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Abstract

This report describes the Fortran-IV computer code THEDRA for thermal de-
sign reliability analysis of a reactor core. THEDRA allows the designer to
get a complete reliability assessment of the core design against overtem-
peratures, since it evaluates:

~ the expected number of hot spots in a core

- the expected number of pins in which hot spots occur

- the expected number of subassemblies containing hot pins

and the probability of no hot spot occurring in a core.

By means of this analysis it is possible to evaluate the pin failure expec-
tation, if the distribution of pin failures vs operating temperature is

known.

Zusammenfassung

Dieser RBericht beschreibt das Rechenprogramm THEDRA filir die Zuverliassigkeits-
analyse der thermischen Auslegung eines Reaktorkerns.
Durch THEDRA ist es mSglich, eine Komplette Zuverlidssigkeitsermittlung der
thermischen Auslegung gegeniiber Ubertemperaturen zu bekommen, denn das Pro-
gramm berechnet:
- die zu erwartende Anzahl von HeiBstellen in einem Core
- die zu erwartende Anzahl von Brennstdben, welche von HeiBstellen be-
troffen werden
- die zu erwartende Anzahl von Brennelementen, welche von "HeiBst&dben"
betroffen werden
und die Wahrscheinlichkeit, daB8 keine HeiBstelle in einem Core auftritt.

Nach dieser Analyse ist es moglich die Schadenserwartung zu berechnen, fiir
den Fall, dafl die Korrelation zwischen dem Versagen eines Brennstabes und

dessen Temperatur bekannt ist.
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Introduction

The SH@SPA code [-1_7 evaluated the probability of no clad (fuel) spot -
with a preassigned geometrical size - exceeding a certain critical tempe-~
rature. Moreover it offered the designer the possibility to obtain an ap-
proximate evaluation of the probability that a certain number of subassemb-

lies are affected by hot spots.

At the Past Reactor Fuel Conference in Karlsruhe, a new { 2_/
presented for the calculation of the probability that the number of hot

channels in a core is smaller than a preassigned one. This method was

based on the same assumptions about the effects of local and global uncer-
tainties as those performed by the author in Ref. Z_l, 3_7. But a more com-
plicated procedure was used in the computer code, which needs a Monte Carlo

Routine. The hot spot probability was not yet included in the code.

Moreover, as already stated fn Ref. 1-4_7, knowledge of the expected number
of hot spots does not give a complete reliability assessment: it is necessa-
ry, in fact, to know how the hot Spots are distributed among the different

pins and subassemblies.
The THEDRA code answers this problém. It evaluates:

a) the expected number of hot spots in a core
b) the expected number of channels (or pins) in which hot spots occur
c) the expected number of subassemblies in which hot channels occur

d) the probability of no hot spot oceurring in a core.

The quantities a) and b) are evaluated without approximation for a normal

distribution of the uncertainties.

An approximation (better than that in Ref. 1) was used for calculation of

the quantities ¢) and d).

THEDRA offers the designer the possibility to get a complete reliability

assessment of overtemperature occurrences.

It is possible to design the core for a preassigned or accepted risk. If
the correlation between operating temperature and clad'(fuél) faillure is
known, the thermal design could be optimized for a minimum global cost,
including the expected failures. However, THEDRA as SH@SPA can be used to
obtain a global hot spot factor at a preassigned confidence level, (proba-
bility that no hot spot in a core is hot).

Zum Druck gegeben am 10.12.1971




Another advantage of THEDRA compared with SH@SPA is that the nominal tempe-

rature distribution is read from a data set (NTDS

nominal temperature data

set) which contains the temperature fields of coolant, clad and fuel in a

subassembly. Therefore no approximation is now required in order to take into

account the nominal temperature and power distribution.

Moreover, if desired, THEDRA provides the factors
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I. Theoretical Analysis

I.1 Premise

The theoretical bases were already given in the reports {-1_7 and [-3_7.
These reports are assumed as a necessary background for understanding the
following analysis and code description. Only some new items will be dis-

cussed extensively in this paper.
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To simplify the problem, let us assume that the principal failure cause
is the creep process in the clad material; provoked by overtemperatures
during the operation time of a pin. Moreover, we assume that pins operating
at a temperature By I S cannot fail whereas pins operating at

J= I fail with certainty. (This restriction will be removed at
item V.2). Let us consider a flat power reactor core constituted of Ns sub-
assemblies, each one containing NP pins.
Let p (949 be the probability that the maximum clad temperature falls
within ¢ and V+d4%
If the uncertainties act on the individual pins in an independent way we

expect on the average that the number of failed pins is

+ O
np = NpNs { p( &)do = NpNs P(a’crit) | (1)
e

where P(9 .pit) = probability that ¥ > J,piy-

We now want to demonstrate that the same expression (1) holds true, even if
the temperature uncertainties do not act on the individual pins in an inde-
pendent way.

Let us assume for simplicity that the clad temperature is given by V= X+Y,
where, for instance, x 1is the coolant temperature and y the clad-coolant
temperature drop.

Let f(x) and g(y) be the frequency distributions of x and y, respectively.
If both f{x) and g(y) act on the pins within a subassembly in an indepen-

dent way, we get: / 3/

+ oo + oo

P(Jopit) = jf(X)f g(y) dydx (2)
- oo . -X

ceit




and the probability P (‘5érdt) that none of the NpNS pins in a core

exceeds 4 is given by:

crit

NN
Pol crlt) [1 crit)] i : (3)

If f(x) acts on all pins in a subéssémbly in the same way we get from

Ref. /3 /:

[ re

6t o N et (1 o s o N2.vn Do S

Pol opgy) = [ JEG) (1 g(y)dy) “dx (%)
~ oo Toit

and, by Egs. (3) and (4), we get

P (T ) # PO g0

crit rlt

But the expected number of failed pins is the same in both cases. In fact,

+ oo + oo
n’ = ’st f(x) Np~ ’f;(y)dydx N N P( 5‘r1t) =0 (5)

- oo %
et

Eq. (5) was derived considering that we expect to find an average of Ngf(x)dx

subassemblies at a coolant temperature within X and Xx+dx and at the
+ o0
same time Iﬁaj’ g(y)dy pins with a temperature drop exceeding ‘ﬁérlt X,
. ﬁc:r-x
so ~that: i
3" = X+y = 3’ rit

This result definitively explains the behaviour, investigated in papers

"1, 4_7, of the probability distribution that a certain number of elements
will fail. Furthermore it definitively explains the different influences of
local and global uncertainties.
Consider for instance a core constituted of 100 equal pins and a normally

distributed uncertainty with standard deviation © in the clad temperature.

If we assume a distance of 2.4 G‘ from the critical temperature, there is

a probability of 1 o/o that {Tcrit is exceeded in a pin.

if the uncertainty 6 acts on the individual pins in an independent way, we

expect to find 1 failed pih in every core, and therefére 100 failed pins in
population of 100 cores. Whereas, if the uncertainty & acts on all ﬁins

in the same way, we expect to find 99 cores without failures and only one

core with all 100 pins failed.



The number of failures is expected to be the same in both cases, but the
failures are distributed in a very different way within the reactor core

population.

It is possible now to predict in a simple manner the expected number of hot
spots in a cbre, the number of pins affected by hot spots ete., since it is
not necessary to take into account all the correlations, as will be shown

in the following.

I.% Calculation procedure in THEDRA

I.5.1 Hot spot expectation

In order to calculate the expected number of hot spots, it is not necessary
now to take into account the correlation of the uncertainties according to
their global or local action.

Therefore, if we calculate the total standard deviation o{r,z) as for un-
correlated uncertainties for a spot at coordinates r and z (radius and

height) in a core, we obtain

Ty = J(r2)
_ cerit i’ j
nhs’fz,lﬂrﬁ’zj) P ( = CRTR) ' Ar Az (6)
ng b Jd
where nhs = expected number of hot spots in the core
n{r,,z,) Ar Az = number of spots at coordinates r.,z,
i7d ~ 1779
( Topit™?Fs2) > = probability that a spot at nominal tempe-
P —_
a(r,z) rature 7 and standard deviation &  ex-
ceeds ;Tcrit'

In THEDRA n . is calculated as follows:

The core is subdivided into a number of subzones, each one containing identi-
cal subassemblies, i. e., subassemblies for which nominal temperatures,
statisticél and systematic deviations, critical temperatures and geometry
are identical. Then the length of a channel is subdivided into an arbitrary
number of segments according to the definition of the spot lenght (see Ref.
ZQ1_7). For each spot, P [K Torit™ 5’)/0:] is evaluated. First, the sum in
Eq. (6) is performed over the length of the channel. Then the same procedure
is applied. to all channels in a subassembly and the sum 1s extended over all
channels of the subassembly. By extending the sum over all the subassemblies
in the core, Dps 1s evaluated. Intermediate quantities are printed by the
program in order to identify the most critical channels and subassemblies.

As seen above, no approximation is performed in the calculation of Nyg ?




neglecting‘the approximation introduced by the assumption of a normal

distribution for the total uncertainty 6.

I.%.2 Hot channel expectation

To calculate the number of channels containing at least one hot spot the
following procedure has been adopted: all global uncertainties, which act
in the same way on all spots of a channel, are added statistically. (I. e.
core, zcne, subassembly and channel uncertainties Z_1m7).

This standard deviation is indicated as G(i) in the program (H@TSPT). The
local uncertainty on the clad (fuel) - coolant temperature drop is indica-
ted as SX(i). The probability that at least one spot in a channel is hot
is given by (see Eq. 4):

+ oo 2 —_—
- x _ —x G(1)- B, \]Nap
EXPCH = _}__ e 2 (l _ ” [ 1 -7P ( 77.(}I'i‘t_', X G(l) ﬁl)} )O.x (7)
yam + SX(i)

Where Nap is the number of spots at a given axial abscissa 1 , i. e.,

the number of pins surrounding the channel considered.

As for the hot spot expectation, EXPCH is summed over all channels in a
subassembly and then over all subassemblies.

Therefore, the expected number of hot channels (i. e. channels with at

least one hot spot) in the core is evaluated without approximation.

I.%.%5 Hot subassembly expectation

In order to calculate the expected number of failed subassemblies (i. e.,
subassemblies containing at least one hot channel), it was necessary to
introduce some approximation in the calculations. This approximation is of
the same kind as in the SH@SPA code. An equivalent number of hot spots is
evaluated as in Ref. 1 / item IT.4.4 /, but now in such a way that the

equivalent channel distribution (m°2 °§§) gives the same EXPCH

s
as the correct value in Eq. (7). o
Then, the same procedure as under item I1.3.2 is applied, starting from a
global uncertainty (including core, zone and subassembly uncertainties)
and the equivalent channel distribution calculated as above.

Then an equivalent number of channels and the equivalent subassembly dis-
tribution (miq s c:q ) are evaluated as for the spots z’see above and

Ref. 1 (item II.5)/.

I.3.4 Hot core expectation
With a procedure similar to that adopted in SH@SPA [_1_7, an equivalent




zone distribution is evaluated, and at least an equation similar to Egq. 7,

evaluates the probability that at least one hot spot occurs in a core.

I.2.5 Hot pins expectation in a subassembly

Let us use the notation assumedrin the main program.

ENHSCL(1i) = ecpected number of hot spots in the channel i

ENCHCL(1i) = probability of the channel i beeing hot

EXPSCL = probability of the subassembly considered being hot
NPIN(1) = number of pins surrounding the channel i

P1STAB(J) = probability that the pin J is hot if the subassembly con-

tains at least one hot spot

Eggggng is the number of times that the

channel i is hot, if the sub-
assembly is affected by hot

channels.

Fig. 2

Analogously,

ENHSCL (i)

i = NPIN(i) ENCHCL(i7 is the number of times that the fraction

(1/6 in Fig. 2) of the pin j contains hot
spots if ENCHCL(i) has at least one hot spot.

B

Naturally, if B; > 1, this means that more than one hot spot occurs in
the same pin fraction. For our purposes it is not important whether 1 or
more hot spots occur. Therefore, if B; > 1  the program sets B; = 1.
This means that we have the certainty that the pin fraction J has hot
spots, if the channel is hot.

Then PISTAB(J) = £ By x ENCKCL(i) . Also in this case, if P1STAB(Jj)
J EXPSCL

is larger than 1, the program sets PISTAB = 1.
The averagé number of hot spots per pin is obtained as the ratio of the
number of hot spots to the total number of hot pins in a subassembly.




I.4 Correlation between coplant flow-rate and clad-coclant heat transfer

This correlation was not considered in SH@SPA, but it is very important
for a gas cooled reactor. Therefore, every time a deviation in the coolant
flow-rate due to statistical or systematic causes is found in the calcula-
tions in THEDRA, the program multiplies the clad-coolant temperature drop
by a factor Fy,; defined as follows:

B B
Fog A -Bx C (A1) A (8)
Where B and C must be assigned as inputs to the program (EXP, CONST in
block 5, see input card description).
A is the ratio nominal to the deviated flow-rate.

Eq. (8) was obtained as follows:

KL+ K m> KL+ K2 m> B KlL+Kmo
Fhel = B T T T/ "B8.B ° A g - B° (9)
K1l + K2 my Kl +K2m “/a K1 A +K2m
Where Kl =0 for gas coolant, and m, m are the nominal and the
deviated mass flow-rate, respectively
Since A is not very different from 1, we get:
B _
A ~ 1 + B(A-1) (10)
and by Egs (9) and (10) we get:
B KL+ Kmbo B B
icl = A - = A° -BC (A-1) A
Kl + K2 m ~ + K1 B(&A-1)
Where C = K1/(K14K2 m B) can be calculated as an average value in the

core for a sodium cooled reactor, and is equal O for gas.



II. THEDRA Program description

II.1 General requirements and specifications

THEDRA is a Fortran-IV code based upon the analytical method presented.

It receives the nominal temperature distribution from a data set (NTDS)
generated by THESYS 1-6_7, a code for subchannel thermal analysis. It can
be quite well integrated in a program system for core thermal design as
indicated in Fig. 1.

It is applicable to any reactor core constituted of hexagonal bundled fuel
rods with single phase coolant.

The code takes into account both systematic and statistical deviations
from nominal.

In order to apply the code, a reactor core must be divided into a number
(NZ) of zones constituted of subassemblies for which the nominal tempera-
tures are identical.

NZ cannot be larger than 30. But each zone can be subdivided into 5 sub;
zones, in order to take into account different uncertainties or a burn-up
configuration different from that for which the nominal temperatures were
calculated. In this way, a total of 150 subzones constituted of identical
subassemblies can be taken into account.

Other limitations of the code are in the nominal temperature axial distri-
bution, in the number of channels per subassembly and in the number of spots
considered: in the NTDS data set the number of axial points for which the
temperatures are given cannot be larger than 30, and the number of sub-
channels per subassembly cannot be larger than 546; the length of a spot in
the input cards cannot be assumed so small that the number of axial spots
is larger than 300.

(These limitations were introduced in order not to exceed a 300 K memory

capacity. They can easily be removed by acting on the DIMENSION statements).

Hot spot size is assumed to be the surface defined on the fuel or on the |

clad by a 60 ° are (triangular channel arrangement) over a certain length
(to be assigned in the input cards). Therefore, the "specific standard
deviation' {-1_7 for the local uncertainties must be calculated according
to this definition. ‘

It is possible (see input card description) to choose for the fuel either
the inner or the outer surface, and for the clad the inner, mid or outer

surface as a basis of the hot spot analysis.




In every

eription)

-~ clad (

subzone the following quantities can vary: (see input card des-

fuel) critical temperature and its standard deviation

- systematic factors

- statistical uncertainties.

The statistical uncertainties must be assigned as standard deviations and

as relative (to nominal) value of their effects on the temperature drop

considered.

(For instance, it is necessary to calculate the relative standard deviation

in the nominal coolant temperature rise, provoked by an uncertainty in the

pin pitech: such calculations were not included in THEDRA, in order not to

specialize the code for a particular coolant or core design).

I1.2 Code structure

The structure of the code is respresented in Fig. 3.

THEDRA =

Main program. It receives the input data on critical temperatures,
systematic and statistical deviations from the subroutine LEGGI.
Then it reads the nominal temperature data set. The nominal tem-
peratures are modified by the subroutine FACTE in "reference tem-
peratures", i. e., temperatures which already take into account
the systematic factors.

The reference temperatures are interpolated by the subroutine
INTERP, to get the temperatures in all the spots cohsidered. Then
the main program controls the execution of the probability calcu-
lations to get the expected number 6f hot spots and hot channels
{subroutine HOTSPT) and the expected number of hot subassemblies
(HOTSA).

At last the whole active zone (i. e. excluding the radial blanket)
is analyzed by the subroutine HOTCR. If required, this analysis is
repeated for the radial blanket.

The subroutine FLOPT delivers informations about the distribution
of the coolant flow=-rate which allows the maximum coolant tempera-
ture at core outlet at a fixed confidence level. A flow-chart of’

the main program is given in Fig. 8.

Subroutine. It controls the reading of the input cards, analyzes

and elaborates the input data.



TRIHEX (Il, I2, I3, IR, IU) = Subroutine. It evaluates the normalized
Hex=-coordinates IR and IU from the given redundant tricoordinates
I1, 12, I3. +) (see Fig. 5).

MESSER = Subroutine for error messages

INPUT-CARDS NTDS
y
LEGGI MAIN HOTSPT
TRIHEX HOTSA
: + INTERP SIGMA
CRTSF UNCERT 7] FACTO
GEOM
MESSER » PONI
FLOPT HOICR
HCINT
HMHS
Pig. 3 Code Structure
+)

For the purposes of this subroutine, see Ref. [7_7. The author wishes to
thank Dr. E. G. Schlechtendahl for his agreement to the publication of the
TRIHEX subroutine list in this report.




PONI (A, B, C, D, F, G, E, N) = Subroutine, it assign the value E(i)
(with i within 1 and N) to the variables &, B, C, D, F, G, res-
pectively.

UNCERT = Subroutine for reading an uncertainty card block (see input
cards description). Moreover, it evaluates the total standard
deviation of the uncertainties acting on the same temperature

drop.

ggggg =  Subroutine for reading critical temperatures and systematic fac-
tors, if these are not a constant through the core.
Moreover, it verifies that these quantities have been assigned
to all the subzohes into which the core was divided, and that

no different values have been assigned to the same subzone.

GE¢M = Subroutine for identification of the pins surrounding the channel
considered in the statistieal

analysis. The subscripts of the

channels are read from NTDS

GEOM evaluates the subscripts

)
ct
v

Adrg ning - oo
o} TesSponaling pins, ac-

cording to. the convention in

Fig. 4.

FACTD = Subroutine for taking into ac-
count systematic deviations
from nominal. It evaluates the

"reference temperatures” from

the nominal temperatures modi-

Pig. 4

fied by the systematic factors

considered. Channel and pin identification

INTERP = Subroutine for interpolation. The reference temperatures are
assigned for a number of axial points which is generally smaller
than the number of spots considered. By means of a quadratic

interpolation, INTERP furnishes the reference temperatures in all

perature and the abscissa at which it occurs.

