 J/(kg*°C)

- Thermal conductivity at zero degrees kg
- Temperature coefficient of

1.00 W/ (me°C)

thermal conductivity g = 4,00 x 10-4/°¢
e Initial Conditions/Boundary Conditions
- Initial slab temperature T4 = 30°C
- Applied surface temperature _ To = 250°C

Output Specifications - Temperature profiles of the slab are to be
determined after 30,000 and 60,000 hours.




2. BASIC PROGRAM RD2.6

This program calculates the thermal response of an infinite length -bar with
anisotropic thermal conductivity when exposed to a large mass of fluid.

Theory

The engineering aspects of this problem are discussed in Section 2.6 of
Reference 1 (attached for the readers convenience at the end of this section).

Input Data:

Lines 210-360:

Lines 380-570:

Output:

Program

Time (in seconds) is jnput by the user via the keyboard when
prompted by the program (? prompt immediately after the
program starts). Values of kx, ¢, p, and L; are used to
calculate the constant in Line 120 [(ky/cp)/L,® = 9.99E-7/4]. In
a similar manner, values of ky, ¢, p, and Ly are used to
calculate the constant in Line 130. Lines 140-180 are the first
five roots to the characteristic equation and are unique for the
Nusselt number N, = heL,/ky = h<L,/ky = 2. Values of T; and
To are used in Lines 320 and 490 to calculate the constants (T;
~ Tg) = 270 and Ty = 30 where T; and T, are in degrees
Celsius.

The characteristic equation is solved along the y-axis (x = 0)
beginning at y = 0 and using step sizes as defined in Line 220.

The characteristic equation is solved along the x-axis (y = 0)
beginning at x = 0 and using step sizes as defined in Line 390.

The first half of the output gives temperatures (degrees
Celsius) along the y-axis at x = 0, while the second half of the
output gives temperatures along the x-axis at y = 0.

A listing of the program is contained in Figure 3, and the output for the
problem in Reference 1 is shown in Figure 4,



Figure 3
Basic Program RD2.6 Listing

-
= g D= g >
o~ - —d aad aud
[8 ] w w» W
b - d d d
=X L
a. — -
= mnw (7,172 ]
[*V] [=1=] o0
— [RS8 ) [E15 ]
LR "
— - —
o -—
> = > D=
a0 o 0.
= - ——
b = a o a.0.
=2 g > >¢ >
w Wi aelad
[T -~ -~~~
- e - — L
— > o~~~ >
BE W -~ = — b =4
oo.Jd =2 b ed -
OE X w fd L w
> TR [T @O w * [T
= ¢ O~ i MR - @ 00 3u: ¢ [
=2 [N N T ] >0 N NN > O
wn - (TS = P D e LTS =g
oan [T ZEZZZ >l [ W - >
i) L0 AL vy e -d () = — St -l ) =
= oo TEwWWN = W ZZ!W’ E (%)
(o > [ el 3 4 O e sm W+ + Q> omn om
- — .} Maiz = XX 14 Mdz
S s o o™~ e E + soxgp Wk [l =& >4 &+ soigp Ak
= = - -l WG x w L Bt W W L S Ed
s . g ~ 0D 0 ax [~ £ X o R g W [~3 2 3 J
- - - b - AAANKN s - L] @O oy 1 B
- - oo D D e N g o Q0 0D = ~ N g e
» - oo~ o, G G ™~ ™ X Y ] a. AN 'Y 'Y ]
- L] o - (1] - D= 2 WE w PE Dy - D= wpx AN
- -a (=X~ —~ [V T b 2 2 - [N AT A x -
- "» (=2 =] w [ Lan I P | =T 3 X J w —t - E X J
- me~ OO - e EX>x> e (TS 3 =4 > SN 1 J
r~ oxit O3 agpx) OO o~} o o sa~r~=ls i L= a s o e iy lt, WA B S
] 22 Zmz a X OQOOWEBBMO-M~ - "2} Z2Z4++ = - N e ZZ e+ »m
» QO~ Iz OO -OMIUINE DEIvemta > IOOEO I D= DO
- = =8 WOOO VO s L OMDMON Qus aQ DIONWWEXE XZxZZ [=F 4 O DDOVMEE P ZX
Xratg D2uWOo 22X L At d Yy 1ad -0 = =P~ =] e Ll -0 b =)D Dt
(R =~ [l 2l e T WoOON0 - - e = W~ Ud) AWM - w W~ wWVWW
X =t = =0 ~ Nt 2 XXX » = » NE= ONOOwm~aNN~~LIL LIDD = ONOQwmANN- "~y L LIDD
—e s = s Lis D =4 g v 1) ~0 O~ = et i B UK e N (] Ut M UM el Byl L)
e b > =0 R0 U e xXD>rg— _ JBWI> Qb= et M= _ . M2 O~
MR-t ZZ 0 U an aZTRO TEELE EXESTTIEX-ITIZ22Zr-2Z20 HEXEX EXRHawiXllr-XLZ2¢-
QM ZE R EZLrZEZr i =t (NMEIN = B DD N H R EDDXWrtmarmxXee O DR W0 HE DIt O
(T T e e L lalad Lalal’ 4 4= bt Gt KEMO>>UNNO . J<>>XM>UNWLWFECEAIWAE >0 U0 >3 > 00 W -0 o022
M“NmmmmmmmWPPTTﬂ"ﬂMuHPPLF.LFFFHPPFFFFNCPPPNPLFLFFFHPPFFFFNCPPPNE
—n
) COOQOOOOOOOCOAErODOOMDVOOOCOOOCOQOODOrTOOO0OOOMYOTOOOO0OOO0O0O
OOCOOOOOOO=MNMETINONODF O —~NMIT NVOONRDCO-ONMTINOVRBDOO—~MNMIMME N OO O =~
K0 NP U0 P (@) O v vt 74 vt vt s vt 2 2t et (NN NN I NN NN NN NI M MM MM DM MMM S o & o o S o N NNNW

10



Flgure 4

Basic Problem RD2.6 Sample Output

§58v0C

Z

565 HOURS)

L]

(

TIME %1,998,000 SECONDS
X/L1

Fsumy TEMP (D)

FSUnX

Y/L2

IO O = INO D0
O~ @D 0N 0 ~ DN D
QN0 DO

s a2 %" p © & & g & o »
NN N0 QDN
O VODEPNI-0DO

T OO~ NO~@m
=M N O v
O =O DN INo-—0- N

=Y-Y-T-1-T~1-2~1~J=l=g

VNS 0~ NI -
OO0 M-OMO (N
VIO O~ OMM
. ® =« ® a & o © & & g
NN N0V N Y P o
OO NDMPDINISO0

o W & o o 5 op bW

a * & & u & o © 3 & o

1-3-Y-2-2-9-1-3-1-~1=1=)

OO0 OOVOOOQO
COOOVOOCOIOCO
OOODOOOOO0O
OVOCOAVOOOCO

OO0V

COOOQOOOOVS
OO0V OOO00
SOOTOAOOOOOOO
O—NMITNIORDOO

s e = - = & [ - * - -

OCOO0OQOOOOOw™

RUN

? 39946000

,596,000 SECONDS
1,110 HOURS)
y/L2

{

TIME A3
X/L1

FSUMY TEMP (L)

FSumx

GO DN = -GN O N
NI N0 0 PSS D —
ONMNOSING NaINININ

- - L] - - a - [ ] L ] [ ) -
—t oy ot g O O~ O M DD
TN

NI@MS o M o= N DN O~ v
NINDN-DVEOOW PSS
VNMO N NaININN
-t o=y 90 0me O O~ O~ @ S QD
et e OO OO0

[-Y~Y-1-T-T-2-1-1-L~1=4

QDN —=MDVNON
NN -0 00 QO M (D
GNP OO N IN W

- " 8 *® & & g ® 8 » -
et =~ OO0~ E 0N
o o o & T MMM

NN N NWNININWNINIDWN
NN ONINONON NN NN
90 0+0-0-00-0-00~0
g W g WG gog Tl g T g 4 o4
g V8 gy VE gug S0 gug T4 @y 8 o6
e @ 3 & 8 ® ¢ & 8 ®

OOOVOOOOOOO

DMV MOMM O
MmAN@NINC oMo
O ™= (I~ NO — O~ 1)
NOONIM=OSeO
MM MHMINNNN -

I~Y-2-3-T-Y-2-1-1-1~ 1~

QOO0 OOOOOO0
QOO0 O0O0OOOD
OCOODOO0OCOOOD
Qe NMwE NI A WO

e & & @ L s & @ a L] L]

QOO OOOCO0O™

11



Figure 4

Basic Problem RD2.6 Sample Output (continued)
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2.6 Transfent Temperature Analysfs of an
Infinfte Rectangular Bar with Anfsotropic
Conductivity (Schneider, 1955, p. 261)

Problem Statement - This problem is concerned with the thermal response
of an infinite length bar, width 2Ly and depth 2Ly, {nitially at
uniform temperature T;, exposed to 2 }arge mass of f?uid,of tempera-
ture Ty, on all four sides at zero time (Figure 2.6-1). -The thermal
conductivity of the bar 1is anisotropic with {ts principal directions
coinciding with the x and y axes. The temperature distribution in the
bar is to be calculated along the x and y axes at any time,

The governing equation for transient two-dimensional anisotropic heat
conduction in a solid may be written as:

o o 3 Ty 4 2 2T
PC 3T =x Ky 550+ 3y (ky ay) (1)

where:

X,y define a point on a plane in the bar,

T = temperature of the solid,

Kx» k.y = thermal conductivity in the x and y directions,

o = material density,

c = specific heat, and

t = time. :

Heat is transferred from the bar's surface to the fluid mass across a
thin layer of fluid adjacent to the bar in which a temperature gradient
exists. This form of heat transfer is called convection. It acts as a
boundary condition for the above conduction equation and may be
expressed as:

q=Ah (T -T.) (2)
where:
g = rate of heat transfer from surface to fluid,
A = surface area,
h = convective heat transfer coefficient,
T¢ = surface temperature, and
Teo = fluid temperature.

The solution to the conduction équation. subject to the convective
boundary equation and the following initial and boundary conditions;

T = T3 for t<0,
To = Ty for t <0,
Te = T for t>0,

—a = =

al 0 at x =0, and
—-—a = =

3y 0 at y=0,

describes the bar depicted in Figure 2.6-1.
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Figure 2.6-1 Rectangular Bar with Anisotropic Conductivity

14



Objectives - The purpose of this example problem is to check the numeri-
cal techniques in the two-dimensiona) transient anisotropic conduction

portion of the code. The problem additionally checks the coding of the
convective boundary condition in the computer program.

Solution - The solution to the above problem is presented in Schneider

. The analytical solution to a similar problem involving infinite
plates was first developed, and then extended to an infinite bar with
anisotropic conductivity, Figure 2.6-2a shows the dimensfonless center

plane temperature history for an infinite plate with surface resistance.
In the chart

(Te = Tg) / (T4 = Tp) (3)

is a function of the Fourier modulus
a t a t

3 x =

L —l?- or T, -1%- (4 )
1 :

for various values of the reciprocal of the Nusselt number

k k |
(1/8y,), = F"[-I or  (L/Ny,), = 5{2 (5)

where:

Te
Ty and Ty
ay and @y

center plane or center line temperature,
Fourier modulus for the x and y axes,
-thermal diffusivity, @« = k/cp for the
x and y directions, and

Nusselt number.

KNu

The infinite plate center plane graph is extended to an infinite bar
center 1ine solution by finding the product of the term (T¢-To)/
(Ti-To) from both the x and y axes based on an {infinite plate and
setting this quantity equal to a similar term for the infinite bar. The
infinite plate position-correction chart shown in Figure 2.6-2b may then
be employed to find the temperature at other locations within the bar,
This dimensionless graph shows

o (6)
c o

as a function of the inverse of the Nusselt number and distance along an
axis from the center line divided by the half-bar width. The product of
the correction terms from both the x and y axes yields the correction
term applicable to the infinite bar case.

Anisotropic conductivity s 1{ncorporated into the solution by the
Nusselt number, the Fourier modulus, and the thermal diffusivity.
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Figure 2.6-2a Dimensionless Centerline Temperature for a Plate
with Surface Resistance (From Schneider, 1955)
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Figure 2.6-2b Dimensi~nless Position Correction
Chart (From Schneider, 1955)

*Reprinted with permission from Schneider, P.D.,
Conduction Heat Transfer, Addison-Wesley Publishing
Company, Inc., Reading, MA, 1955
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Assumptions -~ The assumptions made 1n solving the above equations
include:

e Material parameters such as density, specific heat, and thermal
conductivity are constant.

¢ The convective heat transport coefficient is a constant.

Input Specifications - The example problem is described by the following
data:

¢ Geometry
- Bar half-width along x axis Ly = 2.0 m
- Bar half-width along y axis L2 =1.0 m
e Material Properties
- Density p = 2760 kg/m3
- Specific heat ¢ = 725 J/{kg*°C)
- Thermal conductivity in the
x direction ky = 2,00 W/{me°C)

- Thermal conductivity in the
y direction ky = 1.00 ¥/ (m-°C)
¢ Initial Conditions/Boundary Conditions
- Convective heat transfer coefficient h =20 N/(m2-°C)
- Initial bar temperature 300°C
- Fluid temperature 30°C

—) =
[« QN
nn

Output Specifications - Temperature profiles along the x and y axes are
to be determined after 555, 1110, and 2220 hours.
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3. BASIC PROGRAM RD2.8

This program calculates the transient temperature response to the quench of
an infinite length and width slab with a temperature-dependent convection

coefficient.

Theory

The éngineering aspects of this program are discussed in Section 2.8 of
Reference 1 (attached for the readers convenience at the end of this section).

Input Data:

Line 100:

Lines 140 & 160:

Lines 150 & 170:

Line 210:

Line 240:

Output:

Program

The time step, DT, is input in Line 90. Initial temperatures,
To and T; are input in line 100 (T, = 37.8 is input two
times in this line). Thermal conductivity, k, and thermal
diffusivity, a, are used to calculate the constant in Line 110
(k/a = 44,702,800). Slab thickness, L, is input as L/10 = AL
= 0.0203 in Line 110. Variables k and AL are input again in
Line 120 to calculate k/AL. The final time (in seconds) =
25200 is input in Line 130. The variables hy = 11.36, fehy =
0.20448 and Ty = 37.8 are input in Lines 140 and 160 (T, is
input two times in each of these lines).

The initial temperature distribution in the slab is determined
here for the 11 segments (the first segment (I=1) and the
last segment (I=11) are one-half the thickness of the other
segments).

Equation 3 of the reference is solved here for the first and
last segments.

The new temperature, N(I), is calculated in these lines for
the first and last segments.

Here, the new temperature is calculated for the middle
segments.

The new temperatures, N(I), calculated for the current time
increment, T, are set equal to the old temperatures, O(I),
for the next time increment.

The surface temperature of the hot-side surface is output to
the printer at 0.1 hour increments. The time increments for
printing the results may be adjusted by changing the
constant in Line 225 (the constant = print time in seconds).

A listing of the program is contained in Figure 5§, and the output for the
problem in Reference ] is shown in Figure 6.
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Figure 5

Basic Program RD2.8 Listing
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Figure 6

Basic Problem RD2.8 Sample Output
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2.8 Transient Temperature Response to the Quench
of an Infinite Slab with a Temperature-Dependent
Convection Coefficient (Kreith, 1958, p. 161)

Problem Statement - This problem deals with the transient thermal
analysis of the quench of one side of an infinite slab with a linearly
temperature dependent convection heat transfer coefficient (Figure
2.8-1), The slab, thickness L, is initially in a steady-state condition
transferring heat from one side at temperature Ty to its other side at
temperature T,. At time zero, the hot side {s exposed to a large
fluid mass o temperature To- The temperature distribution in the
slab at any time is to be ca1cu1ated

The governing equation for one-dimensional conduction in a solid may be
written in the form of:

2

3l .o, 27 (1)
at a_xz

where:
temperature,

time,

k/pc = thermal diffusivity,
thermal conductivity,
material density,

specific heat, and
distance along the x-axis.

X O xR cr -
WonuwH N AN

Heat is transferred from the surface of the slab to the fluid mass
across a thin layer of fluid adjacent to the slab in which a temperature
gradient exists. This convective heat transfer is a boundary condition
for the above equation and may be expressed as:

¢ = Ah(T -T,) (2)
where:

rate of heat transfer from surface to fluid,
surface area,

convection heat transfer coefficient,
surface temperature, and

fluid temperature.

S

-~ T O

The convection heat transfer coefficient variation may be expressed as:
ho= h[L+g (T - T,)] (3)
where:
hg = convection heat transfer coefficient at zero temperature

difference, and

B = temperature coefficient of convection heat transfer
coefficient.
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Figure 2.8-1 Transient Response' to the Quench of an
Infinite Slab with a Temperature-Dependent
Convection Coefficient
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The solution to the conduction equation subject to the convective
boundary equation and the following initial and boundary conditions:

To =T for t <0,
Ty, =Tg for t 20,
Tg =Ty at x=1L for t <0, and
Tg = To at x = 0;

describes the slab depicted in Figure 2.8-1.

Ohjective - The purpose of this problem is to check the codes' modeling
of a convection boundary condition with 2 temperature dependent convec-
tion heat transfer coefficient. The problem also involves a check of
the numerical techniques in the transient one-dimensional conduction
portion of the code.

Solution - The numerical solution methodology for the above problem is
presented in Kreith (1958). A specific problem is solved by the Schmidt
method, a graphical finite-difference solution. The same problem will
be used for benchmarking. The solution is given in Table 2.8-1.

Assumptions - The assumptions made in solving the above equations
include:

¢ Material properties are constant; and
"o The slab is of infinite width and depth.

Input Specifications .- The example problem is described by the following
data:

¢ Geometry
- Slab thickness L

0.203 m

¢ Material Properties

- Thermal conductivity k = 3.46 W/(m°C)
- Thermal diffusivity e =7.74 x 108 m2/s
- Convection heat transfer

coefficient at zero difference hy = 11.36 W/ (m2-*C)

- Temperature coefficient of
convection heat transfer

coefficient 8 = 0,018 “c-l
e Initial Conditions/Boundary Conditions
- Low temperature To = 37.8°C
- High temperature T3 = 260.0°C

Qutput Specifications - The surface temperature of the hot surface is to
be determined at 2.3, 4.6 and 7.0 hours.
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Table 2.8-1 Solution to Benchmark Problem 2.8
(From Krefth, 1958)

Time Surface Temperature
hr °C
0 260
2.3 174
4.6 154
1.0 141
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4. BASIC PROGRAM RD2.9

This program solves the transient thermal analysis of an infinite width and length
slab, with an insulated rear surface, exposed to a uniform radiative environment.

Theory

The engineering aspects of this program are discussed in Section 2.9 of Reference
1 ( attached for the readers convenience at the end of this section).

Input Data:

Line 100:

Line 150:
Line 160:
Line 170:

Line 210:

Line 255:

Output:

Program

T, and o are input in Line 70, while Ty = 546 is input in Line 100.
Variables o, ¢, and L/10 (2930, 725, and 0.025 respectively) are used
in Line 110 to calculate C. Values for k = 1.15, and L/10 are input
in Line 120. The final time step (345600 seconds) is set in Line 130.

The initial temperature distribution in the slab is set equal to T,
for the 11 segments (the first segment (I=1) and the last segment
(I=11) are one-half the thickness of the other segments).

The new temperature, N(1), is caiculated here for the first segment.
Equation 3 of the reference is solved in this line.

The new temperature, N(11), is calculated for the last segment.

In this line, the temperature distribution of the middle segments is
calculated.

The new temperatures, N({I), calculated for the current time
increment, T, are set equal to the old temperatures, O(I), for the
next time increment.

The front surface and the rear surface temperatures are output to
the printer at times set in Lines 231-245 of the program.

A listing of the program is contained in Figure 7, and the output for this problem
is shown in Figure 8.
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Figure 7

Basic Program RD2.9 Listing
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Figure 8

Basic Problem RD2.9 Sample Output
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2.9 Transient Temperature Response of a Stab Exposed
to 2 Uniform Radiative Environment (Rohsenow and
Hartnett, 1973, p. 3-49)

Problem Statement - This problem is concerned with the transient thermal
analysis of an infinite length and width slab of thickness L, with an
insulated rear surface, exposed to 2 uniform radiative environment on
the front (Figure 2.9-1). The surface temperature of both sides of the
slab is to be calculated at any time.

The governing equation for one-dimensional conduction in 2 solid may be
written in the form:

EL s (1)

where:

temperature;

time; '
k/oc = thermal diffusivity;
thermal conductivity;
material density;

specific heat; and

T
t
a
k
o]
c
x = distance along the x-axis.

Heat is transferred from the surface of the slab to an object of lower
temperature by radiation. This radiative heat transfer is a boundary
condition for the above conduction equation and may be expressed in
terms of absolute temperature as:

q=¢ey0 (Tg - Tg) (3)
for two black bodies,
where:
rate of radiative heat flow per area;
emissivity;
Stefan-Boltzmann constant;

higher surface temperature; and
lower surface temperature.

Q
‘"N

For two gray bodies, the radiative heat transfer is given by:
g =oFy_, (T} - T3) (3)

where: ’
F1-2 = gray-body shape factor (2 modulus which accounts for
the emissfvities and relative geometries).
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The solution to the conduction equatfon subject to the radiative
boundary equation and the following initial and boundary conditions:

T = To for t < 0.

q =0 for t <O,

T¢ =T, for t5 0, and
of

IX

=0 at x> 1L,

describes the slab depicted in Figure 2.9-1.

Objectives - The purpose of this problem {is to check the numerical
techniques in the one-dimensional transient conduction portion of the
code and the radiative boundary condition.

Solution - An approximate solution to the above problem s presented in
Rohsenow and Hartnett (1973). Figure 2.9-2 shows the dimensionless
absolute surface temperature cooling history for a thick slab with
insulated rear surface after sudden exposure to & uniform radiative
environment with the initial slab temperature, T, two times the
radiative environment temperature, Tg. In the charts: '

(T-T) 7 (T -T,) (4)
is given as a function of the cooling radiation number
. 3
My =0Fy o Ty L/ (5)

where:
Mo = cooling radiation number,

and the Fourier modulus
L ot

6
3 | (6)

T

where:
t= Fourier modulus, and
a= thermal diffusivity.

Assumptions - The assumptions made 9In solving the above equations
incluse:

e Material properties are constant;

¢ The transmitting medium 1s nonabsorbing and nonemitting;

o Radiation 4s the only applicable boundary condition on the
noninsulated surface; and

¢ Radiative environment is uniform and of constant temperature.
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Figure 2.9-2 Temperature Response of Thick Plate With
Insulated Rear Face x = L After Sudden
Exposure to Uniform Radiative Environment
at x = 0 (From Rohsenow and Hartnett, 1973)

*Reprinted with permission from Rohsenhow, W.M. and J.P.
Hartnett, Handbook of Heat Transfer, McGraw-Hill Book
Company, New York, 19/73.
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Input Specifications - The problem is described by the following data:

e Geometry
- slab thickness L = 0.25m
- Gray-body shape factor F1.2 = 1.0

¢ Material Properties '
thermal conductivity k = 1,15 W/ (me°C)
density o =2930 kg/m3
specific heat ¢ =725 J/(kg*°C)
thermal diffusivity « = 5.42 x 10-7 m2/s

¢ Initial Conditions/Boundary Conditions
- radiative environment

temperature T = 273%
- initial slab temperature To = 546°K
- Stefan-Boltzmann constant ¢ = 5.67 x 10-8
w/ (m2.°K4)

Output Specifications - The surface temperature of both sides of the
slab is to be determined at 4, 24, and 96 hours.
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S. LOTUS SPREADSHEET RD3.2a

This spreadsheet performs a stress analysis of a circular tunnel in an elastic
medium with a biaxial stress field.

Theory

The engineering aspects of this spreadsheet are presented as part a of
Problem * 3.2 in Reference 1 (Problem 3.2 with corrections is attached for the
readers convenience at the end of this section). A discussion of major and
minor stresses and the angle to the major stress is not covered in the
reference and is given here.

op = (op + 09)/2 + ((0f - a,)’/4 + rnz)* (A)
O = (O + 02)/2 - (0 - 0 /4 + 1)} (B)
¢ = ¥ ARCTAN [(2)«(r4/(04-01))] ©

where:  op = radial stress
oy = circumferential stress
Trp = shear stress
O) = mMajor stress
Om = minor stress
¢ = angle between the major stress and #

Spreadsheet

Input Data: Problem specifications are jnput by the wuser in cells E7 through
El2.

Rows 15-16: Intermediate calculations are performed to find wvalues of
variables used repetitively in the displacement and stress
calculations.

Rows 20-44: Column A is for user input of radial distance from the tunnel
centerline at which displacements and stresses will be
calculated.

Column B is used to calculate radial displacement wusing Equation
9.

Column D is a copy of column A.

Column E is used to calculate the circumferential displacement
using Equation 9.

Rows 52-71: Shear stress, radial stress, and circumferential stress are
calculated at the input angular coordinate (¢) in Columns C, E,
and G using Equations 3, 1, and 2 respectively.

Rows 80-99: The major stress and minor stress are calculated in Colummns C
and E using Equations A and B respectively while the angle (¢)
between the major stress and the angular coordinate (6) is
calculated in Columr G using Equation C.
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A graph of stresses (shear, radial, circumferential, major, and minor) and the
angle to the major stress as & function of radial distance will appear on the
screen when the F10 key is pushed.

A sample spreadsheet is shown in Figure 9.
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Figure 9
Problem RD3.2a Sample Lotus Spreadsheet
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Figure 9

Problem RD3.2a Sample Lotus Spreadsheet (continued)
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3.2 Circular Tunnel (Long Cylindrical
Hole in an Infinite Medfum)

Problem Statement - This prob’em concerns the stress analysis of a2 long
circular opening in an infinite medium under various boundary conditions
and material properties (see Figure 3.2-1). Three variatfons to this
problem will be considered:

2) Tunnel in an elastic medium with a biaxial stress field;

b) . Tunnel 1in an elastic-plastic medium with a hydrostatic stress
field; and

(c) Lined tunnel in an elastic medium with a biaxial stress field.

Upon excavation of a tunnel, the in situ stresses within the rock or
s0il mass are redistributed from an uniform orthogonal stress field to 2
more complex stress distribution. Stress concentrations around a tunnel
cause elastic deformations at the periphery and, if the yield strength
of the material is exceeded, result in plastic deformations and redis-
tribution of stresses due to yielding of the material. In the case of
plastic yielding, a yield zone will develop around the tunnel beyond
which the stresses will be elastic. These processes are modeled by
parts {a) and (b) of this problem.

Part (c) of this problem involves the interaction of a structural tunnel
lining and an elastic media. Although the actual design of a tunnel
lining is more complex, this problem checks the basic interaction
between the two types of material for non-axisymmetric loadings.

Objectives - This problem has the advantage of being very similar to
repository problems as well as having a closed-form analytical solution.
Several aspects of the computer model will be tested by this problem:

e The ability of the code to simulate an infinite medium by finite
boundaries;

¢ The solution of equations for displacements in a non-symmetric
problem in two dimensions;

o The computation of plastic stresses and deformations; and
o The interaction between two different materials.

Analytical Solution - The analytical solution to part (2) of the problem
Ts given by Obert and Duvall (1967) for the case of plane stress (hole
in an infinite plate). The stresses will be the same in the case of
plane strain as for plane stress and displacements can be determined by
using modified values of E and v in the displacement equations. The
stress distribution around the tunnel is given by:
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2 4 2
2 1 3 4a
orx + Sy)(l - :2.)-»7 (Sx - sy)(l + _:T - _;z)cos 2 (1)

o, =1 (s +S)1+“2-1(s-5)1+3“‘l cos 2 (2)
e Z VYx y :2 Z Sx " %y _;f
) 4 2
. | 3a 22
TI‘B > (SX - Sy)(l - —rT +?)S‘iﬂ 2 (3)
where:
r = radial coordinate,
e = angular coordinate measuré e from the x axis,
Oy = radial stress,
Og = circumferential stress,
Trg = shear stress,
SxsSy = in situ or initial stresses (tension positive), and
a = radius of circular hole or tunnel.

Displacements are given by:

(A (e

' '(s +s)( 2 S. - $ 4 1 @
x a ) ( x = :)( 2 )
- —z—l r-—1»_J- r - cos 26
i%r i T ';3 J
and _
S -§ 2 4
1 X 2a a
V"'ET L—(—T—x)(T*‘T"‘:}) sin 29]
S, - 8§ 2 4
X 22° . a (5)
@[(Tl)( 'T*‘s) sin ""’] |
r
where:
ey |V VA
(- V)
where:
u,v = displacements in radial and circumferential directions,
respectively,

E = modulus of elasticity, and
v = Poisson's ratio.
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The solutfon to Part (b) of this problem is also given by Obert and
Duvall (1967) after Fara and Wright (1963). Stresses around a circular
opening are based on a hydrostatic in situ stress field with yielding
defined by the Tresca criterfon. In the plastic zone stresses will be
given by: :

* = r h

op X 1n 2 (6)
:05 = 2k(1+ln%)  for: alr<c (7)
o5 = k(1+421n %) ) (8)

and in the elastic zone:
-

i 2
o", = S 1-% exp(ks--l) (9)
| Sr -
o -
ka? s
o'ez Si1+=> exp(k--l) - for: rlc (10)
| Sr J
oz' = 2vS (11)
vwhere:
c = a exp [([S/x]-1)/2] = radius of elastic-plastic
boundary,
S = in situ hydrostatic stress field,
k = yielding shear strength of the material (one-half

uniaxial compressive strength),

o;. op = radial stresses in the elastic and plastic regions,
respectively,

oé, or = circumferential stresses in the elastic and
plastic regions, respectively,

o;, o; = longitudinal stresses in the elastic and plastic
regions, respectively, and

v = Poisson's ratio.

The solutfon to Part (c) of this problem is given by Paul et al. (1974)
and is based on the work of Burns and Richard (1964). The loads on a
tunnel lining have been shown to be a function of two constants given
as:
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Em
T+ = 29

(- ¥
Em
F (T ¢ vy) (13)
JAAI
(1- vl) R
where:
C = compressibility ratio,
F = flexibility ratto,
Ems Eg = modulus of elasticity for the medium and 11n1ng
respectively,
YmsVe = Poisson's ratio for the medium and 1ining,
respectively.
R,t = radius and effective thickness of the 1ining, and
Il = effective moment of inertia per unit length of the

1ining.

For the case of full shear transfer between the liner and the medium,
the thrust (T), moment (M), and shear (S) within the liner are given
by:

Tk = gL+ -b) + (1-K)(1+by) cos 28]  (18)
Mol

;EEE-c T (1 -K)(1 - by - 2by) cos 26 (15)

g = 3 (1= KL - b, - 2b,) sin 26 (26)

The diameter change is given by:

e%g- =[% [(L - v )1 +K )1 -b))C

i-
- (T.—;— )(1 = K )(1 = b, = 2b;) F cos 26] (17)
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in which
(1-2v)(C-1)

) - vy + (18)
1 2
b (l-va)(I-C)F—-z—(l-va) C+2 (19)
& 9
2 d 4
[(3-2\;'")':(1-2\:'“)c]!=+(?-va*svm)(_:4#6-8\:'n
. [1+4(1-29)CIF-3(1-2v)-2 20)
= 20
3 [(3-2v)+(1-29)CIF+ 3-8y +6Z)C+6 -8y
E(1 - “h)
e = wE - (21)
where:
T, My, S = thrust, moment, and transverse shear in the liner,
respectively,
R, D, AD = radius, diameter and the change in diameter of
the liner, respectively,
H = distance from the ground surface to the center of
the tunnel,
Y e unit weight,
Ko = ratio of horizontal to vertical in situ stresses,
Mc = gonstrained modulus of the medium surrounding the
iner
6 e angle'defining posftion on the liner; measured

counterclockwise from the right springline
(F‘g. 3.2-1) .