SIGMA = Function for evaluation of -the ‘standard deviation (o C) of
coolant, clad and fuel temperature. Inputs are the reference

temperatures and the relative standard deviations.



HPYTSPT =

HOTSA =

Function for the correlation between coolant flow-rate and clad-

coolant temperature drop (see item I.4).

Subréutine for evaluation of mean and standard deviation of the
normal distribution approximating the distribution of the maximum
value out of N samples drawn from the normal distribution (0,1)
(see Ref. 1 item II.5).

Subroutine (a flow chart is given in Fig. 9).

It analyzes a cooling channel and is called by the main program

3 times for each channel: for clad, fuel and coolant analysis, res-

pectively.

It provides:

S = total standard deviation of the maximum temperature in the
channel

SSPOT = standard deviation of the "local" uncertainty

SCH = standard deviation of the "channel" uncertainty

EXPNUM = expected number of hot spots in the channel

EXPCH = probability that a channel has at least one hot spot

XNSPOT = equivalent number of hot spot in the channel

XMCHEQ, SCHEQ = mean and standard deviation of the equivalent

channel distribution.

Subroutine. It analyzes a subassembly and delivers:

SIGS, SIGZ, SIGC: standard deviation of the maximum temperature in
the subassembly (REF) for "subassembly, zone and
core" uncertainties, respectively.

EXPSUB: probability that the subassembly has at least ohe hot spot

EQCH: equivalent number of channels in the subassembly

™, SEQCH = mean and standard deviation of the equivalent subassen-

bly distribution.

The structure of the subroutine HUTSA is very similar to that of

HOTSPT. Therefore, a flow-chart will not be given below. (The first

segment of HOTSA arranges the channels by decreasing hot spot pro-

bability).

Subroutine. It analyzes the whole active core or the radial blanket.
(A segment of HOTCR is used by FL@PT for its calculations).

It provides the final outputs of the code:

a) - Probability of at least one hot spot in the core.




Expected number of cores containing hot spots, out of a

population of. 100 cores.

Average number of subassembly in the core containing hot
channels. '

Average number of hot channels pér subassembly.

Average number of hot spots per chamnel.
If all the channels were calculated individually in NTDS, HOTCR

would provide the average number of hot pins per subassembly
and the average number of hot spots per pin.

b) If required by the main program, HUTCR yields an approximate
assessment of the maximum temperature in the core as a function
of the confidence level. (In this calculation, the standard
deviations of the critical temperatures are not taken into
account).

¢) If required by the main program, it supplies the factor by
which the temperature drop (max. temp. - coolant inlet temp.)
must be decreased (or could be decreased) in such a way that
the design satisfies the condition imposed by a preassigned

confidence level.

FLYPT = Subroutine. (A flow-chart is given in Fig. 10).
It operates on the basis of the analysis in Ref. {‘5_7 and supplies
the factors by which the coolant flow-rate should be divided in
order to get a maximum in the average coolant temperature at core

outlet.

II.2 Input cards

The input cards can be divided into 7 blocks according to the following
scheme:
1. Program control
.  Zone description
. Critical temperatures

2
)
4. Systematic factors
5
6

. Core uncertainties

T. Other uncertainties

Block 1 - Program control

This block contains the three following cards:



The first card - Format (20A4) - is an identification card, containing a

free comment (KOMM), which will be printed by the program as output head-
line.

The second card - Format (13I5) contains in the order:

NZ = number of zones into which the core has been divided for the nomi-
nal thermal calculations ( 1 < NZ = 30)

IB = @subcript of the first radial blanket zone.
IB = 0 if no blanket is considered

NBU = number of input card blocks for the statistical uncertainties

NBF = number of input card blocks for the systematic factors

NBT = number of input ecard blocks for the critical temperatures

ICB = 1if equal to 1 the hot channel is considered at axial blanket outlet,
otherwise at active zone outlet /
1 if the hot spot is considered on the clad outer surface

ICL =42 ®* ®w w *® won at clad midpoint
3 womoomon mon on the clad inner surface
1 hot spot on the fuel outer surface

TFL = ga hot spot on the surface of fuel inner channel

KCH = 1if > 0, the expected maximum coolant temperature vs confidence level

must be calculated
KCL, KFL = the same as KCH, for clad and fuel respectively.
Moreover the flow-rate distribution will be optimized only if KCL = 2
NWRITE controls the printing. It must be equal to 1, if the printing of all
the nominal temperatures is desired
NX controls the printing. If NWRITE is equal to 1, the reference tempe-

ratures are printed for the first NX chammels.

The third card - Format (4F10.7) - contains in the order:
PRCH, PRCL, PRFL = preassigned confidence level for coolant, clad and fuel

respectively. It must be assigned as ratio of deviation to standard
deviation. For instance if a 2 ¢ confidence level is assumed for the
clad, PRCL must be equal to 2.
If they are = 0, a hot spot factor for a successive iteration will
not be calculated.

PRMIN = controls the printing. Intermediate quantities in the calculations
of the overtemperature probabilities are pfinted only for the channels

in which the total hot element expectation is greater than PRMIN.




Block 2 - Zone description
This block contains NZ cards (FORMAT I5). In each card the following inte-
ger quantities:must be assigned in the order: '

IZ = zone subscript, the zones must be
ordered according to increasing IZ.

I1, I2, I3 = subscripts of the sub-

assembly representative for the
zone in the thermal célculation
(see TRIHEX and Fig. 5). N
ISZ = number of subzones in‘the zone
IZ (1 = ISZ = 5).
NSASUZ(IZ,J) = with J indicating a
subzone (J within 1 and 15Z)

number of subassemblies in the

Fig. 5

subzone J of the zone IZ.

Hex- and Tricoordinates

Block 3 - Critical temperatures
If NBT = 1, this block contains only one card (FORMAT (8F10.4)).

The following quantities must be assigned in the order:

XLF = length assumed for fuel hot spot (cm) -
XICL = length assumed for clad hot spot (cm)

C = critical coolant temperature (° ¢)
SIC = standard deviation of TC (°¢)
CRTIF = critical fuel temperature (0 C)
CRSTF = standard deviation of CRIF (° ¢)
CRICL = critical clad temperature (° ¢)
CRSICL = standard deviation of CRICL  (° ¢)

If NBT » 1, this block contains:
A card (FORMAT 4F10.4) for the variables XLF, XICL, TC, STC defined as
above.

And, repeated NBT times, the following cards:

A) FORMAT (16I5) containing: 4
N = number of subzones for which fhe critical temperatures in the card
B) hold true. ' o '
(NA1(J), NA2(J), J=1,N) zone and subzone subscripts
B) FORMAT (4F10.4) containing CRTF, CRSTF, CRICL and CRSTCL



Block 4 - Systematic factors
If NBF = 1, this block contains only one and - FORMAT (5F10.4) ~:

SFC = factor due to systematic deviations in the coolant flow-rate
SFA = systematic factor for uncertainty in the heat transfer clad-
coolant (the deviations provoked by SFC are calculated by the

C) program itself, and therefore must not be given in SFA)

SFG = for the heat transfer in the fuel-clad gap

SFF = for the inner fuel temperature drop

SFP = for the power.
To explain the significance of these factors, it is necessary to note that
the nominal coolant temperature rise will be multiplied by SFC, the tempe-
rature drop clad-coolant by SFA, the temperature drop fuel-clad by SFG,
the inner fuel temperature drop by SFF and the total temperatufe drop
l-inner fuel (clad) - inlet coolant_7 will be multiplied by SFP.
If NBF > 1, this block contains - repeated NBF times - cards of type A) in

block 3, followed by a card of type C), defined as above.

Block 5 - Heat transfer clad-coolant

It contains only a card - FORMAT (2F10.4) - with the gquantities EXP, CONST

defined at item I.4.

Block 6 - Core uncertainties

This block contains:

D) A card FORMAT (9I5) with the following variables

K = identification of the type of uncertainty
K = 1 for core uncertainty '
N = total number of (core) uncertainties, and therefore of following

cards (IN1(I)=N)
N1{I) = number of uncertainties acting on the quantity I, with I within

1 and 7, according to the following scheme:

1 only on flow-rate (coolant temperature rise)

2 only on clad-coolant temperature drop

3 only on clad thickness temperature drop

4 only on fuel-clad temperature drop

5 only on inner fuel temperature drop

6 on the total fuel (clad) - inlet coolant temperature drop, for

instance power measurement, flux calculation etc...

7 on fixed temperature such as inlet coolant temperature.

All uncertainties must be assigned as standard deviations. The uncertainties




with I = 7 must be expressed as ° C, the others as relative value of their
effects on the corresponding temperature drop. For instance, if there is
6 O/o uncertainty in the power measurement at a 3@ confidence level, the
value to be assigned into the program is 0.02.
E) N cards, each one containing one uncertainty - FORMAT (2I5, 10X, 10A4,
10X, F10.4), according as follows
K as in the card D)
I identification of the type of uncertainty according to the scheme
given above
KOMM free comment for identification of the uncertainty

8DZ standard deviation defined as above.

Block 7 - Other uncertainties

If NBU #1 the subblocks must be preceded by cards of type A) in Block 3
and repeated NBU times, according to the following scheme:
Cards A) only if NBU # 1

Subblock 7.1 zone uncertainties, identical to block-6, now K = 2
Subblock 7.2 subassembly uncertainties wow " K=

Subblock 7.3 channel uncertainties mon s "OK=4
Subblock 7.4 local uncertainties identical to block-6, now K = 5,

but uncertainties of type 7 (fixed temperature) are
not considered by THEDRA. (The standard deviations
must be defined as specific standard deviation, i. e.

referred to a spot of length 1 cm).

II.4 Nominal temperature data set

NTDS is an unformatied data set containing the nominal temperature fields
(O C) in the coolant, clad and fuel of the NZ subassemblies representative
for the zones considered.

It has the following structure:

Block 1: DSN, DATUM, ZEIT, KOMM, NBE, TH1Q



Block 2: it must be repeated NRE times

Subblock 2.1 | I1, I2, I3, NZBE, NST, NGES, KX, KUBE,
KCE, KCA, KOBA, GGES, ETP2Q, TH2Q, P2,
(Z(J),J=1,KK)

Subblock 2.2 it must be repeated NGES times

JK, IK, ASTAB, (TH(J),Jd=1,KK), (TWAS(J),
J=1,KK), (TWM(J),J=1,KK), (™WI(J),J=1,
KK), (TBRA(J),J=1,KK), (TBRI(J),J=1,KK)

Definitions:

DSN (8 Bytes) Alphatext for data set identification

D A 'IUM i 131 it i 14 d at a )

ZETT " " " " " time _} of generation of NIDS
KOMM 80 Bytes " " " free comment

The other quantities have standard length (4 Bytes) and are integer or
real according tobthe standard name convention.

NBE = number of subassemblies calculated (NBE=NZ)

THIQ = nominal coolant temperature at core inlet

I1, I2, I3 = subassembly subscripts (see Fig. 5)

NZBE = number of subassemblies identical to the subassembly considered
(11, 12, 1I3)
NST = total number of pins in the subassembly
NGES = number of channels in the subassembly, for which the thermal
calculations were performed (NGES =546)
KK = number of axial points in a channel, for which the temperatures
are given (KK = 30)
KUBE = subscript of axial blanket inlet KK
- " " .
KCE = active zone inlet KOBA
kA = " "o " outlet KCA
Kopp = " " axial blanket outlet :
. 2(3) |aote¥® | blanket
(see Fig. 6)
. KCE -
GGES = total coolant flow-rate in the KUBE
subassembly (gr/sec)
ETP2Q = enthalpy (it does not enter into 1

Fig. 6
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nominal coolaht temperature at subassembly outlet

TH2Q =
P2 = pressure drop (it does not enter into the calculations)
Z(J) = axial abscissa (cm) | ’
JK,IK. = subscripts for identification of the channel (see Fig. 4)
ASTAB = by means of ASTAB the number of channels identical to the
(JK,IK) one will be calculated.
ASTAB is the sum of the pin fractions surrounding the calculated
cooling channels.
For instance: (see Fig. 7)
if all channels were calculated A F B
individually: : G¥g%%>
ASTAB = 1/6 for A
ASTAB = 1/2 for an inner D w
(F) or boundary (D) channel c
if A is assumed to be identical to
B and the two channels A and B are Fig. 7
not given separately, then
ASTAB = 1/3.
If the 5 channels indicated as C in Fig. 7 have been assumed to
be identical and are not given separately, then ASTAB = 5/2.
TH(J) coolant temperature at the point J in the channel (JK,IK)
TWA(J) outer clad temperature = " " " "
T™WM(J) mid clad " " " " "
TWI(J) inner clad " " " " "
TBRA (J) outer fuel temperature " " oo "
TBRI(J) inner fuel " " " " "

II1.5 Error messages

An error check is performed on the inpUt data. If the checked variables are
not assigned correctly an error message appears and the program execution
is stopped. The error is identified by a numbér according to the following
list: (IC = input cards)

ERROR 1 : NZ > 30 orNz <1 (1c)
2 : IB>NZ (1c)
3 | at least one variables out of NBU, NBF, NBT is =0
4 block 2 (IC) the zones are not ordered according to increasing IZ
5 : ISZ <1 or ISZ >1 (1c)
6 NBT greater than the total number of subzones  (IC)
7 . NBF 11 i "
8 ¢ NBU " " "



9 : blocks 3, 4 and 7 in IC (NA1l, NA2) the zone subscript is <1
or = NZ

10 " " " subzone subscript is < 1 or

greater than the subzone

number

i1 . " " " the subzone was already de-
fined

12 " " " at least one subzone was not
defined

12 : one or more systematic factors are =0 (IC)

14 : K in at least one uncertainty card is not defined correctly
(blocks 6, 7 IC)

15 : IN1(I) # N (blocks 6, 7 IC)

16 : I is not defined correctly (blocks 6, 7 IC)

17 NZ in IC is different from NBE in NTDS

18 : +the zone defined by the subassembly (Il, I2, I3) in NIDS was

not found

19 : the total number of subassemblies in the core calculated from
IC is different from that calculated from NTDS

20 : in NTDS the total number of subchannels is wrong (i. e. or
ASTAB or NGES or NST are wrong)

21 : XICL is so small, that the number of axial clad spots is greater
than 300 (IC)

22 : XICL = 0 or XIF=< O (1C)

23 : NGES > 546 (NTDS)

24 3 ICL <1 or ICL > 3 or IFL <1 or IFL > 2 (1c)

25 : XLF is wrong (as XICL for error 21) (1C)

I1.6 Warning messages

The following warning messages about the precision of the calculations may

appear:

"Precision not obtained": this means that in the integrations (included in
the subroutine HﬁTSPT, HOTSA or HOTICR) the precision required in the
code is not obtained. Z°This message did not appear in all study-cases
calculated_7

"EXPCH.GT.EXPNUM.AND.EQ" (HOTSPT)

From a theoretical standpoint, EXPNUM should always be = EXPCH.

Due to the approximation in the calculations, it is possible in some cases
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that this does not hold true in the program. Then the code sets EXPNUM =
EXPCH and sends a warning message in order to allow an assessment of the
approximation performed.

The same holds true for HPTSA: "EXPSUB.GT.EXPCH.AND.EQ".
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IIT. PFortran IV - Listing

IIT.1 Main Program

THEDRA

AMENDOLA
157,71
THERMAL DESIGN RELIABILITY ANALYSIS

ENHSCL, ENHSF CLAD(FUEL) HOT SPOT EXPECTATION IN A CHANNEL

ENCHC HOT CHANNEL EXPECTATION.

ENCHCL , ENCHFL EXPECTATION OF CHANN.®WITH CLAD {(FUEL} HOT SpOTS
P1STAB,P2STAB HOT PIN EXPECT. 1 FOR CLAD,2 FOR FUEL

EHSPCL,, EHSPFL HOT SPOT EXPECTATION IN A SUBASS.

EHCHC, EHCHCL ,EHCHFL HOT CHANNEL EXPECTATION IN A SUBASS.

EXPSC, EXPSCL,EXPSFL HOT SUBASS. EXPECTATION

EL1STAB, E2STAB HOT PIN EXPECTATION IN A SUBASS.

EXPEC{1,J) HOT ELEMENT EXPECTATION IN THE ACTIVE ZONE
EXPEC{2yJ) HOT ELEMENTY EXPECT. IN THE RADIAL BLANKET

DIMENSION NERR(5),EXPEC(2;10),AA{6),BB{6),EHSPCL{30,5),EHSPFL{30,5
A)yELSTAB{30,5) 4E2STAB(30,5) P1STAB(19419,5),P2STAB{19,19,5),NUN{2}
1,IP(3),JP(3)

COMMON EX,CG,KOMM{20),IN12,30) ,NUSUZ{30),NSASUZ{30,5),RTCS(30,5),
IRTCLS{30,5) yRTFLS{30,5),SIGSC{30,5) +SIGSCL{30,51,TH{30),THA(30},
2TWM(30) ,TWI(30), TBRA(30} ,TBRI{30),2(30),TCOOL{30),DUMO{150),TICOOL
3(300), TICLA{300), TICLM(300},TICLI{300),TIFO{300),DUM1{600),DUM2{T}
44 SEQSC{30,5) ySEQSCLI30,5),SEQSFL{30,5)+EXPSCI305), EXPSCL{30,5),
SEXPSFL{30,5) ,;DUM3 (6003, SIGSFL(3045),SIGZCI3055)sSIGZFLI30,5),
6SIGCCI30,5) ySIGCCL(30,5),SIGCFLL30,5),SIGZCL(30,5),EQCHC{30,5),
TEQCHCL{ 30,5} ,EQCHFL{30,5) ,DUM4 {6003, EQMSCL{3C,5) s EQMSFL{30,5),
BEQMSC{3Cy5) yCRTF{30,5),CRSTF130,5),CRTCL(30,5),CRSTCL{30,5),TC,STC
9y EHCHC ( 3C 45 ) y EHCHCLT 305) s EHCHFL {30, 5) ; XNCH{ 546 )  RTMAX{ 3,5, 5461 ,
ATIC{2,54546) s TIA(2,5,546) 3 TICL(5,546)sTIG(55546),EQSIGI3:54546)
BEQMEAN(245,546) 5 FLRT{301),TOUT(30) ,EXPEC ,TH1Q,TCC{30,5),TCA(30,5}
€ yNSUB{30) |

REAL*8 DSN,DATUM,ZEIT

DATA EHSPFL,EHSPCL/300%0+/ »NERRyAA/5%0 ,5%0.,~100./
AyNUNJELSTAB,E2STAB/2%0,300%0./

READING OF THE INPUT CARDS

CALL LEGGIU(NZ,IBsICB,ICLyIFLyXLFoXLCL,AA,BByNERR;NWRITENXyKCH,KCL
1,KFLyPRMINy PRCH,PRCL,PRFL)

READING OF THE NOMINAL TEMP.

DSN NAME OF CATA SET

DATUM,ZEIT DATE,TIME

KOMM FREE COMMENT FOR DATA SET IDENTIFICATION
NBE NUMBER OF SUBASS. CALCULATED

TH1Q NOMe INLET TEMP.