Assumptions - Assumptions which are implicit in the theoretical solu-
tions presented above include the following:

o Plane strain conditions apply, with one of the principal stresses
aligned with the tunnel axis; and

¢ The material is homogeneous and {sotropic.
For part (a) the following additional assumption applies:

¢ The medium s Yinear-elastic.
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For part (b), the following additional assumptions apply:

o The material is elastic-perfectly plastic in its behavior;

o Initfal stresses are hydrostatic within the plane of the
analysis; . :

e Yielding occurs when the difference between the maximum and mini-
mum in plane principal stresses reaches twice the shear yield
stress (Tresca yield criterion); and

e The out of plane stresses have no effect on the plastic
yielding.

For part (c) to this problem the following additional assumptions apply:
o The vertical stress is equal to the weight of the overburden;

o The tunnel 1liner and the medium are both 1Vinear-elastic
materials; and

o Because of the elastic assumption and the single-step analysis,
the I;ner {s assumed to be in place before excavation of the
tunnel.

Input Specificatfons - The following input specifications apply:

o Geometry ,
- Excavated tunnel radius a = 50m
e Material properties
- Modulus of elasticity E = 6,000 MPa
- Poisson’s Ratfo v = 0.20
e In situ stresses
(2) (b) (c)
- Horizontal stress Sy 30 MPa 15 MPa 30 MPa
- Vertical stress Sy 15 MPa 15 MPa 15 MPa

For part (b), the yield strength (Tresca criterion) of the rock will
be:

o Shear stress at yield k = 10 MPa

Properties for the tunnel 1ining (part c¢) are as follows:

¢ Thickness t= 0.50m
¢ Modulus of Elasticity E = 20,000 MPa
e Poisson's Ratio v = 0,20

Figure 3.2-1 shows the geometry and loading conditions for the three
parts to this problenm.
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Output Specifications - The output for parts (a) and (b) are the
stresses and displacements along 2 line at equals 30 degrees at radii
of 5m, 10m, and 20m. (Note: displacements for part (b) are not calcu-
lated in the analytical solutfon). For the lined tunnel, the moment,

thrust, shear, and radial displacements in the liner 2t 6 equals O, 30,
60, and 90 degrees will be computed. :
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6. LOTUS SPREADSHEET RD3.2b

This spreadsheet performs & stress analysis of a& circular tunnel in an elastic-
plastic medium with a hydrostatic stress field.

Theory

The engineering aspects of this spreadsheet are presented as part b of problem
3.2 in Reference 1 (Problem 3.2 with corrections is attached for the readers
convenience at the end of this section).

Input Data:

Row 11:

Column A:

Column B:

Column C:

Column D:

Spreadsheet

Problem specifications are jnput by the user in cells C5 through
C8.

The radius of the elastic-plastic boundary "c¢" is calculated in celi
Cl2.

This column is for user jinput of the radial coordinate “r* for
which stresses are to be calculated. The first entry is automati-
cally set equal to the tunnel radius "a", and the tenth entry is
automatically set equal to the elastic-plastic boundary “c".

Radial stress is calculated by Equation 6 for radial distances less
than or equal to the elastic-plastic boundary, and by Egquation 9
for radial distances greater than the elastic-plastic boundary.

Circumferential stress is calculated by Equation 7 for radial
distances less than or equal to the elastic-plastic boundary, and
by Equation 10 for radial distances greater than the elastic-
plastic boundary.

Longitudinal stress is calculated by Equation 8 for radial distan-
ces less than or equal to the elastic-plastic boundary, and by
Equation 11 for radial distances greater than the elastic-plastic
boundary.

A graph of stress as a function of radial distance will appear on the screen
when the F10 key is pushed.

A sample spreadsheet is shown in Figure 10.
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Figure 10

Problem RD3.2b Sample Lotus Spreadsheet
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3.2 Circular Tunnel (Long Cylfndrical
Hole fn an Infinfte Medfum)

Problem Statement - This problem concerns the stress analysis of a long
circular opening in an infinite medium under various boundary conditions
and material properties (see Figure 3.2-1). Three variations to this
problem will be considered: ’

{a Tunnel in an elastic medium with a bfaxial stress field;

b) Tunnel in an elastic-plastic medium with & hydrostatic stress
. field; and

(c) Lined tunnel in an elastic medium with a biaxial stress field.

Upon excavation of a tunnel, the in situ stresses within the rock or
soil mass are redistributed from an uniform orthogonal stress field to a
more complex stress distribution. Stress concentrations around a tunnel
cause elastic deformations at the periphery and, if the yield strength
of the material is exceeded, result in plastic deformations and redis-
tribution of stresses due to yielding of the material. In the case of
plastic yielding, a yield zone will develop around the tunnel beyond
which the stresses will be elastic. These processes are modeled by
parts (2) and (b) of this problem.

Part (c) of this problem involves the interaction of a structural tunnel
lining and an elastic media. Although the actual design of a tunnel
1ining is more complex, this problem checks the basic fnteraction
between the two types of material for non-axisymmetric loadings.

Objectives - This problem has the advantage of being very similar to
repository problems as well as having a closed-form analytical solution.
Several aspects of the computer mode! will be tested by this problem:

o The ability of the code to simulate an infinite medium by finite
boundaries;

e The solution of equations for displacements in & non-symmetric
problem in two dimensions;

¢ The computation of plastic stresses and deformations; and
¢ The interaction between two different materials.

Analytical Solution - The analytical solution to part (a) of the problem
1s given by Obert and Duvall (1967) for the case of plane stress (hole
in an infinite plate). The stresses will be the same in the case of
plane strain as for plane stress and displacements can be determined by
using modified values of E and v in the displacement equations. The
stress distribution around the tunnel s given by:
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where:
r = radial coordinate, COUNTER
6 = angular coordinate measur;dhplockw e from the x axis, .
or = radial stress,
Og = cifrcumferential stress,
T = ghear stress,
SxsSy = in situ or initial stresses (tension positive), and
a = radius of circular hole or tunnel.

Displacements are given by:

b () ) () - o4 e

(4)

and -'\E,; (i!‘_;x)(,_:_z) ( )("'f;)cosze]
ot ) 8) s

G g @

where:
u,v = displacements in radial and circumferential directfons,
respectively,
E = modulus of elasticity. and
v = Poisson's ratio.
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The solutfon to Part (b) of this problem 1s also given by Obert and
Duvall (1967) after Fara and Wright (1963). Stresses around a circular
opening are based on & hydrostatic in situ stress field with yielding
d2fined by the Tresca criterion. In the plastic zone stresses will be
given by:

. o r ) |

cn .’:'klna (6)
‘o = A (1+Wn) - for: agrge ()

. . r

g s k@ezmd ()

and in the elastic zone:

i 2
S
o = S 1--'32 exp (2 - 1) (9)
‘ | kaz S ]
o'g = S 1+-s—rsz exp (F"l) - for: r)c (10)
' . )
o, 2vs J (11)
vhere
c = a exp [([S/k]-1)/2] = radius of elastic-plastic
boundary,
S = in situ hydrostatic stress field,
k = yielding shear strength of the material (one-half

unfaxtial compressive strength),
o.» Oy = radial stresses in the elastic and plastic regions,
respectively,
oé. og = circumferential stresses in the elastic and
plastic regions, respectively,
o!, of = fongitudinal stresses in the elastic and plastic
regions, respectively, and
v = Poisson's ratio.

The solution to Part (c) of this problem is given by Paul et al. (1974)
and s based on the work of Burns and Richard (1964). The loads on a
tunnel lining have been shown to be & function of two constants given
as:
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E

n
{1 +v)(1=-2v)
. n 2 "‘1 (12)
- ¥

Em

Foe _ﬁ“{' n? (13)
e 1

(1- vi) RS

where:

C = compressibility ratio,
F = flexibility ratio,
Ems Ep modulus of elasticity for the medium and lining
respectively,
Poisson's ratio for the medium and lining,
respectively.
radius and effective thickness of the lining, and
gif?ctive moment of inertia per unit length of the
ning.

I,

For the case of full shear transfer between the liner and the medium,
the thrust (T), moment (M), and shear (S) within the liner are given
by:

7}5 . %[(1 #K)1-b) + (1-K)1+b)) cos 261 (14)
;ﬁgi-c %-(1 - Ko)(l - b, - 2b3) cos 26 (15)
sk = 5 (1 - K )L - b, = 2b,) sin 20 (16)

The diameter change 1s given by:

o =[,} [(1 - v, )1 +K)(1-by)cC
C

l- Vm
= \1== (1 = K )1 = b, - 2b;) F cos 26 (17)
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in which
(1 - 2v)(C - 1)

by = T ae)

(1-2v)1-C)F-5(1-2v)2c+2

b, = (19)
2 [@B-2v) + (1-29 ) CIF + (3~ 8 +602) C+6 By
. [1+(-29)CIF-3(1-2v)-2 0)
s 0
P [3-2y) ¢ (1-29) CIF + (3 -8By, + 62) C+6 -8y
EQ1 - Vh) (21)
M. = 21
c + vh - Ve
where:
T, M, S = thrust, moment, and transverse shear i{n the liner,
respectively,
R, D, AD = radius, diameter and the change in diameter of
the liner, respectively,
H = distance from the ground surface to the center of
the tunnel,
Y = unit weight,
Ko = ratio of horizontal to vertical in situ stresses,
Mc = ggnstrained modulus of the medium surrounding the
ner
6 e ang1e'def1ning position on the liner; measured

counterclockwise from the right springline
(Figo 302‘1) .

Assumptions - Assumptions which are implicit in the theoretical solu-
tions presented above include the following:

e Plane strain conditions apply, with one of the principal stresses
aligned with the tunnel axis; and

o The materfal {s homogeneous and isotropic.
For part (a) the following additional assumption applies:

o The medium is linear-elastic.
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For part (b), the following additional assumptions apply:
¢ The material is elastic-perfectly plastic in its behavior;

o Initial stresses are hydrostatic within the plane of the
analysis; » .

o Yielding occurs when the difference between the maximum and mini-
mum in plane principal stresses reaches twice the shear yield
stress (Tresca yield criterion); and

¢ The out of plane stresses have no effect on the plastic
yielding.

For part (c) to this problem the following additional assumptions apply:
e The vertical stress is equal to the weight of the overburden;

¢ The tunnel 1liner and the medium are both 1linear-elastic
materials; and

e Because of the elastic assumption and the single-step analysis,
the l}ner is assumed to be in place before excavation of the
tunnel.

Input Specifications - The following fnput specifications apply:

o Geometry
- Excavated tunnel radius a = 50m
e Material properties
- Modulus of elasticity E = 6,000 MPa
- Poisson's Ratio v = 0,20
e In situ stresses
(2) (b) (c)
- Hor{izontal stress Sy 30 MPa 15 MPa 30 MPa
- Vertical stress Sy 15 MPa 15 MPa 15 MPa

For part (b), the yield strength (Tresca criterion) of the rock will
be:

e Shear stress at yfeld k = 10 MPa

Properties for the tunnel 1ining (part c) are as follows:

e Thickness t= 0.50m
o Modulus of Elasticity E = 20,000 MPa
e Poisson's Ratio v =0,20

Figure 3.2-1 shows the geometry and loading conditions for the three
parts to this problem.
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Output Specifications - The output for parts (2) and (b) are the
ciresses and displacements along 2 line at equals 30 degrees at radii
of 5m, 10m, and 20m. (Note: displacements for part (b) are not calcu-
lated in the analytical solution). For the lined tunnel, the moment,
thrust, shear, and radial displacements in the liner at & equals 0, 30,
60, and 90 degrees will be computed. "
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7. BASIC PROGRAM WP2.3

This program calculates the transient temperature response of a solid cylinder
with constant thermal conductivity.

Theory

The engineering aspects of this program are discussed in Section 2.3 of
Reference 2 (attached for the readers convenience at the end of this section).

Input Data:

Lines 110-160:

Lines 1000-2099:

Program

Values of the input specifications h, a, 2, k, Tj, and Ty are
contained in Lines 10 - 60. The maximum time for the
analysis is set in Line 90 and may be adjusted by changing -
the constant in the TMAX formula. Time steps as a
function of TMAX are also set in Line 90 and may be
changed by the user. The radius step size is set in Line
110 (.2 for this problem) along with the number of roots to
be calculated for equation 28 of the reference (I=] to 6).
The number of roots (I=l to 6) is also set in Line 2010.
Tolerance for calculating the roots is set in Line 2000
(EPS=.000003).

Equation 27 of the reference is solved in these lines.

These lines are used to find the roots of Equation 28.

A listing of the program is contained in Figure 11, and the output for the
problem in Reference 2 is shown in Figure 12.

55



Figure 11
Basic Program WP2.3 Listing
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Figure 12

Basic Problem WP2.3 Sample Output
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2.3 Transient Temperature Response of a Solid Cylinder with
Constant Thermal Conductivity

Problem Statement. This problem is concerned with the thermal response of
an infinite solid cylinder (radial conduction only) of radius a, initially
at a uniform tehperature T4 which is equal to the atmospheric temperature.
The atmospheric temperature is suddenly changed to a constant value of Tgf.
Subsequent to this change at time zero, the change in the temperature

distribution in the cylinder is to be calculated as a function of time.
See Figure 2.3-1.

The energy conservation equation for transient radial conduction in the
region (0 <r < a) is

1.2 27y 13T
rar (Yar) =55t

(22)
where the thermal conductivity is considered to be invariant and where

T = temperature [6]

r = radial position [%]

t = time [t]

a = thermal diffusivity [£2/t]
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Figure 2.3-1

Cylinder of Radius a Initially in Temperature Equilibrium
with Surrounding Atmosphere at Temperature Tj. At
Time Zero the Surrounding Atmospheric Temperature

Is Increased to a Value 7, = T¢
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At the surface of the cylinder, heat may be transferred by- convection
-between the cylinder and the atmospheric fluid. The characteristic
temperature of the atmospheric fluid is To. The initial condition is

t< 0 T(r) = T4 (0<r <a)

(23)
and the surrounding atmospheric temperature is
t<O0 T, = T1
(24a)
t>0 T - Te
(24b)
Thé boundary conditions are
- T . h(1-
at r=a, -kzz=h(T-T)
(25)
= —al k4
at r=0, T 0
(26)

where
k = thermal conductivity of cylinder material [e/t 8]

h = convective heat transfer coefficient between
the cylinder outer surface and the atmosphere [e/t226)
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Objectives. The purpose of this problem is to establish a reference solu-
tion for transient radial conduction in a cylinder. It will be represent-
ative of waste package transient cooling when there is an abrupt change in
atmospheric conditions. The solution can be used to determine thermal
conditions where associated thermal stresses may be important.

- Analytical Solution. The solution to Equation 22 for the stated initial
and boundary conditions (Reference CA-59) is

o akﬁt

T(l",t) - Tw 2ha e Jo(knl“)
T -T "Zg‘zz ha,2
n=1 :\n a + ("F) Jo()‘na)

(27)
where A, are the characteristic values found from solving
(And) 3,3 2) + () 953,
| | (28)

and where

Jo(y) = Bessel function of first kind and order
zero of independent variable y

J1(y) = Bessel function of first kind and order
one of independent variable y

This anaiytical solution involves evaluation of the terms of an infinite
series until the terms of the convergent series become negligible. (For
the condition specified with this problem, use of the first two roots,
Aq, 1s adequate.) A more rapid solution can be obtained by the use of
charts developed by Heiser (Reference HE-47), Boelter et al. (Reference
B0-42), and Kreith (Reference KR-58). These charts are shown in Figure
2.3-2. They treat r/ry from 0 to 1.0 in increments of 0.2 (six charts).

Each chart presents 11 combinations of values of k/hz in the range from 0
to 10.
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Assumptions.

. The surface convection heat transfer coefficient
is a known constant.

. The atmospheric temperature is constant for t > 0
and therefore independent of the thermal energy
transferred to the cylinder.

e« .Thermal conductivity and thermal diffusivity are

-independent of temperature and thus constant
through the transient.

Input Specifications.

. Geometry
- cylinder radius, a = 1.0 (ft)
. Material properties

- thermal diffusivaty of cylinder material,
= 0.014 (ft</hr)
- thermal conductivity of cylinder material,
k = 0.700 (Btu/hr-ft-oF)

. Parameters

- convective heat transfer coefficient,
h = 2.8 (Btu/hr-ft2-OF)

. Boundary conditions
- initial temperature of cylinder and pre-step
(t < 0) atmospheric temperature, Tj = 300(°F)

- post-step (t > 0) atmospher1c temperature,
tf = 400 (OF)

For this problem, the first six roots of Equation 28, A, are:

n Ag

1 1.9081
2 4.6018
3 7.5201
4 10.5423
5 13.6125
6 16.7073
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Summations using the first two roots in Equation 27 are adequate to give
values of temperature accurate to 0.010C,

OQutput Specifications. This problem solves for the temperature response
as a function of radius and time. The solution can be compared with the
values in the following table, which are given in terms of thermal and
geometric parameters:

T(r) (OF)
t(hr;) 0.0 14.29 28.57 42.86
at/a 0.0 0.2 0.4 0.6
r
(ft)
0 300 330.09 365.76 383.46
0.2 300 332.44 366.99 384.06
0.4 300 339.34 370.56 385.78
0.6 300 350.28 376.08 388.45
0.8 300 364.31 382.97 391.78
1.0 300 380.02 390.50 395.42
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8. LOTUS SPREADSHEET WP2.4

This spreadsheet calculates & one-dimensional transient temperature
distribution with phase change.

Theory
The engineering aspects of this spreadsheet are discussed in Section 24 of

Reference 2 (attached for the readers convenience at the end of this section).

Spreadsheet

Input data: Problem specifications are jnput by the wuser in rows 6
through 18.

Row 22: A, which is calculated iteratively in rows 103 through 119, is
reported here.

Row 23: Thermal diffusivity is calculated in cell F23.
Row 24: In cell F24, erf()) is calculated as follows:
erf(3) = o(Ty-To)/l(Lxt)-(Aed")] (A)
where: variables are as described in the reference
In cell G24, )X convergence is indicated with a wvalue of 1 if
the iterative solution converged on the value in Row 22, and
by a value # 1 if the iterative solution did not converge; in
which case the temperatures calculated in Rows 30 through
100 are incorrect.

Rows 30-100: Columns A and B contain the distances and times that were
input by the user in Rows 15 through 18.

Column C is used to calculate the temperature at the
corresponding time and distance by the equations at the
bottom of page 27 of the Reference.

Column D calculates the front location, 2A(at*). at the time
(t) shown in Column B.

Columns E through G are used to determine erf(z) where 2z
equals x/[2(at)*]. '

Rows 106-118: The iterative solution for A begins in cell H106 with an initial
guess of ) = [c(T,-To)/2Ll§. This iteration may not converge
for values of X greater than 0.7S.

A sample spreadsheet is shown in Figure 13.
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Figure 13

Problem WP2.4 Sample Lotus Spreadsheet (continued)
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2.4 One-Dimensional Transient Temperature Distribution
with Phase Change

Problem Statement. This problem simulates the transient temperature re-
sponse of a fluid initially at 00C as one wall is lowered to a temperature
of -450C causing a freezing interface to propagate into the liquid. Tem-

peratures are to be calculated as a function of time and distance from the
surface boundary.
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Physical Description. A one-dimensional slab {is occupied by a liquid at

09C. At the beginning of the transient (t = 0), the edge is instantane-
ously lowered to a temperature of -450C. The freezing temperature of the
liquid is -0.010C. As heat is removed from the liquid, the freezing front

propacates away from the cold surface and into the 1iquid (see Figure
2.4-1,

Problem Solution. Conductive heat transfer with phase change is governed
by the following differential equation

2
k s cﬂ-fl_
7 P (29)

where

T = temperature [e]

x = position measured into the solid/fluid region
from the cold edge [4]

p = mass density of the fluid and of the solid [m/23)]

¢ = specific heat of the fluid and of the solid [e/m]
k = thermal conductivity of the fluid and of the solid [e/t26]
L = heat of fusion [e/23]

Reference CA-59 provides a solution for this problem of:

T(x,t) = T,(1 - erf[—?m]/erf().)) for x < mat)vz

T(x,t) = T] for x > 2).(¢1t)'ll2
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where tmax is the maximum time to be analyzed

Figure 2.4-1

Slab from Semi-Infinite Freezing Liquid with
One Boundary at T = -450F
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where

T(x,t)

temperature

x
n

distance from the boundary

t = time

-
b
n

initial temperature of the liquid
To = boundary temperature

a = thermal diffusivity (a = k/pc)

A = an equation parameter that satisfies

2 c(T, - T.)

A 1 0
re” erfycs

Lﬂ1/2

c = specific heat
p = density
k = thermal conductivity

L = heat of fusion

Table 2.4-1 provides a 1ist of values of the parameter A as a function of
specific heat, temperature difference, and latent heat. When the value of A
is relatively small (A < 0.2), it can be approximated by

2
Are Ty - T e

Objectives. The purpose of this problem is to provide a basis for examin-
ing the modeling assumptions and algorithms used by codes for the calcula-
tion of temperatures during phase changes for materials with significant
latent heats.

Assumptions. In modeling the problem, it can be assumed that at a point
200 centimeters into the fluid undergoing the Phase change, the tempera-
ture remains constant at the initial fluid temperature. It §s also as-

sumed that heat transfer is by conduction only. There is no convective

heat transport.
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The following input parameter values should be used:

k = 528 cal/cm sec OC
P = 0.92 g/cm3

¢ = 0.48 cal/g oC

a = 1196 cm?/sec

L = 144 cal/g

Ty = 00C

To = -450C

_ T4Ty)
L,"i/2 = 0.0846
A = 0.267

Calculated results can be compared with the values in Table 2.4-2.

OQutput Specifications. The outputs for this problem are the temperature
as a function of time and distance. The temperatures are to be calculated
at positions 1, 2, 5, 10, 20, 50, and 100 centimeters from the boundary at
times of 0.25, 0.5, 1, 2, 5, 10, 20, 50, and 100 seconds.
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Table 2.4-1

Values of the Parameter A

c(To-T1)

7 A
0.01 0.09386
0.02 0.13236
0.03 0.16164
0.04 0.18611
0.05 G.20749
0.06 0.22667
0.07 0.24415
0.08 0.26029
0.09 0.27534
0.10 0.28945
0.20 0.39902
0.30 - 0.47737
0.40 0.53937
0.50 0.59095
0.60 0.63520
0.70 0.67396
0.80 0.70845
0.90 0.73951
1.0 0.76755
2.0 0.96121
3.0 1.0773
4.0 1.1596
5.0 1.2230
6.0 1.2742
7.0 1.3172
8.0 1.3540
2.0 1.3863

10. 1.4149
20. 1.5974
30. 1.6992
40, 1.7694
50. 1.8226
60. 1.8653
70. 1.9009
80. 1.9314
Q0. 1.9579

73



Table 2.4-2

Time-Dependent Temperature Distribution in a
One-Dimensional Slab Undergoing Phase Change

.

Time Distance Temperature
(seconds) (cm) oC

0.25 1 -40,01
0.25 2 -35.03
0.25 5 -20.23
0.25 9.234* 0.00
0.25 10 0.00
0.25 20 0.00
0.25 50 0.00
0.25 100 0.00
0.50 1 -41.47
0.50 2 -37.95
0.50 h -27.42
0.50 10 -10.20
0.50 13.058* 0.00
0.50 20 0.00
0.50 50 - 0.00
0.50 100 0.00 -
1.0 1 ~42.51
1.0 2 -40.01
1.0 5 -32.55
1.0 10 -20.03
1.0 1€.467* 0.00
1.0 20 0.00
1.0 50 0.00
1.0 100 0.00
2.0 1 -£3.24
2-0 2 '41 .47
2.0 5 -36.19
2.0 10 -27.42
2.0 20 -10.02
2.0 26.117% 0.00
2.0 50 0.00
2.0 100 0.00
5.0 1 -43.88
5.0 2 -42.77
5.0 5 -39.42
5.0 10 -33.86
5.0 20 -22.81
5.0 41,294% ‘ G.00
5.0 50 0.00
5.0 100 0.00
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Table 2.4.2 (continued)

Time Distance Temperature
(seconds) (cm) oC
10.0 1 -44.21
- 10.0 2 -43.42
10.0 5 -41,06
10.0 10 -37.12
10.0 20 -29.27
10.0 50 . - 6.23
10.0 58.399* 0.00
10.0 100 0.00
20.0 1 -44.44
20.0 2 -43.88
20.0 5 42,21
20.0 10 -39.42
20.0 20 -33.86
20.0 50 -17.35
20.0 82.589* 0.00
20.0 100 0.00
50.0 1 -44 .61
50.0 2 -44,21
50.0 5 -43.03
50.0 10 - =41,06
50.0 20 -37.12
50.0 50 -25.36
50.0 100 - 6.23
50.0 130.585* 0.00
100.0 1 -44.75
100.0 2 -44,50
100.0 5 -43.75
100.0 10 -42.51
100.0 20 -40.01
100.0 50 -32.55
100.0 100 -20.23
100.0 184.674* 0.00

* Location of freezing front
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9. LOTUS SPREADSHEET WP3.1

This spreadsheet calculates radial and tangential stresses in a thick-walled
cylinder with a radial temperature profile.
Theory

The engineering aspects of this spreadsheet are discussed in Section 3.1 of
Reference 2 (attached for the readers convenience at the end of this section).

Spreadsheet
Input Data: Problem specifications are jnput by the wuser in cells F6 through

Fl14.

" Row 19: Intermediate calculations DT = T(r{)-T(ro), A (Equation 49), and B
(Equation 50) are calculated here.

Column A: The cylinder radii at which temperatures and stresses will be
determined are automatically calculated in Rows 28-37. Values may
be input by the nser in Rows 46-54.

Column B: Temperature is calculated using equation 42.

Column C: Radial stress is determined by equation 47.
Column D: Tangential stress is calculated using equation 48.

A graph of stresses as a function of radius (automatic radius calculation version)
is displayed on the screen when the F10 key is pushed. :

A sample spreadsheet is shown in Figure 14,
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Figure 14

Problem WP3.1 Sample Lotus Spreadsheet
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3.1 Radial and Tangential Stress Components in
a Thick-Nalled Cylinder with a
Radial Temperature Profile

Problem Statement. This problem concerns the radial and tangential
stress components at the inner and outer surfaces of a hollow cylinder
(ri < r <rg), which suppports a radial temperature distribution

1910 2
T(r) = T, + ——2—&&- n (ralr)
(42)
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as given in thermal problem 2.1. In this equation

r = radial position ry <r <rg [2]
ri = inside radius of hollow cylinder [2]
ro = outside radius of hollow cylinder [%]

ry £ outside radius of solid cylindrical region in
which volumetric heat generation q''' applies
rji < rw (2] -

k = thermal conductivity of hollow cylinder material
(assumed constant) [e/t26]

q''' = uniform volumetric heat generation rate in solid
cylindrical region of outer radius ry [e/te3]

To = temperature of outer surface of hollow cylinder
at r = rg [e]

Objectives. The solution to this problem can be used to verify the
accuracy of the WAPPA and ANSYS structural analysis models. The verifi-
cation is directed to the treatment of the radial temperature distribu-
tion and the structural response, in terms of the radial and circumfer-
ential stress components that it causes.

Analytical Solution. The general solution given by Timoshenko (T1-56)
for the radial stress component at any position rj < r < rg, where the
radial stress is zero on the inside and outside surfaces, is

r 2 2 r

o = +E ] r-n 0
rE T |- = aT(r)rdr + s 5 aT(r)rdr
(y ri(ry” - ny°) 3

(43)

and the circumferential stress component is given by
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0y = 15—\, —2-/ aT{r)rdr + P 2) [ aT(r)rdr - oT(r)
- ri

X rs

(44)

E = material's elastic modulus [f/22]
v = material's Poisson's ratio [ )*
a = material's coefficient of thermal expansion [176]

r = general radial position in the range
ri<r<rp [2]

ri = inside radius of hollow cylinder [2]
ro = outside radius of hollow cylinder [2]
o = radial stress component [£/22]

ot = circumferential stress component [/22]

T(r)= temperature rise at position r (ri< r < ro) in the
hollow cylinder Le] - =

Figure 3.1-1 shows the solid cylinder configuration in which the heat is
generated and the larger concentric hollow cylinder for which the radial
and tangential thermal stress components will be analyzed.

Using Equation 42 for the temperature rise -

'8 0 2
"w
T(r) = s Ln(rdlr)

(42)

* Dimensionless
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Figure 3.1-1

Hollow Cylinder ri<r<rg with Steady-State Radial Temperature
Distribution for Which Radial and Tangential Stress
Components Will Be Analyzed
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and for k = constant, the integrals are

Ee T(r,)-T(r ) r. 2
c = ." o - 2 . - i - 2 2
"2 (vl /ry) n{ro/ry) — (1-r 2/e8)an (r /v )
(45)
and

E o T(r)-T(r ) 1 s 2 )
o = - - -
t . (I-V)zn(rolri) Ln (rolri) r /(ro ry) (14 ro /T°) 2n (rolri)

(46)

Thus, Equations 43 and 44 can be evaluated to give the radial and
tangential stress components for any radial position r for the tempera-
ture distribution given by Equation 42.

Equations 43 and 44 can be written as

o = A [- kn (rolr) - B (1-r°2/r2)]

(47)
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and

2
oy = A [1 - (gn rolr) - B (1+—r:?—)]

(48)
where
A . E u[T (ri) -T (ro)]
(1-v) tn (r /vy)
(49)
ri2
and B = roz - riz £n (rolri)
(50)
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Equations 47, 48, 49, and 50 can be evaluated to predict the radial
distribution of the radial and tangential stress components.

Assumptions.

. The thermal conductivity of the hollow cylinder
- material is constant.

. The coefficient of thermal expansion of the
hollow cylinder is constant.

. The material is isotropic

Input Specifications.

. Geometry

waste region radius ry = 30.5 (cm)
hollow cylinder inside radius r{ = 30.5 (cm)
hollow cylinder outside radius ro = 67.5 (cm)

. Material properties

thermal conductivity k = 0.5 (w/cmOC) '
coefficient of thermal expansion & = 11 x 10-6 (1/0C)
Poisson's ratio v = 0.25 ( )

elastic modulus E = 16.2 x 104 (MPa)

. Thermal conditions

hollow cylinder outside temperature To = 200(°C)
volumetric heat generation rate q''' = 0.001291 (w/cm3)

Equations 47, 48, 49 and 50 have been evaluated at eight radial positions
as shown in Table 3.1-1 to determine the radial and tangential stress
components at eight values of radius in the range (ry < r < rg).

Output Specifications. The solution to this problem will determine the

stress components at the radial positions indicated in Table 3.1-1.
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Table 3.1-1
Calculated Values of Radial and Tangential Stress Components

r T o

or t
(cm) (oc) (MPa) (MPa)
30.5 ¢00.954 0.00 -1.422
35.0 200.789 -0.146 -0.883
40.0 200.628 -0.209 -0.43¢9
45.0 200.487 -0.215 -0.097
50.0 200.360 -0.189 0.179
55.0 200.246 -0.145 0.406
60.0 200.141 -0.091 0.600 .
67.5 200.000 0.000 0.845
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10. LOTUS SPREADSHEET WP3.3

This spreadsheet calculates the deformation of & thin rod subject to 2 step

load.

Theory

‘The engineering aspects of this spreadsheet are discussed in Section 3.3 of
Reference 2 (attached for the readers convenience at the end of this section).

Input Data:

Rows 12-15;

Column B:

Column C:

Spreadsheet

Problem specifications are jnput by the wser in cells ES through
EO.