READ(10) DSN,DATUM.ZEIT,KOMM,NBE,THIQ
WRITE{6,1029) DATUM, ZEIT KOMM,TH1Q
IF (ICB.NE.1) WRITE{6,1039)
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(]

33

201

203

202
204

IF {ICB.EQ.1) WRITE{6,1040)

If {ICL.EQ.1) HWRITE{6,1041)

IF (ICL.EQ+2} WRITE(6,1042)

IF (ICL.EQ.3) WRITE(5,1043}

IF {IFLLEQ.1) WRITE(6+1044)

If (IFL.EQe2) WRITE(6:1045)
ERROR CHECK

IF{NBE.EQ.NZ} GO 7O 201

NERRA =17

WRITE(6,1032) NBE

WRITE{6,2000)NERRA

sTop

DO 300 II=1,NIZ

{1,12,13 INDICES OF THE SUBASS.(FOR TRIHEX SEE LEGGI)
NZBE NUMBER OFf IDENTICAL SUBASSEMBLIES
NST NUMBER OF PINS IN THE SUBASS.
NGES NUMBER OF CHANNELS CALCULATED

KK NUMBER OF AXIAL POINTS

KUBE POINT OF BLANKET INLET

KCE POINT OF CORE INLET

KCA POINT OF CORE OUTLET

KOBA POINT OF BLANKET OUTLET

GGES,FLRT SUBASS.FLOW-RATE

TH2Q, TOUT COOLANT OUTLET TEWNMP,

z AXIAL ABSCISSA

READ(10) 11,12,I3,NZIBEsNSTyNGES sKKyKUBEsKCEsKCAyKOBA,GGES, ETP2Gs

1TH2QsP2+1Z1{ J) 3 3=1,KK}
ERROR CHECK

IF{NGES GT.546} NERR{1)=23

XLt CORE AXIAL LENGTH

KCLAD, KFUEL NUMBER OF SPOTS CONSIDERED FOR CLAD AND FUEL

XLL=ABS{Z{KCA)-Z(KCE))

IFLICB.EQ.1) KKK=KOBA

IF(ICB.NE.1} KKK=KCA

KCLAD=XLL/XLCL+0.001

KFUEL=XLL/XLF+0,001

IF{KCLAD.GT7.300) NERR{2)=21

IFIKFUEL.GT.300) NERR{3)=25

CALL TRIHEX{I1,12,13,KOMM({1),KOMM(2))

DO 202 I=1NZ

IFUINIC15 1) o NEoKOMM{ 1) sORJIN1(2, T} NE.KOMM{2})} GO TO 203
K=1

GG TO 204

IF{I.LT.NZ) GO TO 202
NERR{4)=18
WRITE{6,1030) I1,12,13
CONTINUE

CALL MESSER{NERR;4,NSSs1)
NA=NUSUZ{K)

FLRT(K)=GGES
TOUTI{K)I=TH2Q



CALL LEGGT

input cards

CHOOSE KKK N
for hot channel (blanket DO 300 II = 1,H32

or active zone outlet)
CALCULATE KCLAD, KFUEL y

(number of axial spots) //F R
subblock 21
CALL TRIHEX for didentif, Z/ NTDS
of the zone read from
NIDS

K = zone subscript

(W)

KEEP

FLRT(K) = cool.flow-rate in a subassy.
TOUT(K) = cool.avg.outlet temp, "
NSUB(K) = number of subassy, in K

P1STAB, P2STAB

must be calculated

(NONNA = 1)
CALCULATE NONNO and
KOMM(NONNO) for GEOM Yestotal numb,

NUN(NIO) = number of
zones for which this
condition is true

of channels

NIO = 1 for active zone
= 2 for blanket

Do 212 I = 1,NGES
I=chennel subscrist

y

1 NCH = 1 R
( ) , subblock 2y
’ CALL GEOM NTDS

Fia, 8~a, Flow=Chart of Main Program - I




¢

CALCULATE
NCH, NPIN

<::)___.

KEEP
XNCH(I) = NCH
NNCH = NNCH + NCH

DO 212 IS=1,NUSUZ(X)

IS=subzone subscript

Yes v

nom, temp,

CALL FACTO

for ref.temp.

P1STAB
P2STAB
(item I.3.5)

NONNA=1

CALL HOTSPT

for coolant

NNWR=1
CALL INTERP for clad
KEEP max., tempe. T T T
. {
REPEAT
. for fuel
CALL HOTSPT (Clad) ¥
U

ADD hot spot and

hot chann, expect.

W
channel
analysis

DO 291 IS=1,NUSUZ(K)

CALL HOTSA for

212 CONTINUE

cool,.,keep X(K,IS)

FIiG. 8b- Main-Il

! W
REPEAT for Subassy.
clad, fuel analysis

<:> | E1STAB-
| E2STAB




291 ADD the expeetatiocn
values for all subassy.
in the subzone

 SEPARATE active zone 300 CONTINUE

from radial blanket

IV =1 ADD expectation

values over the

whole active zone
(blanket)

NUN(NIC

hot pin expect,

IV = 0 9

CALL HMHS

equivalent zone distr,
for coolant

REFPEAT CHOOSE the zone of
1

w
total hot
element ex for ¢

max. hot channe

probability

CALL HOTCR cool,
clad,fuel

FIG, 8¢ Main-III
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35

36

38
34

DO 205 I=1,NA

NSS=NSS+NSASUZ{K,1)

NSUB{K}=NSS

IF (NSS.EQ.NIBE) GO 7O 206

NERRA =19

GO-TQ 33

WRITE(6,1031) K,FLRT{K)},TOUT{K) y NGES,NST
IFI{NWRITE.EQe1l) WRITE(6,1033) KK,KUBEJKCE,KCA,KOB
NIO=1 '
IF{IBGTsUANDK.GE.IB) NIDO=2

NONNA=0

IFINGESNE2*%{NST+2}) GO TO 3%

CALCULATION OF NONNDO UND KOMM FOR GEOM (SEE GEOM)

NUNINICI=NUNINIO}+]
NONNA=1 _
NONNO={3.+SQRT{9.+12.*FLOATINST=1)))1/6.+C.1
NONNI=2*%NONNO-1
NONNE=NCNNG+1

DO 35 NCN=1,NONNO
KOMM{NON)} =NONNO+NON-1
DO 36 NCN=NONNE,NONNI
KOMM{NCNI=3%NONNO-NON~-1
DO 38 KUl=1,NONNI

DO 38 KU2=1,NONNI

DO 38 KU3=1,5
P1STAB(KUL ;KU2,KU3)=C,
P2STABIKULy KUZ ,KU21}=0.
NNWR=0

NNCH=0

DO 212 I=1,NGES

‘ JKyIK INDEX OF THE CONSIDERED CHANNEL

37

ASTAB QUANTITY FOR CALCULATION OF THE NUMBER OF CHANNELS
IDENTICAL TO JKsIK {NCH)

TH COOLANT NOMINAL TEMP.

THA GUTER CLAD NOMINAL TEMP,
TWM MIDPOINT CLAD NOM.TEMP.
TWI INNER CLAD NCM.TEMP.

TBRA CUTER FUEL NOM.TEMP,
TBRI INNER FUEL NOM,TEMP,
NPIN NUMBER OF PINS ABOUT THE CHANNEL

READI1I0 ) JKy IK)ASTAB{THIJ) 3J=1 KK}y (THALJI) 2 J=1sKK) y {TWUM{JI )y I=1,KK
1)y (TWIGJ)pJd=1+sKK)y (TBRA{J),,J=19KK)y (TBRI{J},JI=1,KK)

IF (NONNA.NE.1}) GO 7O 37

NCH=]1

CALL GECMANONNO s JK,IKy IP(1),3P{1),IP(2),JdP(2},IP(3);JIP{3)sNPIN}
ACCA=1./FLODATINPIN)

GO 10 2C7

NPIN=6,%A5TAB+0.1

IFINPIN.GT.3) GO TO 208

IF{NPIN.EQ.2) GO TO 211



eaNaN e

211

208

2c7

210

213

40
39

NCH=1
GO TO 207

NPIN=1

NCH=2

GO TO 207

NCH=NPIN/3

NPIN=3

XNCH{I) = FLOATINCH)

NNCH=NNCH+NCH

IF(NWRITELNE.1) GO TO 213

WRITE{6+1034) 1,JKsIKyNCHsNPIN,ASTAB
IF(1.LE.NX)NNWR=1 | .

WRITE{6,1C35)

DO 210 J=1 KK |
WRITE(6,1036)20J),THUJI) s THALI) s THMII) yTHI(J) o TBRAG SIS TBRI(I )

INDIVIDUAL CHANNEL ANALYSIS

DO 212 IS=1,;NA

CALL FACTO{(K,IS,ICB;NNWR,,KUBE;KCEyKCA,KOBA}

CALL INTERP{l,ICL,KCEsKCA,RTMAX{1,1IS,13,ZCLMAXsKCLAD,1ZCL)
TIC{L,IS,I)=TICOOL{IZCL)

TIA{1,1S,I)=TICLA{IZICL)

CALL HOTSPT (1 ,ICL,KCLADyIZCLyKy ISy TH{KCE) XLCL,TOTSCL,ENHSCL,
1SPDTCL EQNSPC,0. sNPIN,EQMEANT1 4I5S, 1) ,SCHCL,EQSIG(L,IS,T),ENCHCL }
EHSPCLAK, IS)=EHSPCLIK,IS)+ENHSCL*FLDAT(NCH)
EHCHCLAK,yISI=EHCHCLIK, IS)+ENCHCL*FLOAT {NCH}

CALL INTERP{2,IFLyKCEsKCARTMAX(2,1IS,1),ZFMAXKFUEL, IZFL)
TIC(2,1S,1)=TICOCLIIZFL)

TIA(2:1IS+1)=TICLA(IZFL)

TICLUIS,1)=TICLITIZFL)

TIGUIS, 1)=TIFOU{IZFL)

CALL HOTSPT {2,IFLKFUEL IZFLy Ky ISoTHIKCE) . XLF;TOTSF,; ENHSF,
1SPOTFL,EQNSPF 0 NPIN, EQMEAN(2451S,1),SCHFL,EQSIG(25 IS, I),ENCHFL
IF{NONNASNE« 1o ORo {ENCHFL cEQ 0 o « AND.ENCHCL<EQ.Gs3) GO TOD 39

DO 40 NON=1,NPIN

NIN=IP{NON)

NAN=JP{ NON}

BACCO=ENHSF*ACCA

BICI=ENHSCL*ACCA

IF {(BACCO.GT.ENCHFL) BACCO=ENCHFL

IF {(BICI.GT.ENCHCL) BICI=ENCHCL

PISTABININyNAN,IS)=BICI +PLSTAB(NIN,NAN,IS)
P2STABININ;NAN,IS}=BACCO +P2STABI{NIN,NAN,IS)
EHSPFLIK,IS)=EHSPFLA{K,IS)+ENHSF *FLOAT{(NCH)

EHCHFLIUK, IS )=EHCHFL (K, IS)+ENCHFL*FLOAT (NCH)

CALL HOTSPT{G,0,050,KyISyTHIKCE) yXLL,TOTSC,EN,SPOTC,EQ,
1TCOOL{KKK) y14CMPEQ,SCHC,EQSIG{3,1S,1),ENCHC)

RTMAX{3,1IS, I)=TCOOL{KKK)

EHCHC{KISI=EHCHC{K, IS)+ENCHC *FLOAT{NCH]}

IF (ENCHCH+ENCHCL+ENCHFL.LE.PRMIN) GO TO 212

IFINWRITEeNE«1 cANDIS.EQel) WRITE(6,1034) I,JKyIKsNCH,NPIN,ASTASB

WRITE{6,1046) 1S,TCOOL{KKK) 9 (RTMAX{L,ISsI)201=1,2),7(KKK)},ZCLMAX,ZF
iMAX,TOTSC,TOTSCL o TOTSF,ENHSCL » ENHSF,ENCHC, ENCHCL o ENCHFL » SPOTC, SPOT
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2CL s SPOTFL EQNSPCHEQNSPF ¢ SCHC,SCHCL ,STHFL,CMPEQ, {EQMEANIL, IS, 1)L =1
3923;EQSIG!3:239{9:!EQSEG(L?!S:I)$L=1923

212 CONTINUE

61

63

50

52

291

WRITE(6,1050)
SUBASSEMBLY ANALYSIS

DO 291 IS=1:NA

CALL HOTSA(NGES,IS,0,RTCS{K,IS)4Ks0yTHI{KCE)SIGSCIK,1I5)
1,SIGZCIK,ISY sSIGCCUK,ISY »EQMSCIK,IS),EQCHCIK, IS, AA{1},AA(4))
CALL HOTSAUNGES;IS+1,RTCLSIK;IS) Ky ICLsTHI{KCE) SIGSCLIK,IS),
I1SIGZCL{K IS} »SIGCCLA(K,,IS)yEQMSCLIK,IS)oEQCHCLIK,IS)AA(2),AA{5))

CALL HOTSAUNGES sIS2sRTFLSIKIS) yKIFL s THIKLCE) , SIGSFLIK,IS),
ISIGZFLEK IS SIGCFLIK, IS EQMSFLIK,IS), EQCHFL(KyIS?,AA!337AA(§3§

CALL PONT{SEQSC{K,IS),SEQSCLIK:T1S) SEQSFLIK,IS),EXPSCIK,;IS),EXPSCL
UK, IS EXPSFLIK,IS) :AA,6)

WRITE(641043) IS'RTCS(Kylsl:RTCLS(K,XS)'RTFLS{Ky{SQaSIGSCiK,!Siy
ISTIGSCLUKeIS)YySIGSFLIKISY,SIGZICIK,IS)sSIGZICLIK,IS),SIGZFLIK,1IS),
2SIGCC{KIS) ySIGCCLAKsIS) oSIGCFLIK,1IS),EQCHCIK,IS),EQCHCLIK,I5),EQC
BHFLIKIS),EQMSCLK IS EQMSCLIK,ISH,EQMSFLIK, IS)SEQSCI{K,IS),SEQSCL
(K ISy SEQSFLIKIS) s EHSPLLIK IS ) sEHSPFL(Ky IS}y EHCHCIK, IS), EHCHCLIK
5,151 EHCHFLI{K,; IS yEXPSCIKSIS) EXPSCL{K, ISILEXPSFL{K,IS)

EN=FLOATINSASUZI{K,IS))

~ITFINONNA.NE«1s0Rs {EHSPFLI{K, IS}, EQ Oc0sANDe EHSPCLIK; IS).EQ.D.}) GO
170 52

WRITEL6,1056)

DO 50 KUl=1,NONNI

NONNE=KCMMIKUL}

DO 50 KUZ2=1 yNDNNE

IF(EXPSCLIK, IS).EQe0.) GO TO 61

P1STAB(KUl,KUZ2,1IS)= PlSTAB(KUi’KUZ,IS)/EX?SCLiKoIS}

IF (P1STAB{KUL yKU2+151.GT.1ls) PISTABIKU1l,KU2,IS)=1.,

E1STAB{K,IS)=E1STABIK,IS)+P1STAB{KUL,KU2,15)

IF{EXPSFLIK,IS).EQ.C.} GO TG 63
P2STAB{KUL yKU2 s IS)=P2STAB{KUL yKU2yISI/EXPSFL{K, IS}

IF (P2STAB{KULsKU251S).6Telo} P2STABIKUL,KU2,IS)=1.,

E2STABIK, IS)=E2STAB{K,IS)+P2STAB{KU1l,KU2,1S}

IF (P1STABIKUL sKU2,IS)+P2STABI{KU1,KU2,IS}.EQ.G.3} GO TO 50
WRITE{6,1057) KUl,KU2, PlSTAB(KUi:KUZ,IS) P2STAB(KUL1,KU2,+1S)
CONTINUE
WRITE(6,1058) ELSTAB{KsIS),E2STABIK,IS}.
ELSTAB{K,IS)=E1STAB(K,IS)*EN *EXPSCL{K,1IS)

E2STABI{K,ISIi=E2STAB{K, ISI*EN *EXPSFiiK 1s8)

EHSPCLI{K,1S)= EHSPCLI(K,IS)*EN

EHSPFL{K,IS)= EHSPFLAIK,ISI*EN
EHCHC (K, IS)= EHCHC (KsIS)*EN
EHCHCL{K,IS)= EHCHCL{K,IS)*EN
EHCHFL(K,IS)= EHCHFL{K,IS)*EN

EXPSC {KyIS)= EXPSC (KsIS)I*EN
EXPSCLI{K,IS)= EXPSCLA{K,IS)I*EN

EXPSFLIK,IS5)= EXPSFLIKyIS)*EN

ERROR CHECK .

 NNNCH=2%{NST+2)

IF (NNNCH.EQ.NNCH) GO TO 3&9



GO0

300

301

363
304

305

320

60

N
{2

WRITE(5,1037) NNNCH,NNCH
NERRA=20
GG 1O 33
CONTINUE

SUMMARY OF HOT ELEMENT EXPECTATION

ILu=0

IF (IB-1}) 301,302,303

II=NZ

GO TO 304

{i=1B~-1

K=1

WRITELS6,1051)

I1=1

WRITE(6,1053)

IF{NUNTT1).EQ.II-K+1} ILU=]

DO 320 I=1,2

DO 320 J=1,10

EXPEC(IJ)=0.

A=1GOGO [

B=1C0CGC,

C=10000.

DO 310 I=K,;11

NA= NUSUZ{I}

DO 310 J=1:NA
EXPEC{I1,1)=EXPEC{I1,1)+EXPSC (1,4)
EXPEC{I1,2)=EXPEC{I1;2)+EHCHC (I,J)
EXPEC{I1,3)=EXPECII1+3)+EXPSCL{IJ)
EXPEC(I1l,4)=EXPEC{I1,4)+EHCHCLII,J)
EXPEC{I1:5)=EXPECII15)+EHSPCLII, W)
EXPEC{I1,6I=EXPECIIL 86)+EXPSFLI{I+J)
EXPEC{ILly7I)=EXPEC{I1,7)+EHCHFL{1,,J)
EXPEC{I1,8i=EXPEC({I1,8)+EHSPFLII,J)
IF {ILU.NE.1}) GO T4 60
EXPEC{I1,GI=EXPEC{IL1,9)+EISTABL{I,4}
EXPEC{I1,10}=EXPEC(I1,100+E2STAB(1,J)
EN=FLOATINSASUZ{1,4))

CALL HMHS{SEQSC{I,J)sENs»E,D)
RTMAX{14J,1I )=E+EQMSCII ,J)
EQSIGI{1:5J,13=D%*%2+5I6GZC{1,J)%%2
CALL HMHS({SEQSCL{I 33 ,ENyE.D}
RTMAX{2,J,1)=E+EQNSCLA{I I
EQSIG{2+J, 1 )=D*%2+5IGZCL{T, J}¥%*2
CALL HMHS{SEQSFL{I,J)sEN,E,D)}
RIMAX{3,J I )=E+EQMSFLI(T,J)
EQSIG{35J,1)=D**2+SIGZFL{I,Ji*%x2
D=TC~{RTCS{IsJI+RTMAX{ 1, J, 1) +3%SQRT(EQSIGILl,JsI)+SIGCCIIyJ)%%2+57C
1*%2})

IF{D.GE.A} GO TO 306

A=D

KO1l=1

K02=J ;
D=CRTCL{IsJI~IRTCLSUTI s JI+RTMAXL2yJy 1 )+3*SQRT(EQSIGI25Jy II+SIGCLLALE
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1, ) %%2+LRSTCL{I2J)%%2})
IF{D.GE-B) GO T0O 307
B=D
KG3=1
KO4&=J
307 D=CRTF{1,J)-{RTFLS(I s J)+RTMAX{(39J 1) +3%SQRT{EQSIG(3,J,1)+SIGCFL{:
1Ji%%2+CRSTF{I, J)%%2)})
IFID.GELC) GO 7O 308
C=D
K35=1
KO6=J
308 DO 309 i2=1,3
300 EQSIGII2,J51)=SQRTL{EQSIG{I2+d,1))
WRITE{S:1054) 1:J:EXPSCLIJ)+EHCHCLIJ)EXPSCL(], J39£HCH£L(I?J)y
1EHSPCLL I, J) oEXPSFLI{I s Jd) yEHCHFLL T, d),EHSPFLII U]}
IF{ILU.NEs1) GO 70O 31¢
HRITE{6,1059) EL1STABLT,.d),E2STAB(I,J}
310 CONTINUE
WRITE(6,1055) (EXPEC{I1+s1),1=1,8),K01,K02yK03,K04sK05,K06,RTCS{KO1
1, KO23 s RTCLSIKO3 K04 s RTFLS{KO54KOB )y TC,CRTICLIKO3,K04), CRTFIKOS; KO
26) sRTMAX{ 1 ,K02,K01) s RTMAX{2,K04,KG3),RTMAX{3,K06,K0O5),EQSIGI1,K02,
3KO1}yEQSIG{2K04:KDB3),EQSIG{3,K06,K05}

CORE ANALYSIS
CALL HOTCR{I1l,K01,K02yKCHyK,11,14PRCH,ILU)
CALL HOTCRIUI1+KO5, K06, KFLyKyI143,PRFL,ILU)
CALL HOTCR{I1,KO3,K0%sKCLsKyII,2,PRCL,ILU}
IF (IB.lE.0.OR.11.EQ.2) GO TO 350
302 II=NZ
K=1B
I1=2
HRITE(651052)
GO 10 305
FLOW-RATE OPTIMIZATION
350 IFIKCL-EQ.2}) CALL FLOPTINZ)
FORMAT STATEMENTS

1029 FORMATU1HL s *NOMINAL THERMAL DESIGN? ,5X,°DATE *;A8,SXs*'TIME *,A8/7//
21X *INFQO = ',201&41!11}(,

1, *ALL TEMPERATURES AND STANDARD DEVIATIONS ARE EXPRESSED IN CENT.
2DEGREESY/ /771X, TNOMINAL COOLANT INLETY TEMP.='9F10 2717713

1030 FORMAT{1X,*5UB. INDEX=%,315}

1031 FORMATI1H1 940X 9Z0ONE ?,12//1X,'FLOW RATE =?,F10.29? GR/SECT" 425X, 7A
IVERCODLANT QUTLET TEMP.=",F10.2/71Xs "NUMBER OF SUBCHANNELS CALCUL
2ATED =',15,15Xs YTOTAL NUMBER OF PINS =?,1I5//7720X+* 1., CHANNEL ANALY
451577713

1032 FORMAT{L1X; °NBE=",1101}

1033 FORMATI{1Xy " KK 73135 X *KUBE=9 135X KCE="5313,5X,'KLA=7,1345Xs KB
1A=1,13//7) ) |

1034 FORMATU1X, *SUBCHANNEL ¥ 31547 {7,13,%:7,13,73%,10X, "NUMBER OF IDENT.
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1 SUBCHAN, " 915,10X, *NUMBER OF SPOTS 7,12, {ASTAB=" yFB8.29%)7/1%+6552
2H=-=1)7/71)

1035 FORMAT{ICX s 27 o 15X o *THY J 14X "THAY y 13X, " THWM', 13X, *TWI®*,13X,?TBRAF,
112X,*TBRI?®) :

1036 FORMATI{3X,F1l0e2+6{7XsF10.2})13

1037 FORMAT{1X, "NNNCH=?*,15, *NNCH=?,15)

1639 FORMAT{1X, *HOT CHANNEL CONSIDERED AT QUTLET OF ACTIVE ZONE*//)

1040 FORMAT{1X, "HOT CHANNEL CONSIDERED AT DUTLETY OF AXIAL BLANKET*//}

1041 FORMAT{1X, YHOT SPOT CONSIDERED ON THE CLAD QUTER SURFACEY//)

1042 FORMAT{1X, *HGT SPOY CONSIDERED AT CLAD MIDPOINT'//)

1043 FORMATU{1X, "HOT SPOT CONSIDERED ON THE CLAD INNER SURFACE'//)

1044 FORMATU{1Xs *HOT SPDT CONSIDERED ON THE FUEL DUTER SURFALCEY//}

1045 FORMAT{1Xy "HOT SPOT CONSIDERED ON THE SURFACE OF THE FUEL INNER CH
IANNELY/ /) .

1046 FORMAT{ 40X, "SUBZONE®12/30X+s? COCLANT °,2GX,° CLAD 520K, 0
1FUEL"/1X, *REFERENCE TEMPERATURES "y 7X9F10.292120XsF10.2)171Xs *AT HEI
2GHT {CM) *»14XsF1062,2120X9F10.2)71X, *TOTAL STANDARD DEVIATIONS?;4
3XyFl0e2:2{20XsF10.23 71X *EXPECTED NUMB.OF HOT SPOTS?,13X,2(20X5:E1D
433 71X, "HOT CHANNEL EXPECTATION?y6X:E106392{20XsE1G.3371X,
17L0CAL STAND.DEVIATIONS* 37X F10.292120XsF10.2371X, PEQUIV.NUMBER OF
2 HOT SPOTS*,:14X2(20XsF10.2371Xy YCHANNEL STAND.DEVIATIONS?',5X,
3F1062:2120X9F1 0621 /71Xy "M=CH=EQ? 92X 93 {20XsFl0e2)/1Xs *S=LH=-EQ'»2X>
43{120X,F103.24/7/7713

1048 FORMAT(40X, tSUBZONE 312/ /741X *COBLANT? 425X Y CLAD® s 26X, *FUELY/ /71X,
1'REFERENCE TEMPERATURES ' 31 7XsF102+92{(20X+F10.2)71X, *SUBASS. STAND.
CDEVIATION ' s 16X 3F 1042921 20X9F10e23/71X,*Z0ONE STAND.DEVIATION®19X,F1
30,29 2(2CXyF1Ce2)/71Xs "CORE STANDSDEVIATION? 3 19X3F10e292120X,F10.237
41Xy "EQUIV.NUMBER DOF CHANNELS ' 315X sF10s292120XsF10,2371Xs"M-S=EG?,
513X 3{20XsF1Gs23/1X9 *S=5=EQ*,13X+3{20XsF10.23/1Xs *HOT SPOT EXPECTA
6TION IN A SUBASS. " 16X,2{20XeE10.33/71X,*HOT CHANNEL EXPECTATION IN
7 A SUBASS. *93X9E10e3:2{20X:F10:3171X,;7HOT SUBASS.EXPECTATION', 17X,
BE1G.342(20XsE10e3)/71X4865{2H-~}/777)

1050 FORMAT{1H1 20X +72.SUBASSEMBLY ANALYSIS®///})

1051 FORMAT{1H1 4CX,YACTIVE ZONE'//7)

1052 FORMAT{1H1 40X *BLANKET*///)

1653 FORMATIL ' SUMMARY 0OF HOT ELEMENT EXPECTATION®/* ZONE,SUBZ. *39X,°C
100LANT " 329Xy "CLAD Y 939X *FUEL Y/ 14Xy *SUBASS. ' 26X, "CHANNEL 952{9X5?SU
2BASS. 76Xy YCHANNEL Y, 6X,,*SPOT *)/7)

1054 FORMATL1Xy I35 %y 1294Xy2{E10:3+93X)214X23(E10.3,3X)))

1055 FORMATL1Xy 651{2H==)/" TOTAL ' 95X+21E103+3X)+2(4X+s34E103,3X3}/77% R
1EFERVZONE " 99Xy 149 9% 912928X9145%9%912937X9149%9%,127" REFER.TEMP,?
29 TXF1D 02 25XsF10:2934X9F1027" CRITWTEMPoT 98Xy F1l0e2925X9F10s293%X
AsFl0.2/7" M=Z-EQ',12Xy Fl0.2:25X3F10+2934X,

BF10.2/" 5~2=FEQ*312XsF10e62+425X+sF10.2+34X:F10.271)

1056 FORMATC(?' HOT PIN EXPECTATION PER SUBASS*/74Xe?11%e3X%12%,28X,70LA
1D® 426Xy *FUEL?)

1657 FORMAT{1X,215,2(20X+F10.2}) . :

1058 FORMAT{1X,6512H~=1/7% TOTAL'+5X,2{20X,F10.,237/77}%

1059 FORMAT{54X:E10e3433X4E10.3,5,15X,*{PINS)})

2000 FORMAT(1X,*ERROR®*,I2)

' STOP
END
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II1.2 SUBROUTINE LEGGI(NZIB,ICBy ICL, IFLyXLFoXLCL,AA,BB,NERR,NWRITE,NX;

OO0 OOOO0OCOOOOnMOOOOO0Nn

IKCHyKCL;KthPRMIN:PRCH;PRCL PRFL}

SUBRDUTINE FOR REAQING THE INPUT CARDS

NZ =NUMBER OF ZONES o
I8 =INDEX OF THE FIRST RADIAL BLANKET ZONE
_ IF (IB.LE.O} THERE IS NO RADIAL BLANKET
iCB - =IF(ICB.EQ.1) THE HOT CHANNEL IS CONSIDERED AT AXIAL
BLANKEYT OUTLET,ELSE AT ACTIVE ZONE OUTLEY

iciL - =1F {ICL.EQ.1} HOT SPOT ON THE CLAD OUTER SURFACE
: IF {ICL.EQ.2) HOT SPOT ATV LLAD MIDPODINT
If {ICL-EQ.3} HOT SPOT ON THE CLAD INNER SURFACE

IFL =[F{IFL.EQs1} HOT SPOT ON THE FUEL OUTER SURFACE
IF{IFL.EQ.2}) HOT SPGT ON THE SURFACE OF FUEL INNER CHANNMEL
XLF =LENGTH OF FUEL HOT SPOT :

XiCL =LENGTH OF CLAD HOT SPOT

AA,BB =0ONE DIMENS.ARRAYS -AUXILARY QUANTITIES

NERR =0NE DIMENS-.ARRAY FOR ERROGR MESSAGES

NWRITE =QUANTITY CONTROLLING THE OUTPUTS IF.EQ.1 ALL NOM.TEMP,ARE

PRINTED

NX =QUANTITY CONTROLLING THE PRINTING DF THE NOM.TEMP.JMODIFIED
BY THE SYSTEM.FACTORS

KCH =IF{KCH.GT.0} THE EXPECT.MAX.TEMP. FOR THE COOLANT IS

EVALUATED AS A FUNCTION OF THE CONF.LEVEL
KCLsKFL=THE SAME AS KCH FOR CLAD AND FUEL RESPECTIVELY
IF {(KCL.EQe2} THE FLOW RATE DISTRIBUTION WILL BE OPTIMIZED
PRMIN =THE INTERMEDATE QUANTITIES ARE PRINTED ONLY FOR THE
, CHANNELS FOR WHICH THE. HOT SPOT PROBs IS.GT.PRMIN
PRCH,PRiL,PRFL=?REASSIGNED CONFIDENCE LEVEL FDOR COOULANTY,CLAD,FUEL
RESPECT,,,GIVEN AS RATI(O OF DEVIAYICON TO STANDL.DEV.
[F.LE.G A HOT SPOT FACTOR FOR A SUCCESSEIVE ITERATION WILL
NOT BE CALCULATED :

DIMENSICN CRTF{3G,5}),CRSTF{30,5),CRTCL{30,53,CRSTCL{30,5),NAL(150}
sNA2(15C)sSFCI30+5) 4SFA(30,5) ,SFG(30,5),SFF{30,5),5FP(30,5}

s ZSDTLL30,;5);2SDTAL30,5),2ISDTCLI30,5),2SDTG{30,5},ISDTF{30,51},
SSDTC(30s5)2SSDTA{30,5},SSOTCL{30+5),SSDTG(30,5},SSDTF{30,451},
PSDTC{30+5)+PSDTAL30,5),PSDTCLI30+5),PSDTGL3C,5),PSDTF(30,51),
LSDTC{30;5),LSDTA{3045),LSDTCLA30,5),LSDTGI{30,5),LSDTF{30,5},
ZSDP{30+5)9ZSDFT{30+5),AA{6),BB{6),CC{6),0D(6),EELH)EFLS),
SSDP{3G+5) s SSOFT(30,5),PSDP{30,5)yPSDFT(30,5):GG(6),
LSDP{30,5) s NERRIS5)

DIMENSION Z{30),TH{30) ,TWAL{30), TWM{30),TWI{(30),TBRA{30),TBRI{30},

1FLRT{30),TOUT(30),TCOOL(30) o TCLAI3G),TCLMI3C),TCLI{30),TFOUL30),

2TFI{30C)yTICOCL{300)}, TICLAL300), TICLM{3C0},TICLI{300),TIFO(300),

3 TIFI(3GC)YZI(300) ,EHCHC{30,5) +EHCHCL{30+5),EHCHFL{30,5}

COMMON EXP,CONST,KOMM{20),IN1(2,30),NUSUZ{30},NSASUZ{30,5)}

COMMON SFCoSFAySFGySFF ySFPyTHyTWA, TWM,TWI,TBRA, TBRT,Z,TCOOL,
1TCLASTCLM,,TCLI s TFOTFI,TICOOL 4 TICLA, TICLM,TICLIsTIFO,TIFI,Z1I,CSDTC
2,CSDTA,CSDTCL ,CSDTG,CSOTF,CSDP,CSDFT , ZSDTC, ZSOT AL ISDTCL2SDTG,2SDT
BF,SSDTCsSSDTAgSSDICL:SSDTG:SSDIF;PSDTC;PSD?A;PSDTCLpPSQTGsPSDTFgLS

WO N

SQCRTF CRSTF, ﬂRTCL=CRS¥C1 9TC STC FHCHﬁ:EHCHQL:EHﬁHFL
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11
12
20

- STC =STAND.DEV. OF TC
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REAL LSDTC,LSDTCL,LSDTA,LSDTG,LSOTF,LSDP
DATA NERRA,NERRB/2%0/

KO™MM =FREE COMMENT FOR JOB IDENTIFICATION

NBU =NUMBER OF BLOCKS OF INPUT CARDS FOR THE UNCERTAINTIES
NBF =NUMBER OF BLOCKS OF INPUT CARDS FOR THE SYSTEM. FACTORS
NBT =NUMBER OF BLOCKS OF INPUT CARDS FOR THE CRITIC.TEMP,

READ{5, 10CC )KOMM,NZ yIBsNBUyNBFyNBT, ICBy ICL, IFL,KCHyKCLo KFLyNWRITE,

INXyPRCH,PRCL,PRFL,PRMIN

WRITE{6,10C1) KCMM, NlaIB:NBU:NBFvNBT,ICB:ICL:IFL;KCH,KCL,KFL NHWRIT

1EsNXyPRCH, PRCL, PRFL 4 PRMIN

ERROR CHECK
TFI{NZLTe1.0R.N2Z.GT.30) NERR(1) = 1
IF(IB.GT.NZ) NERR{2)=2
IF (NBULLE.O.ORJNBF.LE.O.OR-NBT.LE.0} NERR{3}=3
IF {ICLoLT2140ReICLoGTo340RIFLLT.1.0R.IFL.GT42) NERR(4)=24
CALL MESSER(NERRs4sNAs1)

NUMBER OF SUBASSEMBLIES IN THE SUBZONES

1z =ZONE INDEX
11,12,I3=INDICES OF THE SUBASS.CHARACTERIZING THE ZONE,IN A TRI-
COORDINATE SYSTEM, THEY ARE TRANSFORMED IN THE TWO NON-REDUNDANT
INDICES IN1,IN2 BY THE SUBROUTINE TRIHEX

ISZ,NUSUZ(1)= NUMBER OF SUBZONES IN THE ZONE I

KOMM  NSASUZ{1,J)=NUMBER OF SUBASS. IN THE SUBZONE J4 OF THE ZONE I

WRITE{6,1003)
DG 20 I=1,NZ
READ(551009) £Z,11,12,13 c1SZ, (KOMM{J) ,d=1,5)
ERROR CHECK
IF(IZ.NE.I)  NERR{l)=4
IF{I152.1T.1.0R.15Z.GT.5) NERR({2}=5
CALL MESSER(NERR,2,NA,0}
NUSUZ(I)=1SZ
CALL TRIHEX(I1,12,13,INL{141),IN1{2,1))
IF (NA.EQ.G) GO TO 11
NERR(1)=0
NERR{2)=0
1S2=5
NERRA=1
DO 12 J=1,152 |
NSASUZ{T ;J) =KOMM{ J}
WRITE(6,1C05) 1Z,T11,12,13 sNUSUZLI)y (INSASUZ(T9d)sJd=1,15Z)
WRITE(6,1006)
IF(NERRA.GT.0) STOP

CRITICAL TEMPERATURE AND SPOT LENGTH
ic =CRITICAL COOLANT TEMP.

CRTF =CRITICAL FUEL TEMP.
CRTCL =CRITICAL CLAD TEMP.

g gy ey
aEaNeNel
i S o

S
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c

OO0 G OM

800
801

32

100

112
115

CRSTF =STAND.DEV. OF CRTF

tc
CRSTCL =STAND.DEV. OF CRTCL tc

)
}

INITIAL VALUE FOR EHCHCL,EHCHF;,EHCHC,SchPsvrc

" IF {NBT.NE.1) GO TO 800

READI{S5:1007) XLF:XLCL,TCSTC, AA(l):(BB(LJ:L—I,B)
WRITE(6,1008) XLF,AA(1),BB(1)sXLCLsBB{2)+BB{(3),TC,S7C

GO 70 801 ‘ ' o : .