Intermediate calculations are performed in cells D12 through DIS.

Time steps are calculated automatically in this column. The user
may input specific times by disabling the range protection (type
/WGPD) and typing the times in column B.

For cases in which the applied force (Fi) is greater than the
yield force (Rp,), displacement is calculated by Equation 73 for
times less than or equal to to and by Equation 81 for times
greater than te. In cases where the applied force is less than the
yield force, Equation 73 is used for all times.

A graph of displacement as &8 function of time will appear on the screen when
the F10 key is pushed.

A sample spreadsheet is shown in Figure 15.
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*

3.3 Deformation of a Thin Rod Subjected to a Step Load

Problem Statement. A mass supported by a thin rod is subjected to a
step load which imposes a tensile load in the rod and causes it to ex-
perience elastic strain followed by plastic tensile strain. Figure
3.3-1 shows a mechanical model of the structure and the loading history.

Objectives. .The objective of this analysis is to determine the dis-
placement transient of the mass and the time when the displacement is at
its maximum.

Analytical Solution. The ramp portion of the response when the rod is
strained elastically as represented by.the spring elongation is regarded
as the first stage. In this stage, there is no slipping at the joint p.
The differential equation of motion and the boundary conditions are:

my + ky = Fy
(67)
t =0, y=0

(68)
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Versus Time (t). In (2) the Friction Joint p Slips
When the Load Reaches Ry Representing Plastic
Yielding of the Rod
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t=0,y=0

(69)
where the differential Equation 67 is based on Newton's second law. The
initial conditions state that the initial deflection and initial velocity
"of the mass are zero. The solution to the differential equation is

Yy = ¥st + C1 Sin wt + €2 Cos wt

(70)

where yst = Fy/k. Upon applying the boundary conditions, it is determined
that-

Cy=0
(N)
C2 = -yst
(72)
So the solution can be written as
y = yst (1-Cos wt)
(73)
In Equations 70 and 73, w is the circular frequency defined as
k
w*E n
(74)

The second stage begins at time t = te when the first stage is completed.
Time range for the second stage which begins at zero when t = tg is
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established by defining a time variable ty for the second étage according
to

t] =t- te .
(75)
The differential equation for the second stage {s
my + Rm = F]
(76)
and the boundary conditions are
.t] = 0: Y = Ye
(77)
ty =0, ¥y = yst wSin ute )
(78)
The general solution to Equation 76 is
F, - R
ye= (_12m__m_) e+ Gy + G
(79)

Equation 73, which is the dynamic response of the mass during the first
stage, can be used to solve for the time te at which the transition
between the two stages occurs:

N
1 -1 ( Ye )
t,. == Cos - =

- (80)
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Applying the boundary conditions of Equations 77 and 78 to the general
solution of Equation 79 gives

= ) 2
y =g (Fy - R) ty + (ygy w Sin wty) ty + Yo

(81)

Assumgt{ons. In the analysis, it is assumed that the rod material dis-
plays linear elastic response followed by perfectly plastic force versus
displacement response.

Input Specifications. The problem is completely specified in terms of

four parameters Ry, ye, m, and Fy which allow calculation of k and the
other parameters such as w.

Rm = force necessary to cause yielding in the
rod (f) = 500,000 (1b¢)

Ye = 2xial elongation of the rod when plastic
deformation begins (2) = 0.1666 (in)

k = spring stiffness effort of the rod when . )
deformation is in the elastic range (f/g)
= Rp/ye = 3.0 x 106 (1b/in)

m = mass attached tg the rod
= 30,000 (1bg-sect/in)

Fq1 = magnitude of uniform tensile force applied
to the mass = 3,000,000 (1b¢)

Output Specifications. The output should be the displacements as a
function of time. This can be determined by using a structural analysis
computer program that will simulate elastic and plastic material behavior
for this structure and its loading. Calculated values can be compared
with those given in Table 3.3-1. |

For these values, Equation 74 gives

w =10 (1/sec)
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Table 3.3-1

Displacement as a Function of Time

Time Displacement -
(Seconds) (Inches)

0.000 .00000
0.010 €.00500
0.020 0.01993
0.030 0.04466
0.040 0.07894
0.050 0.12242
0.059 0.16667
0.060 * 0.17466
0.070 0.23530 .
0.080 0.30427
0.090 0.38157
0.100 - 0.46721
0.110 0.56118
0.120 0.66348
0.130 . 0.77412
0.140 : 0.89309
0.150 ) - 1.02039
0.160 « 1.15603
0.170 1.30000
0.180 1.45230
0.190 1.61294
0.200 1.78191
0.300 3.92994
0.400 6.91131
0.500 10.72601
0.600 15.37404
0.700 20.85541
0.800 27.170N
0.900 34.31814
1.000 42.29951
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and Equation 80 gives

te = 0.058568 {sec)
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11. LOTUS SPREADSHEET WP3.4

This spreadsheet calculates the displacement and velocity of a mass when a
package is dropped on a rigid floor.

Theory
The engineering aspects of this spreadsheet are discussed in Section 3.4 of
Reference 2 (attached for tl_me readers convenience at the end of this section).

Spreadsheet

Input Data: Problem specifications are jnput by the user in cells C5 through
Co.

Rows 11-15: Intermediate calculations are done in these rows.

Rows 18-20: Time intervals for the table are calculated here,

Column A: Time is displayed in this column.

Column B: The distance that the mass has traveled relative to its starting
position (positive direction is down) is calculated by Equation 96
for times less than or equal to time to impact with the floor,
and by Equation 97 after impact.

Column C: The velocity of the mass is determined by Equation 84 for times

less than or equal to time to impact and, after impact, by the
first derivative of Equation 97 with respect to time:

ve (2-g-h)*-cos(t1-k/m)* (A)

where: t; = time after impact (t-tg)
and other wvariables are as
defined on the spreadsheet
and in the reference.

A graph of displacement and velocity as a function of time will appear on the
screen when the F10 key is pushed.

A sample spreadsheet is shown in Figure 16.

95




Figure 16

Problem WP3.4 Sample Lotus Spreadsheet
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3.4 Displacement and Velocity of Mass When a Package
Is Dropped on a Rigid Floor

Problem Statement. A mass m represents the contents of a package; the
contents are attached to the package with a linear spring of stiffness
k. The spring connecting the mass to the package acts in the vertical
direction, and all motion of the mass and the package occurs in the
vertical direction as shown in Figure 3.4-1.

Objectives. The quantities to be determined are the displacement and
velocity of the mass when the container reaches the floor and the subse-
quent maximum force transmitted to the mass and the required "rattle
space" as indicated by the maximum deflection.

Analytical Solution. The dynamics of theApackage contents following
jmpact are described in Reference TH-65 as

m(x] + Kz)f+ kx] e 0
(82)
where

m = mass of contents [m]

x1 = position of the mass relative to the container
measured vertically [£]

x2 = position of container measured vertically relative
to the floor  [#]

k = linear spring force to displacement ratio [f/2]
. T . d X
X %= —2 i)
dt
t = time measured through the dynamic transient [e]
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~ Figure 3.4-}
Package System Used for Drop Dynamics Anal_yt.ica] Solution
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A1l rotation and translation, orthogonal to the vertical, are constrained
to zero.

The position of the container before impact is described by

X] b xz(t) e %‘ gtz

(83)
;1 = iz(t) = gt

(84)
x] = Rz(t) =g

(85)

Using Equation 85, the time to fall from the initial height h supporting
the container to the floor is

t, =‘/2h/9

(85)

Following impact, it is assumed that the box remains in contact with the
surface. The mass, M, vibrates on the spring. After impact, Equation
82 becomes:

MX1 + kxy = 0
(87)

Hith boundary conditions
x1 (tg) = 0

(88)
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x1 (to) = g +/2h/g = \/Zgh

(82)
Redefining time such that
t! ‘= t - to
(90)
the bouhdary conditions become
x1 (0) =0
(91)
x1 (0) = J2gh
(92)
In solving Equation 87,
xy (t) = A Sin wpt' + B Cos wpt!'
(93)

for t' > 0

where wp = /K/m
A, B = constants.

Applying the boundary conditions in Equations 91 and 92 results in

v2gh_ __J 2mgh
A= w 3
n

(94)

(95)
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The position of the mass as a function of time is:

x] + x2 =1/2 gt2 t < J2h/g
(96)
x] +x2=h+ \/ngh/k Sin \fk/m t
t> \/?_h/g
(97)
The maximum spring force is given by
Fmax = kA = \’ ngh/k
(98)

 where

k = spring stiffness [f/2]

A = maximum amplitude of the mass m [2)
(see Equation 94)

Assumptions.

. The mass m is supported within the box by 2
1inear spring of stiffness k.

° The mass of the container is large compared
to that of the contents, m, so that the free
fall of the container is not influenced by
the force associated w1th the relative motion
of the mass, m.

e Upon striking the floor, the container remains
in contact with the floor.

o Neither the container nor the floor deforms on
impact.
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Input Specifications. For an initial height of the box above the plane
of

h = 50 cm
g = 980.621 cm/sec?

ihe time at which it reaches the plane is given by Equation 86 as
to = 0.3193 (sec)

If the spring stiffness is
k = 9 kg/em

and the mass of the contents is
m=1kg

then the circular natural frequency is

and the vibrational natural frequency is
fn = wp/2n = 0.4775 (1/sec)
Equation 94 can be evaluated to give
A = 104.383 cm

This is the required rattle space in terms of amblitude.
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Output Specifications. The output should include the total displace-
ments Xy + X5 and Xp 85 2 function of time. Outputs can be compared with

values given inTable 3.4-1. The time when the maximum amplitude is reached
should 21so be calculated.
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Table 3.4-1

Displacement vs Time

Time Distance
(Seconds) (Centimeters)
0.0000 0.0000
0.0500 1.2258
0.1000 4,903
0.1500 11.0320
0.20¢00 19.6124
0.2200 23.7310
0.2400 28.2419
0.2600 33.1450
0.2800 38.4403
0.3000 44,1279
0.3100 47.1188
0.3193 50.0000
0.3200 50.2076
0.3400 56.4664
0.3600 62.7020
0.3800 68.8918
0.4000 75.0137
0.4200 81.0455
0.4400 86.9656
0.4600 92.7527
0.4800 98.3859
0.5000 103.8449
0.5200 109.1102
0.5400 114.1628
0.5600 118.9844
0.5800 123.5578
0.6000 127 .8664
0.6500 137.3805
0.7000 144.9323
0.7500 150.3521
0.8000 163.5182
0.8429* 154.3829
0.8500 164.3595
0.9000 152.8571
1.0000 143.0080
1.1000 124.8509
1.2000 100.0075
1.3000 70.6972
1.4000 39.5380
1.5000 9.3133
1.6000 -17.2769
1.7000 -37.8575
1.8000 -50.5900
1.9000 -54,3372
2.0000 -48,.7642

* Maximum displacement
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12. LOTUS SPREADSHEET WP3.6

This spreadsheet performs & stress analysis of & pretensioned body that
experiences stress relaxation due to creep.
Theory

The engineering aspects of this spreadsheet are discussed in Section 3.6 of
Reference 2 (attached for the readers convenience at the end of this section).

Spreadsheet
Input Data: Problem specifications are jnput by the wser in cells D6 through
. D9.
Column B: Time, in years, is jnput by the user.
Column C: Time, in hours, is calculated using 8760 hours per year.

Column D; Axial stress in the bolt is calculated using equation 119.

A graph of axial stress as a function of time will appear on the screen when
the F10 key is pushed. )

A sample spreadsheet is shown in Figure 17. |
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Figure 17

Problem WP3.6 Sample Lotus Spreadsheet
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3.6 Stress in a Pretensioned Body That Experiences
Stress Relaxation Due to Creep

Problem Statement. The ends of a bolt are held a fixed distance apart
for a long period of time. Initially, the bolt is tightened producing

an initial stress of 05, The bolt material is 0.30% carbon steel, which
{s assumed to have a creep rate given by

¢€ = ko"
(112)
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where

€c = creep rate (1/hr)
k = creep constant (1/hr)
o = axial stress component in bolt (1b/in2)

n = creep exponent of stress { )

The creep causes the elastic strain to decrease while the creep strain
increases such that the sum of the two is always equal to & constant.
The constant is the amount of elastic strain initially induced in the

bolt by the initial stress o, (see Figure 3.6-1 for a schematic of the
bolt).

Objectives. The objective is to calculate the bolt stress as a function
of time.

Analytical Solution. It is assumed that the initial stress causes only
elastic strain on an instantaneous basis and that the total (i.e., in-
stantaneous elastic and creep) strain in the bolt remains constant.

Eo = ee + €
(113)

where

go® = initial elastic strain ( )
€€ = elastic strain at any time ( )

eC = creep strain at any time (initially zero) ( )

The elastic strain is related to the stress by Hook's law
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Fioure 3.6-1
Bolt of Length 1 in Unloaded State Which Is Initially Stressed

to %o = 10,000 psi and Allowed to Stress Relax
Due to Creep
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e, 0
Co E
(114a)
e _o :
E=-E-
(114b)
where
E = elastic modulus of bolt material (psi)
oo = initial axial stress component in bolt (psi)
o = axial stress component in bolt at any time (psi)
Substitution of Equation 114 into Equation 113 gives
o
Brgee
(115)
and differentiating Equation 115 with respect to time gives
de, _ldo
dat Edt
(116)

where the terms on the left side are the material creep rate. Combining

Equations 112 and 115 eliminates the creep rate and gives the first
order non-linear differential equation

- E%' oM do = dt

(117)
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The initial condition is

t=0 o= aq, .
(118)
Snd the solution is of the form
n_1 '](""1)
o=0, [ kE(n-l)oD t+ 1]
(119)

Assumptions. It is assumed that initially upon loading, the bolt strain
is in the elastic range.

Input Specifications. For the following values of the parameters

k = 4.78 x 10-37 (1/hr)
n=e6.9()

E = 30 x 106 (psi)

G = 10,000 (pst)

Equation 119 becomes

5 -0.1695
o = 10,000 [3.368 x 1075 ¢ + \]

(120)

Output Specifications. The output is the stress in the bolt as a func-
tion of time. The calculated values can be compared with the values
aiven below.
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(psi)

10,000
9,571
9,244
8,981
8,762
7,922
6,267
5,603
4,996
4,284
3,812

. c———— ——— - % weE

LOTUS SPREADSHEET WP4.1

the gamma flux and dose at the outer surface of a
piformly dispersed 1 MeV gamma source.

Theory
of this spreadsheet are discussed in Section 4.1 of
e readers convenience at the end of this section).

Spreadsheet
cifications are jnput by the user in cells F6 through

gt is contained in these rows to calculate the
arce self attenuation distance "z" using data jnput by
‘rom Reference RO-56 (attached for the readers
at the end of this section) of Reference 2.

ip factors and sattenuvation coefficients for wvarious
stored in these rows.

tors for iron, concrete, and the system (iron times
% calculated wusing the equation on page 149 of

amber of relaxation lengths *b," ere determined using
on page 148 of Reference 2.

igral, which is determined by numerical integration
3, is reported here.

Tux is calculated by Equation 136.
surface dose rate is found by use of the dose

1age 149 of the reference.

gral is solved numerically in this portion of the

o in Figure 18.
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Figure 18

Problem WP4.1 Sample Lotus Spreadsheet

B c D E F ]
PROBLEM WP 4.1 HYPOTHETICAL RADIATION SHIELDING PROBLEM

SHEBEELELNRENESEREERRERERERERUEREREEEAREREEREERELESE NDYE: BE SURE._RAN
« INPUT DATA ¢ PROTECT EWITCH IS
¢ VOLUMETRIC PHDTON SDURCE *"Sv* ¢ ON (TYPE/WGPE).
& (ﬁhotonslcclse:) 1.,00E+07 & ALL CELLE EXCEPTY
€ RADIUS OF CYLINDER *Ro“ (cn) 30,00 ¢« Fo~-FB,F17,LkF19
¢ THICKNESS OF IRON SHIELD ®a* (cm) 25.00 ¢ ARE PROTECTED.
¢ RERERERNEGERERERREREEREREEELRRERLRELNERERREXNES
EEERCEEREEEE S C R EE NS EEEEE NS S E R E U EE E R EE RN ES EEEEEE R ERECESEENREREREASAERE
wsJORKSHEET TO FIND EFFECTIVE SOURCE SELF-ATTENUATION e
«sDISTANCE (co) =z USING REFERENCE RO-56, pp362-3 FOR a/Ro ¢ 10.0 ==
e {(FOR a/Ro > 10.0 USE FIGURE ON pg 3&1,) =
t ¢ 3 ®
sE a/Ro . 0.B33 L3
as HUe (CONCRETE)#(atRo) = J.592 s
a= pg. 362 VALUE OF M = 0.750 L L
aE bi=MUe (IRON) %2 = 5,128 sc
ex pg.343 FACTOR=(31/M) ¢MUekze 1.960 w=
e= 2=FACTOR®M/NlUe (CONCRETE) = 22,511 es
CRE L e R E R R E E EE S E C R e E R E E E S C E E C E R R E ECEEE EEC R EEECEESEEEREEEREREE
DDSE BUILDUP FACTDRS AND ATTENUATION COEF. FOR iMeV GAMMA RAYS
MATERIAL Al ALFHAL ALFHA2 MUt Mle RBO
AIR 8.220E-05 3.420E-05 §.293E-03
WATER 13.5000 =0,1000 0.0100 0.0708 0.03114 1.0000
IRON 8,0000 -0.0B55 0,0400 0.4477 0.2051 7.8500
CONCRETE 10.0000 <-0.0BEO 0.02%0 0.14%2 0.04653 2.3500
BUILDUP FACTOR (iron) 4.957
BUILDUP FACTOR (concrete) 2.757
BUILDUP FACTOR (systen) 19.177
RELAXATIDON LENGTHS (b2) &.598
SIEVERTS INTEGRAL b, 14E-04
BAMMA FLUX = Phi
(photons/ce2/sec) 1,11E40¢4
DUTER SURFACE DDSE RATE
IN WATER CMeV/cc/sec) S.4TE+04
{Rad/hr]) 2.00
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Figure 18
Problem WP4.1 Sample Lotus Spreadsheet (continued)
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4.1 Hypothetical Radiation Shielding Problem

Problem Statement. The problem requires the estimation of the gamma
flux and dose at the outer surface of a solid cylinder containing a

uniformly dispersed 1 MeV gamma source. Three subproblems are pre-

sented: no external shield, a 5 cm steel shield, and 2 25 cm steel

shield. This 1s a relatively simple problem that can be solved ana-
1ytically by the buildup factor method.

Objectives. The purpose of this problem is to provide & simple ana-
lytical solution that can be used to assess the predictive capabilities
of shielding codes.

Physical Description. A long concrete cylinder contains a uniformly
dispersed 1 MeV gamma emitter with a source strength of 107 disintegrations
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per cubic centimeter per second and a gamma yield of one gamma per dis-
integration. The cylinder is 0.60 m in diameter and, for purposes of
the analysis, is assumed to be infinitely long. The gamma flux_and dose
rate are to be calculated for a bare cylinder and for cylinders'with

"5 cm and 25 cm annular steel shields.

Analytical Solution. This problem can be solved analytically using
methods described in Reference R0-56. This method assumes that the
shield is a slab. This is a good approximation for the 5 cm thick
shield but may be a poor assumption for the 25 cm shield.

For an infinite length cylindrical source, the gamma flux, ¢, at an
exterior point is given by:

2
BS R
v 0 y i

(136)

where:

gamma flux, photons/cmZ-sec

@ o
" ]

buildup factor, dimensionless

“volumetric photon source, photons/cm3:sec

wh
<
"

radius of cylinder, cm

Frd
o
[}

[+
L]

distance from cylinder surface to measurement point, cm

effective source self-attenuation distance, cm

~
L]

/2
J/; e-(b2 sec 6)de, Sieverts integral or secant
jntegral, dimensionless

-
“
WV E
L
o
~N
b
"
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The buildup factor, B, is defined as the rate of the actual gamma flux
compared to that calculated using exponential attenuation with the

linear attenuation coefficient. Table 4.1-1 gives dose buildup factors

and attenuation coefficients for 1 MeV gamma photons in selected materials.

The effective source self-attenuation distance can be calculated using
figures in Reference RO-56. The calculated values of z as a function of
shield thickness are given below:

Shield Self-Attenuation
Thickness {cm) Factor (cm)
0 " 18.830
5 21.997
25 22.511

Buildup factors in concrete and iron calculated using values from Table
4.1-1 are given in Table 4.1-2. The total number of relaxation lengths
(b2) can be calculated from the equation:

b2 = uez + Mt

where:

¥e = the gamma absorption coefficiéent for concrete
¥} = the gamma absorption coefficient for iron
t = the thickness of the iron shield

Calculated values of by are given below:

~N

NN oO IH‘
e
E -
o

The calculated values of by are used to deterﬁine F(x/2,b2) from figures
in Reference RO-56.
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Table 4.1-1

Dose Buildup Factors and Attenuation Coefficients
for 1 MeV Gamma Rays

Constant
Material M | % Mt He P
Air - -- -- ,-0000822 0000362 .001293
Water 13.5 -.100 .01 .0706 .0311 1.00
Iron 8.0 -.0895 .04 4677 .2051 7.85
Concrete 10.0 -.088 .029 . 1492 .0653 2.35
Buex) = Ay exp (-ajiex) + (1-Ay) exp (-02uex)
where:
B(uex) is the buildup factor []
Ay, o1, a2 are the empirically determined coefficients []
¥ is the total attenuation coefficient [/2]
e is the energy attenuation coefficient [1/2])
p is the material density  [m/23)
Dose = ¢(E)ue/p MeV/cm3-sec
= 5.767 x 105 E¢(E)He/p Rad/hr*
*5.767 x 105 = 1.602 x 10 Cerg. 1Rad . 1 . 3500g
MeV 100 erg/g (o] g/cm3 hr

Source: AN-63
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Table 4.1-2
Calculated Buildup Factors

No Shield
Concrete

Bc = 10 exp (.088-.0653-18.83)-9 exp(-.029-.0653-18.83
= 2.458

Iron

By = 8 exp (.0895-.2051-0)-7 exp (-.04-.2051-0)
= 1.000

Bsystem = Bc°BI
= 2,458
5 cm Shield

Concrete

Be = ;P;%EP (.088-0653-21.997)-9 exp (-.029..0653-21.997)

Iron

By = 8 exp (.0895-.2051:5)-7 exp (-.04-.2051.5)
= 2.050

Bsystem = Bc*Bl
5.566

25 cm Shield

Concrete

Bc = 10 exp (.088-.0653-22,511)-9 exp (-.029..0653-22.511)
= 2.757

Iron

By = 8 exp (.0895-.2051-25)-7 exp (-.04-.2051-25)
¢ = 6.957

Bsystem = B¢ B

€ 506']8
= 19,177
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Shield Thickness, t Sieverts Integral F(w/2, b)

0 0.2456 E-0
5 0.5685 E-1
25 0.6138 E-3

Substituting these values into the equation for the flux and dose at the
exterior. surface, the following are obtained:

Outer Surface

Gamma Flux, ¢ Dose Rate in Water
Shield Thickness, t ~ gammas/cmé- sec Rad/hr
0 1.44E+8 258.81
5 5.27E+7 '94.60
25 1.11E+6 2.00

The concrete isotopic content in Table 4.1-3 should be used to estimate
the gamma flux using a transport theory code.

Assumptions. The analytical solution is based on the following assump-
tions: |

. The gamma source is mono-energetic and evenly
dispersed through the cylinder.

« The shield can be approximated as a slab.

. Buildup factors have been appropriately
determined.

Output Specifications. The outputs for this prob1emiarevthe gamma pho-
ton flux and the dose rate at the outer shield surface.

Comments. The results given here can be compared with the results from
a one-dimensional transport theory calculation. For the 0 cm and 5 cm
shields, good agreement (~20%) between the results given here and code
predictions can be expected. For the 25 cm shield, the results pre-
dicted in this report may vary from predictions derived from a transport
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Table 4.1-3
Elemental Content of Type 04 Cement

Isotope Content (g/cm3) .

H 0.04
0 (in H20) o.M
0 (in dry mix) 1.062
Mg 0.006
A 0.107
Si 0.737
K 0.045
Ca 0.194
Fe €.029
Na 0.080
Density - g/cm3 2.35

Source: AN-63, p. 660. Na content corrected from 0.400 to 0.040. Water
content increased slightly (H from 0.013 to 0.014, 0 from 0.103
to 0.111) to agree with density of 2.35 g/cm3.
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theory code because of the difficulty in calculating attenuation in
thick shields using the shielding factor method.
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EQUATIONS FOR THE FLUX 1}]

. : e :__J__ i A _J .
R 22 B M B I TR ke . HEaN B .« " . . t AL . . . .
. SELF-ABSORPTION DISTANCE, Z, OF A CYLINDER R
AS A FUNCTION OF CYLINDER DIAMETER, R,, 4
FORa/R; 210 RHDWS

~
() B :
L 8 o :

- / . : : i ‘

#sRo
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EQUATIONS FOR THE FLUX
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14. FORTRAN PROGRAM WPS5.2 (RCYLDIF1.EXE)

This Fortran program calculates solute transport by diffusion across an
infinitely long cylindrical segment. Solute concentrations are calculated as =a
function of both distance and time. .

Theory

The engineering aspects of this program are discussed in Section 5.2 of
Reference 2 (attached for the readers convenience at the end of this section).

Program

Program RCYLDIFL.LEXE solves Equation 138 using Function ROOTUl to solve
Equation 139. Functions Y1, XJ1, XJZERO, and YZERO are used to calculate
Y}y, 31, Jo. and Yg in Equations 138 and 139. A listing of the source code is
shown in Figure 19,

Input Data

Data is input to the program via the input data file CYLDIF.DAT. The first
line of the input data contains values for IOUT, NT, NR, and N in IS
FORMAT where IOUT is the output unit number, NT is the number of non-
dimensional time wvalues (maximum of 10), NR is the number of evenly spaced
non-dimensional radii to be used in the calculation (maximum of 100), end N
is the number of terms to be used in the Equation 138 summation (maximum
of 100). The second line of input data is the value for RMAX (the maximum
value of non-dimensional radius equal to B/A) in F10.2 FORMAT. The
remaining lines of input data (in F10.2 FORMAT) contain values of TNDIM
(one value per line) where TNDIM is non-dimensional time as defined by:

TNDIM = D.T/A?
Where:
D = the diffusion coefficient (Meters squared per second)

T = time (seconds)
A = Radius of the inner cyhnder (Meters)

Sample input data files are shown in Figure 20 for B/A = 2, B/A = 4, and
B/A =8

Output Data
Program output data is contained in file RCYLDIF1.OUT. Sample output data

files are shown in Figures 21, 22, and 23 for B/A = 2, B/A = 4, and B/A = §
respectively.
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Figure 19
Program RCYLDIF1.FOR Source Code

PROGRAM RCYLDIF .

C CALCULATIDN OF A NORMALIZED CONCENTRATIDN C(R,T)/C(R,INF)

[ AS A FUNCTIDN OF TIME AND RADIAL DISTANCE FDR THE SPACE

c BETWNEEN THO INFINITELY LONE CYLINDERS DF RADII A ND B

€ WHERE B 1S LARBER THAN A. THE CONCENTRATION AT THE SURFACE

c DF THE INNER CYLINDER REACHES A STEADY STATE VALUE C(A,INF)=

C FeA*LN(B/A)/D WHERE F IS THE CONTAMINANT FLUX(MOLES/ (M##2#SEC))
£ AND D 15 THE DIFFUSIVITY(M#x2/SEC). AT THE TIME T=0 THE CON-
c CENTRATION BETWEEN THE TWO CYLINDERS 18 IERO. TRANSPORT IS

c ASSUMED TO BE DUE ONLY TO DIFFUSION WITH ND ADVECTION OR REMOVAL
c BY SORPTION OR DECAY.

Crxs

Cees

Cex+ GLOSSARY OF TERMS

NT=NUMBER OF NON-DIMENSIONAL TIME VALUES (MAXINMUM OF 10)

TNDIM=ARRAY OF NON-DIMENSIONALIZED TIMES. NON-DIMENSIONALIZED
TIME 18 EQUAL TOD DxT/R#«2 WHERE D IS5 THE DIFFUSION COEFFI-
CIENT(M#x2/5EC), T 15 THE TIME(SEC) AND A IS THE RADIUS OF
THE INNER CYLINDER (M)

NR=NUMBER OF EVENLY SPACED NON-DIMENSIONAL RADII TO BE USED IN

THE CALCULATIDON(MAXINMUM OF 100)

RNDI1M=NON-DIMENSIONAL RADIUS EQUAL TO R/A

RMAX=MAXIMUM VALUE OF NON-DIMENSIONAL RADIUS ERQUAL TO E/A.