READ{5¢ 1007) XLF¢XLCLTC,STC

WRITE(6,51012) XLFoXLCL,TCoSTC

DD 32 I=1.NZ

NA=NUSUZ{1}

NERRB=NERRB+NUSUZI{I}

DO 32 J=1:NA

IFINBT.EQ.1}) CALL PGNI#CRSTF%I:J):CRTiL(isJ)gCRSTCL(iyJ?:ArBerBEg

13}

CALL PONIILRIFII, J)gEHCHCL(I,J)gEHﬂHFL(I,J)yEHCHC(IsJ),SFﬁli,J’,

ERRDR CHECK o

IPSDTCUIJ) AN, 86)

IF {NBT.GT<NERRB) NERR{1l})=56

IF INBF.GT.NERRB) NERR{2)=7

IF {NBU.GT.NERRB} NERR{3)=8

IF{XLCL oLEQeDo DR XLF.LEsD} NERR{%4}=22

CALL MESSER{NERR,4,NA,1) ,

IFINBT.EQ.1) GO 1D 100

CALL CRTYSF{CsNERRysNBT,CRTF;LRSTF, CRTﬁL,CRSTCL:SFP,NZvNERRBv

INAL  NAZ2)

WRITE{6,1006)

SYSTEMATIC FACTORS

SFC =SYSTEMATIC FACTOR FOR COOL.TEMPLRISE

SFA =SYSTEMATIC FACTOR FOR COOL.-CLAD HEAT TRANSFER
SFG =SYSTEMATIC FACTOR FOR FUEL -CLAD HEAT TRANSFER
SFF =SYSTEMATIC FACTOR FOR INNER FUEL TEMP.DROP

SFP =SYSTEMATIC FACTOR FOR POWER

EXP,CONST=QUANTITIES FOR CORRELATION BETWEEN COOL.FLOW-RATE AND
COOL-CLAD HEAT TRANSFER (SEE HCLNT)

HRITE{6,1014)
IFINBF.NE.1) GO TO 115
READIS,1007) tAA(L),L=1,45)
WRITE(6,1016) {(AA{L},L=1,45)
ERROR MESSAGE _
IF (AALL1) cLED oD DR AAL2) cLE-D0:0.0RAA(3)cLEQODORAA{4)LE.C.D,
10R. AA{5)}.LE.D.0) NERR{5)=13 ‘
DO 112 I=14NZ
NA=NUSUZ{I}
DO 112 J=1,NA
CALL PONI(SFC(I;J);SFA(X:JQ:SFG(I;J%sSFF!iaJ37SF?ii9339AgAAy§)
GO 710 130
CALL CRTSF{1,NERR, NBF.SFC SFA, SFG SFF,SFP;NZ:NERRB:NAlaNAZ?
HRITE{6,1006)
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130 READ(5,1007) EXP,CONST
WRITE(S91038)EXP,CONST

NOTATION FOR THE UNCERTAINTIES

XSDYY -

X= C CORE, Z ZONE, S SUBASS. ,P PIN OR CHANNEL, L LOCAL

SD=STAND. DEV. .

Yy = TC CODLANT TEMP.RISE AT THIS POINT REL.VALUE
TA CLAD-COOL.TEMP.DROP AT THIS POINT REL.VALUE
TCL TEMP.DRGP ACROSS THE CLAD AT THIS PDINT REL.VALUE
TG FUEL-CLAD TEMP.DROP AT THIS POINT REL.VALUE
TF INNER FUEL TEMP.DROP AT THIS POINT REL.VALUE
P POWER AT THIS PODINT REL,VALUE
FT FIXED TEMP, o , t C)

FOR INST. CSDTG=STAND.DEV. OF CORE UNCERT.ACTING ON THE TEMP.DROP
FUEL~-CLAD

CORE UNCERTAINTIES

CALL UNCERT{1,CSDTC,CSDTA,CSDICL,CSDTG,CSDTF, CSDP,CSDFT,NATO)

WRITE(6,1606)

WRITE{6,1020)

WRITE(6,1021)CSDTC,CSDTA,LSDTCL,CSDTG,CSDTFLCSDP,CSDFT
OTHER UNCERTAINTIES

DO 200 I=1,NBU

WRITE(6,1622)

IF{NBUJEQ.1) GO TO 132

READ{5,1009) Ny {NAL(J) NA2{J),3=1,N}

NERRA=NERRA+N

WRITE(6,1023) (NAL(J},NA2(JI)sJ=1,N}

WRITE{6,1006)
132 DO 140 J=2,5

IF (J.EQ.2} WRITE(6,1024)

IF (JeEQe3) WRITE(6,1025) -

IF (J.EQ.4) WRITE(6,1026)

IF (JoEQ.5) WRITE(6,1027)

NJ=J-1

CALL UNCERT{JyAA(NJI} yBBINJII,CCINJ) DDINJI)oEEINII,EFINI)¢GGINJ I,

INATA) |

NATO=NATO+NATA
140 WRITE{6,1006) ‘

IF{NBU.NE.1} GO TO 150

N=NERRB

NERRA=N

K=0

DO 151 J=1,NZ

NA=NUSUZ{J)

DO 151 KK=1,NA

K=K+1

NAL{K)}=J
151 NA2(K)=KK




156

141
142

143
145
200

181

182

183

184

185

180 €O

191

DO 145 J=1,N

NA3=NA1{J}

NA4=NA2{J}

ERROR CHECK :

IF{NA3.LT.1.0R.NA3,GT.NZI) GO TG 141

IF{NA4.LT.1.0RNA4.GT- NUSUZINA3)) GO TO 142

IF{PSDTCINA3 )NA4) s GE.C Q0 AND.NBUJNE.1} GO TO 143

CALL ?ONIIZSDTS(NAB,NAéi,SSﬂTC(NAB;NA4)gPSQTC{NA3:NA6)1LSDYC{NA39&
1A4) 3 A3ByAA,4)

CALL PONI{ZSDTA(NA3,NA4)5SSDTA(NA3,NA4), PSDTA!NAB:NA4),LSDTA(NAB;N
1A4) ;A,B,8B,4)
CALL’?GNIiZSDTCL(NAB;NA&),SSDTCL(NAB;&A#);PSDTCL(NABoNA#!yLSDTCLi
INA3sNA4) 3 AsB4CCyr4)

CALL PONI{ZISDYG{(NA3,;NA4} sSSDTG{NA3;NA%4 ) PSDTGINA3,NAS),LSDTGINA3.N
1A4},A:,B,DD,%3

CALL PONI{ZSDTF{NA3;NA4}sSSDTFINA3,NA4)},PSDTFINA3,NA4),LSDTFINA3,N
1A4) ,A,B4EE %) ’

£ALL PONI(ZSDPINA3,NA%4)»SSDP{NA3, NAéi,?SDP(NAB,NA#)aLSDP!NAB;NAQ)@
1A;BoEFs4)

CALL PONI{ZSDFT{NA3;NA4}SSDFTI{NA3,NA4),PSDFT{NA3,NA4),A,B;C+GG,31}
6Q TO 145

NERR(1)=9

GO 70 145

NERR(2}=10C

GO TO 145

NERR{3}=11

CONTINUE

CONTINUE

IF{NERRA.NE.NERRB) NERR{41)=12

WRITE{6,1022}) -

DO 19C K=1l,4

IF({K.EQel) WRITE(6,1024)

IF{KeEQe2} WRITE{6,1025])

IF{K-EQse3) WRITE(6,1C26)

IF{K.EQe4) wRITE{6,1027)

WRITE{(6,1C20)

DG 180 I=1,NZ

NA=NUSUZ{ 1}

DO 180 J=1,NA

GO T0{181,1825,183,1841),K

WRITE(H6,1028) 1,J,ZSDTCHI3)s2ZSDTALT»J)ZSDYCLLTSJI»2ZSDTG{I4d),
1 ZSDTF{144),2ZSDPLI,3),ZSDFTII,4)

GO TO 185

WRITE(6,1028) I,JrSSDTC(IyJ)sSSDTAiI:J):SSDTCLiI,J%,SSDTG!I,J),
1 SSOTF{I,J):SSDPUIJ),SSDFT{I,J}

GO 70 185

WRITE(6,1028) 14J,PSDTC{T+J)+PSDTA(I4J),PSDTCLLI,J)sPSDTGL{I,Jd),
1 PSDTF{1,J),PSDPL{I4J),PSDFT(I I

GO TO 185

WRITE(641028) 15Jd,LSDTCEI-J)LSOTALI J)LSDTCLLIJ)LSDTGITL,4)y
1 LSDTFU1,3),L5DP1I,3)

IF{NBU.EQs1.AND.J.EQ.1} GO TO 191
' %llf’
WRITE(6,1CGC6)
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150 CONTINUE
CALL MESSER{NERR,5,NB,1}
IF{NATO.GT,.0} STOP

FORMAT STATEMENTS

1000 FORMAT(2CA4/1315/4F10.7)

1CC1 FORMAT{1H1 455X *THEDRAY////71X,20A47/7/1Xy *NZ=NUMBER OF RADIAL ZONE
is= ’,I3!ile’(IB=',13,8X,'NBU=',IB,SX,’NBF=',IB;SX,'NBI=‘,IB,8Xg
Z'ICB='313QBXg’ICL='yI398Xy‘iFL="I3/' KCH=',§3,8X;'K£L='9 IB,SX,
3IKFL=", I3;8X; "NHRITE=7,13,5Xy*NX =%,13/" PRCH=?, F6.3,8Xs*'PRCL="Y,
4 FHoe3y8XAe "PRFL=%, F6,3,8Xy?PRMIN=,E1G.3," 177/

1003 FORMAT{6X, * IZONE INDEX T,*SUBZONE NUMBER *,° NSUB1 Ty

16Xy INSUB2',10X,'NSUB3',10X »*NSUB4',10X,*NSUB5*/})

1005 FORMAT(1X, 12,% {9;;13,%,%,135%,%,13,%}7,8Xs7(15,10X}}

06 FORMAT{1X,651{2H--1//7) ‘

1C07 FORMATI{8F10.4)

1008 FORMAT(20X,?SPOT LENGTH® 99Xy "CRITIC.TEMPLT 38X *STADEV."/24X,%CM,1
17Xy * €%316X3? C*//1Xs FUEL? y15X3Fl04299X9Fll.298X,F10.2 /71X, 'CLAD?
2915X3F10.299X3F10.2358Xy F1l0.2 71Xy 'CODLANT * 331X F10.298X,F10.2777)

1069 FORMAT(1615)

1012 FORMAT{1X, *FUEL SPOT LENGTH =',F10.2,' CM*,31X,*CLAD SPOT LENGTH =
1%y Fl0.2:? CMY*/1X,'CO0LCRITC.TEMP, =?,F10,2,°% OL',31X,'ST.DEV, =%,
29XyF10.2,% 0C*777)

1014 FORMAT{1X, *SYSTEMATIC FACTORS 12X, 'COOLANT FLOW RATE',S5X, 'CLAD-
1C00L, DT'513X9 'GAP DT %,8Xs"INNER FUEL DYT* 13X, *POWERY)

1016 FORMAT{35X,4(F10.4,10X)9F10.4/77})

102C FORMAT{1X; "ST.DEV.*y12Xy 'CO0L.T JRISE® 44X, *CLAD=-CODL . DT *,3X,
1°CLAD DT 60X, "FUEL-CLAD DT ®*,4X " INT FUEL DT ;6X s *POWERY , TXy ' FIXE
2D TEMPo® /25Xy 51 ReVo 911X) s C'/1X9y?Z0ONE? ,8X5* SUBZONE?)

1021 FORMAT{16X,7T{5XFT10+4)1}

1022 FORMAT(1H1)

1023 FORMAT{1Xs*UNCERTAINTIES FOR THE SUBZONES?* 31X 14{I2, "% ,11," =?}}

1024 FORMAT{1X,; YZONE UNCERTAINTIES?*///)

1625 FORMAT{1X, *SUBASSEMBLY UNCERTAINTIES'///})

1026 FORMAT{1X, *CHANNEL UNCERTAINTIES'///)

1027 FORMATIL1X, *LDCAL UNCERTAINTIES®//7/71}

1028 FORMAT{1X,17,18,7(5X,F10.4))

1C38 FORMAT(1X, 'CORRELATION BETWEEN HEAT TRANSFER AND FLOW RATE=FA=FFR=*
1%EXP~CONST*EXP ®{FFR~1}'/1Xy'EXP=?4F10+4+20Xs"CONST=2,F1C+4/1H1 40
3X, "CORE UNCERTAINTIES*///}

RETURN
END




III.3 SUBROUTINE TRIHEX{I1,12,13,IRINGsIUMF)
IN1=11+412
IN3=13+12
IF{IN1}1,3,3
IF{IN314,1003,1003
TF(IN3-IN111005,1005,1004
IF(IN3)1006,1001.:5
IF( IN3-IN1)1001,1002,1002
1001 IRING=IN1
C SECTION 1
TUMF=IN3
GO TO 99
1602 IRING=IN3
C SECTION 2
IUMF=IRING+IN3-1IN1
GO TO S9
1003 IRING=IN3-IN1
C  SECTION 3
IUMF=2%IRING-IN1
GO TO 99
104 IRING=-IN1
C SECTION 4
TUMF=3%IRING-IN3
60 TO 99
1005 IRING=-IN3
C SECTION 5 |
TUMF=4%TRING-IN3+IN1
GO TO 99
1006 IRING=-IN3+IN1
C SECTION &
TUMF=5%IRING+IN1

Ut G fe e

99 RETURN
END

ITTI.4  SUBROUTINE MESSER{NERR,NsNA;NB)
C
C SUBROUTINE FOR ERROR CHECK
C
C NERR ONE DIMENSIONAL ARRAY CONTAINING ALL 0'S IF THERE ARE NO
C ERRDORS
C N NUMBER OF ERRORS TO BE CHECKED
C NA IS SET =1,1F AT LEAST ONE ERRDR OCCURS
C N8 IF.EQ.1,EXFCUTION IS STOPPED If AN ERROR OCCURS
C

DIMENSION NERRIS)
NA=C
DO 10 I =1,N
IF{NERR{I).EQ.0) GO 70O 10
NA=1
WRITE{6.,2000) NERRLI)
10 CONTINUE

2000 FORMATI1X, *ERRDR®*,12)
IFINB.EQs 1 ANDNA.EQ.,1) STQOP
RETURN
END



IIT.5 SUBROUTINE UNC
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OO0

OO O

OO0

10C0

2600

1¢G1

1662

READING OF AN QNCERTAINYY CARD BLOCK

ERI(KG,DTC,DTA,DICL,DTG,DTF;DP,DFT,NERRA)

KG = BLOCK TYPE (CORE,ZONE,SUBASS.,CHANNEL,LOCAL}

DTC = UNCERT. ON FLOW RATE -

DTA = n n HEAT TRANSFER CLAD - CODLANT

DTICL = " " " CLAD

DIG = o n " " GAP FUEL-CLAD

DTF = " o n " FUEL

pp = n " POWER

DFT = ¢ n FIXED TEMPERATURE {(E.G. INLET TEMP.)

NERRA ERROR MESSAGE

DIMENSION KOMM{20) ,N1(7),SD1{7)
COMMON EX,CO,KOMM
NERRA=0

K=KG N=TOTAL NUMBER OF CARDS N1{I)=NUMBER OF CARDS PER UNCERT.

TYPE

READ(5, 10003 KyNy(N1(I),I=1,7)
FORMATI9IS)
IF{K«EQ.KG) GO TO 1
NERRA = NERRA+]
NERR=14%

WRITE(6,2000) NERR
FORMAT{1X,"ERROR*, 12}
N2=0

DO 2 I=1,7
N2=N2+NI1{I)}
[F{N2.EQ.N) GO TO 3
NERR=15

WRITE{(6,200G0) NERR
STOp

DO 1CC I=1,7
IF{N1{I).GT.C) GO TO 5
SD1(I)=0.

GO 1O 180

S$D=0,

N2=N1(I)

DO 50 J=1,yN2

READING OF AN UNCERTAINTY CARD
K=KG N=IDENTIFICATION OF UNCERT.TYPE
SD2 = STANDARD DEVIATIGN

READ{5,1001) KyNy { KOMM{NN) s NN=1,10},5D2
FORMAT(2I5910Xs»10A4,1CX,F10.4)
WRITE(6,1002) N,{KOMM{NN),NN=1,10),S02
FORMAT{1X,*TYPE*,I5,10X+10A4,10X;F10.4)}
IF(K.EQ.KG) GO TO 6

KOMM=COMMENT




NERR=14
NERRA=NERRA+1
WRITE{6,2000) NERR

6 IFIN.EQ.I) GO TQ 50
NERRA=NERRA+] - '
NERR=16
WRITE(6,2000)NERR

5G SD=SD+SD2**2
SD1(I)=SQRT(SD)

1C0 CONTINUE
DTC =SD1{1)
DTA=SD112}
DTCL=5D1(3)
DTG=SD1{4)
DTF=SD11(5)
OP=SD1(6)
DF T=SD1{7)
IFINERRA.EQ.Q) RETURN
WRITE(6,2001) NERRA

2601 FORMAT{1X,'TOTAL NUMBER GF ERRORS IN THIS GROUP',IS)
RETURN
END

IT1.6 SUBRDUTINE PONI{A;ByCyeyDrFeGyENN)

-SUBROUTINE TO ASSIGN THE VALUE EIN) TO A

[eXeNe!

DIMENSICON Et6])
A=g{1)

B=g{2}

C=E13}

IF (N.EQ.32) RETURN
D=E(4)

IF (N.EQ.4) RETURN
F=E{(5)

IF (N.EQ.5) RETURN
G=E{6}

RETURN

END
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III.7 SUBROUTINE CRTISF{MyNERR,NBF,SFC,SFA,SFG,SFF+SFP,NZyNERRB,NAL1,NA2}

OGO ON

OO O

121
122
123

125

SUBROUTINE FOR MEMORIZING THE CRITICAL TEMP. OR THE SYST.FACTORS
AFTER AN ERROR CHECK ‘

M =0 FOR CRITJ.TEMP- 1 FOR SYST.FACT.
NERR ARRAY FOR ERROR CHECK

NBF NBT yNBF {SEE LEGGI)

SFA CRSTFsSFA { SEE LEGGI)

SFG CRTCL,SFG { SEE LEGGI)

SFF CRSTCL,SFF { SEE LEGGI)

SFp SFP {( SEE LEGGI)

NZ NUMBER OF I0NES

NA1,NA2 INDEX OF ZONES AND SUBZCNES RESPECT.

DIMENSION NUSUZ{30),SFC{30,5),SFA{30,5)+SFGI30s5)ySFF{3G+5),SFP(30
15) s NERR{5) 4yNAL{15C) ;NA2{150),FC{5)}
COMMON DUMM(82) ,NUSUZ

L=4+M

NERRA=(

DO 125 I=1,4NBF

READ{5,10093 Ny {INAL{J]} NA2UJ)»J=1sN}
NERRA=NERRA+N

REAG(5,1007) (FC{J),J=1,5)

IF {M,EQ.C} GD TO 8C

DO 1 J=1,5

IF (FC{J)eLELD.) NERR{5})=13

CONTINUE

DO 125 J=1,N

NA3=NAL{J}

NA4=NAZ{.J}

[y

ERROR CHECK
IFINA3.LT.1,0R.NA3.GT.NZ} GO TO 121
IFINA4 LT 10RNA4.GT.NUSUZINA3}) GO TO 122
IF{SFCINA3sNA4) .NE.C.) GG TO 123
CALL PONI{SFC{NA3,NA4),SFA{NA3,NA4},SFG(NA3,NA%4),SFFI{NA3,NAL),SFP(
1 NA3,NAG) A, FC L}
GG 7O 125
ERROR
NERR(1}=9
GO TO 125
NERR(2)=10
GO 10 125
NERR{3)=11

CONTINUE
ERROR MESSAGE

IF{NERRA.NE.NERRB) NERR{4)=12
IF {M.EQ.C) WRITE {6,1011)

IF {M.EQ.1} WRITE (6,1018})

DO 127 I=1,NZ

NAA=NUSUZ{I}
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DO 127 J=1,NAA ‘

IF (M.EQel) WRITE(H,1017) T9J5:SFCEIJ)sSFALIJ),SFGU{I,3),SFF{I,4},

1SFP1I¢J2

IF {M.EQ.0) WRITE{6,1013} IngSFC{I,J) SFA{I,J}sSFGUIsJ)SFFLI4J)
127 CONTINUE

CALL MESSER{NERR,LNAs1}

1007 FORMAT{B8F10.4}

1009 FORMAT(1615})

1011 FURMAT{7X, YZONE INDEX? 34X, *SUBZONE INDEX?®,; 10X, FUEL CRIT.TEMP,.? 54X
ly *ST.DEVe?, 10Xy 'CLAD CRIT.TEMP.! 34X 'ST.DEV.*/50X,70C",13X,°0C"*,
2 20X 70C® 412X, 700/ )

1013 FORMAT{ 12X, 12v14X,Iiyl?XyFlBa#ySXyFlO 4912K9F104¢5X,F10.4)

1014 FORMAT{1X, *SYSTEMATIC FACTORS ', 12X, *COOLANY FLOW RATE',5X, ‘H.T,
1CLAD-COOL."sy S5Xy'HeTe FUEL-CLAD ",5X, *FUEL TEMP.DROP®,11X, 'POW
2ER*)

1017 FORMATISXe12:12X911515XK94{F1044510X)F1Ce4}

1018 FORMAT(L1X,*ZONE INDEX®2X,?SUBZONE INDEX®)

RETURN
END

II.8 SUBROUTINE GEOMIN,K1,K2,IP1,4Pl,1P2,JP2,IP3,4P3,NS}

OGO OO0

SUBROUTINE FOR IDENTIFICATION OF THE PINS SURROUNDING A GIVEN
CHANNEL

N NUMBER OF PINS IN THE FIRST ROW OF A SUBASS.

NP ONE DIMENS.ARRAY CONTAINING THE NUMBER GF PINS PER ROW
K1yK2 INDICES OF THE CHANNEL

NS NUMBER OF PINS SURROUNDING THE CHANNEL K1,K2

IP1,JP2 INDICES OF THE FIRST PIN

IP2y,4P2 INDICES OF THE SECOND PIN {SIGNIF., IF NS.GT.1}

IP3,JP3 INDICES OF THE THIRD PIN (SIGNIF., IFf MNS.EQ.3)

COMMON EX,CO,NP{20)
IF{K}..EQ.N.ANDOKZ.GTO‘!‘*N-3, GO TO 40’
IF{K1.NE.1) GG 70O 10
IP1=K1
IF{K2.NE.1) GD 70 1
JpPl=1
GO 70 140
1 IF{K2.NE.N+1}) GO 70O 2
JP1=N
GO TO 100
2 ipz2=1
JP1=K2-1
JP2=K2
GO 10 20¢
1C IP1=Kl~-1
[IFIK1.EQ.2%N} GO 70 50
IF{K2.EQ.1} GO TO 30
IFI{RKLeLEsNoANDeK2EQe2¥NP{K1) =1} oORo{K1aGT o NoANDoK2ERQe 25NP{K1}+1
1)} GO 70 20
KK=K2/2
IF{FLOATIK2)*0.5.6T.FLOAT{KK}+C.1) GO TO 15
JP1=KK
IF {(K1.GT.N} GO 7O 8¢
iP2=K1

IP3=1pP2



80

15

9¢

40

41

20

50

60

10

160

200

300

JP2=4pP1
JP3=4P2+1
GO T0 300
JP2=KK+1
[p2=1pP1
JP3=gP1
IP3=IP2+1
GO TO 300
IFIK1.GT.N) GO 70 90
JP1=KK
IP2=1P1
JP2=KK+1
IP3=[P1l+1
JP3=3p2

GO TO 300
JP1=KK+1
ip2=1P1+l
iP3=1pP2

JP 2=KK
JP3=4P1

GO TO 340
IP1=K1
IF{K2.EQe4%N=-2) GO TO 41
JP1=NPIN)
G0 10 160
JPl=1

GO TO 130
Ip2=K1
Jrl=1

Jp2=1

GO TO 240
[P2=K1
JP1=NP{IP]1l]}
JP2=NP({IP2}
GO T0 200
IF{K2.NE. 1} GO TQ 60
JP1l=1

GO TO 103
IFIK2.NEeN+1) GO TO 70
JP1=N

GO T0O 1C0
1p2=1P1
JP1l=K2-1
JP2=K2

GO 10 200
NS=1

RE TURN
NS=2
RETURN
NS=3
RETURN

END
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IIT.9 SUBROUTINE FACTO(K,IS,:KKyNN,K1,K2:K3,K4}

OGO OO00O0NOO0OO0

EFFECTS OF THE SYSTEMATIC FACTORS

K = ZONE INDEX
IS = SUBZONE INDEX

KK =1, IF THE COOLANT TEMP, AT OUTLET INCLUDES THE UPPER BLANKET

NN QUANTITY CONTROLLING THE PRINTING

K1 = LOWER BLANKET INLET ABSCISSA

K2 = ACTIVE CORE INLET v

K3 o 9% n “.G UTLET ¥ "

K4 = UPPER BLANKET ® noow

SFC4SFA,SFG,SFF,SFP = SYSTEMATIC FACTORS AS IN MAIN
TCOOL = TH  (S. MAIN)  MODIFIED BY SYSTEMATIC FACTORS
T C L A - T WA H ] (1] 4] 42 9 i n ” Ei] W L] 4] 0" 9
T C L M - T ﬂ M " L] b4 b1 ”n ” " 1) 9 ki) kil % " ¥
'{ C L I - T w 1 1 "” % 9% " " 11 " i W L] ”n ” o
T F {3 — T 8 R A 7 " 9 ” 1”°e ki ” " " k24 kil ki) " E 4]
]' F I - T 8 R I " 2] " 7 " 9 " " k2] i " % 3% 54

Z = AXIAL ABSCISSA

COMMON DUM(262) 3SFCi304+5)53SFAI30;5)3SFGI{3C5),SFF{30,5),SFP{30,5),
ITH{3C) » TWAL3CT) s TWM{30) , TWI(30),TBRAL3C},TBRI{3C),2(3C),
2TCO0LI3C) , TCLA{3G) +TCLMI30) o TCLI(3C)»TFO{30)TFI(30}
SC=SFCUK, ISI*SFP{K,IS)

HCL=HCLNT{SFC{K,IS)} %SFA{K,ISI*SFPI{K,IS)
SG=SFG{K,IS)*SFPI{K,IS}

SF=SFF{K,ISI*SFP(K,IS)

DO 1 I=K2,K3

TCOOLAI }=TH{KL)+{TH(I)-TH{K1} ) *5C
TCLA(II=TCOOLL I+ {TWALT}=-TH(I))*HCL

TOLMUII=TCLA{I} +{THMIT)-TWA{I}I*SFPI{K,IS}
TCLIMIN=TCLMUI )& {THWI{I}—~ TuWM(I))%RSFPI{K,IS}
TROLI)=TCLI{I}+{TBRA(II-TWI{I}))%SG
TFI(I)=TFOUI )+ {(TBRI(I}-TBRA(I))*SF

IF(KK.EQel} TCOBLIKA)=THIK1)}I#{TH{K4}-TH{K1}}*SC
IF{NN.NE.1) RETURN

WRITE{6,10G1)

1CC1 FORMAT{1X, *TEMPERATURES TAKING INTO ACCOUNT THE SYSTEMATIC FACTORS

1*/1X,*SUBZONE"}
DD 2 I=KZ2,K3

2 WRITE{6,1G0C)IS,Z{I1)TCOOL(I)»TCLALTI),TCLMUI),TCLIC(T)TFOLI),TFII

13

10GC FORMATU1XyI141XsF10a2,60TXsF1042))

IF(KK.EQel) WRITE(6,1000 1IS,Z({K4),TCOOL{K%)
WRITE(6,1006)

1006 FORMATI{1X,65(2H==)7//)

RETURN
END
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III.10 SUBROUTINE INTERPI{I1,129K2,K3,TMAXyZMAX ,Ks1IZ}

o000 OGN

SUBROUTINE FOR QUADR.INTERPOLATION OF THE REF.TEMP.

11 1 FOR CLAD.,+2 FOR FUEL

I2 ICL,IFL {SEE LEGGI)

K2yK3 KCEoKCA {SEE MAIN)

TMAX MAX.REF.TEMP

IMAX ABSCISSA OF MAX.REF.TEMP, (CM)

K KCLAD,KFUEL (SEE MAIN)
Iz SEGMENT OF MAX.REF.TEMP
TICODL TCOGL AFTER INTERP.
TICLA TJCLA AFTER INTERP.
TICLM TCLM AFTER INTERP.
TICLI TCLI AFTER INTERP.
TIFG TFO AFTER INTERP.
TIFI TF1 AFTER INTERP,
ZA z AFTER INTERP,

COMMON DUNN{1192),21(30}),TCOCL{30C)TCLA{30) TCLM(30),TCLTI(3C),TFDI(3
10) o TFIL(30) o TICOOLAU30C) s TICLA(300), TICLM(300),TICLI{300),TIFO{(300),
2TIFI{3C0) , ZA{300)

FUN{DZ;DZ325sD0221+DZ315DY9¥Y14Y2,Y3,DX)=DZ%{({(¥3~-Y2)/DZ232~{Y2-Y1}/
1DZ21)/DZ31)*(DZ~-DX}+DY/DX)+Y2

TMAX=0.

ZETA={Z{K3)=2{ K2} )} /FLOAT{K)

A=ZiK2}1-0.,5%ZETA

J=K2+1

DO 1 I=1,K

ZAUII=ZETA*FLOATL(I)+A

TICOOL{I}=TLO0L(J])

TICLA(II=TCLALY) ,

IF{I11.EQe1l) GO TO {10+5,49),12

TICLI{I)=TCLI{J)

IF{I1.EQe.1l) GO TO 12

TIFO{I)=TFOL I

IF{12.EQ.,1} GO 10O 13

TIFI{INI=TFI{N

G0 710 14

TICLML{II=TCLM{ )

GO 10 11

IF{J.EQ.K3) GO 70 6

Z1=214-1})

22=21{3i

23=72{J3+1)

JJd=J

GO 70 7

11=1{J-2)

12=741J-1)

23=7213)

JJd=J=1

DZ31=713-11

D132=13-12




203

262

2C1

106G

16

15

10
11
12
13

14
20

DZ21=22-71
DZ=ZA{1)-22
IF(DZ32/DZ21.GE,1.) GO TO 100
DX=DZ21

M=JJ

N=J4J-1

DY1=TCOOL{M}=-TCOOL{N)
DY2=TCLA{M)-TCLAIN)
IFtI1.EQ.1) GO TO (293,2011262),12'
DY3=TCLII{M)=TCLI{N)
IFII1.EQs1) GO 1O 200
DY4=TFO({M)-TFO(N)
IFTI2.EQ.1} GO TO 200
DYS=TFI{M}-TFI{N]}

GO 70 2C0
DYS=TCLM{M)}-TCLMINY
GO 10 200

DX=DZ132

M=JJ+1

N=4J

GO 10 203

M=JJ=-1

N=.JJ+1

TiccoL( = FUNiDZaDZ32pDZleDlBl9DY1;TCOOL(M);TCODL§JJD;ICOGL(N)v

1DX)

TICLALI )=FUNI(DZ,DZ32,DZ21+DZ31sDY2,TCLA(M)»TCLA(JIIIs TCLAIN),DX)

IF{I1.EQ.1) GO TO (10,15416),12

TICLI{I)}=FUN{DZ,DZ32,DZ21,DZ31,DY3, TCLI(MipYCLI(JJ3yTCLI(N3,DX3

IF{I1.EQel) GO TO 12

TIFO {I)=FUNIDZ,DZ32,D221+4D131,DY4,TFO(M), TFO(JJ)oTFG(N3;DX)'

IF{I2.EQ.1) GO 71O 13

TIFI (1)=FUN(DZ,DZ32,D221sDZ31,DY5,TFI{M),TFI{JIJIsTFI{N),DX)

GO TG 14

TICLMI{I )= FUN!DZyDZBZv0121gDZBlyDYé TCLMIM)  TCLM{JI)y TCLMIN) DX}

GO 10 11
J=J+1

G0 70 2
T=TICLA{I}
GO 70 20
T=TICLM{I)
GO T0 20C
T=TICLI{I)
GO TO 28
T=TIFO(I)
GO 70 20
T=TIFI{(1)
IF{T.LE.TMAX) GD TO 1
TMAX=T
IMAX=ZA(1}
12=1
CONTINUE
RETURN

END
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IIT.11 FUNCTION SIGMA{IL,12,T4T1,72,73,T4,T5,A:B,CyDsE9sFsP,PL1,PL2}

QOO0 OO000000

FUNCTION FOR CALCULATING THE STAND.DEV. { € ) FROM THE REL.VALUE
OF THE UNCERT. AND THE REF.TEMP.

I1 0s1,2 FOR COOL. ,CLAD,FUEL RESPECT.
i2 ICL,IFL {SEE LEGGI)

T COOL.INLET TEMP,

T1 CCOL. TEMP.

T2 CUTER CLAD TEMP, '

T3 INNER OR MIDPOINT CLAD TEMP.

T4 QUTER FUEL TEMP,

15 INNER FUEL TEMP,

A TOTAL UNCERT., ON COOL.FLOW-RATE

B TOTAL UNCERT. ON HEAT TRANSFER CLAD-COOL.

C TOTAL UNCERT. ON CLAD TEMP. DROP

D TOTAL UNCERT. ON GAP FUEL-CLAD TEMP.,DROP

E TOTAL UNCERT. ON INNER FUEL TEMP.DROP

£ TOTAL UNCERT. ON FIXED TEMP,

P TOTAL UNCERT. ON GLOBAL POHER

PL1 TOTAL UNCERT.ON LOCAL POWER (FUEL-COOL.TEMP.DROP}
PL2 TOTAL UNCERT.ON LOCAL POWER {COOL-TEMP.RISE)

IF {I1.G6T7.0) GO TO 1
SIGMA=SQRT { (A® %24 Pk 2+PL2%k%k 2 )% {T1-T)*k2+F%k%2) .
RETURN
1 DT1=T1-7
DT2=T72-T1
SIGMA={A*DT1+{HCLNT{ 1o +Ad=1o 1 *DT 2) %k 2+ (BRDT2)%%2+{PL2RDT1j ¥ *2+F%%2
IF {I1.EQ.2) GO TO (344,12
IF{I2.6GE.2% GO 70 2
SIGMA=SQRT{S IGMA H{PR{T2-T) ) **x2+{PLI*DT2)%%2)
RE TURN
2 SIGMA=SQRT{SIGMA +{CR(T3-T2) ) %% 2+ (PR(T3=T ) )% 2+ {PL1*{T3-T1)}%%2}
RETURN
3 SIGMA=SQRT{SIGMA +{CKR(T3=T2) )% 2+{D*{T4-T3) ) ¥%k2+{Pk{T4~T) )*%2+{
IPLIA{T4~T1d)%%2 )
RETURN )
4 SIGMA=SQRT(SIGMA H{Cx(T3-T2) 1*¥24{D*(T4-T3) ),k 2+{E*(T5=-T4 ) 1% %2+{
IP¥{T5-T)) %% 2+ {PLI*{T5-T1) ) %x%2) '
RETURN
END

IIT.12 FUNCTIGN HCLNT(A)

OO

CIRRELATICN BETWEEN HEAT TRANSFER AND FLOW RATE
A = RATIG CF NOMIMAL TG DEVIATED FLCw RATE

B,C = QUANTITIES DFPENDING CN CCUOLANT TYPE
CIMMON B,C

HOLNT=A%%B%( 1 ,=B*C*(A-2.))

RETURN
END
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ITI.13 SUBRQUTINE HOTSPT {(11,12,KKeIZ,KyIS,TCLIZXLySyEXPNUM,
15SPOT XNSPOT,TCLUy NAPy XMCHEQ, SCHy SCHEQ, EXPCH)

SUBROUTINE FOR CHANNEL ANALYSIS

Il =C FOR COOLANT
1 FOR CLAD
2 FDOR FUEL
12 ICL,IFL {SEE LEGGI)
KK KCLAD,KFUEL {(SEE MAIN)
Iz 1ZCL, IZFL (SEE INTERP.)

KeIS LONE , SUBZONE INDEX

TCLI CCOLINLEYT TEMP

XL SPOT LENGTH

S TOTAL STAND.DEVY :

EXPNUM EXPECTED NUMBER OF HOT SPOTS IN THE CHANNEL
SSPOT LOCAL STAND.DEV. ({ C

XXNSPOT EQUIV.NUMB.OF SPLTS

TcLo OUTLET COOL.TEMP.{ONLY FOR I1=0)

NAP NUMBER OF PINS IN THE CHANNEL

XMCHEQ MEAN-CH-EQ

SCH CHANNEL STAND.DEV.