C=ARRAY DF NORMALIZED CONCENTRATIONS

N=NUMBER OF TERMS INCLUDED IN THE SERIES SUMMATION (MAXIMUM OF 100)

10UT=0UTPUT UNIT NUMBER

Cs PROERAM REVISIONS BY DICK CHAPMAN (RAC) STARTED 4/B&6 TO ADAPT

C+ THE CODE TO MS-DOS FORTRAN. COMMENTS INDICATED BY C#, CODE ADDITIONS

Cs PRECEEDED BY C#, DATE AND INITIALS, AND FOLLOWED BY C#%,

Cs 052B8B&6RAC

Cx DIMENSION CiB) ,TERM(40) ,TNDIM(B),2(40) ,CRDSS(40) ,SUM(B) ,CL (B)
DIMENSION C{8),TERM(100),TNDIM(B),2(100),CROSS(100),5UM(B),CL(8)

™0

OO0 0

IN=5
NTHMAX=10
NRMAX=100
Cs 052BB4RAC
Ce NMAX=40
NMAX=100
P1=3.14159244
s 0422B6RAC
Cs CALL DPEN(IN,'CYLDIF DAT',2)
OPEN(IN,FILE="CYLDIF.DAT")
READ(IN,310) 10UT,NT,NR,N
10 FORMAT(4135)
Cs 0422B6RAC
. OPEN(IOUT,FILE="RCYLDIF1.0UT")
Ces
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Figure 19
Program RCYLDIF1.FOR Source Code (continued)

WRITE(IOUT,20) NT,KR,N
20 FORMAT{(1X, 'NUMBER DF NDN-DIMENSIDNALIZED TIMES=',]5,/,1X,
& 'NUMBER OF NON-DIMENSIONALIZED RADII=',15,/,1X, i
& 'NUMBER DF TERMS TD BE USED IN THE BERIES SUNMMATION=',15) .
IF(NT.BT.NTHNAX) EO TD 1000
IF(NR.EBT.NRMAX) 6D TO 1010
IF(N.ET.NMAX) 60 TO 1020
READ(IN,30) RHMAX
30 FORMAT(F10.2)
DENOM= (RMAX%#£2~-1,)/2.
DR= (RMAX~-1.) /FLOAT(NR-})
READ(IN,30) (TNDIM{IT),ITei,NT)
PO 35 IT=1,NT
SUM(]IT)=0.,
35 CONTINUE
XNU=0.0
p0 100 I=1,N
NUM=]
2(1)=RDODTUL (XNU,RMAX ,NUM)
TERM(I)=(FP1/ALOG(RMAX) )€ (XJTIERD(RMAX®Z (1)) ) #€2/(2(1)* ((XJI(Z(1)))&
52~ (XJIERD(RMAX%®Z{])))%%2))
ot 4 0422856RAC
Cs WRITE(IOUT,2010) 2(1),TERM{I)
Cex
2010 FORMAT(BE10.4)
100 CONTINUE
WRITE(IOUT,110)
110 FORMAT(//,49X, 'NDRMALIZED CONCENTRATIONS',//,44X,
& 'NON-DIMENSIONALIZED TIME(D#T/A%%2)’)
WRITE(IDUT,320) {(TNDIM(IT),1T=1,NT)
120 FORMAT (314X ,8(E10.4,2X))
KRITE(IDUT,130)
130 FORMAT(4X, ‘NON-",/,8X, 'DIMENSIONAL ,/,3X, ‘RADIUS",/)
D0 500 IR=1,NR
RNDIM=FLDAT(]R~1)#(RMRX-1,.0) /FLOAT(NR~-1)+1.0
TERMO=ALODG (RMAX/RNDIM) /ALOG (RMAX)
DO 200 I=i,N
CROSS(1)=XJ2ERD(Z (1) «RNDIM)®Y1(2(1))~YIERD(I(I)*RNDINM)£XJ1¢Z(]))
200 CONTINUE
PO 400 IT=},NT
CUIT)=TERMO
o0 300 I=§,N
Cs 0422B6RAC
POWER=TINDIM(IT)&Z2(])&2(])
IF(POWER.ET.80)POWER=EB0
Cax
CUIT)=CLITI+TERNM(Y)%LRDES{Y)#EXP (~PONER)
Ce 042286KAC
Cs ERITE(IOUT,2020)IR,1T,1
2020 FORMAT(BI10)
Ces
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300

350
400
500
S50

1000
1005

1010
1015

1020
1025
2000

Figure 19
Program RCYLDIF1.FOR Source Code (continued)

CONTINUE

IF(IR.EQ.1) GO YO 350

SUMCIT)=SUM(IT)+(RNDIN-DR/2. )!DR!(C(IT)#CL(IT))I(Z.GDENUH)
CLIIM=CUIT)

CONTINUE

NRITE(IOUT,410) RNDIM,(C(IT),1T=1,NT)
410-

FORMAT (41X ,EL10.4,3X,B8(E10.4,2X))
CONTINUE

WRITE(IDUT,550) (SUM(IT),IT=1,NT)
FORMAT(/,1X, ‘AVERABE=",5X ,B(E10.4,2X))
60 TD 2000

WRITE (10UT,1005) NT,NTMAX

FORMAT(/,1X, ‘NT=*,15,1X, ‘BT*  1X,15)

60 TO 2000

WRITE(10UT,1015) NR,NRMAX

FORMAT (/,1X, ‘NR=*,15,1X, ‘6T’ ,1X,15)

§0 TO 2000

WRITE(I0UT,1025) N,NMAX
FORMAT(/,1X, ‘N=* 15,5, ‘BT*,1X,15)
CONTINUE

STOP

END
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Figure 19
Program RCYLDIF1.FOR Source Code (continued)

FUNCTION ROGTU! (XNU,XLAN,NR)
DIMENSION XB(1),XH(1) ,XL{1),D(1)
PI=3.141592654
N=i
18=0
IFNS=100
TOL=1.0E-5
TOL1=1.0E-4
1,2
B=0.1
IF(NR.NE.1) 60 TO 100
XL(1)=0.0
XB(1)=(NR-0.5)#P1/{XLAM=1,0)
XH(1)=NR&PI/ (XLAM-1,0)
60 TO 200
100 XL(1)=(NR-1,0)&PI/(XLAN~1.0)
XB(1)=(NR-0.5)#PI/(XLAK~1.0)
XH(1)=NR&PI/ (XLAM=1.0)
200 D(1)=0.24& (XH(1)=XL (1))
CALL SEARCH(N,XB,FB,XH,XL,A,B,TOL,TOL1,D,I¥,IFNS, ICONV,XLAN)
RODTUL=XB (1)
RETURN ;
END
SUBROUTINE EVAL (XB,FB,XLAM)
DIMENSION XB(1)
2=XB(1)
FE=ABS (XJ1(2) £YZERD (XLANEZ)-Y1 (2) £XIZERD (XLAN#Z))
RETURN
END
SUBROUTINE SEARCH(N,XB,FB,XH,XL,A,B,TOL,TOL1,STP,IN,IFNS,
SCONV, XLAM)
INTEGER FNS,RVS(20) ,CONV
DIMENSION XB(1),XL(1) ,XH(1),STP(1),BP(20)
IF (IN.6T.0) WRITE(1,10000) N,IFNS, A,B, TOL,TOL1, (XH(I) ,XB(I),
> XL(D),I=1,N)
CONV = 0
IEXP = 0
DD 10 1 =1,N
IF (XB(D).ET.XH(I)) XB(I)=XH(D)
IF (XB(D).LT.XL(I))  XBUI) eXL(D)
IF(XH(D).ER.XL(I))  ETP(I) =0.EO
10 BP(I)= XB(I)
FNS = 1
CALL EVAL (XB,FB,XLAM)
FP =FB
FBP =FB
20 MINFAL = 0
IF {FNS.GE.IFNS) B0 TO 210
IF (IN.BT.0) WRITE(1,10800) FNS
IF (IW.6T.0) WRITE(3,30100)FBP,(EP(I), I=1,N)
IF (IN.G6T.0) WRITE(1,11100) (STP(I),I=1,N)
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Figure 19
Program RCYLDIF1.FOR Source Code (continued)

DD 110 1 =§,N
RVS(I) = 0
IF (STP(1).EQ.0.0E0) 60 TO 100
STOR = XEB(I)
XB(I) = XB(I) + STP(I)
IF (XB(I).GET.XH(}).OR.XB(I).LT.XL(I)) B0 TO 40
FNS =FNS ¢ 1}
CALL EVAL(XB,FB,XLAN)
IF(IN.ET.1) WRITE(1,30200) I, FB, (XB(J),d=¢,N)
IF (FB.GE.FP-TOL1#ABS(FP)) €D TO 40
IF (IEXP.EQ.0) STP(]) =5TP(I)¢A

30 FF=FB
60 TO 110

40 XB(I) = STOR - STP(I)
IF (XB(1).ET.XH(I).OR.XB(I).LT.XL(I)) 6D TD S0
FNS = FNE + 1§

CALL EVAL(XEB,FB,XLAM)
IF (IN.BT.1) WRITE(1,10300) I,FB,(XB(J3),J = 1,N)
IF (FB.GE.FP-TOL1#ABS(FP)) 6D TO 50
IF (1EXP.EQ.0) STP(I) = STP(I) A
RVS(I) = §
60 70 30
50 XB(1) = STOR
IF (IEXP.EQ.1) 60 TD 110
STP(I) = STP(I) ¢ B
TEMP = ABS(XB(I)/STP(I))% TOL
1F (1.EO-TEMP) &0,70,50
60 STP(I) = STP(1) & TEMP
70 TEMP = 1.E - 10/ ABS(STP(1))
IF(1.E0.BE.TEMP) BD TD 100

B0 STP(I) = STP(I) # TEMP
60 TD 100
50 TEMP =1.E-1&/ABS(STP(1))
IF (1.E0 -TEWP) 80,100,110
§100 MINFAL =MINFAL +1
110 CONTINUE

1IF ((FBP-FP).LE.TOL#ABS(FBP)) 60 TD 140
1IF (IN.GT.2) WRITE(1,10600) FNS
DD 120 1 = 1,N
1IF (RVS(1).EQ.0) 60 TD 120
STP(I) = =STP(])
120 CONTINUE
FBP=FP
DO 130 I =§,N
PAT= BP(1)
BP(I) = XB(I)
XB(1) = 2.E0 & BP(]) ~PAT
XB(I) = AMAXI(XB(I) XL(I))
130 XB(I)= AMINI(XB(1),XH(I))
FNS = FNS +1
CALL EVAL(XB,FP,XLAM)
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Figure 19

Program RCYLDIF1.FOR Source Code (continued)

IF(IN,6T.2) WRITE(1,10700) FP,(XB(I),1=1,N)
1EXP = 1
60 TO 20
140 IF (IEXP.EG.1) 6D TO 140
IF (MINFAL.GE.N) 60 TO 180
If (IN.E7.2)WRITE(1,10900)
DO 150 I =1,N
IF (RVS(1),EQ.0) 60 TO 150
STP(I) = =5TP(])
150  CONTINUE
60 70 20
160 1EXP = 0
FP = FBP
DO 170 1 = 1,N
170 XB(I) =BP(I)
IF (IW.6T.2) NRITE(1,11000)
60 TO 20
180 IF (FP.LE.FBP) ED TD 200
FP = FBP
DD 150 I=3,N
190 XB(I) =BR(I)
200 IF (IN.GT.O0)WRITE(1,10500) FP, (XE(I},1=§,N)
FB = FP
1F (IN.BT.0) WRITE(1,10400) FNS
60 TO 230
210 CONV =
IF (IW.BT.0) WRITE(1,10800) FNS
IF (IN.5T.0) WRITE(1,10100)FBP,(BP(I),I=1,N}
FB = FBP
DO 220 1 = 1, N
220  XB{I) =BP(D)
230 RETURN
10000 FORMAT(1H1,2X,°N’,5%, FNS’,15X, "A’,10X,°B*,10X, TOL',10X,
> *TOL1‘/1H ,13,5X%,14, 13X,F7.4,4X,F7.4,4X,010.3,3X,D10.3/1K0,3X,
> ‘UPPER’,13X, ‘ST PT',43X, 'LONER’/(1H ,D15.7,3X,D15.7,3X,D15.7))
10100 FORMAT(3HO* ,D15.7,2X,7D15.7/ (3H  ,17X,7D15.7))
10200 FORMAT(2HOF, 12,D15.7,2X,7D15.7/ (3H ,18X,7D15.7))
10300 FORMAT (2HOR, 12,015.7,2X,7D15.7/ (3H ,18X,7D15.7))
10400 FORMAT(1HO, 'FNS= *,15)
10500 FORMAT(1HO, 'THE OPTIMUM VALUE MAS BEEN FOUND ‘/3HO% , D15.7,2X,
> 7D15.7/(3H  ,17X,7D15.7))
10600 FORMAT(1HO, 'AFTER’,I5, * FNS A NEW BASE PT. - ETART PATTERN MOVE')
10700 FORMAT (1HO, ‘RESULT OF PATTERN MOVE'/3K P ,D15.7,2X, 7D15.7/(3H
> 17X,7D15.7))
10800 FORMAT (1M1, 'THE NUMBER OF FUNCTION EVALUATIONS EXCEEDED °,15)
- 10500 FORMAT(1HO, 'BASE PT. EXPLORATORY MODE FAILURE')
11000 FORMAT(1HO, 'PATTERN MODE EXPLORATORY FAILURE RESTORE BASE PT.°)
11100 FORMAT(IH , ‘DEL-5',14X,7D15.7/(1H ,1§X,7D35.7))
END
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Figure 19
Program RCYLDIF1.FOR Source Code (continued)

FUNCTIDN Yit{X) .
CALCULATE THE FIRST DRDER Y FUNCTION FOR POSITIVE ARGUMENT
P1=3,1415924654
IF(X.LE.0.0) 6D TD 300
IF(X.GE.3.0) 60 TO S0
XD3=X/3.0
Yi=(2,04X*ALDE(O.5€X) XJ1(X)/P1-0.436616B
£+40.22120514XD3#42+42,16B2705&XD3 424~
k1.3164B27%XD3+48440,3123951%)D3#%E-
LO.400F76E-14XD3%4104¢0,27873E~26XD34£12)/
LX
60 T0 200
S0 X13=3.0/X
THETA=X-2.354619449+0.12495612%X13
L+0,.5650E-4%X13%%2-0,637879E-24X13%%3
L+0.7434BE~3#X 1322440, 79B24E~3%X13%%5
$~0,29165E~35X 1348}
Yi= (SIN(THETA) /8QRT(X))%(0.797884546+
k0. 156E-S#X13¢0.1659667E~16X13¢82+
£0.17105E-3#X13#43-0,.249511E-24X 13544+
k0. 113653E-24X13%45-0.20033E~-3«X13%%4)
g0 TD 200
100 WRITE(2,110) X
$10 FDRMAT{3X, ARBUMENT=' E$2.3,1%,'LE‘',1X, ZERD")
sTOP
200 CONTINUE
RETURN
END
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Figure 19
Program RCYLDIF1.FOR Source Code (continued)

FUNCTION XJ1(X)
CALCULATE THE FIRST ORDER J FUNCTION FOR POSITIVE ARBUMENTS
IF(X.LE.0.0) 60 TO 100
IF (X.6E.3.0) 60 TO 50
XD3=X/3.0
XJ1=(0.5-0,56245965¢XD3££2+0. 210935734 XDk 24
L-0.39542B9E-1£XD3#46+0. 44331GE-24 XDI£4E
k-0.31761E-34XD3#£1040. 1109E~44XD3#412) &X
60 TO 200
50 X13+3.0/X
THETA=X-2, 3561944540, 12459612X13
§+0.5650E-4#X134%2-0. 637879E-24 X 13443
+0.7434BE-34X138£4+0, 79B24E~34X 13445
4-0.29166E-3eX 13824
XJ1=(COS(THETA) /SORT (X)) € (0. 79788456+
0. 156E-54X1340, 1659667E~14X 13452+
%0, 17105E-3¢X13%%3-0. 24951 1E-28X I35 4+
$0.113653E-24X134£5-0, 20033E-3#X13#%5)
60 1O 200
100 WRITE(2,110) X
110 FORMAT(1X, 'ARBUMENT=",E$2.3,1X, 'LE‘,1X, 2ERD")
§TOP
200 CONTINUE
RETURN
END

135



Figure 19
Program RCYLDIF1.FOR Source Code (continued)

FUNCTION XJZEROD(X)
CALCULATE THE 2ERDTH DRDER J FUNCTION FOR POSITIVE ARGUMENTS
IF(X.LE.0.0) &0 TO 100
IF(X.6E.3.0) ED TD 50
Xp3=x/3.0
XJZERD=1.0-2.2499997¢XD3£42+1,2656208%XD3I#¢4
£-0.3163B66#XD3%#5¢0,04444754XDI %2
&-0.39444E-24XDI&210+0, 21E-I#XDI %212
60 TO 200
90 XI3=3.0/X
THETAR=X-0.78539816-0.041564397%X13
k-0, 3954E-4%X]3%4240,262573E-24X 13443
k-.543125E-3#X13%44-0.29333E-3£X13%¢5
&+40,135568E-3%X134%¢
XJZERD=(CDS(THETR) /SBRT(X))#(0,7978B456~
k0. 77E-6%X13~0.552740E-2#X 13442
&~0.9512E-4%X 34340, 137237E-2£X13%4
&~0.72B05E-3€XI3#45+0.14476E-3¢X134£6)
6D TD 200
100 WRITE(2,110) X
110 FDRHAT(!X, ARBUMENT=",E12,3,1X,"’ LT +1X, "2ERD")
STOP
200 CONTINUE
RETURN
END
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Figure 19
Program RCYLDIF1.FOR Source Code (continued)

FUNCTION YZIERD(X) N
CALCULATE THE ZERDTH ORDER Y FUNCTION FOR PDSITIVE ARBUMENTS
PI1=3.1415924654
IF(X.LE.0.0) €0 TO 100
IF(X.6E.3.0) 60 TO 50
XD3=Xx/3.0
YIERD=(2.0/P1)#ALOG(X#0.5)#XJ2ERD(X) +
0. 3674669140, 60559366#XDI#22-0,743503845XDI %24+
§0.25300117¢XD3#%6-0,042612144XDI 4B+
L0.427916E-24XD3#%10-0,.24B446E-34XD3I##12
60 10 200
S0 X13=3.0/X
THETA=X-0,78539816-0.41466397E~1%X]13~
%0.3954E-44X13%8240.262573E-26 I3 %%3-
&0.54125E-3#X13444-0,29333JE-J£X 13245+
&0, 1355BE-J#X13%44
YIERD=(SIN(THETA) /SQRT(X))%(0,757B88456~
§0.77E~64£X13-0,55274E-25 13452~
&0.9512E-4#X13%88340. §37237E-2%X]13%%4~
&0.72805E~J£X13#45+¢0, J4474E-36X[3#46)
60 T0 200
100 WRITE(2,110) X
110 FDRMAT{3X, 'ARGUMENT=",E32,3,1X, LT ,1X, 2ERD")
sToF
200 CONTINUE
RETURN
END
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Figure 20

Program RCYLDIF1 Input Data File CYLDIF.DAT for B/A=2, B/A=d andB/A=8

B/Ac2

B/A = 4

. =
O e O O
L

- O O

0.0
100.0

B/A=§8
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Figure 21
Program RCYLDIF1 Output Data File RCYLDIF1.0UT for B/A=2

NUMBER OF NON-DIMENSIONALIZED TIMES= ]
KUMBER OF NON-DIMENSIONALIZED RADII= 40
NUMBER OF TERMS TO BE USED IN THE SERIES SUMMATION= 40

NORMALIZED CONCENTRATIONS

NON-DIMENSIONALIZED TIME(D&T/A%42)

: »3000E~01 «1000E+00  .31000E+0} +1000E4+02 .1000E+03
NON-
DIMENSIONAL

RADIUS
. 1000E+01 «§560E+00  .4533E+00 .9705E+00 .$000E+0} «1000E+01
«1026E+0} +1219E+00 . 417SE400  ,9340E+00 .9635E+00  .9&35E+00
«1051E+0} «9337E-01 +3B3BE+00  .BYBSE+00 .9279E+00 .927FE+00
«1077E+01 +7007E-01 «3522E+00  ,B&63BE+00  .B931E+00 .BII1E+00
+1103E+01 «S5147E-01 +3226E400  .B301E+00  .B591E+00 .B5T1E+00
.1128E+01 «3696E-01 «2950E400  .7972E+00 .B260E+00 .B260E+00
« 1154E+01 «2594E-01 +2693E+00  ,7651E400 . 7935E+00 . 793I5E+00
«1179E+01 «4777E-01 «2853E+00  .733BE+00  .7&61BE+00 . 741BE+00
«1205E+01 «11BBE-0} «2230E+00  ,7032E+00  .730BE+00  .730BE+00
«1231E+0} «7751E-02  .2023E+00  .6733E+00  .70084E+00  .7004E+00
« 1256E+01 +492BE-02  .IB32E+00  .&6440E+00 .6707E400  .6707E+00
. 1282E+0¢ +3054E-02 . 1656E+00 . HISAE+00 L L415E+00  .L415E+00
«130BE+0} «1B44E-02  ,1493E+00  .S5B75E+00 .b6330E+00 . 4130E+00
«$1333E+01 . 10B5E-02  .1344E+00 ,5401E+00 .5BS0E+00  .5BS50E+00
. 1359E401 +6223E-03  .12086E+00  .S533I3JE+00 . 557SE+00  .5575E+00
. 1385E+0} «3475E-03  .10BIE+00  ,5071E+00 .5305E+400 ,5305E+00
«14810E40] .1BBBE-03  .96463E~-01  ,.4BI14E+00 .5040E+00 ,.5040E+00
«1436E+01 .9514E-04  .B&1BE-O! +4562E+00  .A7BOE+00  .47BOE+00
«1462E+01 +4985E-04  ,7669E-01 +-4315E+00  .4525E+00  .4525E+00
«14B7E+0} +»2304E-04 . &B0BE-O1 +8072E+00 . 4274E+00  ,4274E+00
»1513E+01 .B610E-05  ,.4028BE-01  .3B3SE+00 .402BE+00 .402BE+00
«153BE+0} «1004E-05  .5324E-01 «3601E+00  ,3I7B5E+00  .3I7BSE+00
1564E401 ~,2B79E-05 . 4490E-01 o SIT2E+00  3IS547E+00  .3I547E+00
. 1590E+01  ~,4BB4E-05 .4120E-01 «S147E400  ,3IJL12E+00 . 3II12E+00
«1615E+01  -.5B819E-05  .360BE-01 +2926E+400 .30B1E+00  .30B1E+00
+1681E+01  ~-,6127E-05 .3150E-01 +2709E400  .2BS4E+00  ,2BS4E+00
«1667E401  -.6060E-05  .2740E-01 +2495E400 L 2530E+00  .24630E+400
«1692E+401  -.6231E-05  .2374E-01 +22BSE+00  .2410E+00 .2410E+00
«171BE+01  -.8239E-05 .2047E-0% «207BE+00  .2193E+00 .2193E+00
« 17448401 -.6372E-05 . 1755E-01 «1875E400  .1979E+00 .197%E+00
«1769E401 -, 84697E-05 . 1494E-01 +J675E400 L 1769E+00 ,1769E+00
«1795E+01  ~,7495E-05 .1241E-01 «1478E+00 . 1561E400 ,1561E+00
+1823E+01 -.B779E-05 .1051E-0% «§284E+00  .1357E+00 . 1357E+00
+JB4GE+0! -.1016E-04  .B625E-02 .1092E+00 . 1155E+00 .1155E+00
«1B72E+01  -.1198E-04 .46912E-02 ,9040E~01 +955BE-01 »955BE-01
«1897E+01 ~-,1393e-04 .S3I45E-02 ,7162E-01 «7595E-01  .7595E-01
+1923E+01  -.15B9E-04  ,3BYS5E-02 ,S53I50E-01  ,565BE-01  .S5&5BE-01
«1949E+401 -,1827E-04  ,2535E-02 ,3543E-01 «3747E-01 «3747E-01
«1974E401  -.2040E-04 .1239E-02 .1760E-01 ,1B62E-0) .1B62E-01
»2000E+401  -,2267E-04 ~.1S47E-04 ~-,BLI1GE-04 ~-,2270E-1B ~-,4BO3E-39
AVERAGE= +96B1E-02 .94B1E-01 «371BE4+00 .3JBB1E+00 .3IBB1E+00
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Figure 22

Program RCYLDIF1 Output Data File RCYLDIF1.0UT for B/A=4

NUMBER OF NON-DIMENSIONALIZED TIMESe 5
NUMBER DF NON-DIMENSIONALIZED RADII= 40
NUMBER OF TERMS TO BE USED IN THE SERIES SUMMATION= 40

-

NORMALIZED CONCENTRATIDNS

NON-DIMENSIONALIZED TIME(Ds#T/Aex2)

. .1000E-01  .1000E400  .1000E+0} .1000E+02  .1000E+03
NON-
DIMENSIONAL

RADIUS
«1000E+04 L7775E-01  .2264E+00  .57BAE+00  .9925E+00 «1000E+01
«1077E+01 . 3480E-0! L1758E+400 ,5256E+00 .9390E+00  .§465E+00
« 1154E+01 «1271E-01 L1348E+00 L4774E+00  .BEY3E+00  .BYLEE+00
+1231E+01 .3597E-02 ,1009E+00  .4339E+00 .B42BE+00 .8502E+00
+130BE+0} L6256E-03  .7480E-01  ,3940E+00 .7991E+00 .BO6SE+00
.1385E+01 ~.1334E-03 ,5380E-01  .3576E+00 +75B0E+00  .7653E+00
L1462E+01 ~.2B40E-03  .3812E-01  ,3243E400 .7191E+00 « 7253E+400
.153BE+01  ~.3019E-03  .2643E-0! ,2939E+00  .6B22E+00  .6BIIE+00
.1615E401  ~.2926E-03  .1792E-01 L2660E+00  J4471E+00 . 6541E+00
186926401  ~.2761E-03  .11B5E-0! .2406E400 J&137E+00 . 6205E+00
L1769E+01  ~.25B3E-03  .7437E-02 . 2173E+00  .5B17E+00 . SBBAE+00
L1B4LE+01  -.2429E-03  .4777E-02  .1940E+00  .5512E+00 .5577E+00
L1923E+01  -.2319E-03  .2BB5E-02  .17865E+00  .5219E+00 .5283E+00
.2000E+01  =-.2262E-03  .1664E-02  ,1SBBE+00  .493BE+00 +.5000E+00
L2077E+01  ~-.224BE-03  .9017E-03  .3426E+00  .466BE+00 .472BE+00
.2154E+01 =-.2257E-03  .4363E-03  .127BE+00  .4407E+00 «44565E+00
J2231E+01  -.2261E-03  .1621E-03 . 1144E+00  .41356E+00 +A212E+00
.230BE+01 =-.2235E-03 .6719E-05 .1022E+400 .3914E+00 . 356BE+00
,2385E+01  -.2160E-03 ~-.74BBE-04 ,9119E-~01  .3679E+00 «3731E400
J2862E+01  -.2022E-03 ~-,11B3E-03  .BI17E-01  .3J452E+00 +3502E+00
,253BE+01  -.3B25E-03 ~-.1355E-03  .7211E-01  .3233E+00 . 32B80E+00
.2615E+01 -.1592E-03 ~-.1356E-03  .6392E-01  .3020E+00 . 30465E+00
L2692E401  -.3353E-03 -.1345E-03  ,5&53E-01  .2B13E+00 »2B56E+00
J2769E401 -.1143E-03 -.1300E-03  .49B7E-01  .2612E+00 « 2653E+00
L2B46E+01 -.GB77E-04 =-.123BE-03  .43BBE-01  .2417E+00 + 2855E+00
L2§23E+01  ~.9026E-04 ~,112BE-03  .3B45E-0I W2227E4+00 . 2243E+00
.3000E+01 -.BB41E-04 ~-.1034E-03  ,3364E-01  .2042E+00 «2075E+00
.3077E+0) -.9107E-04 ~-,9441E-04 ,2929E-01 «1B62E+00 . JBY3E+00
.3154E+01 -.9434E-04 -,B542E-04  ,253BE-01 JI6B7E4+00 L 1714E+00
J3231E401  -.9527E-04 -,7836E-04 .21B7E-01  .1515E+00 «1541E+00
.330BE+01 -,9131E-04 ~-.6722E-04 . 1B71E-01 »134BE+00 . 1371E+00
,33856+01 ~-.8171E-04 -,5791E-04  ,15BLE-01 <1185E+00 ., 1205E+00
J3462E401  -.b712E-04 -.4B3BE-04  .132BE-01  .1026E+00 «1043E+00
.3538E+01 ~-.4953E-04 -.3B62E-04 .1094E-01  .B95E-0I .BB44E-01
,3615E401 ~-.3156E-04 -.2B87BE-04 .B792E-02 .7149E-01 «7293E-01
J3692E401  -.1527E-04 -.1BB1E-08 .6BI7E-02  .5674E-01 «5774E-01
,3769E401 -.1B14E-05 <-.B734E-05 .4979E-02 .4214E-01 +42B46E-01
+ 3BALE+O1 .B374E-05 .1214E-05 .3251E-02 .27B1E-01  .2B29E-01
. 3923E+01 L1605E-04 ,1126E-08  ,1405E-02 .J377E-03  .1401E-01
+4000E+01 .217SE-04  .2093E-04  ,1393E-04  .2550E-0&  .1042E-23
AVERAGE= .BBYOE-03 .9570E-02 .9357E-01 .2904E+00 .2941E+00
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Figure 23
Program RCYLDIF1 QOutput Data File RCYLDIF1.0UT for B/A<8

NUMBER OF NON-DIMENSIONALIZED TIMES= 5
NUMEER OF NON-DIMENSIONALIZED RADII= 40
NUMEER OF TERNS TO BE USED IN THE SERIES SUMMATION= 40
NORMALIZED CONCENTRATIONS

NON-DIMENSIONALIZED TIME(D#T/A%42)

« 1000E-01 .1000E+00  .1000E+01  .$000E+02  .1000E+03
NON-
DIMENSIDNAL

RADIUS
. 1000E+0} .54826E-01 ,1517E400 .3BSTE+00  .7928E+00  .1000E+01
+1179E+0} .7581E-02  .B21%E-01 +3085E+00 ,7137E400 .9206E+00
. 1359E+01 .B231E-03  .4035E-01  .2443E+00  .b465E+00  .BS525E+00
.153BE+01 -.7197E-03 .175BE-0{ .1940E+00  ,SB8B2E+00  .792BE+00
.171BE+01  -.1545E-02 .&570E-02 ,1551E+00 .5369E+00  .7397E+00
.1B97E+01 ~-.165BE-02  .196BE-02 .1220E+00  .4914E+00 .6915E+00
.2077E401  -.10A2E-02 .4304E-03  ,9515E-01  .4508E+00  .64BSE+00
,2256E+01 -.L949E-04  .1451E-03  ,7361E-01  .4137E+00  .40BLE+00
« 2436E+01 .B539E-03  .2364E-03  .5643E-03  ,3B03E+00  .S571BE+00
. 2615E+04 (1321E-02  .3210E-03  ,4283E-01  .349BE+00  .S53I76E+00
+2795E+01 .112BE-02  .2670E-03  .321BE-01  .3219E+00  .S5O0S7E+00
«2574E+0} .45B1E-03 .B215E-04  .2392E-01  .2963E+00 .475BE+00
.3154E+01 -.4170E-03 -.1503E-03 ,1758E-01  .2727E+00  .44746E+00
.3333E401 -.106BE-02 ~-.3264E-03 .1277E-0i .2510E+400  .4210E+00
.3513E+401 -.126BE-02 ~-.3712E-03 .9146E-02 .2309E+00  .3I95BE+00
J3892E+01 -.BB3ZE-03 -.2707E-03  ,6497E-02  ,2123E+00 . 3I71BE+00
.3B72E+01 -.1469E-03 -.7525E-04  ,4545E-02 ,1951E+00  .J4G0E+00
+4051E+01 .5865E~03  .1257E-03  .3137E-02 .1791E+00  .3272E+00
«4231E+01 L1012E~02  .243BE-03  .2135E-02 ,1643E+00  .30&3E+00
+4410E+0] (97556~03  .23156-03  .1430E-02 ,1504E+00  .2B64E+00
«4590E+0) L8619E~03  .1002E-03  .9426E-03  .1376E+00  .2872E400
JA769E+01  -.2285E~03 -.B&14E-04  ,6095E-03  .1256E+00  ,24B7E+00
L4949E+03 -.B201E~03 ~-.2421E-03  .3BS4E-03  .1145E+00 .2310E+00
.512BE+01 -.1027E-02 -.2984E-03  ,2370E-03 .1041E+00 .213BE+00
.530BE+01 -.B8034E-03 -.2330E-03  .1402E-03  .9433E-01  .1573E+00
.S487E+01  -.2223E~03 ~-.7620E-04 ,7832E-04 .8524E-01  .1B13E+00
«S6ETE+0] LA235E~03  .9443E-04 .3951E-04 ,7671E-01  .165BE+00
«9B46E+0] .BS4BE-03  ,2076E-03  .1589E-04 .4B72E-01  .150BE+00
+6026E40} .B64BE-03  .2128E-03  .2004E-05 ,4122E-01 « 13&63E+00
«6205E+01 .4927E-03 .1105E-03 ~-.5702E-05 ,S5415E-01 « 1222E+00
.b3B5€403 -.1179E-03 -.4975E-04 <-.G479E-05 .4749E-01  .10BSE+00
J6S64E+01  ~-.6639E-03 -.1943E-03 ~-,108BE-04  .4119E-01 .9512E-0l
L6744E+01  -.9095E~03 ~-.25B0E-03 ~-.1083E-04 .3522E-01 .B2135E-01
,6923E401 -.747BE-03 -.2132E-03 ~-.979BE-05 .2955E-01 .6952E-0l
.7103E+01  -.2700E-03 -.B14BE-04 ~-,B255E-05 .2413E-01  .5721E-01
. 72B82E+01 .3147E-03  .7770E-04 ~.4391E-05 .1B9SE-01  .4521E-0)
+TAE2E+0} .7410E-03  .1540E-03 ~-.4392E-05 .139BE-01  .33ISIE-0!
o 7641E+0} .B244E-03  .2179E-03 ~-.23B2E-05 ,9178E-02 ,220BE-CI
«7821E+401 .5260E-03  .1425E-03 -.444BE-06 .4527E-02 .1051E-01
«BOOOE+0! L66L9E-05  .S74IE-05  ,164GE-05  .4044E-06  .7444E-10

.2275E-03  .15B0E-02  ,1535E-01 .33J05SE+00 .2247E+00

AVERRBE=

141



5.2 Solute Transport by Diffusion Across an
Infinitely Long Cylindrical Segment

Problem Statement. A constant flux of F and a constant concentration of
zero are specified for the inner and outer surface, respectively, of an
infinitely long cylindrical segment (see Figure 5.2-1) with inner radius

2 and outer radius b. The solute diffusion coefficient, D, is assumed

to be constant throughout the segment. Ko solute s assumed to be present
in the segment initially. The values to be calculated as a function of
time are (1) the concentration profile across the segment, (2) the aver-
age concentration within the segment, and (3) the concentration gradient
at the radius b. As & second part of the problem, these values are to

be calculated at equilibrium.

Objectives. This problem is designed to test the assumption commonly
used in backfill leaching calculation that the backfill can be treated
as a single, uniformly mixed cell.

142






Analytical Solution. The concentration of solute as a function of time
can be described by the diffusion equatinn in cylindrical coordinates:

2% ,138C 13
ror

arl "Dat
(137)

with the following boundary conditions:

-D (—-) = F (a2 constant)
O Jrea

C(b,t) = 0

C(r,0) =0 forr>a

The analytical solution to this equation is given as follows:

C(r,t) = zn & )+ Zexp( Do 24) x

I (bag) [ 3, ro, )Yy (o )-¥ (o 30, (2t )]
&—I?]z(aa ) - oz(ban)]

{138)
where o, are the positive roots of

J](aa)Yo(ba) - Y\(aa)Je(bu) =0
(139)
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At equilibrium, Equation 137 becomes:

©

(3]

2
.a_-+l.a;—t:0
ar r ar

N

(140)

with the boundary conditions

-D %% = F (a2 constant)
r=a

C(b) =0
The analytical solution is

C(r) = gﬁ zn(%)

(141)

Assumotions. There is no variation of solute concentration with the
angle or along the axis of the cylindrical segment. Also, solute ad-
vection, adsorption, and decay within the segment are neglected.

Input Specification. Calculations are to be performed for a range of
values of inner radius a, outer radius b, diffusion coefficient D, and
flux F at radius 2 given in Table 5.2-1.

Output Specifications. The solute concentration as a function of time
{s calculated for a range of distances between a and b. Also, the aver-
age concentration within the cylindrical segment is calculated as a
function of time. Finally, the concentration gradient at r = b is cal-
culated as a function of time. Concentration profiles for different
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Table 5.2-1

Average Normalized Concentrations and Boundary Derivatives

for Different Values of b/a*

Average Non-dimensionalized

Negative Derivative of

Concentration Non-dimensionalized
cD Concentration**
Cup = T zn (b7a (%m0
a(r/a) ] (r/a) = b/a
Non-dimensionalized Time b/a b/a
tND = Dt/a2
2.0 4.0 8.0 2.0 4.0 8.0
0.01 0.99x10-2 0.93x10-3 0.24x10-3 - - -
0.1 0.0950 0.96x10-2 0.16x10-2 0.05 - -
1.0 0.372 0.936x10-1  0.154x10~} 0.69  0.021 -
10 0.388 0.290 0.131 0.73 0.18 0.025
100 0.388 0.294 0.225 0.73  0.18 0.061

* Results based on the evaluation of 40 terms in the Equation 138 summation.

** Slope based on the Tast two points plotted in each of the Figures 5.2-2 through 5.2-4.



values of b/a were calculated by use of Equation 138 and are displayed
in Figures 5.2-2 through 5.2-4. The associated average concentrations
and concentration derivatives at r = b are given in Table 5.2-1. In
reporting these results, all concentrations, distances, and timeé have

_ been normalized as indicated in Figures 5.2-2 through 5.2-4.
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Cq ()

1.0¢

0.8 |-

Cq () = Fa in (b/e)
D

where
F=1flux at (r/7a=1)
D =dlffusivity

2.0 3.0
r/a

Figure 5.2-2

Normalized Concentration Curve for b/a = 2

4.0‘

6.0



c.‘&

641

1.0 I ¥ ¥ L] L) 1 1 4 L {

Cqte) = T80 (6/0)
]

o.. b
where

F=tlux at (¢/0= 1)
D = diftustvity

o.. . M -

0.4

0.2

0.0
1.0 1.1 1.2 1.3 1.4 1.8 1.8 1.7 .8 1.9 2.0

r/e

Figure 5.2-3

Normalized Concentration Curve for b/a = 4



o<t

1.0

C
)

1.0

Cqlew) = Fa_in (b/a)
0

where
F=flux ot (¢/0a=1)

Figure 5.2-4

Normalized Concentration Curve for b/a = 8

D =ditfusivity typ=2t
. =
- = 8.0
1 (]
2.0 3.0 4.0 s.0 8.0 7.0 .0 0.0 10.0 11.0
r/a




15. LOTUS SPREADSHEET RAU234

This spreadsheet calculates the number of enriching stages and the U234
enrichment based on feed assay and U2% enrichment values input by the
user. It was used to estimate the U?** content of fresh fuel for radxologzcal
assessment benchmark problems 2.4 and 2.5.

Theory

The theoretical aspects of this spreadsheet are discussed in Appendix A of
Reference 3 (attached for the readers convenience at the end of this section).

Spreadsheet

Column A is for user input of U?3% enrichment values (in percent)
Column B calculates the number of enriching stages (np)
Column C calculates the U?% enrichment values (x2%4) in percent

A sample spreadsheet is shown in Figure 24,
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Figure 24

RAU234 Sample Lotus Spreadsheet
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APPENDIX A

Method for Estimating U-234 Content of Enriched Uranium

153 Ce=En



ORIGEN results for benchmark problems 2.4 and 2.5 were in poor agreement
with measured U-234% data. Since U-234 Is a precursor of Ra-226, a potentially
Important radionuclide in estimating dose-to-man, better agreement was desired.
In reviewing the benchmark problem inputs, the most likely source of error was
the fuel initial U-234 content. To improve our estimate of U-234 content the
Enowing method was used.

Step 1: ‘Estimate the number of enriching stages required to produce U-235 of
the desired product enrichment. From Reference Benedict and Pigford (1957),

2501 - %)

(l-x?-f,’) xgss

P In 625

where:
n = number of stages in the enriching section of an ideal cascade

¥ ¢ enrichment plant U-235 feed assay

f

235 .
xp = enrichment plant U-235 product assay
8235 V235
o3 separation factor for U-235

= [mass of U2 F,
mass of U238 FG
Knowing the number of product stages, the U-234 content can be estimated by:

23 . ]
P 236, ] 234
-7 Pa-1ixy™
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where:

xgn = enrichment plant U-234 product assay
x?" = enrichment plant U-23% feed assay
5230 K °‘231;

323“ = fmass of U23# F5
mass of U2 F

The U-23%4 product assay from a diffusion enrichment plant for typical U-235
enrichments are given in the attached worksheet.
Reference

Benedict, M. and T. H. Pigford, Nuclear Chemical Engineering, McGraw Hill,
New York, 1957, p. 388.
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Table 1

U-234 in Enriched Uranium
No. of
U-235 Enriching U-234
Enrichment Stages Enrichment
1.0 161 0.008670
1.1 206 0.005860
1.2 247 0.011089
1.3 285 0.012357
1.4 320 0.013660
1.5 353 0.014998
1.6 383 0.016370
1.7 412 0.017774
1.8 439 0.019210
1.9 465 0.020676
2.0 489 0.022171
2.1 513 0.023695
2.2 535 0.025248
2.3 556 0.026828
2.4 577 0.028435
2.5 596 0.030069
2.6 615 0.031728
2.7 €33 0.033414
2.8 651 0.03512¢
2.9 667 0.036859
3.0 684 0.038618
3.1 700 0.040401
3.2 715 0.042208
3.3 730 0.044038
3.4 764 0.045892
3.5 758 0.047768
3.6 772 0.049667
3.7 785 0.051588
3.8 798 0.053531
3.9 811 0.055496
&.0 823 0.057483
4.1 835 0.059491
&.2 847 0.061521
&3 858 0.063572
L X 869 0.06564¢%
&.5 880 0.067737
4.6 891 0.069850
&7 902 0.07198¢%
4.8 912 0.074139
8.9 922 0.07631%
5.0 932 0.078509
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16. FORTRAN PROGRAM ANSIDECH

The Fortran program ANSIDECH uses two ANS methods for computing fission-
product afterhcat power from light water reactor fuel. This program was used
in the solution of the Radiological Assessment Benchmark Problems 2.1, 2.2
and 2.3. .

Theory

The engineering aspects of this program are discussed in Section 3.2 of
Reference 3 (attached for the readers convenience at the end of this section).

Program

Program ANSIDECH.EXE solves Equations 3.2.1 through 3.2.7 for the detailed
method of computing fission-product afterheat power and Equation 3.2.8 for
the simplified method. A listing of the Fortran source code is shown in
Figure 25.

Input Data
Data is input to the program via the input data file ANSLDAT. Input data
names, formats and descriptions are shown in Table 1. Input data files for
Benchmark Problems 2.1, 2.2, and 2.3 are given in Figure 26.

Qutput Data
The output data from this program is sent to a parallel interface printer. The
user can redirect the output by changing the OPEN(2,FILE=/PRN/) statement

in the code. The output data for Benchmark Problems 2.1, 2.2 and 23 is
shown in Figure 27.
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FUT DATA 15 BIVEN IN

L IN
N THE PROGRAM.
C. C. WEBSTER, WITH MDDIFICATION BY J. C. RYMAN

Figure 25
Fortran Program ANSIDECH Source Code
NP239, THE METHDD DESCRIBED IN
THE 5tANDARD.
L
I

PROBRAM AN
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Ceess
Cexxs
Cexes
Ceexs-
Cxsxs METHDDS:
Cress
Ceess
Crese
Cesns
Cress
Cexses
Ce#sxs REMARKS:
Cuess
Creses
Cxe%x AUTHDRS:
Cexex
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Figure 25
Fortran Program ANSIDECH Source Code (continued)
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Figure 25
Fortran Program ANSIDECH Source Code (contin.ued)
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Figure 25
Fortran Program ANSIDECH Source Code (continued)
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Figure 2§
Fortran Program ANSIDECH Source Code (continued)
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TABLE 1

PROGRAM ANSIDECH INPUT DATA (ANSL.DAT) DESCRIPTION

CARDVARIABLE FORMAT DESCRIPTION
1 TITLE 1X,20A4 PROBLEM TITLE
2 'ILONG 1015 0 = NO, DON'T USE LONG METHOD,

1 = YES, USE LONG METHOD

2 ISHORT 10I5 0 = NO, DON'T USE SHORT METHOD,
1 = YES, USE SHORT METHOD

2 IG 1015 0 = USE G = 1.0 FOR NEUTRON CAPTURE
CORRECTION AT ALL COOLING TIMES
1 = USE MAXIMUM NEUTRON CAPTURE
CORRECTION FACTORS INTREPOLATED
FROM TABLE 10 (ANSI/ANS-5.1-1979)

2 139DEC 1015 0 = DON'T CALCULATE AFTERHEAT
POWER FROM U239 AND NP239
1 = CALCULATE AFTERHEAT POWER
FROM U239 AND NP239

3 NCOOLT 1015 NUMBER OF COOLING TIMES
3 NOPP 1015 NUMBER OF IRRADIATION PERIODS
3 NFISIS 1015 NUMBER OF FISSIONABLE ISOTOPES

1 = U235 ONLY
2 = U235 AND PU239
3 = U235, PU239, AND U238

4 TIME 6E10.4 TOTAL OPERATING PERIOD (DAYS)

4 POWER 6E104 MAXIMUM POWER LEVEL AT WHICH
FUEL OPERATES WHILE IN THE CORE
(MW/KG)

5 QM 6E10.4 I = INFISIS. TOTAL RECOVERABLE

ENERGY ASSOCIATED WITH ONE FISSION
(MEV/FISSION) FOR U235, PU239, AND
U238

=)

TCOOL(K) 6E10.4 K « I,NCOOLT. ARRAY OF COOLING
TIMES (DAYS)

163



TABLE 1

PROGRAM ANSIDECH INPUT DATA (ANSLDAT) DESCRIPTION (continued)

CARDVARIABLE FORMAT DESCRIPTION

7 IPR I13,7X,4F10.5 SUBSCRIPT IDENTIFYING IRRADIATION
: PERIOD

7 TA(IPR) 13,7X,4F10.5 LENGTH OF IRRADIATION PERIOD
(DAYS)

7 POW(LIPR) 13,7X,4F10.5 I = 1,NFISIS. POWER (MW) GENERATED
FROM FISSIONABLE ISOTOPE 1 DURING
IRRADIATION PERIOD IPR



Figure 26

Program ANSIDECH Input File (ANSI.DAT)

bEC?V HE?T PR?BLEH°2.1.I /0 6-FACTOR CORRECTION--LONG AND SHORT METHODS

$ 1 3
370.E40  41.E40
207.92E40 207.92E+40 207, 92E40
363, 25E+01095,75E+0 3852, SE+010957.5E40 34525.E+0109575.E40
38525.E41109575,E+1 36525.E42

§ 370, 22,322 15.742 2.938
DEC?Y HEfT PR?BLEHOZ.I.Z ¥/0 B-FACTOR CORRECTION--LONG AND SHORT METHODS

§ 3 3
490.E¢0  43.E40
208.55E+0 206,56E+0 208, S5E+0
365.25E+01093, 75E+0 3652, SE+010957,5E40 35523, E+0109575.E40
34525.E41109575.E41 38525.E42
} 378. 29.670  10.545 2.784

LJ . ol .
3 260, 17,171 1B.124 2,705
DED?Y HE?T PR?BLEHOZ.I.S K/D 6-FACTOR CORRECTION--LONG AND SHORT METHODS

y 5 3 -
1050.E40  45.E+0
205.77E40 205.77E+0 205.77E40
365, 25E+01095. 75E40 3652, SE+010957,SE+0 3£525.E40109575.E+0
36525.E+1109575.§+1 36525.£42

! 370,  22.830 3.987 1,483
2 60, 0. 0, 0.
3 260, 28,723 13,35 2,920
g 80, 0. 0. 0,

300. 21,290  17.848 2.851
DEE?Y HE?T PR?BLEHOZ.l.l ¥/0 6-FACTOR CORRECTION--LONS AND SHORT METHODS

§ 1
1080.E40 31,25E40
208, 19E+0 206, 15E+0 208, 19E+0
363, 256401055, 75E¢0 3652, 5E+010957.5E+0 38525, €¢0109575.E40
36525.E41109575,E41 34525.E42

{ 1080,  19.420 9.750 2.040
DEC?Y HE?T PR?BLEH°2.2.4A N/0 E-FACTOR CORRECTION--LONG AND SHORT METHODS

§ 10 3
1080.E40 31.25E40
206, 19640 206.19240 208, 19E40
365,25 +01095, 75E+0 3652, 5E4010957,5E+0 36525,E40109575.E¢40
J£525,E41109575.E+41 34525642

1 108,  27.183 2.338 1. 249
2 108,  24.515 4.835 1.900
3 108,  22.820 6. 883 1.967
4 108. 21,004 8.233 2.018
S 108.  19.583 9.652  2.05%
b 108,  18.193  10.949  2.089
7 108, 38,520 12,211 2,119
] 108.  15.707  13.39% 2.1
9 108, 14,541 14,53 2.173
10 j08. 13.411 15840  2.199
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Figure 26

Program ANSIDECH Input File (ANSI.DAT) (continued)

DEC?Y HE?T PR?BLEH°2.1.5 W/0 B-FACTCR CORRECTION--LONG AND SHORT WETHDDS

§ 10 3
- J035.E40  41.E40
- 206.19E¢0 204.19E+0 205.19E¢0
385, 25E+01095. 75E+0 3652, 5E+010957.5E40 38525.E40109575.E+0
36525.E*l!09575.§*! 365%3.E02

| 150, 170 3.280 1.951
2 150,  25.076 6. 799 2,125
3 80, 0. 0. 0,
4 150, 26,722 1Ll 2,687
d 135, 0, 0, 0,
] 150.  23.484 14,805 2.7
7 43, 0. 0. 0.
g 150.  1B.B34  14.070 2.576
9 0. 0.

10 16,945 18,327 2 528
DEC?Y HERT PR?BLEH°2 «2.1 W/D B-FACTOR CORRECTION--LONG AXD SHORT METHODS

9 3
370.E*0 30.E+0
212.88E+0 212.BEE+0 212,8BE+0
365.25E+01095, T5E+0 3852, 5E4010957,5E+40 36325.E40109575.E+0
36525.E+1109575,.E41 3652%.E+2

1 370, 15,787 12,034 2.176
DEC:Y HE?T PR?BLEHOZ-Z.Z /0 6-FACTOR CORRECTION--LONG AND SHORT METHDDS

y 3 3
690.E¢0  30.E+0
211.36E+0 211, 36E+0 211, 36E+0
363, 25E 401095, 75E+0 3652, 5€¢010957,SE+0 36523.E40109575,.E+0
36525 E+1109575.E+1 36525.E+2
3. 4. 330 4. 985 L. 784

2 60 . .
3 260 19.958 §.852 1,750
DED?Y HERT PRDB.EH°2 .2.3 N/0 B-FACTOR CORRECTION--LDN5 AND SHORT METHODS

9 5 3
1050.640  30.E+0
211, 36640 211.36E+0 211, 34E40
355, 256401093, 75E+0 3652, SE+010957.5E+0 38525.E40109575, E+0
38525, E+1109575,E+1 36525.E+2
3. 16,391 2.433 1457
40, 0. 0. 0,
280, 19,315 6.781 1.504
&0, 0. 0. 0.

R o G D) =

300, 486 13,350 1.985
DEC?Y HE?T PR?BL£H°2 o2 Sﬁ W/0 B-FAETDR EDRRECTION--LUNE AND SHORT METHODS

9 & 3
1080,640  30.E+0
211, 36E¢0 211.36E40 211,34E40
363, 25E+01095, 75E40 3652.5E+010957,5E+¢0 36525.E+0305575.E+0
36525.E+1109575,E+1 38525,E42
SZg. 16.331 2.453 1. 157
260,  19.315 8. 781 1. 904

&9, 0. 0.
300, 14,865 13,350 1.985
30. 0. 0. 0.

O A e Ll S e
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Figure 26
Program ANSIDECH Input File (ANSL.DAT) (continued)

DEC%Y HE?T PR?BLEH°2.2.SB W/0 B-FACTOR CORRECTIDN--LONG AND SHORT METHODS

- §050.E40  30.E+0

T 211.36E40 211.36E40 211, 35E40

385, 25E401085.75E+0 3452, SE+010957.SE40 35525.E+0109575.E+0

38525.E41109575,E¢1 36525.E¢

185, 1%, 1.448 1,108
185,  15.348 J.444 1.208

3 0. 0, 0. 0.

] 130, 20.478 1.682 1,880

3 130,  18.147 9.925 1.528

b 80, 0 0 0

1

]

13

"D e
]
arhd

150,  15.830  12.202  1.94)
150, 13.497 14,501 2002
D c;w nuln PR?BLEH°2.2.4 K/D 6-FACTOR CORRECTION--LONS AND SHORT METHODS

§ 1 3
1080.E40  25.E¢0
211.35E40 211,35640 211.35E+0
365, 25401095, 75E+0 3652, 5E+010957, SE40 36525.E40109575,E¢0
36525.E41109575,E+1 348525.E+2

| 1080, 16,058 1,396 1.547
DEC?Y HE?T PRI‘JBLE!‘ioz.Z.S /0 6-FACTOR CDRRECTION--LOKS AND SHORT METHDDS

§ 10 3
1035.640  33.E40
211,3¢E40 211, 35E+0 211, 35E40
365,25E+01095, 75E+0 3652, 5E+010957.3E+0 36525.E+0109575.E40
38525.E+110%575.E+1 36525.E+2

i 190,  23.344 2,085 1,591
2 150,  23.979 5.344 .10
3 &0, 0. 0. 0,
4 150.  19.258 7.811 1.538
) 13, 0. 0, 0.
) 150.  15.986 11,075 1.539
1 43, 0. 0. 0,
8 150. 14,180  31.883 1.957
9 ‘5. ol ol o'
10 15

0. 14,817 15.2%7 1,947
DECI’W HE?T PRIIJBLEHOLZ.SQ W/0 €-FACTOR CORRECTION--LONS AND SHORT METHODS

§ 12 3
1080.E40  33.E40
211.36E+0 211.36E40 211, 36E40
365, 25E+01095. 75E+0 3552, SE+010957.5E+0 J4525.E+0109575.E+0
36525, E+1109575,E¢1 38523.E¢2

| 150, 23,34 2,085 1,581
2 13, 0. 0. 0,
3 150.  23.%7% 3.311 1.710
] 4. 0, 0. 0,
) 150. 19.234 7.811 1.938
- 15, 0. 0. C.
7 150, 19,988 11,075 1.939
g 43, 0. 0. 0,
9 150.  14.180  11.883 1.557
10 135. 0. 0. 0.
i1 150, 14817 35.2)7 1.547
lz . ol ol [ ]
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Figure 26
Program ANSIDECH Input File (ANSLDAT) (continued)

.' ﬁEC?Y HE?T PR?BLEHOZ.Z.G /D 6-FACTOR CORRECTION--LDNG AND SHORT METHODS

§ 10 3
1035,E¢40  33.E¢0
215, 36E¢0 211.36E+0 211, 36E40
365, 25401095, 75E+0 3652, SE+010957, SE+0 34525.E+01095735, E+0
38525.E41109575,E44 36523.E42
150, 27.098 2,341 1,564
150, 20,228 3.032 1. 740
80, 0, 0. 0,
150,  22.513 8. 597 1.889
S 0 0

1 * . .

130, 18,724 10.286 1.989

4. 0, 0.

150, 14,888 13.195 1.817

135, 0. 0. 0

10 150, 12,089  13.923 1.9

DEC;\Y HE?T PR[lJBLEF°2 .2,6R W/0 B-FACTOR BDRRECTXDN--LUNS AND SHORT METHODS

(0 ) O A S0 LA DD s

i
1080,E40 _ 33.E+0
211, 36E40 211, 36’:'*0 211,34E40
365.25€401095.75E+0 3852, SE+010957. 5640 36525.E+0109575,E+0
36525.E41105375.E+1 36525,E42

i 150. 27,095 2,341 1.564
2 ‘s. ol ’ ol
3 150, 20.228 3.032 1.740
4 43, 0. 0. 0,
3 150. 22.513 B.5%7 1.B89
b ol o. o'
7 150. 16,724 10.28% 1.989
B o' ol o'
9 150. §6.888  13.1%5 1.%17
10 0

13, 0. . 0.
i% 150. 12.039 13.9(2)3 1.938
DEC?Y HE?T PR?BLE!!OZSJ N/D B-FACTOR CORRECTION--LONG AND SHDRT METHODS

1 5 3
1069.£40 31.B27E40
206.79E08 208, 7540 206, 75E+0

1 3:0. 21, 934 4.735 1. 732
szn. 6. 224 11426 2,474
&5, 0. 0.

(2 2 37 [ S

305, 12, 2 14,800 2,073
nsc?v us?r PngaLG 2.3.2h W/0 B-FACTOR CORRECTION--LONG AND SHORT NETHODS
i 5§ 3
1069,E¢40 32,475E40
208, 3°E18 204, 50E40 206, 50E+0
30, 238 4852 1.60)
&, 0. 0, 0.
32%. 15.431 11.832 2.222
305, 12,303 15.095 2.120

A ML NI e
-
o=
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Figure 26

Program ANSIDECH Input File (ANSL.DAT) (continued)

' BECIIW HE?T PR?BLEHOLLZB ¥/0 E-FACTOR CORRECTION--LONG AND SHORT WETHODS

1 5 3
§049,E40 32,475E+0
206,50E+0 206,50E40 208,90E+0

1143.E40
| 310. 22,348 4,892 1.801
2 6‘. o. ol o.
3 321, 1e.441 11,812 2,222
‘ b?. o. o. o'
) J05. 12,303 15,085 2.120
DEC?Y HE?T PR?BLEHOZ.S.S §/0 6-FACTOR CDRRECTION--LONG AND SHORT METHODS

1 5 3
1065.E+0 30.253E40
206.54E+0 206.54E40 205, 54E+0

§L3.E40
1 310, 21.023
2 &4, 0,
3 2. 17.477
4 &9, 0,
v 305, 12,183
END

4.361
0,
10.51€
0.
13.424
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1.870
0.
2.058
ol
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Figure 27

Program ANSIDECH Output

DECAY HEAT PROBLEM 2.1.1 K70 E-FACTOR CORRECTION--LONG AND SHORT NETHODS

| S R B
¥ .1 3

370.0 41.0

207.9 207.% 207.%

385.3 1065.8 3832, 5 10957.5 38525.0 $09575.0
365250.0 1095750, 0 35652500.0

{.3838 1,598 §.1156 1.0079 1.0000 £.0000

1.0000 1,0000
370,000 2,2322E+01 1.5742E401 2.9360E+00
#eee LONG METHOD FOR FISSION PRODUCT DECAY HEAT PONER #iet

CODLING TIME 1S0T0PE TOTAL
ISDTOPE  AFTER SHUTDOWN DECAY MEAY POWER DECAY HEAT POWER RATID
{DavS) (WATTS) {(NATTS) 15070PE/TOTAL

U-235 3.63280E402 2.56004E+403 2.96004E+403 4.79830E-01
FU-23% 3.65250E402 2,73523E+03 9.89527E+03 4.43406E-01
U-238 3, 85250E+02 4,73412E+02 6. 16BL9E403 1. 67444E-02

U-235 1.09573£403 6.83126E402 6.E512BE+02 4, 71440E-01
PU-239 1.09575£403 £.57692E ¢02 §.34282E403 §.52541E-0)
U-238 1.09575E+03 1.1044BE+02 1.45327E+403 7.59994E-02

U-23% 3,85250E403 2,42002E402 2,82002E+02 £.33407E-01
PU-239 3.65250E403 1.16055€+02 3.98081E+02 3.03785E-01
t-238 3.65250€403 2,40029e+04 3.82084E¢02 6, 28243€-02

U-235 1,09575E+04 1.85768E402 §.45768E402 £.40105€-01
PU-239 1.09575E 4G4 6.77921E+0! 2.13559E+02 2,97694E-01
U-238 1,09575E+04 1.41643E403 2.27723E402 6.215E8E-02

169

B-VaLUE

1.38505E+00
§, 36509E+00
1. 38505E+00

1.59BL1E+00
1.59841E400
§.59661E+00

1.11561E400
1. 115L1E+00
§. 113648400

1,00754E400
1.00754E 00
1.00794E+00

ADJUSTEL
DECAY HEAT PONER
(NATTS)

4.09980E+(3
7.86B22E403
B.54392£+03

1.09526E+03
2, 14665E403
2,32321E403

2,59975E402
3.99456E+02
4,26233E402

1. 459245402
2. 152548402
2,29531E+02



U-235
PU-239
u-238

¥-235
PU-235
u-238

U-235
FU-239
u-238

U-235
Pu-239
u-238

U-235
PU-239
U-238

3.85250E+04
3.65250E+08
3.85250E+04

1,09575E+05
1.09575E 408
1.09575E+05

3,65250E+405
3.£5230E405
3.85250E405

1.09575E+04
1.09575€+06
1,08575E+06

3.65250E408
3.6525%E 0
3. 65250k 406

Figure 27

Program ANSIDECH Output (continued)

2.72796E+01
1.31052€+401
2. 65968E+00

2, 373148-01
1.30941€-01
2.58774E-02

1, 07484E-03
2.48792€-03
1.74251E-04

1. 049835E-03
2.29164E-03
§.61100E-04

9, 74BZ9E-04
2.22113¢-03
1.54525E-04

2.72796E+01
4, 03849E+01
4, 30645E+01

2.37314E-01
3.66257E-01
3.93934E-01

1,074B4E-03
3.54277E-03
3.71702E-03

1,04983E-03
3. 34149E-03
3,50289E-03

§,74B53E-04
3.19599E-03
3.35051E-03

#1e¢  SHORT NETHOD FOR FISSION PRODUCT DECAY HERT PONER ##ud

COOLINS TINE
AFTER SHUTDOWN DECAY HEAT PONER
(DAYS) (WATTS)

3.45250€ 402 5. S4560E+03
§,09575E +03 1,26336E+03
3.45250E+03 4.53387E¢402
1.05575E+04 2.730926402
3.45230E 404 S5.11081E+01
1.09575E+05 4.44508E-01
3.43250E405 2,01371E-03
1.09575E 406 1.96488E-03
3.65250E406 1,82539E-03

6. 33165601
3.04175E-01
6.26800E-02

6.02425E-01
3, 3239304
&.51819E-02

2.89158E-01
8.63952E-01
4.6B793E-02

2.99735E-01
6.54271E-01
4,59944E-02

2.90958E-01
8.62923E-01
4, 61196E-02

CAPTURE ADJUSTED
CORRECTION  DECAY H‘AT FONER

G-VALUE WATTS)
1, 38305400 7.4B092E403
1.59861E400 2.05193E+03
1,11561E400 5,05803E+02
1,00794E¢00 2.75260E402
1.00000E+00 S.110B1E+01
1, 00000 +00 4. 44508E-D)
1.00000E+00 2.01371E-03
1. 000008 +00 1.98488E-03
1.00000E+00 1.82639E-03

170

§,00000£400

§.00000£+00
1.00000E+00

1.00000E+00
1, 00000E+00
1.00000E+00

1. 00000E +00
1. 00000E+00
1.00000E +00

1. 00DCOE+00
1.00000E+00
1,00000E +00

1. 00000E +00
1, 00000E +00
1, 000008400

2.7279E401
4,03645E+0)
4, 30B44E+01

2,37316E-01
3.48257E-0!
3.93934E-01

1,07484E-03
3.54277E-03
3.1702%-03

1. 0A985E-03
3. 34149E-03
3.50255E-03

G, 74E59E-04
3.195%9£-03
3. 3I5051E-03



Figure 27

Program ANSIDECH Output (continued)

DECAY MEAT PROBLEN 2.1.2 N/0 E-FACTOR CORRECTION--LONS AND SHORT METHODS

1 1 1 0
¢ 3
£90.0 43.0
206,46 206.6 206.8
345.3 1095.8 3852.9 $0957.5 36525.0 108575.0
365250.0 1055750.0 3652500.0
1.3E50 1.598¢ 1.1156 1.0079 1.0000 §.0000
1.0000 0 §,0000

0 1,000 00
i 370.000 2,5670E+01 1.05485401 2,7BA0E+00
2 60,000 O000E+00 ,0000E¢00 _.0000E+00
3 260,000 1,7171E+01 1,8124E401 2,7050E+00

sae¢ LONG NETHOD FOR FISSION PRODUCT DECAY HERT POMER #&dd

COOLINS TINE 18QTOPE TOTAL ADJUSTED
ISDTOPE  AFTER SWLTDOMN DECAY HEAT PONER DECAY MEAT PONER RATID DECAY HEAT PDMEF
{DAYS) {WATTS) {WATTS) 150T0PE/TOTAL 6-VALUE (WATTS)
U-233 3.835250€+02 4.6114BE403 4.61148E¢03 9. 74323801 1, 385055400 6,38711E+03
PU-239 3.65250£402 2,83368E+03 7.44515E403 3.52913¢-01 1.3B303E+00 1.03119E404

U-236 3.65250E+02 5.84253E+02 £.02941E+403 1.27681E-02 1. 38505E+00 1. 11211404

b-235 1.09575E403 1. 35B36E+03 1, 15B34E+03 S.64315¢-01 1,59B61E+00 §.85210E403
PuU-239 1,09575E+403 T.47140E¢02 1.90570E+03 3.639186-01 1.39851€+00 3. 046496403
u-238 1,09575E+403 1.47340E402 2.05304E403 7.17685E-02 1,59861E+00 3,2B2036403