SCHEQ SIGMA-CH-EQ

EXPCH PROB.THAT THE CHANNEL HAS AT LEAST ONE HOT SPOT

OGO OCOOCOO00

DIMENSICN SX{3C0},G{(300} ,TR{300}

COMMON DUMM{1402),TICOOL{3CG0), TICLAL300)»TICLM{300),TICLI(300),TIF
10(3CC), TIFI{30C},2I(3C0),CSDTC,CSDTA,CSDTCL,CSDTG,LSDTF,CSDP,CSDFT
29ZSDTC{3045)4ZSDTA(3C+5)+ZSDTCLI{30+5),2SDTGE{3C,531+ZSDTF{30+45),

3 SSDTC{3C+5),SSOTA{30+5)+SSDTCLI30,5),5SSDTGI3CG,5),SSDTF(30,5),

4 PSDTCA{3C5)PSDTA{3C,5),PSDTCLL3045),PSDTG{3C+5)+PSDTF{30,5),

5 LSDTC{30+s5)sLSDTA(3C+5)sLSDTCLI3C+5),LSDTG(30,5)sLSDTF{30+5),
67SDP{30s5),ZSDFTI30+5),,SSDP(30+5)+S5SDFTI30,5),PSDPI30,51,PSDFT(30,
75) ,LSOP{30,5) ,CRTF{3045),CRSTF{30,5),CRTCL{30,5),CRSTCL(30,5),TC,

1STC
REAL LSCTC,LSDTCL,LSDTA,LSDTG.LSDTF,LSDP
XLi=1l./XL

SQ=SQRT{XLL)

GROUPING UOF THE UNCERTAINTIES

OO

SDCC=CSDTC*%2+ ZSDTCI K, IS ) *.%x24SSDTCUK, ISI**24PSDTCIK, IS)%%2
IFLI1.6Q.C Y GO T0 2
SODTA=SQRT{CSDTA®X2+7SDTA{K, IS)**x24+SSDTA(K, ISI*%24PSODTA(K,IS)k%2)
SDTAL=SQRT{LSDTA(K yISI*%2+ {HCLNT (1. #LSDTCI{K, IS} =1, 3%%2)%SQ
IF{I1.EQal.ANDI2.EQ.1) GO 70 2
SOTCL=SQRT{CSDTCL**2+72SDTCLAK, ISI*%k24SSDTCL K, ISI*E2+PSDTCLIK,IS)*
142 )

SDTCLL=LSDTCLEK, IS)%5Q

IF({I1.EQ.1) GO TO 2
SOTG=SQRT{CSDTG*%2+7SDTG{ Ky ISI*%k2+SSDTG{Ks ISI%k%k24PSDTGI{K,IS)%%2)
SDTGL=LSDTG{K,15)%S5Q

IF{I2.EQ.1) GO TO 2
SDTF=SQRT{CSDTF*%2+ZSDTF{Ky ISI*%k2+SSDTF (K, IS}*%2+PSDTF{KoIS}%%2)



O

aNeXg]

13

17

18

9

SDTFL=LSDTFI{K,I5)*%5Q
SDOP=SQRTICSDP**2+7SDP{ K, IS)*%k2+SSDPIKy ISI**2+4PSDP(K, IS)%x%x2 )
SOFT=CSDFT*%2+ ZSDFT (Ko IS)*k%2+SSDFT{K, ISI*k24+PSOFT{K, IS)%k%2
IF{I1.NE.C) GO TO 13

COOLANT ANALYSIS

SDTC=SQRT{SDCC+LSDTCIK,IS)*x2%X | 1)

SDPL2=LSDP{K,IS}*SQ

SDFT=SQRT{SDFT+STC*%x2)
S=SIGMA{C,1,TCLI,TCLO,TCLOyT3,T4,T75,S0TCsCs5Ce30490,9S5DFT,SD0P 0.
15DPL2)

SSPOT=SIGMA{C s 19 TCLI»TCLOsTCLO, T3, T4, 75,1 SOTLEIK,ISI%SQ 104+
}.Co yG» yGo’Co 10. ,Go QSDPLZ)

XMCHEQ=0,

SCH=SIGMA{C 1 TCLI s TCLOyTCLOyT3,T4,T5,PSDTC KIS} 400909069049
IPSDFT{K,IS) ,PSDPI{KsIS} 404501

SCHEQ=SQRT{SSPOT*%*2+SCH%¥%2)

EXPCH=C o5~C.S*ERF{{TC-TCLO) /11.414232%S5))

RE TURN

IF{I1.EQ.1) GO YO 17

SDFT=SQRT{SDFT+CRSTF{K,IS)*=%x2)

TICR=CRTF{K, IS}

GO 70 18

SDFT=SQRT{SDFT+CRSTCL{K,IS)%%2}

TICR=CRTLCLIK,1IS5)

INDEX=0

HOT SPOT EXPECTATION{EXPNUM)

EXPNUM =0,
XSPOT=0.
SDPLI=LSDP{KIS}I*5Q
I=17
Ki=iZ
K2=1Z
SDTC=SQRT{SDCL)

AB=1./SQRT{ABS{ZI{I)=Z2111) )}

SDTLC=LSDTCIK,IS)*AB

SDPL2=1SDP{K,IS)*AB

IF(I1eEQsleANDI2.LE.2) TITI=TICLM{I)

IF{I1.EQa2s0RaI2.EQe3) TITI=TICLIII)

G{I)=SIGMA(T1,12,TCLI LTICOOLAI).TICLALE) ,TITI,TIFO(I);TIFI(I},SD
SX{I)=SIGMA{11,12,TCLI,TICOOLAI ), TICLALI },TITI,TIFOLI J,TIFILI )

1, SOTLC  SDTAL s SDTCLL s SOTGLsSDOTFL40eCy0e» SOPLL1SDPL2)

X=SQRT(G{I ) *%2+SX{1)%%2)

IF{I.NE.IZ) GO TO 4

SCH=SIGMA{I1,12,TCLI TICOOL{IZ)j,TICLACIZ}sTITITIFOUIZI,TIFI(IZ),
1PSDTCI{K,IS) 4PSDTAIK,HIS) 4PSDTCLA{KIS) +PSDTGI{K, IS PSDTF{K,IS),PSDFT

2{KsIS)¢PSDP{KsIS) 404 ,0.)




< ENTRY )

1

SDCC tot.global
uncert, on cool,

temp.rise(wi§gﬁﬁg

SDTA (SDTAL) total
"| gloval(local)uncert,
on clad=ccol,. egg.

SDP = total
global power
uncert,

SPFT = total
uncert. on
fixed temp.

SDTG,SDTGL
gap

SDTF,SDTFL

inner fuel

' SDTCL, SDTCLL
clad thickness
temp, drop

( RETURN )

rvOOIQ
analysis

Total SDTC
Local power SDPLZ

Uncert, on critical
temp. is added to

CALI
CALL
CALL

XMCHEQ =0, SCHEQ

SIGHA for S
SIGHA for SSPOT
SIGMA for SCH

EXPCH

SDFT

CHOOSE critical tempn
for fuel or clad

ADD its stand, dev.

to SLFT

INDEX=EXPNUM=XSPOT=0

SDPL1 local power

uncert. on temp.drop
fuel(clad)=coolant

CALL SIGMA G(I) tot.glob.
CALL SIGMA SX(I) tot.,local
total + Global st.dev

X =

CHCOSE TITI

( Mid or inner

START from the spot
at max, temp.,

I=XK! = K2 = 1IZ

H®

clad temp. )

CALL SIGMA SCH
S =X, @ =G(I)
SSPOT =SX(I)

1

FIG.92 = Flow=Chart of HPTSPT - I

SDTLC,SDPL2 uncert,
on coolant temp.
avg, over the length

(abscissa I =inleb)




Q

¢HOCSE TI the opportune -
reference temperature KEEP TR=TICR-TI
considered e N
TE = TI for I = I EXPN = P(TR/X)

IF local uncert,
EXPNUM=EXDNUM+EXPN = 0, SSPOT = O : foisiiiiv
EXPCE =EXPN for | SauLve.
, il number of
I=17 Spote
EXPN very Yes XNSPOT =XSPOT/1n(0.5)
small? 3 INDEX = O
Lz MULTIPLY XNSPOT,EZXPNUM by
\ the numb.of spots at abscis.l
BEGINK to decrease | THTEGRATION
I=1z2 -1 EXPCH see
Kl = 1 f item To3%.2
INDEX = 1

® |

» \f, CALL HiHS for XiHCHEQ
INCREASE I = I + 1 —*
and SCHEQ
K2 = I

e

EVALUATE PROD, which
Conti e to decreass

ontinu s : should be = EXPCH
I=I-1, K1 =1

MODIFY
T 1 XNSPOT

Yes

SCHEQ

; y
( RETURN )




OGO

11

i
™~

160

230

IF{I1.EQ.2} GO TO 3

GO TO (556471412

TI=TICLA(I}

GO 70 10

TI=TICLMII)

GG TG 10

TI=TICLI{I)

GG 70 10

IF{I2.EQ.2) GO TO 8

TI=TIFO{1}

GO 70 10

TI=TIFIUI})

IF{I.EQ.IZ) TE=TI

TR{I}=TICR-TI

EXPN=0e5~0.5%ERF{TRII) /1{1+414232%X)}
FIRST EVALUATION OF XNSPOT :
IF (SXUI)eGTo0s) XSPOT=XSPOT+ALOG{O.5+0S5¥ERFI{TE~-TI)/{1.414232%
1ISX{I1¥1) ) ‘
IF{T.EQelZAND.SSPOT.LE.O.} EXPCH=EXPN
EXPNUM=EXPNUM+EXPN
IF(EXPNSLTe1leE-12-ANDsI.LE.IZ} GO TO 100
IF{INDEX.EQ.1) GO TO 12

I=1+1

K2=1

GO 70 9

i=1Z-1

Ki=1

INDEX=1

GO 70 9

I=1~-1

Kl=1

IF {I-2) 100510059 =
XNSPOT==XSPOT/G.69315

INDEX=0

IF {XNSPOT.EQ.C.} XNSPOT=1.
XNSPOT=XNSPOT*FLOAT{NAP)
EXPNUM=EXPNUMXFLOAT{NAP)

IF{SSPOT.LE.Q.) GO TO 201

IF {EXPNUM.EQ.Ds) GO TO 3C0
AA=SQRT{ABS(ZI(KL)=-ZI(1)}) ‘
SCLOC=SIGMA{C U, TCLI,TICOOL{K1) yT73973,74sT5,LSDTCIK;ISI/AA;Ces00,
104 900 9C o 900 90e s LSDPIKSIS)I/AA)%%2

DO 101 I=K1,K2 |
G{I}=SQRTY{(G({I)*%2+5CLOC)
SX{IJ=SQRT(SX{I)*%2-S5CL0C )

SUM1=0.

N2=24

INTEGRATION FOR HOT CHANNEL EXPECTATION {(EXPLHY

N=N2-1
TEMP=12./FLOAT{N2)



OO

DO 260G L=1,N
X=FLOAT{L)*TEMP~6,
Y=EXP{=Co.5%kX%%2)
PRGOD=1.
ABC=0.5+C . 5*ERF { ( TRETZI=-X%GUIZ)}1/{1.414232%5X{11)}}
IF {ABC.GE.1.} GO TO 200 '
DO 250 I=K1,K2
PROD=PROD* (0.5+0.5*%ERF{ { TROTI=X%GLI})I/(1.414232%5X{1}))))
IF {PROD.LE.1.E~5 )} GO 7O 200

250 CONTINUE

2CC SUM=SUM+Y*{1.~PROD*%NAP)
AREA=TEMPXSUM*C,.398942
IF(AREA.EQ.C.) GO TO 249
BB=ABS{ SUM1/AREA-1.}
IF{BB.LE.C.01l ) GO TO 260
SUML1=AREA

240 N2=2%N2
IFIN2.LT,.20062) GO 7O 230
WRITE{6,1C00)

160C FORMAT(1X,*PRECISION NOT OBTAINED®)

260 EXPCH=AREA
IF (EXPCH.LE.EXPNUM) GO TGO 201
IF {EXPCH=-EXPNUM-1.E~5) 300,300,301

301 WRITE(6,1001) EXPCH

1001 FORMAT{1X, "EXPCHsGT.EXPNUM,AND.EQs *,E10.3}

300 EXPCH=EXPNUM

FINAL EVALUATION OF XNSPOT, XMCHEQ,SCHEQ

201 CALL HMHS{SSPOT,XNSPOT ; XMCHEQ,; SCHEQ}
X=SQRT{SCHEQ#+Q**2)
PROD=0,5-0-5%ERFI{TR(IZ)-XMCHEQ)/{1.414232%X)}}
IF (PROD-EXPCH) 310,311, 312

310 XNSPOT=XNSPOT+1.

INDEX=2
GO TO 201

312 IF{INDEX.EQ.2) GU 10O 311
XNSPOT=XNSPOT~5,

IF {XNSPOT.GE.l.)} GO TO 201
XNSPOT=0.
GO 706 310

311 SCHEQ=SQRT{SCHEQ+SCH¥*2)
RETURN
END
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IIT.14 SUBROUTINE HOTSA(N,I ¢M,REF,NZy12,TINySIGSsSIGZ:SIGC, THM,

OO0 O

YOOy

1EQCH, SEQCH,EXPSUB)

SUBROBUTINE FOR SUBASSEMBLY ANALYSIS

N NUMBER OF CHANNELS
NZ,IS ZONE,SUBZONE INDEX
M =0 FOR COOLANT
1 FOR CLAD
2 FOR FUEL
REF REF . TEMP,
| 4 ICL,IFL {(SEE LEGGI}
TIN COOL.INLET TEMP,.
SIGS SUBASS. STANDGDEV. ( C)
SiGZ IONE STAND.DEV. {1 C)
SIGC CORE STAND.DEV. { C
™ MEAN-S-EQ

EQCH EQUIV.NUMBER OF CHANNELS
SEQCH SIGMA=-S—-EQ
EXPNUM PROB.THAT AT LEAST ONE HOT SPOT QOCCURS

DIMENSION XNCH{IS46) yRTMAX{3,:5,546),TIC{2:5:546):TIA{2,5,546),TICL1
15:; 5461 TIG{5,546),EQSIGI3,5,546 ) yEQMEAN{2;5,5456) s XXCH{546),5G{546)
COMMON DUMM{14C2),TICODL{30C ), TICLA(300} ., TICLM(300),TICLI(300),TIF
10{3C0)y TIFIU300),21{3C0),CSDTC,CSDTA,CSDTCL,CSDTG,CSDTF,CSDP,CSDFT
29 ZSDTC{30+51,2ZSDTA{3G,5)+ISDTCLU3D,5),2ZSDTG{30,5),ZSDTF{(30,5),

3 SSDYC{30,5),5SDTAI30,53,SSDTCL{30,5),SSDTG{30,5},SSDTF{30,5),

4 PSDTCL{30+5)4PSDTA{3G,5),PSDTCLI{30,+5),PSDTG(30,53,;PSDTF{30+51},

5 LSDTC{30,53yLSDTAL3G,5)4LSDTCL{3C,5),LSDTGI(30:;5),LSDTF(30,5),
EZSDP{3C 45} ,ZSDFT{3C,5) ,55DP(3C,5)SSDFT{35,53,PSDP{30,5),PSDFT{30,
75) s LSDPI3L 51 yCRTF{30,45)sCRSTF{30,51 yCRTCLI30,51CRSTCLI30453,TC,
1STC LEHCHC(3C,5) sEHCHCLI3C,,5)yEHCHFL{30,5) s XXCH,RTMAX, TIC,TIA,TICL
2yTIG,EQSIG,EQMEAN ,DUMMA{8I),TCC(3G,5),TCA{30,5)

XCH=0.

K=M

THE CHANNELS ARE ORDERED ACCORDING TO DECREASING HOT SPOT PROB.

nDon o7 J=11N

XNCH{J)I=XXCHLJ)

Li=N-1

DO 2 1II=1,L1

L2=11+1

DO 2 J=L2,N ‘

XNN= RTMAX{IK I IT)=RTMAX{K,1,J)#3 % {EQSIGIK, I, II}-EQSIG{K,I5J))

IF{K.NE«3) XNN=EQMEANAK, I, TI}-EQMEANIK,T1sJ) +XNN
IF {XNN.GE.Ge) GO 70O 2

TEMP=RTMAX{K,I,1I1}

RTMAX{K I II)=RTMAX{KyI,J)

RTMAX{K,I,J)=TEMP

TEMP=EQSIG{K,I,11}

EQSIGIK, I I1)=EQSIG{KsisJ}

EQSIGIK,I1,J)=TEMP



44

45

486

TEMP=XNCH{II)
XNCH{IT I=XNCH{ O}
XNCH{J} =TENMP
IF {Ke,EQs3) GO TO 2
TEMP=TICIK,1,11}
TICIK,1,11k= TICIK,I,J)
TIC{KeIJ)=TEMP
TEMP=TIA{K,I,11}
TIALIK;Is11= TIA{K,1,J3)
TIA{K,1,d)=TEMP
TEMP=EQMEAN{KsI II)
EQMEAN{K,; I, IT1}=EQMEANIKy1,J)
EQMEAN{K; 1, J}=TEMP
IF {Ke.EQ.1) GO TO 2
TEMP=TICL{I;11)}
TICLIILII)=TICL{I,Jd])
TICL{IsJ)=TEMP
TEMP= TIG{I,11)
TIG {I,113=T1IG {I,5J)
TIG{I ,J)=TEMP
CONTINUE
TEMP=1,.
REF=RTMAX1{Ks1,1)
IF {KeNEs1} GG TO 3
TCCINZ,[3=TICI{1,I:1}
TCAINZ,,I}=TIA{1,I,1)
DO 21 J=1,4N
GO TO (44,45:46)4K
T1=TIiC{1,1,3)
T2=TIA{1l,s1+J]}
T3=RTMAX{1,1,J)
T=T3+EQMEAN{1,1,J])
IF (J.6T7T.1) GO TO 11
TM=EQMEANI{1,1,1 )
XNN=EHCHCL{NZIsI)
S=CRSTCL{NZ,I}
TCR=CRTCL{NZ,I)
60 70 10
Ti=TIC1( 25143}
T2=TIA{2+1 ¢ 3}
T3=TICLII,4)
T4=TIG{I;.4}
T5=RTMAX{2,1:J}
T=T5+EQMEANT{2s 194}
IF 1J.6T7T.1) G0 TO 11
TM=EQMEAN{2,1I,1)
XNN=EHCHFLINZ, 1}
S=CRSTFINZ,I1)
TCR=CRTFINZI,I)
GO 70 1¢
T1=RTMAX{3,1,4}
=71
IF {J.GT7.1) GO 71O 11
TM=0.
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10

11

31
106

21

1cC

230

250

XNN=EHCHL {NZ,1)
$=S8TC
TCR=TC

GROUPING OF THE UNCERTAINTIES

A=SQRT{SSDTCINZ, 1) %% 2+ ZSDTCANZ, I 1*%24LSDTCH%2)
B=SQRT{(SSDTAINZ, I} *%2+ZSDTA(NZ, 1 )%%24+LSDTA%%2}
C=SQRT{SSDTCLINZ,I1)%k*%2+ZSDTCLINZ,]1)%*%2+CSDTCL%%2)
D=SQRT{SSDTGINZ ;1) ®¥2+7SDTGINZ, I }*%2+CSOTG**x2)
E=SQRT{SSDTFINZ,I1}*%2+7SDTFINZ, 1 )1%¥2+LSDTF*%x2)
F=SQRT{SSOFTINZ,T§%%2+ZSDFT{NZ, 1 }*%2+LSOFT%%2+5%%2})
P=SQRT{SSDP (NZ,1}*%%2+2S5DP {NZ,I)%%k2+4CS5DP%%2)

SIGS =SIGMAIM, 12, TIN,T)1T2:73,74,T5,SSDTCINZsIJ-SSOTAINZ,T1),SSDTCL
1{NZ, I3V s SSOTGINZs T} sSSDTFUINZ,I),SSDFTINZ, I} ,SSDPINZyI1},0.,0.)
SIGZ =SIGMAIM, 12, TIN T1,72,73;74,T5,2SDTCINZ,I},ZSDTAINZ,1),250TCL
IINZ 139 2ZSDTGINZs ) s 2ZSDTFINZH I}, ZSDFTINZ; 13, ZSDPINZs1)9045GC0)
SIGC =SIGMA{Mg 12, TIN,T1,72,T3,74,75;, LSDTC,LSDTA,CSOTCL ,LSDTG,
1CSDTF,CSDFT,CSDP,0e 505 )

TT=REF+TM

IF {EQSIGIK,151)EQeCU0ORXNN.EQ.0O,) GO TO 21

SG{ J)-‘-’SIGMA(M, IZ,TIN,TIQIZQTB,TQ',TS,A’BychQ EyF,?yOoyOo)

IF(TEMP.EQ.0.0) GO TO 106

TEMP=ALOG{O B+C . S¥ERFI{TT=-TI/LEQSIGIK; I:3)%1.4142321%1})
XCH=XCH+XNCH{J}*TEMP

EQCH==XCH/(C.569315

GO TO 100

EQCH=XNCH{1 )

T=TCR-TM=REF

CALL HMHS{EQSIG{K, 1,1} +EQCH,T1,5M)

IF{EQSIGIK,;1;10:EQe0:) EXPSUB=0.5~0.5%ERFIT/{1.41%232%
1SIGMAIM 12, TINsREF$T25T39T4 3T5A3BsCsDsEsFsPs0.90.31)
IFEXNN.FEQ.0Os}) EXPSUB={.