U-235 3.65250£403 4.51579E402 §.51579E402 &.B6234E-01 1. 11341E400 5.03765E+02
PU-235 3.85250E+03 1.68536E+402 6,201 14E+02 2.56113E-01 1. 11561E400 6.91B05E+02
u-238 3.45250E+03 3.79391€+08 £,58054E+02 5. 76536E-02 1. 11561E¢00 7.34130E402

U-233 1,09575E+04 2.72389E+02 2.72389E+402 6.90434E-01 1.00794E+00 2.743526+402
PU-239 $,09375E¢04 §.95027€401 3. 715928402 2.5208¢E-01 1,00794€+00 3. 749448402
U-238 1.09575E+04 2.25271E404 3.94519E402 5.71001E-02 1,00754E+00 3.978528402

U-235 3. 65250E 404 5. 0SE14E+01 $.09814E+01 6.84030€-01 1.00000E+00 5.09814E+01
Pu-239 3.83250£+04 1.92557E+01 1,02371E+01 2.58358¢-01 1,00000E+00 7,02371E+01
u-236 3. 652506404 §.,23386E+00 7.45310E¢04 5.76118E-02 1, 00000400 7.453108+01
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v-235
PU-23%
U-238

U-235
PU-23¢
U-238

U-235
PU-239
U-238

U-235
PU-%S?
U-238

1,09575E405
1.09575€405
1.09575E405

.3, 632506405

-3, 652505405
3,85250E405

1.09575E+06
1.09575E406
1.09575E+06

g.65250£006
32508406
3.65250E 406

Figure 27

Program ANSIDECH Output (continued)

4.43550E-01
§.92548E-01
4.08503E-02

1.99935E-03
3.62540E-03
2,82184E-04

1.98392E-03
3.46567€-03
2.63331E-04

1.84623E-03
3.33641E-03
2,4B107E-04

4,43590E-01
6.36158E-01
6. 77018E-01

1.89936E-03
5. 62478E-03
3. 50695£-03

1. 94552E-03
5. 83159E-03
5.89512E-03

.B4523E-03
. 16264E-03
S.43073E-03

#8844 SHORT METHDD FOR FISSION PRODUCT DECAY HEAT POMER #3#s

COOLINE TINE
AFTER SHUTDOWN DECAY MERT POMER CORRECT1ON
(DAYS) (WATTS) ‘

CAPTURE
E-VALUE

3. 65250E402 B.03328E+03 1. 3B505E+00
1,05375£403 2.13300E+03 1.59861E+00
3.85250£403 B.B1337E402 1. 11581E400
1,09575E+04 3. 31997€+02 1.007942+00
3.63250E404 §.95750E+01 1.00000€£¢00
1.09575E405 8. 66454E-01 §,00000E+00

3. 652508405
§,0957SE ¢06
3.85250E+06

3.95504E-03 1,00000E400
3.85618E-03 1.00000£400
3.45843E-03

1.00000E+00

ADJUSTED

6.35211E-01
2.B4436E-01
6.03533E-02

3. 3847401
6. 13753E-01
4,77710E-02

3.45153E~04
$.0B534E-01
4,62731E-02

3.39959E-01
6. 14355E-01
4,56856E-02

DECAY HEAT POWER
(WATTS)

. 112836404
3.41944E403
9.83227E+02
9. 36221402
9,55750€+01
B.55454E-01
3.95508E-03
3.8341BE-03
3.45643E-03

172

1. 00000E+00
1.00000E+00
1. 00000E+00

1.00000€+00
1. 00000E+00
1.00000E+00

1.00000E+00
1.00000E+00
1.00000E+00

1.00000E +00
1.00000E+00
1.00000E +00

4.43550E-01
&, 34158E-01
&.7701BE-01

1,99936E-03

" S.b287bE-03

3.906958-03

1.96592£-03
9. 43153E-03
5.69512E-03

1.84623E-03
3.182642-03
5.43075E-03



Figure 27

Program ANSIDECH Output (continued)

DECAY HEAT PROBLEX 2.1.3 W/0 B-FACTOR CORRECTION--LONG AND SHORT WETHODS

1 11 0
5 3
1050.0 45.0
5.6 205.8 205.8
35.3 1095.8 52,5 109575 345250 109575.0
38250,0  1085750,0 352500, 0
1. 3630 1,596 11156 1.0079 1.0000 1.0000

1.000¢ $.0000
1 370,000 2,2B50E+01 3.9670E+00 1.4830E+00
2 £0.000 .O000E+00 ,0000E+00 .ODOOE ¢00
3 260.000 2,B723E+01 1,3356E+01 2.5200E400
] $0.000 .0000E+00 ,O000E+00 .O0OOE+00
b 300,000 2,1290E+01 1.7848E+01 2.B510E400

seed  LONG NETHOD FOR FISSION PRODUCT DECAY HEAT PONER &3#2

COOLING TINE 15070°E TOTAL RDJUSTED
ISOTOPE  AFTER SHUTDOWN DECAY HEAT PONER DECAY HEAT POWER RATIO DECAY HEAT PONSE
(DAYS) WATTS) (WRTTS) ISOTCPE/TOTAL E-VALUE {NATTS)
U-233% 3.85250E+402 4,49871E+03 4.69871E403 6.47472E-01 1. 385036400 6.30753E403
PU-239 3.63250E+02 2.050B2E+03 6. 749538403 2.82599:-01 1.38505E+00 9. J4BA2E 403

u-238 3,£5250€+02 5.07472E+02 7.25700E+03 6.99286E-02 §. 385056400 1,00513E+04

U-235 1,09575€+03 1.38B06E +03 1.38806E+03 6.42807E-01 1.55851E+00 2,21B57E+03
PU-23% §.09575E403 6,2382¢E 402 2.01369E403 2,89818z-01 1,59851E400 3.21543E403
u-238 1,09575E403 1.454B6E402 2,15937E+403 6.73741E-02 1.59861E+00 3.45200E403

U-235 3.85250E 403 6,43802E+02 6. 43B02E 402 71.25283€-01 1.11561E400 1. 18231E+02
PU-239 3.85250E+03 1.95621E402 B.35623E402 2.20605E-01 1. 11561E+00 5. 346518402
u-238 3.865250E¢03 4.B0331E+01 B.B7655E402 5. 81123802 1. 115618400 9.50277E402

U-235 1.09575E+04 3.89313E+402 3.89313E402 7.27235¢-04 1.00754E+00 3.52403E402
PU-239 1.09575E404 1.17261E+02 3. 06574E402 2.19043E-0) 1.00794E+00 9. 10597E+402
U-238 £, 09575E404 2,67592E40% 3, 38333k 402 3.37221€-02 1.00794E+00 S5.39584E+02

U-235 3. 632308 +04 7.28788E+401 7.28768E+01 7.21342¢-01 1.00000E+00 7.268786E+01
PU-239 3.65250E+04 2.28713E401 9.95501E+01 2, 24356E-01 1.00000E+00 9. 95501404
u-238 3.45250E404 S.48217E+00 1.01032E+02 5.42618E-02 1,00000£+00 1.01032E+02

173



U235 1.09575E405
PU-235  1.09575E+05
U238 1.09575E405

Y-235 3.652508 405
PU~239 3. 85250405
u-238 3.85250E405

U-235 1,09575E+06
Pu-235 1.09575E+08
-238 1,09575E+06

u-23¢ 3.45250E406
PU-239 3.65250£+04
u-236 3.45250E 406

Figure 27

Program ANSIDECH Output (continued)

6. JA355E-01
2.269826-01
5.22154E-02

2.89742€-03
4,28029£-03
3.85684E-04

2.82336E-03
4.18479E-03
3.41746E-04

2.6B923E-07
3.94521E-03
3.21551E-04

&.343556-01
B.61317E-01
9.13536E-01

2.89742E-03
7.15771E-03
7.52339E-03

2.82338E-03
6.96817E-03
7,30992E-03

2.68923E-03
b, 6I444E-03
6.95599E-03

sae+  SHORT MZTMOD FOk F1SS10N PRODUCT DECAY HERT PONSR 4444

COOLING TIME
AFTER SHUTDOMN DECAY HEAT POW
{DAYS) (NRITS)

3.85250E+02 9. 51443E403
1,09575:¢403 2.96727€+403
3.852508403 1.36573E+03
1.09575€+04 B.40483€402
3,85250E+04 1.57333£402
1.09573E+403 1. 36956E+00
3.85250£405 .38B14E-03
§.05575E+08 b. 12B48E-03
3, 452505408 5.81484E-03

CAPTURE ADJUSTED
ER CORRECTION  DECAY HEAT PONER

B-VALLE RTTS)
1, 3B305E+00 £, 371320E+04
1.598L1E400 4. 743516403
1.11561E+00 1.550806403
1,00794E+00 B.47158E+02
1, 00000E +00 1.57335E+02
1.00000E +00 1. 36956E+00
1,00000E+00 4.38814E-03
1, 00000E+00 &, §2648E-03
1.00000E+00 5.81485E-03

174

.94395-01
2.48443E-01
5. 71620E-02

3.85121E-01
5. 68272E-01
4.86062E-02

3.85240E-01
5.87009E-01
4.67510E-02

3. BEb0bE-01
5.6716BE-01
4. 62265€-02

1,00000E+00
1,00000E400
1.00000E+00

1. 00000E+00
1.00000E+00
1,00000E+00

1.00000E+00
1,00600E+00
1,00000E+00

1. 00000E+00
1.00000E+00
1.00000E+00

. 34355€-01
8.81317E-01
§.13538E-01

2,89742E-03
2.15771E-03
7.52339€E-03

2,82338E-03
6.568178-02
7.30952€-03

2.48923E-03
b, bIARAE-03
6.9359¢-03



Figure 27

Program ANSIDECH Output (continued)

DECAY WEAT PROBLEN 2.1.4 N/0 E-FACTOR CORRECTION--LDNS AND SHORT METHODS

1 1 1 0
i 3
1080.0 31,
206.2 208.2 208,2
363.3 1055.8 3652.9 10957.5 38525.0 109575.0
363250. 0 1095750.0 3¢52500.0
1.3883 1.5986 l.légg 1.007% 1.0000 1.0000

1,00 1.0000 i,
1 1080.000 1.9420E+01 §.7900E+00 2,0400E+00

€see  LONG METHOD FOR FISSION PRODUCT DECAY WEAT POWER e&ms

CODLING TIME 18070°E 1074 ADJUSTED
ISOTOPE  AFTER SﬂUlDOHh DECAY HEAY POWER DECAY HEA* POKER RATIO DECAY HEAT PONER
(DAY (NATTS) (NATTS) ISOTOFE/TOTAL §-VALUE (WATTS!
U-235 3852505402 4,22582E 403 4, 225828403 9. S2450E-01 1.38505¢E+00 5.83294E403
Pu-239 3.65250E402 2.8744BE403 7.10050E+03 3.73613E-01 1, 38505E+00 §.83433E403

U-238 3.43250E402 5. 48729402 7.64923E403 7.17366E-02 §.38505E+00 3,05545E ¢04

U-235 1,09575€+03 1.27377E403 1,27577€+03 S, 74340E-01 1.39851E+00 2.03944E+03
Pu-239 1.09575E403 7.93532E 402 2.05530E+403 3.97242E-01 1.59661E400 3.30B01E+03
u-238 1.09575€403 1.51975E+02 2.22126E+03 6.84178E-02 1.59861€+00 3.55098E403

U-235 3.45250E403 6.02876E402 6.02876E402 1.05730E-01 1, 11561E400 8.72574E+02
PU-239 3. 85250E+03 2,0401BE+02 B.05B94E402 2.38825E-01 1,11563E400 9.0017BE+02
u-238 3, 65250E403 §,73648E+04 B.94255E+02 5. 54455€-02 1. $1561E400 §.53019E¢02

-235 1,05575E+04 3.64681E402 3.84641E402 7.85049E-04 1.00754E+400 3. 6795EE+02
Py-239 1.09575E+04 1.21309E402 4,85970E402 2.35981€-01 1.00794E400 4.69229E 402
u-238 1.09575E+04 2,83115E401 S. 14281E+02 5.50506E-02 1.00794E+00 5. 18365E+402

U-235 3.43250E+04 . B2LS4E40] £.B2634E+0} 7,02932E-04 §. O0DOOE +00 6,826 548401
PU-239 3.65250E404 2. 4530E+01 9.§7485E+01 2.41497E-01 1.00000E+00 §.171B5E+01
B-238 3.85250E+04 $. 39677400 9.71152E+01 3.5570BE-02 1.00000E¢00 9.71152E 401

175



U-235 1.09575E 405
PU-23§ 1,09575€+05
u-238 1.09575E+05

U-235 3.65250E405
PU-239 3.65250£405
u-23¢ 3652508405

U-235 1.09575E+06
PU-239 1.095735 408
u-23¢ 1.08575€406

U-235 3652506406
PU-239 3.65250E40b
U-238 3652508406

Figure 27

Program ANSIDECH Output (continued)

5.94234£-01
2.34652€-01
3.13974E-02

2,78500£~03
£,42194€-03
3.S4751E~04

2.87536E-03
4.26720E~03
3.294126-04

2.52185€-03
8. 06B21E-03
3. 15590E-04

5. 94236E-01
8.28888E-~01
6.B0285E~01

2, TB500E-03
7.20697E~03
1.36172E-03

2,87536E-03
6.54255:-03
7.27196E-03

2.52185€-03
b, 59004E-03
§.90565E-03

se4¢  SHORT WETHOD FOR FISSION PRODUCT DECAY KEAT POMER ##4s

COOLING ViIME

AFTER SHUTDOWN DECAY HERT PDWER
{DAVS) {RATTS)

3.65250E+02
1,09575E+03
3.£5250E+03
1.09575E+04
3.65250E404
1.09575E+0S
3. 65250E405
§.09575E +06
3.45250E+08

8.53804E403
2.09398E+03
9.89530£+402
5.9B8535E+02
1. 12047E402
9. 75349E-01
4.57118E-03
4.39119E-03
4.13924E-03

CAPTURE
CORKECTION
E-VALLE

1, 3B305E+00
1.59851E+00
1. 11581E+00
1,00794E+00
1.00000E+00
1,00000E+00
§.00000E+00
1, 00000E +00
1.00000E+00

ADJUSTED

&.75050E-01
2.68583E~01
S.83873~02

3,68303E-01
5.84763€-01
4. £9140E-02

3.87500E-01
9.B6801E-01
4,5298%E-02

3.65187E-01
S.B9313E-01
4.57003E-02

DECAY HEAY PONER
(AT

15}

§.60675E403
3 IATATE+03
1.10393E403
&,0328BE+02
1.12047E402
§. 75345E-04
4.57116E-~03
4.39115E-03
4.13924E-03

176

1.90000E400
1.00000€ 400
1.00000E+00

1.00000E+00
1.00000E+00
1. 00000 +00

1, 00000E +00
1.0000CE+0D
1,000002400

1.00000£+00
1.00000E+00
1.00000E+00

0. 9423LE-01
B, 288B6E~01
B.80285E-03

2.78500E-03
2.20L97E-03
7.58172E-03

2,87536E-03
6. 94255E-03
T.27196€-03

2,52185€-03
.59008E-03
6, 90565€-03



Figure 27

Program ANSIDECH Output (continued)

DECAY HEAT PROBLEW 2.1.4R W/0 6-FACTOR CORRECTION--LONG AND SHORT METHODS

i 0

$ 10 3

1080.0 3.3

206.2 206,2 206,2

385.3 1095.8 3652.5 10957.5 38525.0 309575.0
355290.0 1095750.0 3452500

1.3850 1,598 i 1156 1.0079 $.0000 $.0000

1.0000 0000

1.0000 1
108.000 2.71636+01 2,3380E+00 1.7490E+00
108,000 2.4513E+01 4.B350E+00 1.9000E+00
108.000 2.2620E401 &.6430E+00 1.9470E400
108.000 2.1001E+01 B.2330E+00 2.0140E+00
108,000 1.9543E+01 9.6520E400 2,0550E+00
106.000 1.8153E+01 1.0969E+01 2.0B50E+00
$08.000 1.4520E+01 1,2211E+01 2.1190E+00
10B.00C 157076408 1.3395E+01 2.1470E+00
106.000 1.4541E+01 1.4536E+01 2.1730E+00
108.000 1.3411E+01 1.5640E¢01 2,1990E400

DD P O LN I NI

#8838 LDNG METHOD FOR FISSION PRODUCT DECAY WEAT PONER ##ss

COSLING TINE 150T0PE 1014 ADIUSTED
ISOTOPE  AFTER SHUTDOMN DECAY HEhT POMER  DECAY HEﬁT POWER RATIO DECAY HEAT POWER
{DAYS) ATTS) {NATTE) 1SOTOPE/TOTAL 6-VALUE {WATTS)
U-235 3.85250E+02 4.B1342E+03 4,B1342E403 &.41890E-01 §.38505E+00 b.86682E+03
PU-23% 3. 85250E+02 2. 15908E+03 &.97248E403 2.87919E-0} 1, 38505E+00 9.45721E407

B-238 3.865250E+02 9.26351E+02 7.498B3E+03 7.01911E-02 1. 38505E+00 1.03B42E+04

U-233 §,09575E+03 1. 35680403 1. 3568BE+03 6,27383E-01 1.59861E+00 2.18913403
Pu-23% 1.09575E+03 8.57707E+02 2.01459E403 3.04105E~0) 1.59861E+00 3.22053E403
U-238 1.09575E403 1.48175E+02 2. 16276E403 6.85120E-02 1.59851E+00 3.45742E403

U-235 3.83250E403 6.04217E+02 6.04217E+02 7.07736E-~04 1. §1561E+00 £.74070E402
PU-239 3.85250E403 2.02207E+02 B.04425E402 2.36852E~01 1. 11561E+00 B.99655E402
1-238 3.65250E+03 4.73052E+0) B.S3730E402 5.94100E~02 1. 11561E+00 §.52423E+02

U-235 1.09575E+04 3.851B5E402 3.85185€+02 7.09804E-01 1.00794E+00 3, 68064E 402
PU-239 1,05575E+04 1.21007E402 4.85193E+02 2.35198E-0} 1. 00794E+00 4,50054E+02
U-238 1.09575€+04 2,82957€401 S. J44B9E+02 S.4997¢E-02 1.00754E+00 5,18574E+402

T U235 3. 85230E+04 4.83555E+01 8. 83599E +01 7.034650E-01 1.000005 400 8.83559E+01
PU-239 3.63250E¢04 2,33953E+01 §.17553E+01 2.40818E-01 1,00000E+00 §.17553E+01
b-238 3.45250E 408 5, 33375E400 8. 71451E 401 §.55208E-02 1, 00000E+00 9. 71493E+01

177



4235
Pu-239
u-238

U-235
PU-23§
U-238

U-235
PU-23%
u-238

U-235

PU-23%
U-236

1.09575E+05
1.09575E+05
1,09575€+05

3. 652505405
3.63250E+03

3. 852506405

1. 095788408
1. 09575E+08
§.09575E+06

3. 65250E408
3. £5250£+0¢
3. 85250E+08

Figure 27

Program ANSIDECH Output (continued)

3. 945426-01
2. 4157E-0}
5. 13704£-02

2.77602E-03
4.41617E-03
3.5497%9e-04

2,b7081E-03
£.30333E-03
3.30030E-04

2.914228-03
4.09028E-03
3.16028E-04

§.945426-01
B.291196-01
6.80450£-01

2. T7602E-03
7.192196-03
7.54716E-03

2,67081E-03
6. 97434E-03
7.304378-03

2.514228-03
4.80450E-03
6.92053E-03

saee SHORT METHOD FOR FISSION PRODUCT DECAY HEAT PONER &ist
CDOLINS TIME

AFTER SHUTDORN DECAY
{DAYS)

3. 45250E402
1.095755403
3.65250€403
1095752404
365250404
1.05575E 405
3652506405
1.09575E 406
3. 652508406

CAPTURE

HEAT POMER CORRECTION
(RRTTS)

B-VALUE

6. 93508E403 1. 3B505E+00
2.053982403 1.598L1E+400
9.895308402 1, 11561E+00
S5.98535E+402 1.00794E400
1. 120476402 1, 00000E+00
9, 75349E-01
§.57116E-03 1.00000E+00
4.39119E-03 1.00000E+00
4.13924E-03 1,00000£¢00

1,00000E+00

ADJUSTED

6.75717e-01
2,65940E-01
5.83430E-02

3.47822E-01
5.85143E-01
4.7034BE-02

3. 85645E-01
5.85172E-01
4.51825E-02

3.43299E-01
5.91033E-01
4,56653E-02

DECAY HEAT POER

{WATTS)

9. 80575E+03
3. 347476403
1.10393E403
6.03288E 402
1. 120478402
§.75349E-01
4.371168-03
4.35119E-03
4. 13924E-03

178

§,00000E+00
1, 00000£+00
1,00000E+00

1. 00000E400
1,00000£ +00
§.00000E+00

1.00000E+00
1. 00000E+00
1,00000E+00

1.00000E+0C
1.00000£+00
1.00000E+00

S$.94562e-01
8.29119E-01
£.80450E-01

2. T7602E-03
7.19219E-03
7.58716E-03

2.870E1E~03
5.97434E-(3
7.30437€-03

2.51422E-03
6. 69450E-03
6.92053€-03



Figure 27

Program ANSIDECH Output (continued)

DECAY MEAT PROBLEM 2.1.5 ¥/0 B-FACTOR CORRECTION--LONG AND SHORT METHODS

) S
§ 10 3 .
1035.0 - 41,0
208.2 208.2 208.2
385.3 §095.8 3852.% 10952.5 34525.0 $0§575.0
345250.0 1095750.0 3852500.0
1.3850 1.9986 1.1156 1.007% 1.0000 1.0000
1.0000 1.0000 1,0000
| 150,000 2.8770E401 3.2B0CE+00 1.9510E+00
2 130,000 2,5078E+01 &,7990E+00 2. 1250E+00
3 60.000 .0000E+00 .0000E+00 ,O0OOE+00
4 150,000 2.87226+01 §.1618E+0) 2.6870E+00
) 15.000 .0000E+00 ,0000E+00 . O000E+00
6 150,000 2.3444E+01 1,4805E+01 2,7510E+00
1 45.000 .0000+0C .0000E+00 .OOOOE+00
e 150.000 1.8854c+01 1.6070E+01 2.5760E+00
9 15,000 .0000£¢00 ,0000E+00 .0000E+00
10 150,000 1.&6543E+01 1.8327c+01 2.62B0E+00
se#s  LONG METHOD FOR FISSION PRODUCT DECAY HEAT PONER &+
COCLINE TIME 1S0Y0PE TOTAL
150TOPE  AFTER SHUTDORN DECAY HEAT PONER DECAY HEAT POMER RATID
{DAYS) {HATTS) {NATTS) 150TOPE/TOTAL
U-235 3.852502402 4,50B74E+03 4§.50B74E403 8.39742E-01
PL-239 3.65250£ 402 2.22350E+03 7. 134236403 2,90043E-01
-238 3.65250E+02 5. 38757E02 7.67299E403 7.02148£-02
U-235 1.09575E403 1, 36883E403 1.34EB3E+03 6.25128E-04
PU-23% 1.09573E+03 8. 70595E+02 2.03942E403 3. 06253E-01
U-238 1.09575E+03 1,50252E402 2.1894BE+03 6.B6185E-02
b-235 3.63250E403 4. 04753802 b.04755E+02 7.07576E-01
PU-23§ 3.65250E+03 2.02562E402 8.07317E+02 2.370026-01
u-238 3.65250E+03 4.736B5E+01 B.S44B6E+02 5.54221€-02
U-235 1,09575E+04 3. 85448E¢02 3. 65448E 402 7.0974BE-01
Pu-239 1.09575E+04 1.21137E+402 4. BAS0SE+02 2.35251E-01
v-236 1.09575E404 2.83216E+01 5. 14527E+02 3.300326-02
U-235 3. 652508404 4,841 24E+401 6.84124E+401 7.03403E-01
PU-239 3.E5250E404 2. 34203E 401 9. 18327E+01 2.408726-01
u-238 3.65250E404 5. 39873400 §.72315E401 9. 55245E-02

179

6-VALUE

1, 38505 +00
1. 3E505E+00
1.38505E+00

1.59841E+00
1,59B£1E+00
§.99861E+00

1. 11561E+00
1.11364E+00
1.11561E400

1,00794E+00
1.00754E+00
1.00754E+00

1.00000E¢00
§. 000008 ¢00
1.00000E+00

ADJUETED

DECAY HEAT POWZR
{HATTS)

5.79BB8324(3
§.88125E403
1,06275E+04

2. 1BB23E+03
3.26025E+403
3. 50045E¢03

8. 74670E+02
9. 00650€+02
9.53495E402

3.48371E+402
4, 50465E+02
3. 19016E+02

6.84124E401
9. 18327E 01
9. 72315E+01



Figure 27

Program ANSIDECH Output (continued)

U-235 1.09575€403 5,95387€-01 5.95387E-01 6. 79651E-01 1.00000E+00 $.95387E-01
PU-239 1.05573E403 2. 34394E-01 B.25781E-01 2,65993E-01 1.00000£+00 8.29781E-01
u-238 1.09575E+05 5. 1240E-02 £.61205¢-01 5.83584E-02 1.00000E+00 6.B1205E-0}

U-235 3,652502405 2.79365E-03 2.79365E-03 3.46887E-01 1,00000E+00 2.79355E~03
PU-235 3. BS2S0E40S 4,42268E-03 7.21633E-03 5.839926-01 1.00000£+00 7.21833E~03
L-236 3. 65250405 3.5685eE-04 7.57319E-03 §.712128-02 1. 00000 +00 7.57319E-03

U-235 1.09573E+06 2.64841£-03 2,66841€-03 3.64855-01 1,00000£+00 2.66B41E-03
PU-23% 1.09575E+0¢ £, 30954E-03 4,97795E-03 5.89250E-01 1,00000E+00 £.97795E~03
u-238 1,09575E+06 3.35658E-04 7.31361E-03 4,56950£-02 1,00000E 400 7.31354E~03

U-235 3.65250E 404 2.50009E-03 2.50009E-03 3.63271E-01 1. 00000E +00 2, 30008E-03
Pu-233 3.632508 406 4, 04944503 8.55974E-03 5,91331E-01 1,00000£400 8,56974E-03
U-23¢ 3,£5230E+08 3.12435E-04 .86217e-03 4,53%77e-02 1,00000£+00 $,88217E~(3

sset  SHORT METHOD FOR FISSION PRODUCT DECAY HEAT POWER &aes

COOLING TINE CAPTURE ADJUSTED
AFTER SHUTDOWN DECAY HERT POMER CORKECTION  DECAY HEAT POMER
{DAYS) (WATTS) E-VALUE (KATTS)

3.635250E402 B.97093E+03 1. J8505E¢00 1,24252E+04
§.09575E¢403 2,67312e403 1.59881E+00 4.27326E403
3.83250E403 1, 24527403 1.31561E400 1, 39035E403
1.05575E +04 7.53646E402 1.00794E400 7.59851E402
3.83250E404 1.41086E¢02 1.00000E+00 1.41086E+02
§.09575E+05 1,22804E400 1.00000E+00 1.22804E+00
3.63250E 405 3, 71802E~03 1,00000E¢00 5, 23402E-03
1.09575E+08 5,52343E~03 1.00000E400 9.52513E-03
3.85250E 406 5. 19457€~03 1, 00000E+00 5.194578-03

180



Program ANSIDECH Output (continued)

Figure 27

DECAY MEAT PROBLEN 2.2.1 W/D 6-FACTOR CORRECTIDN-~LONE AND SHORT METHODS

i 1t 170
1 3
370.0 30.0
212.9 212.9 212.9
383, 1095.8 3852.5 10957.5 38525.0 109575.0
36525¢.0 1095755, 3652500.0
1.3830 1.5986 1.1156 1.007% 1.0000
1,0000 1,0000 1,0000
370.000 1.5787E+01 1.2034E401 2.1780E+00
#4182  LONG METHOD FOR FISSION PRODUCT DECAY HEAT PONER sits
CODLINS TIME J1SOTOPE TOTAL
ISOTOPE  AFTER SHUTDOWN DECAY HEhT PONER BECAY HEAT PONER RATIO
(DAYS! KATTS) (WATTS) 150TOPE/TOTAL
U-23% 3.£5250E+02 2.04448E403 2.044L4BE40T 4.615626-01
PuU-239 3,85250E+02 2,04223E403 4.08592E403 4.61009E-0)
u-238 3,65250E+02 3.430078+02 4,42992E403 7.74295E-02
~235 1.09575€+03 4,73260E402 4.73260E402 4.93185€-01
PU-23% 1.09575E+03 4.91050E+02 9.643198402 £.70205E-01
U-238 §.09575E+03 8.00236t+01 1. 08434E+03 7.652802-02
U-235 3.65250E+03 1,67165E¢02 §,67185E+02 6.183476-01
PU-239 3.63250E+03 8.88543 401 2,93820E402 3.19509€-01
u-238 3.85250E+03 $.73910E 01 2.71211€+02 &.41237e-02
U-235 1.09575E+04 1.00650E+02 1,00690E402 6.23202E-04
PU-23% 1,09575E 404 9.06183E401 1.51304E402 3.13281€-01
u-238 1.09575E+04 1.02625E401 1. 81568E+02 6. 35176E-02
U-235 3.63250E404 1,8B437E+0) 1.8B337E+0} b.18117e-01
PU-239 3.83230E 408 §.768450E400 2.B42B5E+01 3.19929E-01
U-238 3.45250E+04 1.§5603E+00 3.05847E401 6.39547E-02

181

1.0000

6-VALUE

1.38505€+00
1. 3B50SE+00
1.38505€ +00

1.596L1E+00
1.39861E400
1,35861E400

1.11361E400
1. 11361E+00
1.11561E+00

1.00794E+00
1.00794£ +00
1.00754E+00

1.00000E400
1.00000E+00
1.00000E+00

ADJUSTED
DECAY HEAT PONER

{NAITS}

2.831988403
5.66057E403
6. 13545E+03

7.56560E+02
1.54157€ +03
1,669502+(3

1. B8491E+02
2.63104E+02
3. 02565E 402

1,014B9E+02
1.5250BE +02
1.62852E+02

1,88437E+01
2.85285E+04
3.05B47E404



Figure 27

Program ANSIDECH Output (continued)

U-235 1,09575€+05 1.63928E-01 1.63928E-01 S.684835E-01 1,00000€+00 1.63928¢-01
PU-239 1. 09575E+05 §.77659E-02 2.61694E-01 3.48792E-01 1.00000E+00 2.81654E-01
U-238 1.09573E+05 §.84043E-02 2.B80299E-01 6.63733E-02 1.00000E+00 2,B0299E-01

U-23% 3. 432506405 7. 42450E-04 7. 42450E-04 2,73633E-04 1. 00000E+00 7. 824608 -04
PU-239 3.65250E+05 1.84265E-03 2.38511E-03 6.79603E-01 1.00000E+00 2.38511E-03
i-238 3.45250E+405 1.26252E-04 2.71136E-03 4.65641€-02 1. 00000 +00 2.71136E-03

U-235 1.09575E+08 7.25194E-04 7.25194E-04 2.B4041E-01 1.00000E+00 7,25194E-04
PU-239 1.09575€408 1.71103E-03 2.43623E-03 &.7021BE-01 1.00000E+00 2,43623E-03
U-238 1,09575E +08 1, 16724504 2.55295E-03 4.57211E-02 1, 00000E+00 2,55295£-03

U-233 3.65250E 406 6.73394E-04 6.73394E-04  2,75559E-01 1.00000E+00 8.73394E-08
PU-235 3.63250€+08 1.63839E-03 2.33176£-03 6.78626E-01 1,00000£+00 2.33178E-03
U-238 3,65250E+06 1.11960E-04 2.44374E-03 4.5B149E-02 1,00000E400 2,44374E-03

##¢+ SHORT METHOD FOR FISSION PRODUCT DECAY HERT PONER e#is

COOLING TINE CAPTURE ADJUSTED
AFTER SHUTDONN DECAY HEAT POWER CORRECTION  DECAY WEAT PONWER
(DAYS) (WATTS) 6-VALUE (WATTS)

3, 452508402 3.96322E403 1,38503E+00 S.48924E403
1.09575E403 9.17321E+02 1.59B61E400 1,46644E403
3. 852508403 3.24017E402 1.11561E+00 3.81477E402
1, 095758404 1,95167E402 1.00794E+00 1.95717E402
3.£52508+04 3.45248E401 1.00000£+00 3.85248E401
1,09575E405 3. 17743€-01 1.00000E +00 3. 47743604
3452508405 $.43911€-03 1.00000E+00 1.43911E-03
£.09575E 406 1.40565€-03 1.00000E+00 1.40363E-03
3. 83250E 406 1.30524E-03 1. 00000E+00 1.30524E-03
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Flgure 27

Program ANSIDECH Output (continued)

DECAY HEAT PROBLEM 2.2.2 W/ E-FACTOR CORRECTION-—LONG AND SHORT METHDDS

f 1 1 0
§ 3
£50.0 30.0
211.4 211.4 211,
38,3 1095.8 3652.5 10957.5 36525.0 105575.0
3652500 1095750.0 34525000
1.3850 1.5986 1.1156 §.0079 1.0000 1.0000
1, 0000 1.0000 1,0000
3 370.000 2.33s0E+03 4.5050E400 1,7340E400
2 60,000 ,0000E+00 ,O000E+00 .OOOOE+(O
3 260,000 §,555BE+01 §.6520E400 1.7900E+00
#4414  LONC NETHOD FOR FISSION PRODUCT DECAY KEAT PONER a4t
CODLING TIME 180T0FE TOTAL
1S0TOPE AFTEF SHUTDDHN DECAY HEAT POWER  DECAY HEAT POWER RATID
ATTS) (NRTTS) ISDIDPEITDTRL
U-235 3. 65250E402 3. 823B4E+03 3. 82384E+03 &.78909E~01
PU-239 3,65250E+02 1,33323E+403 §.97708E403 2,53522E-~04
U-238 3.85250E+02 3.60667E402 5.33774E403 6,75693E-02
U-235 1. 075758 +03 9. 19525E+02 §.19525E +02 4.70977E-01
PU-239 1.09575E+03 3.99622E+02 1.27915€403 2.82418E-01
U-236 1,09575E+403 9.12792E+401 1. 37043403 6. 66045E-02
U-235 3.85250E+03 3.62295E+02 3.62255€402 1.73281€-04
FU-239 3.63250E403 B.25572E+03 4.44852E+02 1.76210E-01
u-238 3.65250E403 2.36647E40% 4.68517E+02 5.05099E-02
U-235 1.09575E+04 2.1B546E402 2. 18586E402 7, 78562601
PU~239 1.09575E+04 4.88258E +01 2,673926402 1.73481E-01
u-238 1.05575E+04 1.40544E+0) 2.B1447E402 4.99349E-02
U-235 3.65250£404 §.09081E+01 4.09081E+01 T.71448E-01
PU-23% 3. 63250E 404 §, 439276400 5. 03474E401 1.78013E-01
U-238 3.65200E +04 2,67694E400 9.30263E+01 9.052108-02
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6-VALUE

1. 38505E+00
1.38505E +00
1,38505E+00

1.59681E+00
1.59B81E400
1.59661E+00

1. 11361E+00
1. 31563E400
§.11541E+00

1,00794E+400
1.00754E+00
1,00794E400

1.00000£+00
1, 00000E+00
1,00000E+00

DJUSTED

&
DECAY HEAT PDRER

(WATTS)

3. 019198403
6.B9349E+403
7,39303E403

1. 48536E403
2. 044BAE+(3
2.190782403

4.04180E+02
4,94281E+02
3,226B2£402

2.20302E+02
2895158402
2,83482E402

4.090B1E+01
5. 03474E40]
3.30263€¢01



Figure 27

Program ANSIDECH Output (continued)

#-235 §.09575€405 3. 55945E-01 3.55549E-01 1.48034E-01 1.00000£+00 3. 55945E-01
PU-235 1.09575E405 9.44037E-02 §.350352€-01 1.98391E-01 1.00000E+00 4,50352€-01
U-238 1.09575E405 2,549328-02 §.75846E-01 5.35745¢-02 §.00000E+00 4, 75644E-0!

U-235 3.65250£+405 1.60353¢-03 §.60353E-03 4.50826€-01 1.00000E+00 1.60353E-03
PU-239 3.65250E40%5 1.77718E-03 3.38071E-03 4.93645E-01 1.00000E+00 3.38071E-03
u-238 3.65250E 405 1.761678-04 3.95688E-03 4.952876-02 1.00000E +00 3.55685E-03

U-235 1,09575E+08 §.57780E-03 1.57760E-03 4.58095E-01 1.00000E+00 1.577605-03
PU-239 1,09575€+06 1.70188E-03 3.27968E-03 £, 94120E-01 1.00000E400 3.27968E-02
u-23e 1.09575E406 1.64583E-04 3. 44426E-03 §.77B4BE-02 1,00000E+00 3 44426203

U-235 3.65250E+06 1. 48346E-03 1.48344E-03 4.52821E-01 1,00000E+00 1, 48344E-03
Py-239 3. 83250E 406 1.63773-03 3,12120E-03 §,95912¢-0) 1.00000E+00 3.12120E-03
U-238 3.45250E406 1.54848E-04 3.27604E-03 §.7264bE-02 1,00000E+00 3.27804E-03

#51y  BMDRT METHDD FOR FISSIDN PRODUCT DECAY HEAT PONER &#is

COOLING TINE CAPTURE ADJUSTED
lFTER SHUTDDIN DECAY HEAT PONER CORRECTION  DECAY HEAT PONER
RYS) T15) 6-VALUE (KATTS)

3.85250E402 S.47733E403 1, 38505€ +00 7.98837E403
1.09575€+03 1,45844E403 1,59841E+00 2. 33148E+03
3,63250E+403 6.00922E+02 1.11561E¢00 8.70394E402
1.09575E+04 3.82731E+02 1.00794E+00 3.85612E402
3.85250t+04 6. 78933E+01 1.00000E+00 8. 78933E+01
1.09573E405 3.90774E-01 1. 00000E +00 5.50774E-01
3.83250E405 2.69668E-03 1,00000£+00 2.8555BE-03
1.09575E+06 2.42926E-03 1,00000E+00 2.62926E-03
3. 65250 +05 2.49843E-03 1, 00000E+00 2.45443E-03
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Figure 27

Program ANSIDECH Output (continued)

DECAY MEAT PROBLEM 2,2.3 W/0 B-FACTOR CORRECTION--LONG AND SHORT METHODS

i1 1 10
s 3
1050.0 30.0
21.4 211.4 1.4
363.3 1095.8 3852.9 10957.5 38525.0 105575.0
3635250, 0 1095750.0 3852500,0
}.3838 1. 5986 l 1156 1.0079 1.0000 1.6000

1.0000 1,000
| 370.000 1.6351E+01 2.‘530E*00 1. 1570E+00
2 60,000 - .0000E+00 ,0O00E+00 .000DE+00
M 260.000 §.9315€401 B.7B10E400 1.9040E+¢00
4 60.000 ,0000E+00 ,0000E+00 .OOOOE+00
5 300,000 1.45665E+01 1.3350E401 1.9B30E+00

teet  LONG METHOD FOR FISSION PRODUCT DECAY HEAT PONER sers

COOLINE TINE I1SQTOPE TOTA
ISOTOPE  AFTER SHUTDOWN DECAY HEAY POKER DECAY HEAT PORER RATID
(DRYS) T15) T15) 1S0TOPE/TOTAL

U-235 3.63250E402 3. 21835£ 403 3.21855E +03 b.57542€-01
PU-239 3.65250E402 1.34102E403 4,53957E+03 2.73947€-01
U-238 3, 65250E+02 3, 35250E 402 4,894B2E403 6.84508E-02

1-235 1.093736+403 9. 44048E402 §.4404BE402 6.48887E-01
PU-239 1,09575€ +03 4. 187968402 1.35884E 03 2.8310BE-01
b-238 1,09575£403 §.50280E+01 1, 45487403 6.60044E-02

y-235 3.85250E403 4,35273E402 4.35273E+402 7.25514E-01
PU-239 3.83230E403 1,32982E+02 3. 68255E+02 2,21855E-01
u-238 3.65250E403 3. 169836401 9.99951E402 3.28319E-02

U-235 1.09575E404 2.83195E402 2,63193E402 7.213176-01
PU-239 1.09575E404 7,94978E 404 3.42893E402 2,2023BE-01
u-238 1,05575E404 3.85782E+01 3.61B71E+02 9. 24448E-02

v-235 3.85250E+04 4.92695E401 4.92695E 401 7.21411E-01
PU-239 3.83250E+04 1.34089£401 6.45783E+01 2.25815E-08
u-238 3.85250E404 3.61789E+00 &, B25560E401 $.29708E-02

185

6-VALUE

1. 3B50SE+00
1, 38505E+00
1.3B505E+00

1.99861E+00
1.39661E+00
1.59861E¢400

1. 11561E+00
1.11561E+00
1. §1561E+00

1.00754E+400
1.00794E+00
1.00794E+00

1.00000E400
1.00000E+00
1.00000£400

ADJUSTED
DECAY HEAT POKEK
IWATTS)

4.45785€+403
6.31522E403
6. 77956E403

1.50917E+03
2.172278403
2,32578E403

§.B5394E402
8,33950E402
6.69311E+02

2.45285¢8+02
3.45618E402
3. 647458402

4.92695E+01
é.48783£+401
&.82940E+01



Figure 27

Program ANSIDECH Output (continued)

U-235 1.09575€405 §,28849E-01 4,28B49E-01 6.94404E-01 1.00000E+00 4,28B45E-0¢
PU-239 §,09575E+05 1.54268E-01 S.B31176-01 2.45795E-01 1.00000£ 400 5.83117E-01
u-238 1,09575E405 3.44801€-02 é.17577e-01 5.57969E-02 1,00000E400 6.17577E-01

U-235 3.65250E405 §,95890E-03 1,95890E-03 3.84448E-01 §,000C0E+00 1. §5E90E-03
PU-239 3.65250E4035 2.8951B2-03 4, B5408E-03 5.48199E-0) 1,00000£ +00 4, B5408E-03
1-238 3.852508405 2.412778-04 5.09535E-03 4.73524E-02 1,00000E400 5.09535€-03

y-235 1,09575€406 1.90853€-03 §.50B53E-03 3.85301E-01 1,00000E +00 1.50853E-03
PU-239 1,09575E406 2.B1940E-03 4.72193E~03 5.489190£-01 1,00000E +00 4.72793E-03
U-238 1.05575E+406 2.25424E-04 4,95335E-03 4,55094E-02 1,00000E+00 4,95335E-03

U-235 3.65250E406 1,B1693E-03 1,81693E-03 3.B5695E-01 1.00000E+00 1.61893E-03
Pu-239 3.65250E+06 2.6B166E-03 4,49B59E-03 S, 89258E-01 §.00000E+00 4,45839E-03
U-238 3.45230E 406 2.12211E-04 4, 71080E~03- 4,50477E-02 1,00000E+00 4.710B0E-03

sas SHORT NETHOD FOR FISSION PRODUCT DECAY MEAT PONEk et##

COOLING TIKE CAPTURE ADJUSTED
AFTER SHUTDORN DECAY HEAT PONER CORRECTION  DECAY HEAT PONER
{DAYS) (WATTS) E-VALUE (WATTS)

3.65250£ 402 6.434B1E+03 1,38505E+00 B.91252E+03
1,09575E+03 1,92384E403 1.59561E+00 3.07B71E+03
3. 63250E403 9.01984E+02 1.11561E400 1,00525E403
1,09575E+04 S.45503E+02 1,00794E400 S.49835E+02
3.63250E+04 1,02119E+02 1.00000E 400 1,02119E402
1,09575E405 £.88892¢-01 1,00000E+00 B.BBB72E-01
3.45230E405 4.14814E-03 1.00000E+00 4. 14514E-03
1,09575€+06 3.97760E-03 1.00000E+00 3. 97760E-03
3.65250E 406 3.77535€-03 1,00000E+00 3.77535E-03
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Figure 27

Program ANSIDECH Output (continued)

DECAY HEAT PROBLEN 2.2.34 W/0 6-FACTOR CORRECTION--LONE AND SHORT METHODS

i 1 1 0
§ & 3
1080.0 30.0
211.4 211.4 1.4
3¢3.3 1053.8 3832.9 10957.5 38525.0 105575.0
365250. 0 1095750.0 3652500.0
1.3850 1.5986 11156 1.007% 1.0000 £.0000
1.0000 0000

1.0000 1.
370,000 1.6391E401 2.4530E+00 1.1570E+00
60.000 .0000E+00 .O000E+00 .00OOE +00
260,000 1.9315E+01 B.7810E+00 1.9040E+00
60.000 .O000E+0D ,OO0OE+00 . 000OE+00
300,000 §.4666E+01 1.3350E+01 1.9830E+00
30.000 .0000E+00 ,O000E¢00 .0O000E+00

O T o Gl D o

#e24  LONG METHOD FOR FISSION PRODUCT DECAY HEAT PONER &2t

COOLING TINE 1S0T0PE TOTAL
ISOTOPE  AFTER SHUTDDHN DECAY HEAT PONER DECAY HE&T PORER RATIO
(DAY 115) RTTS) ISOTOPE/TOTAL

U-235 3.83250¢ +0Z 3.21835E+03 3. 218558403 6. 57542E-01
PU-~239 3832508402 1. 341026403 4.55957E+03 2,73567E-04
i-238 3.865250E402 3.35250€ 402 4.89482E+03 6.84908E-02

U-235 1.09575E+03 9.44045E+02 9.44048E402 8.48887E-01
PU-235 1.05575E403 4,34795E402 1.35BB4E+03 2,B510BE-01
U-23¢ 1,09575E403 9. 602808401 1. 454876403 6.60044E-02

U-235 3.45250E403 4,35273E402 4.352736+02 1.25514£-01
PU-239 3.835230E403 1,329826+02 3.68255E402 2.21855€-01
u-238 3.65250E403 3.146965E+01 S.99951E402 3.28319E-02

U-235 1.09575E+04 2.831958402 2.63195E+02 7.27317e-01
PU-239 1.09575E+04 7.96978E+01 3.42893E402 2.2023BE-04
t-238 1.09575E+04 1.89762E+01 3.61871E+02 5.24448E-02

U-235  3.65250E+04 4.92695E401 4.92693E+01 1. 21411E-01
PU-23% 3.65250E¢04 1, S4089E 401 6.44783E491 2.25615E-01
u-238 3.63250E+04 3.61765E400 6.82960E+01 S5.25708E-02

187

G-VALUE

1. 38505E+00
1. 38505E+00
1.38505E400

1. 59841E+400
§.59B81E+(0
1.59841E+00

1. 115618400
1. 11581400
1.11561E+00

1.00754E+00
1.00794E+00
1.00794E+00

1.00000E+00
1.00000E +00
1.00000E+00

ADJUSTED
DECAY HEAT PONER
{WATTS)

4.457852403
6. 31522€ 03
6.77956E403

1,50712E+03
2,37227E403
2,32578E403

4,85594E402
6.33950£402
b.69311E40Z

2.85285E402
3.45614E402
3.64745E402

4,52595E 401
6. 467B3E 401
6.B62980E+01



Figure 27

Program ANSIDECH Output (continued)

U-235 1,09575E 405 4, 28845E-01 4.28849E-01 6.94404E-01 1,00000E+00 4.28849E-01
PU-239 1.09575E+05 1. 54248E-01 S5.83117E-01 2.49795E-01 1.00000E +00 S5.83117€-01
U-238 1.09575E405 3. 44501E-02 &.§7877E-01 5.57589E-02 1,00000E+00 6. 17577804

=235 3.63250E405 §.95690E-03 1.55890E-03 3.8444BE-01 1. 00000E +00 1.95890£-03
Pu-239 3.65250E405 2.89518E-03 4,8540BE-03 5.6819%e-01 1.00000E+00 4.85408E-03
u-238 3.865250E405 2.41277E-04 5,09535E-03 §.73524E-02 1,00000E+00 3. 09535E-03

U-235 1,09575E406 1,90853E-03 1,50853€-03 3.85301E-01 1,00000E+00 1.90853E-03
PU-239 1.09575E406 2,81940E-03 4,72753E-03 5.89150E-01 1.00000E+00 4.72793E-03
u-238 1.09575E+06 2,25424E-04 4.95335E-03 4.55094E-02 1.00000E +00 4,93335E-03

-235 3.63250E406 |
FU-239 3.65250E408 2
U-238 3.65250E +06 2

+B1653E-03 1,B1693E-03 3.B3695E-01 1.00000E +00 1.81e%3E-03
. 68166E-03 4,49859E-03 5.89258E-01 1.00000E400 4,49335e-03
12211804 4,71080E-03 4,.50477E-02 1,00000€+00 4.710802-03

ster  SHORT METHOD FOR F1SSIOK PRODUCT DECAY HEAT POWER etex

COC_INE TIME CAFTURE ADJUSTED
AFTER SHUTDOWN DECAY HEAT POWER CORRECTION  DECAY HERT POWER
{DAYS) (WATTS) E-VALUE {NATTS)

3. 65230E+02 8.495736+403 1.38505E+00 B8.994E9E403
1.09575E+403 1.95105E+403 §.59861E+00 3.13495E403
3, 832508 403 §.26713€402 1, 11561E400 1,033E5E+03
1,09573E +04 5.80539E+02 1,00794E+00 5, 44990E402
3,65250E404 1, 089345402 1.00000E+00 1,04934E402
1,09575E+05 9.13432E-01 1, 00000E+00 9.13432E-01
3.85250E405 4,28097€-03 1,00000E +00 4,28097E-03
1,09575E 406 4,11243E-03 1,00000E+00 4. 11243603
3.652508 406 3.87847€-03 1.00000E+00 3.67847E-03
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Figure 27

Program ANSIDECH Output (continued)

DECAY MERY PRDBLEN 2.2.38 ¥/D G-FACTOR CORRECTION--LDNE AND SHORT METHDDS

i § 1 0
& 8 3
1050.0 . 30.0
1.4 2014 211.4
365.3 1095.8 3852,9 10557.5 34525.0 109575.0
355250, 0 1095730.0 38525000
1.3850 1.5988 1. 1156 1.0079 §.0000 1.0000
1.0000 1.0000

1,000
1B5.000 1.7424E401 l.4bBDE+00 1. 10408400
185,000 1.5348E+01 3.4450E+00 1,20B0E+00
60,000 . 0O00E+00 .0000E+00 .OOOOE+00
130.000 2.047BE+01 7.6420E+00 §.8800E+00
130,000 1.81476+01 §.9250E+00 1.5280E+400
60,000 .0000E+00 ,0000E+00 .0000E+00
150.000 1.5830£+01 1.2202E401 1.9670E400
150,000 1.3497E401 1.4501E+01 2,0020E+00

O3 =) T LN o Ll ) 0

#1€s  LONG NETHOD FOR FISSION PRODUCT DECAY HEAT POMER #ets

COOLING TIME 1S070PE TOTAL
J1SOTOFE RFTER SHUTDDKN DECAY HEAT PONER DECAY HEAT PONER RATIO
(DAY, 18) 118} ISDTOPE/TOTAL
U-235 3.65230£402 3,26355E403 3.25355E403 6.67680E-01
Pu-239 3.652508+02 1,29128E+403 4, 554835403 2.64179E-01

U-236 3.65250E402 3.33066E+02 4,BB790E+03 6.61410E-02

U-238 1,095752+03 9. 49254E+02 9. 45294E+02 &.54130E-01
Pu-239 1.08575E+403 4.06235E+402 1.35553E403 2,79924E-01
U-238 1.09575E+03 9.57031E401 1.45123E403 6. 59441E-02

U-235 363250403 4.35361E402 4.35361E+402 1.25714E-01
PU-239 3.65250£+403 1,32857€+02 3.68218E402 2,214836-01
u-238 3.85250E403 3, 16876E+01 9. 959048402 9.28210E-02

U-235 1.09575E+04 2.63231E402 2.63231€+402 1,274058-01
PU-239 1.05575E+04 7. 9649BE 401 3.4290)E+02 2.20158E-01
u-238 1.09575E+04 1.89743E+01 S.61875E402 9, 24332€-02

U235 3.65250E404 £.92763£+01 4.92763E401 1. 21503€-04
PU-235 3.83250E404 §.54035E40) 6.4L797E401 2,255378-01
=238 3. 85250E 404 3.61694E400 6.82967E+01 $.29593E-02

189

E-VALUE

1. 38505€ +00
1,38505E+00
1.38505E+00

1.59841E+0D
1.59661E+00
1.59851E+00

1. 11581E400
1.1§561E400
1. 11561E400

1,00794E+00
1.00794E+00
1.00794E+00

1.00000E400
1.00000£400
1,00000E400

ADJUSTED

DECAY HERT PDMER
(WATTS)

4,3201BE403
6. J0B46E403
6. 76997403

§.51756E403
2, 1bB97E40Y
2. 31996E403

4.85693E+02
6.33909€+02
6.89260E+02

2.65322E402
3. 456248402
3. 64745E402

4.52783E+01
6.46757E+0]
6.82967E+01



Figure 27

Program ANSIDECH Output (continued)

U-235 1.095735€+05 4.20882€-01 {.28882€-01 6.94484E-01 1.00000E400 4.28882€-01
PU-23% 1.09575E+03 1.54221E-01 S5.83103E-01 2.49728E-0) 1,00000£+00 3.83103E~04
u-238 1,08575€+05 3.44516E-02 6.17554E-01 5.57874E-02 1.00000€+00 6. 17554801
U-235 3.83250E 405 1.95706E-03 1,85708£-03 3.837466E-01 1.00000£400 1,93708E-03
PU-23% 3.45250E+405 2,90127E-03 4.85633E-03 9.4689182-01 1.00000E+00 4.856336-03
v-238 3.65250E405 2.41290E-04 5.05962E-03 4, 73154802 1.00000E+00 5.09562E-03
U-235 1.09575E+08 §.90556E-03 1,505546E-03 3.85414E-01 1.00000E+00 1,50356E-03
Pu-239 1,09575E+04 2.B1318E-03 4.71B74E-03 5. 4698E-01 1.00000E¢00 4,71874E-03
U-238 1.09575E+05 2,25459E-04 4.94420E-03 4.560082-02 1,00000E+00 4.94420E-03
U-235 3.£3250E 404 1.E1770E-03 1.B1770E-03 3.85742E-01 1.00000E+00 1.81770E-03
PU-239 3.63250€ 406 2.68229£-03 £.49399E-03 35.69222¢-01 §.00000E+00 4,49992E-03
U-238 3.65250E+06 2.12215E-04 4,71221E-03 4.350359E-02 1.00000E400 §.71224E-03

t#42  SHORT METHOD FOR FISSION PRODUCT DECAY HEAT POWER esss¢

CODLINS TIME CAPTURE ADJUSTED
AFTER SHUTDDWN DECAY HEAT POKER €ORRECTION  DECAY HEAT POWER
(DAYS) (WATTS) B-VALUE (WATTS)

3. 85250E+02 6,43481E+03 1. 38505E 400 8.91252€+03
1,09575E+03 1.92586E+03 1.59861E400 3.07871E403
3.65250E+03 9.01964E402 1. 11561E+00 1,00626E+03
§.09575E¢04 5.45503E402 1.00794E+00 S.49833E+02
3. 85250 404 1,02119E402 1,00000£400 1.02115E+02
1,09575E405 8.888%2¢-01 1.0000GE+00 B.BEB92E~0]
3.85250E405 4. 14814E-03 1.00000€+00 4. 14514E-03
1.09575E+08 3.97760E-03 1.00000E+00 3.97740E-03
3. 65250€ +06 3,77535€-03 1,00000€+00 3. 71535603
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Program ANSIDECH Output (continued)

DECAY HEAT PROBLEM 2.2.4 N/D E-FACTOR CORRECTIDK--LONG AND SHORT WETHODS

i1 1 1t 0
13
1080.0 2.0
211.4 211.4 211.4
365.3 1095.8 3852, 5 10857.5 35525.0 105575.0
36525¢.0 1095750.0 38525000
1.3850 1.5966 1.4156 1.0079 1.0000 1.0000

1,000 1.0000 1,0000
! 1080.000 1.6056E+01 7.3960E+00 1.5470E400
eied  LONG METHOD FOk FISSION PRODUCT DECAY HEAT PONER &s3s

COOLING TIKE J5S0TDPE 1074
1S0T0PE  AFTER SHUTDOKN DECAY HEAT POWER BECAY HEAT POWER RATIO
(DAYS) 78 (RATTS) 1S0TOPE/TOTAL

U-23% 3.83250E+(2 3.40851E+03 3.40851E+03 9. T4484E-0)
PUi-239 3.652502+02 2.11870E+03 9.92721E403 3,57094E~01
U-238 3.652502 402 4,05940E+02 S.93317E403 6.84222E-02

U-235 l 055755403 1.02502€+03 1.02902¢ +03 9,96084E~01
PU-239 LO9572E+03 S.BABSOE +02 1.613B7E+03 3,387B7E-0)
U-238 1 J09575E 403 1. 12434E+02 1726318403 6.51257E-02

U-235 3652506403 4,85275E402 4.85275E402 7.23968E-01
PU-239 3.83250E 403 1.50345E+02 . 366408402 2.23B54E-04
u-23e 3.65250E403 3.50414E+0) 6. 716B1E402 5.216978-02

4-235 1.09575E+04 2.94132E402 2.541326+02 1.27177E-04
Pu-239 1.09575£404 B.54072E+0! 3.83539E+02 2,21040E-01
u-238 1,09575E404 2,05453E401 4.04485E+02 S.17828E-02

U-235 3.65250E404 5.50623E401 3. 50623E+01 1.21274E-01
PU-239 3.65250E+04 1. 72854E+01 1.23477E401 2.26423E-01
u-238 3.65230E404 3.99264E+00 7.63403E+01 5. 23005E-02

191

E-VALUE

1. 38505E¢0C
1, 38505 +00
1.3B505E+00

1.59841E400
§.59B61E+00
1.59B81E+00

1. 11561E+00
1. 11541E+00
1. 11561E+00

1,00794E+400
1,00794E+00
1.00794E+00

1,00000E+00
1,00000E+00
1.00000€+00

ADJUSTED
DECAY MEAT PDMER
(NATTS)

4.72095E+03
7.65544E4)T
B. 217728403

1,64501£403
2,57995E +01
2,759708403

3. 42492E402
7.10241E402
7.49334E+02

2968685402
3.84585E 402
4,07697E+02

3. 50£23E+01
7.23477E+01
7.£3403E+01



Figure 27

Program ANSIDECH Output {(continued)

=235 1,09575€+05 4,79306E-01 4.79306E-01 6.94371E-01 1.00000E400 4.79304E-01
PU-239 1.09575E405 1.72943E-01 6.52245€-01 2.505438-01 1.00000E +00 6.52249E-01
u-23e 1.09375E405 3.80248E~02 6.90273E-01 5.50845E-02 1.00000E+00 6.90273¢-01

=233 3.63230E 405 2. 24636E-03 2.24636E-03 3.89459E-01 1. 00000E+00 2. 4636E-03
PU~239 3.65230E 405 3.28508E-03 9.50544E-03 9.63038E-01 3.00000E+00 5.905442-03
U-238 3. 85250E 405 2.62451E-04 9. 76789E-03 §.55022¢-02 1,00000E+00 5. 76789E-03

U-235 1.09573E+406 2.157928-03 2.15792E-03 3.85050E-01 1.00000E+00 2,45792E-03
Py-235 1.09575€+06 3. 14501€-03 3.30293E-03 5.67012E-01 §,00000E+00 95, 30253503
U-238 1.09575E406 2,43705¢-04 5. 54663803 4.39374E-02 1.00000£+00 5.54663E-03

U-235 3.65250E+406 2.034108-03 2.03410E-03 3.86276E-01 1.00000£+00 2.03410E-03
PU-239 3.6325CE*08 2,99835E-03 5. 03246E-03 S.653B6E-0) 1.00000E+00 5.03248E-03
U-238 3.65250E+00 2,33479z-04 5.26593E-03 4.43377E-02 1, 00000E +00 5, 2659383

#ese SHDRT MZTHDD FOR FISSION PRODJCT DECAY HEAT PONER #s

CODLING TINE CAPTURE ADIUSTED
RFTER SHUTDDW% DECAY HEAY PONER CORRECTION  DECAY MEAT POWER
{DAY3) (HATTS) §-VALUE {NATTS)

3, 63250E402 S.41336E403 1. 38505E+00 1.45777E403
1,09575E403 1,83429E403 1.59B61E+00 2.81255E403
3.85250E403 1.72297E402 3. 11561E+00 B.615B1E+02
1.09575E+04 4,67136E402 1.00794£+00 4§.70848E+02
3.65250E¢04 B.74493E+01 1.00000£+00 B. 744958401
1,09575E+05 1.61229E-01 1.00000E+00 7.81225e-01
3, £5250E405 3.56765E-03 1.00000E+00 3.56765-03
1,095758 +0b 3.427198-03 1.00000£+00 3.42719¢-03
3.45250E+06 3.23055£-03 1.00000E+00 3.23055E-03

192



Figure 27

Program ANSIDECH Output (continued)

DECAY HEAT PROBLEM 2,2.5 W/0 6-FACTOR CORRECTION--LONG AND SHORT METHOCS

i 1 1 0
§ 10 3
1035.0 - 33.0
a4 - 211.4 211.4
365.3 1095.8 3852.5 10952.5 38525.0 10§5735.0
363250.0 1095750.0 3652500.0

1.3850 1.5986 1.1156 1.0079 1,6000 1.0000

1.0000 1,0000 1,0000
150.000 2.3344E+0] 2,0450E+00 1.5910E+00
150,000 2,3979E+08 5.3110E+00 1.7100E+00
60,000 .0000E+00 _.0000E+00 ,0000E+00
150,000 1.9251E+01 7.8110E+00 1.9380E+00
15.000 .0D00E+00 .OGOOOE+00 .OOOOE+00
150,000 1.9984E401 1,1075E+01 1,9390E+00
45,000 O0OOE+00 .O000E+00 .0OOOE+00
150.000 1.4160E401 1.1863E+01 1.9570E+00
15.000 .0000E+00 .O0OOE+00 .OOQOE+00
150.000 1.4B178¢01 1.5237E+0! 1.5470E+00

D TXD ~f O OV B Lk D =

—

sees  LONG NETHOD FOR FISSION PRODUCT DECAY HEAT PONER esss

COOLING TINE 1S0T0FE TOTAL ADJUSTED
ISOTOPE  AFTER SHUTDORN DECAY HEAT PONER DECAY HEAT PONER RATID DECAY HERT PDNER
(DAYS) T15) RTTS) IS0TOPE/TOTAL G-VALUE {WATTS)
U-235 3.65250E+402 3.99650E403 3.95650E403 6. 65957E-01 1. 3B505E+00 9. 934 7E403
PU-239 3.63250E402 §,98541E403 9. 98621E403 2,85277€-01 1.38505E+00 1. 73717E403

u-23e 3.85250E402 4.06073E+02 5.99228E 403 £.77650E-02 3, 38505E+00 B.29960E403

0-235 1,09575E+03 1. 11155E+03 1.11155E403 6.51063€-01 1.39841E+00 1. 77693E 403
PU-239 1.09575£+03 4.B3567E+02 1,99511E403 2.8323BE-01 1.59B41E+00 2.94997E+03
U-238 1.09575E+03 1.12145E402 1.70726E+403 6.56984E-02 $,59851E400 2,72928E403

U-235 3.65250E403 4,89054E+402 4890548402 1.27218E-01 1. 41561E400 5.45554E402
Pu-235 3.65290E+03 1.48570E¢02 . 37624E402 2.20922e-01 1. 115816400 T 113408402
u-238 3.85250E403 3.48754E401 6. 725008402 5. 1B554E-02 1. 11561E+00 71.50247E+02

U-235 1.09575E+04 2.95534E402 2.95534E402 7,29208E-01 1.00794E400 2,97BBOE +02
PU-239 1,09575E+04 E.B9026E +01 3.B4434E 402 2.15361E-01 1.00794E400 3.B74ERE+02
u-238 1,09575€404 2.06441E+0) 4.052B0E+02 5, 14313E-02 1. 00794E+00 4. 08499E+02

U-235 3,£5230E404 3. 53211E+01 5.53211E+408 1.233135E-04 1,00000E 00 3.93211E+01
PY-239 3.65250E¢04 1. 71BE3E+01 1. 25095E+01 2. 24735801 1.00000E+00 1.23095E+401
u-238 3. 65250E +04 3.97333E+00 7.64828E+401 S.1§508E-02 1.00000E+00 1.564825E+01
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Program ANSIDECH Output (continued)

U-235 1.09575€ 405 4.81450E-01 4.81450E-~01 8,968156E-01 1.00000£+00 4.81450E-01
PU-239 1.09575E 405 1, 72030E-01 6.534B0E~01 2.4BB41E-01 1.00000E 00 6,53480z-0)
U-236 1,09575E¢05 3.78454E-02 6.91326E-01 S.47433E-02 1.00000E+00 6.91326E-0:
U-235 3. 65250403 2.25900E-03 2.25%00E~03 3.91819E-01 §.00000E+00 2.25900E-03
PU-239 3. 85250E405 3. 245B4E-03 J9.905845~03 J.62868E-01 1. 00000E +00 5. 305845~03

U-238 3.652508405 2,42537E-04 5.7¢B3BE~03 4.55131E-02 1.00000E+00 5.76B362-03

U-233 1,09575E+06 2.15754€-03 2.137956-03 3.87950E-01 1.00000E+00 2.15794E-03
PU-239 1.05575E404 3. 16355E-03 9. 32151E-03 5.68145E-01 1.00000E+00 9. 32151E-03
U-238 1.09575E406 2,45693E-04 9.96B821E-03 . 4.43038E-02 1,00000E+00 9.56B21E-03

U-235 3.65250E406 2.02008E-03 2.02006E-03 3.B5784E-01 1.00000E+00 2,02005E-03
PU-239 3.65250E406 2.985398-03 9. 00645€-03 5.70332€-01 §.00000E+00 9.00645E-03
U-238 3.65250E 404 2.29792E-04 S.23624E-03 4.38845E-02 1,00000E+00 5.236242-03

#84¢  SHORT MZTHOD FOR FISSION PRODUCT DECAY HEAT POWER ssts

COOLINS TIME CAPTURE ADJUSTED
AFTER SHUTDOWN DECAY KEAT POWER CORRECTION  DECAY HEAT PONWER
{DAYS) (NATTS) 6-VALUE {NATTS)

3.83250E+02 7,04389E+03 1. 38305E+00 §.75612E403
1.09575E+03 2,05890E+03 1,59661E+00 3.35534E403
3.63250E¢03 9. 7B559E+02 1. 31581E400 1,05169E+03
1.09575€404 5.91771E+02 1.00794E400 5.96471E402
3. 65250E+04 1.10779E+02 1,00000E+00 1.10229E402
1.08575E+05 9.44247E-01 1. 00000E+00 9.64247E-01
3. 83250£ 405 §.48559E-03 1.00000E+00 4,48659E-03
1.09575E+08 4,33628E-03 1. 00000E +00 §,3382BE-03
3.45250E +06 4.07672E-03 1.00000E+00 4.076726-03

194



Figure 27

Program ANSIDECH Output (continued)

DECAY WEAT PROBLEM 2.2.5A K/0 B-FACTOR CORRECTION--LONE AND SHORT METHODS

! 1 1 0
12 3
1080.0 33.0
1.4 211.4 211.4
5.3 - 1095.8 3852,5 §0957.5 3£525.0 109575.0
345250, 0 1095750.0 3852500,0
i.gggg {.3986 1.1156 $.0079 1.0000 1.0000

000 1.0000
150.000 2, 3344E+01 2,0450E+00 1.5910E+00
15.000 .0000E+00 ,0000E+00 .0000E+00
150,000 2.3979E401 5, 3110E400 1.7100E+00
435.000 .0000E+00 .0000E+00 .OOOOE+00
150.000 1.9251E+01 7.8110E400 1,93B0E+00
15.000 .0000E+00 ,0000E+00 .O00OE+00
150.000 1.9985E+01 1,1075E+01 1.93905¢00
45.000 .0000E+00 .O000E+00 ,O000E+00
150.000 1.4360E+01 1.3BB3E+01 1.9570E+00
15.000 .0000E+00 .000CE+00 .0000E+00
150,000 1.4817E+01 1,5237E+01 1.9470E+00
45.000 .O000E+00 .0000E+00 .0000E+00

N30 O D OO IO LR P IR =

s S

¢edt  LONS METHOD FORk FISSION PRODUCT DECAY HEAT PONER #&ee

CODLINE TINE I1SOTOPE 1074 ADJUSTED
ISOTOPE  AFTER SHUTDDHH DECAY HEAT PONER DECAY H‘AT PONER RRT10 DECAY HEAT PORER
(DAY T15) ATTS) 1S0TOPE/TOTAL E-VALUE {WATTS)
U-235 3.63230E402 J3.95584E+03 3. 95564E403 6. 6522BE-01 1. 38505E+00 S.47B782403
PU-239 3.63250E+02 1.5789BE+03 S, D3464E403 2,65937€-01 1. 38505E+00 T.8L574E403

v-238 3.85250E+02 4.02768E402 5.93741E403 6.78357E-02 1.385052+00 8.22359:403

U-235 1.09575€403 1.10824E+03 1.10624E403 6.50524E-01 §.59B41E+00 1.76B45E+03
PU-239 1.09575E+03 4.81632E402 1.58787E403 2.83397E-01 1.39851E+00 2.53640E+03
u-238 1,09575E403 1.11621E402 1. 69950E403 6.54789¢€-02 1.39B51E+00 2.71EB4E+03

U-235 3.63250E+03 4.8892BE+402 4,8E92BE+02 7.21211E-01 1. 11561E+00 S.45452E402
PU-239 3.65250£403 1, 48539402 6. 37457E402 2.20931E-01 1. 11381E+00 1. 111848402
u-238 3. 65250E403 3.48640E 401 6.72333E+402 9. 18583E-02 1. 115618400 7.50061E+02

U-235 1.09575E+04 2.95472402 2.954726402 7.25188E-01 1.00794E400 2.97B1BE+02
PU-239 1,09575E404 B.86939E+01 3.B4364E402 2,19379E-01 1,00794E+00 3.874:BE4(2
u-236 $. 095756404 2,08409E+01 4.05207£402 5.143286-02 §.00794E+00 4. 0B424E+02

U-235 3.65250E+04 9.53094E+01 S.53094E+01 1.23254E-04 1.00000E +00 9. 53094E+01
PU-239 3. 65250 ¢04 1.71B56E+01 1.26960€ 401 2.24754E-01 1.00000£+00 1, 249508401
u-238 3.65250E+04 3.97271E+00 7.64487E401 S5.19521E-02 1.00000E+00 7. 648878401
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Program ANSIDECH Output (continued)

11-235 §,09575€ 405 4,B1371E-01 4.B1371E-01 6.95410£-01 1.00000E+00 $.81371E-0)
PU-239 1,09575E+05 1.72007E-01 8.33378E-01 2.4BB44E-01 1.00000E 00 8.53378E~01
U-238 1,09575E+05 3.78398E-02 6.91217e-01 5.47437e-02 1.00000E+00 6.912176-01

U-235 3.65250E405 2,23259E-03 2,23259E-03 3.88820E-04 1.00000E+00 2,23255e-03
PU-235 3. 63250E+05 3. 244B4E-03 5. 47943603 5. 65458E-01 1,00000E +00 5.47543€-03
u-238 3. 63250E405 2.862537E-04 5. 741986E-03 4.572242-02 1,00000E+00 5.78196E-03

U-235 1,09575E+06 2.157956€-03 2.15796E-03 3,87550¢-01 1.00000E+00 2.15795E-03
Pi-239 1,09575E+06 3.18356E-03 5.32151E-03 5.48146E-01 1, 00000400 5. 32151E-03
v-238 1.09575E+08 2.46693E-04 5.56821E-03 4,43038E-02 1, 00000E+00 5.56821E-03

b-235 385250 +06 2,04847E-03 2.04847E-03 3.B7845E-01 1,00000E+00 2.04547€-03
PU-239 3.83250E406 2,99810E-03 5. 04457€-03 S.85197€E-01 1. 00000E +00 9. 04457603
U-236 3.85250E +06 2.31937E-04 9. 27650E-03 4,39565E-02 1,00000E+00 5, 27650E-03

sret SHORT METHOD FOR FISSION PRODUCT DECAY HEAT POMER #est

COOLINE TIME CAPTURE ADJUSTED
AFTER SHUTDOWN DECAY HEAT POKER CORKECTION  DECAY HERT POMER
(DRYS) (WATTS) 6-VALUE {NATTS)

3. 852506402 7.14530E+03 1, 38505E+00 §.B7456E+03
1.095756+03 2.15716E403 1,59E51E+00 3. 44884E403
3.83250E403 1.01538E+03 1. 11541400 1.13723€+03
§,09575E+04 6.16593€402 1.00794E+00 &.214B9E+02
3.65250E 404 1.15426€+02 1,00000E+00 1. 1542BE+02
§,09575E+05 1.00477E+00 1.00000£+00 £.00477E+00
3.63250E 405 4.70907E-03 1,00000E400 4.70507E-03
§,09575E +0¢ 4.52367E~03 1. 00000E+00 4.52367€-03
3.852508 406 4.264126-03 1,00000£+00 4,26412E-03
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Program ANSIDECH Output (continued)

DECAY MEAT PROBLEM 2.2.4 W/D E-FACTOR CORRECTION--LDKE AND SHORT WETHODS

1110
10 3
1035.0 - 330
211.4 211.4 211.4
5.3 1095.8 3452.5 10957.5 5250 109575.0
365250,0  1095750.0  3852500,0
13850 1.5586 L1186 1,007 1.0000 1,000

1.0000 1,000
150,000 2,7096E401 2,3410E+00 1.5640F+00
150,000 2.0228E+03 5.0320E+00 1.7400E+00
60,000 ,0000E+00 .0000E+0D .O00CE+00
150,000 2,2513£+01 8,59706+00 1.8890£+00
15,000 .0000E+00 .OOOOE+00 .0OOOE+00
150,000 1.6724E401 1,02B4E+0) 1.9890E+00
45.000 .00ODE+00 ,OODOE+00 .OOODE+DD
150,000 1.683BE+01 1,3195E+401 1.9120E+400
15.000 .0000E+00 .0OOOE+00 ,0DOCE+00
150,000 1.2089+01 1.3923E+0! 1.98B0E+00

<3 OF ) O U 0 LA B e

gres  LONS NETHOD FOR FISSION PRODUCY DECAY HEAT PONER s8¢

CODLINE TINME 1S0TOPE TOTAL RDJIUSTED
JSOTOPE  AFTER SHUTDDMN DECAY HE#T POMER DECAY HEAT PDRER RATID DECAY HEQT PORER
{DAYS) KATTS) (NRTTS) ISOTOPE/TOTAL B-VALUE {RATTS)
U-235 3.65250E402 4. §13345E+03 4.1334B2403 6.72096E-01 1,38505E+00 9.72507€403
Pu-239 3.63250E402 1.6118CE+03 3. 74528E+03 2,62075E-01 1. 385052 +00 7.95749E403

U-238 3.65250E+02 4.04859E+02 &, 150148403 &.58292€-02 1.3BS03E+00 B.51B24E+03

U-235 1.09575E+03 1. 12743E403 1.12743E+403 6.52716E-01 1.59881E+400 1,80233E+03
PU-239 1.09575E+03 4,B7874E402 1.81530E+03 2,B2450E-01 1.99B61E+00 2.598225E+403
1-238 1,09575€E403 1.11987E402 1.72725E+03 6.48341E-02 1.59841E+00 2.76127E4(03

U-235 3.85250E+03 4,89575E402 4,B9575E+02 7. 27320E-01 1,11561E+00 9. 451745402
PU-239 3.45250E+03 1. 48661E+02 ,38236E+02 2.20853E-01 1. 11561E¢00 1.12022E+02
U-238 3.65250E+403 3.4BB54E+40} 6.731228+02 5. 18263€-02 1.11561E+00 7.50941E+02

U-235 $.05575E+04 2.95799E+402 2.95799E+402 7.29321E-01 1.00794E+00 2.98148E+02
PU-239 1.09575€+04 8.89309E+01 3.84730E402 2.19268¢-01 1.00754E+00 3.B7785E+402
U-238 1,09575E+04 2.08513E+404 4.05561E+02 S5.14108E-02 1,00754E¢00 4,08B02E+02

=235 3.65250E404 3.53700E+01 9. 93700E401 7.23428E-01 1.00000E400 5. 53700401
PU-23% 3.85250E404 1,71937E+01 7. 25638E+0) 2. 20642E-01 1.00000E+00 71.25638E+01
u-236 3.65250E404 3.97449E+00 7.65385E401 $.19307e-02 1.00000E +00 7.65385E404
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Figure 27

Program ANSIDECH Qutput (continued)

¥-23% 1,09575E+05 4.B1847E-01 4.81847E-01 6.96535E-01 1.00000E+00 4.81B47E-01
PU-239 1.09575E405 1.72080£-01 4, 53947E-01 2.4B741E-04 1. 00000E+00 6. 53547e-01
U-238 1.09573E405 3.78567€-02 6.91806E-01 5.47245E~02 1, 00000E+00 6.91805E-01

U-235 3. 63250E405 2.255028-03 2.25%026-03 3.91531E-04 1.00000E +00 2.25902E-03
PU-235 3.65250E05 3.24811E-03 3.30714E-03 5.62936£~01 1. 00000 +00 3. 50714€-03
U-238 3. 65250E+05 2,6258BE-04 5.769738-03 4.55113E~02 §.00000E +00 5. 76973E-03

v-233 1.09575E 405 2.15856£-03 2.15B56E-03 3.B7H3E~01 1. 000008 +00 2.15856E-03
Pu-239 1.09575E 08 3. 18801E-03 9. J2457E~03 . 86270E -0} 1, 006005 +00 5. 32457E-03
U-238 1.09575E+06 2,85734E-04 3.57131€-03 4.428468~02 1.00000E+00 3.57131E-03

U235 J.65250E+06 2,02308E-03 2.02308:-03 3.85115E-01 1.00000E+00 2,02308E-03
PU~239 3.£5250E 406 2,98856€E-03 9.00953E-03 5. 70000E-01 1.00000E +00 3. 00953E-03
u-238 3.65250E+0b 2.29540E~04 3. 23957E-03 4.38B53E-02 1.00000E +00 3. 23957E-03

sees  SHORT METHOD FOR FISSION PRODUCT DECAY HEAT POMER s+

CODLING TINE CAPTURE RADJUSTED
AFTER SHUTDDWN DECAY HEAT PONER CORRECTIOK  DECAY MERT PONER
{DAYS) (WATTS) E-VALUE {NATTS)

3.63250E +02 7.04389E+03 1, 38505E+00 §.75612E403
1,09575E+03 2.09890E403 1.59BL1E+00 3. 355348403
3832502403 9.78359E+02 1. 3156 1E+00 1, 09149403
1,09575£+04 5.91771E+02 1.00798E400 5.95871E402
3.63250E 404 1.10779E+02 1.00000E+00 1.10775E+02
1.09575€+03 §.64247E-01 1.00000E+00 9.84247E-01
3.63250E +05 4.48559E-03 §.00000E+00 4. 4B559E-03
1,09575E+06 4.33828E-03 1.00000E+00 4,33828E~03
3.65250E+06 4.07872E-03 1.00000£400 4.07872e-03
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Figure 27

Program ANSIDECH Output (continued)

DECAY HEAT PROBLEM 2.2.4R W/D B-FACTOR CORRECTIDN--LONG AND SHORT METHODS

1 11 0
$ 12 3
1080.0 33.0
211.4 211.4 211.4

5.3 - 1095.8 3852.5 10957.5 38525.0 109575.0
365250, 0 1085730.0 3452500,0
1.3850 1.5986 1.1156 1.0079 §.0000 1.0000

§,0000 1.0000 1,0000

- 150,000 2.7096E+01 2.3410E+00 1.5640E+00
15.000 .0000E+00 .0000E+00 .0O000E+00
150,000 2.0228E+01 5.0320E+00 1,7400E+00
45,000 .0000E+00 .0000E+00 ,0000E+00
§50.000 2.2513E+01 B.3970E+00 1.E870E«00
13.000 .0000E¢00 ,0000E+00 .O000E+00
150,000 1.4724E401 -1,0286E+01 1,9B90E+00
45.000 ,0000E+00 .0000E+00 .0O00E+00
150,000 1.48E85+01 1.3195E401 1.9170E+00
15.000 .O000E+00 .000OE+00 ,000DE+00
150,000 1,2089E+01 1.3923E+01 1.9BBOE+00
45,000 .0000E+00 ,O000E+00 0000 +00

P © o3 O ) O LA S0 G P tua

s s P

#42¢ LONG METHOD FOR FISSION PRODUCT DECAY HEAT PONER #4se

COCLING TINME 1S0T0PE 1014 ADJUETED
ISOTOPE  AFTER SHUTDORN DECAY HEAT PONER  DECAY HEhT PORER RATIO DECAY HEAT POWER
(DAY RYTS) (WATTS) ISOTOPE/TOTAL 6-VALUE (NATTS)
U-235 3.63250E402 4,09896E+03 4.09695E403 6. 71721E-01 1, 38505E+00 3.67725E+03
Py-235 3.65250E402 1.80172E403 9.70067E403 2,82484E-01 1.38505E+00 1.89570E+03

U-238 3.65250E+02 4.04496E+02 6.10217E403 6.57956E-02 1,38505£+00 B.45180E+03

-235 1.09575E+03 1.12296E+03 1122965403 6.5271BE-08 1,59851E+00 1.79517€ 03
PU-239 1,09575E+03 4.85041E+02 1.60900E403 2,62511E-0§ 1.59661E+00 2,57217E+03
-236 1,09575€+03 1. 114336402 1,72043E+03 6.47707E-02 1.59801E+00 2. 750318403

U-235 3.83250E403 4 .BT4LBE+02 4§.85458E+402 7.2731%E-08 1.11561E+00 S. 460356402
PU-239 3.83250E+403 1.485632€402 8. 38100E+02 2, 2083BE-0} 1. 13561E400 1.11870E+02
u-238 3.65250E403 3.48756E+01 6.72976E402 5.18232£-02 §.11561E+00 7.5G778E+02

U-235 1.05575E+04 2.93747€402 2.55747€+402 1.25307E-01 1,00794E+00 2.98035E+02
PU-239 1.09575E 04 B.89223E+01 3.BASA9E+02 2.19282E-01 1,00754E+00 3.87724E+02
L-238 1,09575€+04 2,084B0E+04 4.05517E+02 5.14109E-02 1.00794E+00 4.02738E+02

U-235 3. 85250E404 5. 53802E+01 5.53802E+01 7. 23413E-01 1. 00000E +00 9. 33602E+401
PU-239 3.63230E404 1.71921E+0) 1.25523E+01 2. 28556E-01 §.00000E+00 1.25323E 401
u-236 3.65250E +04 3.97407E400 1.85263E+01 5.19307e-02 1. 00000E+00 7.652463E401
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Figure 27

Program ANSIDECH Output (continued)

U-235 1.09575E+05 4,81B00E-01 4.81800£-01 6.96534E-01 1, 00000E+00 4.81800E-01
PU-239 1.09575E405 1.72058E-01 4. 53858E-01 2.48743E-01 1.00000E+00 6.33B58E-01
U-238 1.095758+05 3.78530E-02 6.91711E-01 9. 872378-02 1.00000€ +00 6.91711E-0!

U-235 3.65250E405 2, 23874E-03 2.23574E-03 3.B9172E-01 1.00000E+00 2.23674E-03
PU-235 3. 65250E+05 3.24811£-03 9.48485E-03 3.85141E-01 1,00000E+00 9. 48483603
U-238 3.65250E+05 2.46258BE-04 3. M4744E-03 4.34B78E-02 1.00000£+00 9. 74744203

U-235 §,09575E+06 2. 13B38E-03 2. 13836E-03 3.B7443E-01 1.00000E +00 2. 15856E-03
PU-239 1,09575E+06 3.18601E-03 3, J2457E-03 5.48270E-01 1.00000E +00 9. 32457E-03
u-238 1.09575E+06 2,45734E-04 5.5M31E-03 4.42656E-02 1.00000E+00 3.57131E-03

U-235 3. 852508406 2,04536£-03 2, 04536E-03 3.87736E-01 1. 00000 +00 2, 08536E-03
PU-235 3.83250E+08 2.99764E-03 3. 04300E-03 3. 66259E-01 1.00000E +00 9. 04300E-03
U-238 3.85250E 406 2,32130E-04 S.27513E-03 4.40045E-02 1.00000E+00 3.275138-03

ttet BHORT METHOD FOR FISSION PRODUCT DECAY HEAT PONER eess

COOLINS TINE CAPTURE ADJUSTED
AFTER SHUTDOWN DECAY HEAT POWER CORRECTION  DECAY HEAT PONWER
(DAYS) (WATTS) 6-VALUE (NATTS)

3.85250€+02 7.18530E+03 1. 38505E+00 9.89456E403
§.09575E+03 2157168403 | 1.59B81E+00 3.44846E403
3. 652508403 §.01538E+03 1. 11561E+00 1.13723£403
1.09575E404 . 16593E402 1.00794E+00 4. 214B9E+02
3. 832508404 1.15428E¢402 1. 00000E +00 1. 15428E+02
$,09575E+05 1.00477E+00 1.00000E+00 1.00477E+00
3. 65250E+05 4.70907E-03 1,00000E+00 4.70507E-03
1.09575E 405 4.52367E-03 1.00000£+00 4.52387E-03
3. 65250E+06 4.26412€-03 1,00000E+00 4.26012E-03
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Figure 27
Program ANSIDECH Output (continued)

DECAY HEAT PROBLEM 2.3.1 /0 B-FACTOR CORRECTION--LONS AND SHORT WETHODS

1 1 1 0
i1 5§ 3
1049.0 31.8
206.8 206.8 206.8
B824.0 :
§.5763

310.000 2. 1964E+01 4,7350E+00 1.7620E+00
64.000 .0000E+00 ,0000E+00 ,0000E+00
321,000 1.6224E+01 §.1429E401 2.1740E+00
69,000 ,0000E¢00 .0000E+00 .00QOE+00
305,000 1.2256E401 1.4500E+01 2.0730E400

L2 g% ] 1

¢z LONG METHOD FOR FISSION PRODUCT DECAY HEAT PORER &ta#

CODLING TIME 15DTOPE TOTAL
ISOTOPE  AFTER SHUTDONN DECAY H;AT POKER  DECAY HEAT POMER RATID
(DRYS) 715 A175) 150TDPE/TOTAL B-VALLE
U-233 B, 58000E «02 1, 84501E+03 §,4450)E+03 3.84333-01 1.57628E+00
PU-239 B. 64000 +02 B.49252E402 2.29426E403 3.43421E-01 1.57628E+00
u-238 B.68000E+02 1. 78657402 2.472928403 7.22856E-02 1.57628E+00

stet  SHORT METHOD FOR F1SSIDN PRODUCT DECAY HEAT PONER esss

COOLING TINE STED

AFTER SHUTDORN DECAY um PONER coar«zcnon nsm NEAT PONER
(DAYS) NATTS) (NATTS)

8. 64000E+02 2.79335E+03 1.57628E400 4.40309E+03

201

ADJUSTED
DECAY MEAT POMER
{HATTS)
2.277713E403

3.6163BE403
3.B9BO0E+03



Figure 27

Program ANSIDECH Output (continved)

DECAY MEAT PRDBLEH 2.3.2k ¥/D G-FACTOR CORRECTION--LONG AND SHORT METHDDS

i 1 1 0

I § 3

1065.0 32,5
206.9 206.9 206.9
§62.0

15904

310,000 2,234BE401 4.B920E+00 1.B010E+00
£4.000 LO0COE+C0 .O000E+00 ,QO00E+CO
321,000 1.B441E+05 1,1B12E+01 2.2220E+00
69,000 .0000E+00 .0000E+00 .0000E+00
305,000 1.2303E+01 1.5095E+01 2.1200E400

N &R e

¢ees  LONG WETHOD FOR FISSION PRODUCT DECAY HEAT PONER &sas

COCLINS TIME 150T0PE TOTAL
ISOTOPE  AFTER SHUTDOWN DECAY HEAT POMER  DECAY HEAT PORER RATIO
(DAYS) 115) (WATTS) ISOTOPE/TOTAL E-VALUE
U-235 9. 82000£ 402 1.27537E403 1,27537€403 9, 82937E-01 1,55044E400
Pu-239 9.62000E402 7.58151E+02 2.03752E403 3.45447E-01 1. 59084E400
U-236 §.62000E402 1.57175€+02 2, 19470E403 7.181578-02 1.59044E400

ses¢  SHORT METHOD FOR FISSION PRODUCT DECAY HEAT POMER etes

CODLINE TIME ADJUSTED
RFTER SHUTDOKN DECAY HEAT PONER CBRRECTIDN DECAY HEAT POMER
{DAYS) 118 RLUE (WATTS)

§.62000E+02 2.50936E+03 1.55044E+00 3.99097E+03

202

ADJUSTED
DECAY HEAT PORER
(NATTS)
2,03475E403

3. 240542401
3, 459052E+03



Figure 27

Program ANSIDECH Output (continued)

DECAY MEAT PROBLEX 2.3.28 W/D G-FACTOR CORRECTION--LONG AND SHORT METHODS
I T
H 3
32.5
206.9 206.9 206.9
310.000 2,234BE+01 4.8920E+00 1.8010E+00
64.000 ,0000E+00 ,0000E400 .OO0QE+00
321.000 1,B441E+01 1,1812E+01 2,2220E+400

69.000 ,0000E+00 ,0000E+00 ,0000E+00
305,000 1,2303E+03 1.5095E+0) 2.1200E+00

IS o LAl D b

tts¢ LONS NETHOD FOR FISSION PRODUCT DECAY HEAT PONER tat

CODLINS TIME 150T0PE T0TA
ISOTOFE RFTER SHUTDDWN DECAY HEﬁT POKER DECAY HEﬁT POKER RATID
AYS) ATTS) (WATTS) ISOTOFE/TOTAL B-VALUE
U-235 1. 143008403 1.03057€+03 1.03057E+03 9. 90536E-01 1.59839E+00
PU-239 1.14300E403 3.92266E+402 §.622B4E+03 3.39379E-01 1,59639E+00

U-238 1. 14300E403 1.22309E¢02 1. 745158403 7.00850E-02 1.59835E+00

#tet  SHORT METHOD FOR FISSION PRODUCT DECAY MERT FONER ee#8

COOLING TINE CAPTURE ADJUSTED
AFTER SHUTDDHN DECﬂY HERT PONER CORRECTION  DECAY HEAT POMER
(DAY ATTS) B-VALUE (WATTS)

§.14300E+03 2.05266E003 §. 598352400 3.28093E403

203

ADJUSTED
DECAY HEAT PONER
(HATTS)

1.647265 403
2,55353E403
2,7B943E+03



Figure 27

Program ANSIDECH Output (continued)

DECAY HEAT PROBLEM 2.3.3 ¥/0 E-FACTOR CORRECTION--LONG AND SHORT METHDDS
i 1 1 0
! 3
30.3
205.3 206,95 206.9
5
310.000 2,1023E+01 4,3810E400 1.£700E+00
64,000 .Q000E+00 .O000E+00 . OOOOE+00
321.000 1.7677E+01 1.051BE+0§ 2.0580E+00

69.000 .0000E+00 .OOO0E+00 .0QOOOE+00
305.000 1.2113E401 1, 3424E401 1.9610E400

LA M AP e

¢3#s  LONG METHOD FOR FISSION PRODUCT DECAY MEAT POWER ##a

COOLINS TIME 1S0TOPE T0TA
ISOTOPE  AFTER SHUTDOWN DECAY HEAT POWER DECAY HERT POWER RATIO :
(DAYS) HATTS) T75) 1SOTOPE/TOTAL B-VALUE
y-235 9.83000E+02 1.21B27€+03 1.21827E+03 3. 97430E-01 1,59054E400
Py-239 9. 63000E 402 6.75262E402 1.B5354E+03 3. 31142€-01 1,59054E+00
u-23¢ 9. 63000E+(2 1,45656E 402 2,03%919E403 7. 14284E-02 1. 55054400

ssas  SHORT METHOD FOR FISSION PRODUCT DECAY HEAT POWER e#ee

COCLINS TIKE CAPTURE ADJUSTED
AFTER SHUTDOWN DECAY HEAT POMER CORRECTION ~ DECAY HEAT POWER
{DAYS) (WATTS) E-VALUE {NATTS)

9.43000E402 2,33887E+403 1.59054E400 3.72007E403

204

ADJUSTED
DECAY HEAT PONER
(RATTS)

§,93772E403
3.01176E+403
3. 24343E403



3.2 ANSIDECH/BURNUP
3.2.1 Code Description

The computer programs ANSIDECH and BURNUP were developed to estimate
the fission-product thermal energy release from light water reactor fuel. The
program ANSIDECH implements American National Standard ANSI/ANS-5.1-
1979. The program BURNUP can be used to estimate the fraction of fission
events occurring in 235U, Z”U, and 239Pu, one of the required inputs to
ANSIDECH.
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ANSIDECH uses two ANS methods (Reference 6) for computing fission-product
afterheat power. One Is a simplified and conservative method in which all
fissions are assumed to occur In 23SU. The other method, a detailed one,
accounts for fission in 23SU, 238U, and z”Pu. A short review of these two
methods follows. )

--

We begin with the detailed method. When the operating history of a reactor can
be represented by a histogram of N time Intervals with constant power Pldfrom
fissionable nuclide i during irradiation period a, then the fission-product after-
heat power (uncorrected for neutron capture) from fissionable nuclide i Is given
by the following equations:

N

Pai(tsT) = 37 PiaFi(tarTs) G.2.1)

' as] Qi
N-1

t, = t, t2=t+ T.‘, oee .tuth.z Tc (3.2.2)
acl

N
Te 2 LI (3.2.3)

acl

where

T =  the duration of irradiation period a (s)

tg =  the elapsed time after Irradiation period a (s)
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P:ﬁ 1) = Fission product decay heat power contribution to
' P by ith fissionable nuclide, uncorrected for
ngu(&'& capture In fission products, MeV/sec.

Pix = Average power from fissioning of nuclide i during
operation period T, MeV/sec.

- Qi e total recoverable energy per fission for nuclide i
(MeV per {ission) .

The value of Qi Includes fission fragment and neutron kinetic energy, prompt
gamma energy, the energy of gamma and beta radiation from complete decay of
fission products, and the energy of gamma and be