GO 70 311

INDEX=0

INTEGRATION FOR EVALUATION OF EXPSUB

SUM1=0.

NZ2=24

SUM=(0

Ni=N2-1

TEMP=12./FLOAT{N2)

DO 300 L=1,N1
X=FiLOAT{LI*TEMP-5.
Y=EXP{—0, 5%k X*%%2)

PROD=D.

DO 250 J=1,N
T=TCR=-RTMAX{ Ky 1,3 -X%SG{ J}
IF{IKNE3}) T=T—-EQMEANIK,1:;41i
ABC=0.540 . 5%ERF{T/{1.414232%EQSIGIK,1,Jd) )
IF {ABC.GE.1.} GO TO 210
IFIABC.EQ.Ds) GO TO 212
PROD=PROD+ALOGIABC )R XNCH{ 4}
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210
212

215

300

240

10C0
260

1061
200

201

310

312

311
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IF{PRODGT.~-100) GO TO 215

PROD=0.

GO TO 360

PROD=EXP{PROD)

SUM=SUM+Y* {1 .~PROD)

AREA=TEMP*SUM%*(,398942

IF {AREA.EQ.O.} GO TO 240

{F{ABS{SUM]l /AREA~1.}.LE.C.01) GO TO 260
SUM1=AREA

N2=2%N2

IF (N2.LT,2000) GO 7O 230

WRITE{6,1000) K

FORMAT({1X, "PRECISION NOT OBTAINED HOTSA K=%,12)
EXPSUB=AREA

IF(EXPSUB.LESXNN) GO TO 280 _
IF{EXPSUB.GT.XNN+1.E~4}) WRITE(6,1001) EXPSUB:K

FORMATU1X, "EXPSUBSGT L EXPCHANDEQse *yE1Q0e35°% K=%,12%

EXPSUB=XNN
T=TCR=-TM-REF

EVALUATION OF EQCH,TM,SEQCH

CALL HMHS{EQSIG{K,1,1) ,EQCH,T1,SM}
ABC=SQRT{SG{1}%*%2+SM*%x2)

AREA =0,5-0.5*%ERF{{T~T1)/(1.414232%ABC)}
IF{AREA-EXPSUB) 310,311,312
EQCH=EQCH+1.

INDEX=2

GO TO 201

IF {INDEX.EQ.2} GO 70O 311
EQCH=EQCH~10.

IF{EQCH.GE.14) GO TO 201

EQCH=OQ

GO 70 310

SEQCH=SQRT{ SM**%2+SIGS%*2 )
TM=TM+T]

RETURN

END
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ITT.15 SUBRGUTINE HOTCR{Il,IM,JM,IDsK14K2,1ITyPRyILU)

OO0 OOn

SUBROUT INE FOR CORE ANALYSIS

11 =] FOR ACTIVE ZONE

=2 FOR RADIAL BLANKETY

=3 IF HOTCR IS CALLED BY FLOPT
IM,JM =I0NE,SUBZONE OF MAX,.HOT SPOT PROSB.

. ID IF.LT.C ONLY THE HOT CORE EXPECT. IS EVALUATED
K1,K2 FIRST AND LAST ZONE IND. FOR ACTIVE ZONE OR BLANKET
IT =1929+3 FOR CODL, »CLAD,FUEL RESPECTIVELY
PR =PREASSIGNED CONFJLEVEL
Ity =1 If THE HOT PIN EXPECTATION MUST BE EVALUATED

DIMENSION TEMPI30,5),SIGCOR{30,5),CRTEMP{30,5},SIGCR{30,5)
1,07T(30,53,51(30,5])

COMMON DUMOD1B2) ¢ NUSUZ{3031+NSASUZI3045)sRTCS{3055)sRTCLS{3G,5)}4RTFL
15{3C,5) sDUMML4T4T},SIGCCI{30,:5),SIGCCLE30+5):SIGCFLI3D,5),DUML{1650

23 CRTFL30,5),CRSTF (30,51 yCRTCLI3C,5),CRSTCL{3C,5),TC,STC,DUM2{45C)

39 XNCH{546) yEQMEAN(3:5,546] ,DUM3116380),EQSIG{34+5,546),DUMS4{54601},

4FLRTI3C ), TOUT{30) ,EXPE(2,10),TINL

IF {I1.EQ.3) GO TO 200

12=2%]7

IF{IT.NEL3) I2=12-1
EXPEC=EXPE{I1,12)

IF {EXPEC.EQ.0AND.ID.LE-C) RETURN
IF (IT.EQ.1) WRITE(6,1010])

IF {IT.EQ.2) WRITE(6,1020)

IF {(IT.EQe3) WRITE{6,103C)

(7,1
[
(7]

CHOISE OF THE QUANTITIES FOR CODL.,sCLAD,OR FUEL ANALY

DO 1 I=K1lsK2

NA=NUSUZ{TI)

DO 1 J=1,NA

GO TO (253+4),17

TEMP{I,J)=RTCS {I,J}
SIGCOR({IJ3¥=SIGCC (1,4}
CRTEMP(I,J1=TC

SIGCR{1+41=57C

GO 10 6

TEMPLIJ)=RTCLS{I,J}

SIGCR{I J)=CRSTCLL{T,J)
CRTEMP{I,J)=CRTICL{I,J]}
SIGCOR{I,3)=SIGCCL(I,J)}

GO 70 6

TEMP{T, Ji=RTFLS{I,d)

SIGCR(UI s 3 =CRSTF (1,4}
CRTEMP{I,J)=CRTF (I,J}
SIGCOR{I+JI=SIGCFLI{IJ)
SI(I+J)=SQRT(SIGCRII sJ)*%2+SIGCOR{I,J}*%%2}
DT{I;J)=CRTEMP(]I ;J)-TEMP{I JI-EQMEANLIT;J, 1}
IF {EXPEC.EQ.C.AND.I1.NEe3} GO TO 100
IF {EQSIG{IT;IM;IM}.EQ.C.) GO 7O 17



OO0
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INTEGRATION FOR CALCULATICN OF PROB. OF AT LEAST ONE HOT SPOT

SUM1=0.
N2=24
14 SUM=0,
N=N2-1
TEM =12./FL0ATIN2)
DO 11 L=1sN
X=FLOAT{L)*TEM -6,
Y=EXP{~Co5%kX%X%2)
PRUOD=1.
ABC=ERF{{DT{IMs IMI=X*SI{IMy M)}/ (1.414232%EQSIGIIT;JIM;IM}})}
IF {ABC.EQ.1l.) GO TO 11
DO 12 I=K1,K2
NA=NUSUZ(I)
DO 12 J=1,NA
PROD=PROD*{ s 5# S*ERFI{DTI{I o J)=X¥ST{15J31}/(1.414232%EQSIG{ITJ,1)1})
1)
IF {PROD.LE.1l.E-6) GO TO 11
12 CONTINUE
11 SUM=SUM+Y*{] .~PROD)
AREA=TEM *SUM*(,398942
IF{AREA.EQ.0.) GO TO 13
IF {ABS{SUM1/AREA-1.}.LE.C.01}) GO TO 16
SUM1I=AREA
13 N2=2%N2
IF {N2.L7.2000) GO TO 14
WRITE {6,1000)
16 EXI=AREA
GO 1o 20
17 EXI=0 5D S*ERFIDT{IMy M)/ {1.414232%ST(IMIM) )}
20 TF{Il.NE.3} GO 70 21
PR=EXI
RETURN

FINAL HOT ELEMENT EXPELTATICGN

21 TF{EXTI.GTLEXPEC) EXI=EXPEC
PROD=EXI*1G0.
IF 1IT.GT.1) GO TO 30
X=EXPE{I1,1)/EXPELI1,2)
Y=EXPE{I1,2)/EXI
WRITE(S6,1001) EXI;PRODyY+X
GO 70 1GO

30 NZ2= 3
X=EXPEIT1,N2#2)/EXPEL{I1;N2+1)
Y=EXPE{I1,N2+1)/EXPE{TL1 N2}
ABC=EXPE{I1,N2}/EXI
WRITE{S6,1002) EXI,PROD,ABL,Y$X
IF{ILU.NE.1) GO TO 100 ‘
N3=9
IF{IT.£EQe3) N3=10
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OOOO

C
C
C

XX=X*Y
Y=EXPE{I1l,N3J)/EXPE(I1,N2)
X=XX/Y
WRITE(6:1040) X,Y

10C IF{ID.EQ.C) RETURN

EVALUATION OF MAX.TEMP. VS CONF.LEVEL

EQN=0.
IF (EQSIGLIT,JM,IM)}.EQ.D.) GO TO 102
DO 101 T=K1l,;K2
NA=NUSUZ(T)
DO 101 J=1,NA
101 EQN=EQN+ALOG{0.5%C. S*ERF((TEMP(IM.JM)+EQMEAN(IT:JM:IM) TEMP(Iin-
TEQMEANUIT, J, 1) 3/01:414232%EQSIGUIT,Jd,105 1) :
EQN=-EQN/0.59315
GO 1O 103

102 EQN=1.

103 CALL HMHS(EQSIG(IT,JM {M);EQN,EQMC SIGC}
EQMC=EQMEANLIT, M, IM)+EQMC
SIGC=SQRTI{SIGC**2+SIGCOR(IM, IM)*%2)
WRITE(5,1003) EGQGN,EQMC,SIGC
DO 104 I=1,9
AB=0.5%FLOAT{I-1}

PROB=0 .5~ s 5¥ERF{AB/ 1,414232)
CONF=1.~-PROB
TEM=TEMP{IM, JM)+EQMC+AB*SIGC

164 WRITE{651004) PRUOB,AB,CONF,TEM
WRITE{6,1C05)

IF {(PR.LE.O.}) RETURN

EVALUATION OF A HOT SPOT FACTOR FOR A NEW ITERATION

SIGC=SQRT{SIGC**2+STGCR{IM, M) ¥%2)
DIMAX=TEMP{IM, JM)-TINL
HSF=1.+{EQMC+PR*SIGL}/DTMAX
HSF1={CRTEMP{IM, M} -TINL)/DTMAX
IF{ABS{HSF/HSF1-1.).GT7.0.002) GO TO 105
106 WRITE(6,10G06) HSF
RE TURN
155 HS=HSF1/HSF
WRITE {6,1007) HSF,HSF1
IF{HS.LT.1.,) GO TO 107
WRITE{6,1C08) DTMAX,HS
RETURN
107 HS=1./HS
WRITE{6,1009) DTMAX,HS

FORMAT STATEMENTS

1660 FORMAT{*® PRECISION NOT OBTAINED')

1601 FORMAT( ' PROB. OF AT LEAST ONE HOUOT CHANNEL=', El4.6///7° ON THE AVG

1.79E10.3, 7 CORES GUT OF 100 ARE EXPECLTED 7O CONTAIN "4F10.2y
2% SUBASS. HAVING *,F10.2:" HOT CHANNELS'///7)
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162 FORMAT(? PROB. OF AT LEAST ONE HOT SPOT=%, El14.6/7/% ON THE AVG.?',
1E1G.3, ' CORES OUT OF 100 ARE EXPECTED TO CONTAIN' b F10.2y*' SUBASS.
2HAVING' 3F10. 2, ' CHANNELS WITH'3F10.29* HOT SPOTS*/13X,9{1H=-3,42X,
394 1H=) s 16X39{1H=-)315X,9t1H=-)//7)

1003 FORMAT{ ' APPROX. EVALUATION OF EXPECTED MAX. TEMPERATURES'//' EQUI
1Ve NUMBER OF ZONES="4FB8+2510Xs ' M=-C-EQ=",F8.2y 10Xy ?'S5~C~EQ=V,F8,2//
2' PROB. OF EXCEEDING'y15X, *CONFIDENCE LEVEL? 15X "MAX.TEMP"/1X,45
3{2H-=1}) : ,

1004 FORMAT{8X,E1D0.2410X,%{ " ,F3,1,*SIGMA)?,E14.6,11X:F10,.2)

1005 FORMAT(1X,45{2H~-=-)//77)

1006 FUORMAT(®* THE REQUIRED HOT SPOT FACTOR' ,F1l0.4,% HAS BEEN ASSUMED IN
1 THE DESIGN®'///}

10G7T FORMAT( * REQUIRED HOT SPUOT FACTOR ='"2F10+%21CXy "ACTUAL HSF=*',Fi10.4%
1/} ' :

1008 FORMAT(* THE TEMP, DROP (REF.TEMP-INLET TEMP.=*', F10.25,%*) COULD B
1E INCREASED BY A FACTOR=',Fl0.4//7)

1C09 FORMAT{®* THE TEMP.DROP (REF, TEMP-INLET TEMP.=',F10.2, '} MUST BE
1DECREASED BY A FACTOR=',F10.4/77/7)

1C10 FORMAT{ 1H1,40X, *HOT CHANNEL?'///}

1020 FORMAT(1H1,4CX,*CLAD HOY SPOT*///)

130 FORMAT{1H1,40X,*FUEL HOT SPOT*'///)

1040 FORMATI(* AVERAGE HOT SPOTS PER PIN=*',Fl0.,2,10X, *HOT PINS PER SUBAS
1Se=%,F10.,2/77/}

RETURN
END

IIT.16 SUBROUTINE HMHS{SsXsHM,HS)

OO0

SUBROUTINE FOR EVALUATION OF THE MEAN (HM) AND STAND.DEV. (HS) OF
THE EQUIVALENT NORMAL DISTRIBUTION OF THE MAXIMUM IN X
SAMPLES FROM THE NORMAL DISTRIBUTION (0,S)

Y=ALOG1C( X}

HM=(1, 7C694+0.54372%Y-1, 701 69%EXP({-0.81888%Y) }*S
HS={0e62589-0.03584%Y+0,37230%EXP{-0.82554%Y)) %S
RETURN

END




IIT.17 SUBRGUTINE FLUPT(Ni)

nnmnhhmnn

OO O

SUBROUTINE FOR FLOW-RATE GPTIMIZATIBN

TCC =REF.CO0L.TEMP, . :

TCA - =REF.OUTER CLAD'TEMP; SRt
NSUB =TOTAL NUMBER OF SUBASS. IN A ZONE
FL TOTAL CORE FLOW-RATE

TEM AVG.COCL.TEMP AT CORE OUTLET

DIMENSIEN JIMI{30),DX{30)

COMMON EX,C0,DUMC{8B0 ), NUSUZ(3G) NSASUZ#BOQSPgRI£S(3Qr5)9
IRTCLS(30,5) »DUMLI30D)SISCLI3C,5),DUM2(2647),5EQSCL{30,5),DUM31180
201, SIGCCLI{30,5) ;ABC{150},SIGICL{30,5),DUM4&{1050),EQMSCL (30,51,
3DUMSL{6CCI CRTICL{30,5),CRSTCLI30,5),DUM6(998 ), EQMEAN(3,5,5461), -
5PUMT{16380)yEQSIGI345+5465 EQMB8I5460) , FLRT{30),TOUT{301,DUMS{201),

5TH1Q,TCC(30G55) s TCAL30,5),NSUB(30)

EQUIVALENCE (DUM1I{1),JMI1}), (DUHZ(I) DX{1))
WRITE{6,1CC0}

FL=0,

8=10000

TEM=0,

EVALUATION OF THE MOST CRITICAL SUBIONES

DO 1 I=1,NZ

NA=NUSUZ(I)
FL=FL+FLRT{I}%xFLOAT(NSUBL{I)}
TEM=TEM+FLRT{I }*TOUT (T} *FLOATI{NSUB{I}}
C=10000.

At A
DO 2 J=1:NA

CALL HMHS{SEQSCL{I,»J} FLOAT{NSASUZ(I,J}}+E,D}

EQMEAN( 2, J [ )=E+EQMSCL{I,J}

EQSIG (25,J51)=D%*%2+SIGZCLLI »J)%%2

D=CRTCLII I}~ (RTCLS(I943+EQMEAN12'J;i)+3.*SQRT§EQS!G§Z'JaI)+SIGCCL
(I J)**2+CRSTCL{T , J) *%2) ) :
EQSIG{2+Js1)=SQRT(EQSIG(2;J:1))

RTCS KEEPS THE INITIAL YALUE OF CLAD REF.TEMP.
RTICS{I,yJi=RTCLS(I N}

If {D.GE.C) GO 70O 2

C=D

JMLI}=J

DX{1i)=C

CONTINUE

NA=JM{ 1)

IF{C.GE.B} GO TO 1

IM=1

B=C

WRITE{6,1001) I,NSUBLI} FLRT{I} ,TOUTIT},IMIT},RTCLSTI,NA)
TEM=TEM/FL

EVALUATION OF THE TOTAL HOT SPOT PROB.WHICH MUST BE A CONSTANT
CALL HOTCRU3,IM,JM{IM),KCLy19NZy2,PR,IL)

WRITE{6,1C02) FLL,TEM ,PR



( EnTRY )

DO 1 I = 1,NZ

I = zone subscript

FL = FLRT(I) x NSUB(I)

TEM= FLRT(I) x NSUB(I) x TOUT(I)

CHOOSE the zone at
max. hot spot prob.

CHOOSE the subzone in I at max.

spot probability JM(I)

hot

B DX(I) margin from crit.temp.at 36
1 W .
CALL HOTCR to get
I,NSUB,FLRT,TOUT, TEM = TEM/FL the actual value of
JJIM,RTCLS=ref.clad tlet tel ™ PR (conf,level)
temp. avg. outlet temp

now,active zone and
blanket are not
separated

/

DO 4 I = 1,NZ DAB=0 I=1,N2 | W
l DX(I)=DX(I)-DX(IM) FL,TEM,PR
DX(I)=DX(I)-DAB
b g=1,NUsvZ(1) CALL HOTCR

RTCLS=RTCS +DX
new old temps.

to get new PRI
DAB =0,5

PR1<sPR

FC(I)

CALCULATE the factors

new flow-rates,clad
temp. and avg.coolant
outlet tempe.

W

®

( RETURN )

FIG, 10- Flow-Chart of FIZPT
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EQUALIZATION OF THE HOT SPOT PROB.OF THE SUBASS.AND ITERATION

DO 3 I=14NZ
3 DX{I¥=DX11}-DX{IM)
DAB=0,
FL=C.,
TEM=0.
WRITE{641CG033
6 DO 4 I=1,NZ
DX{I13=DX{1)~DAB
NA=NUSUZ{ )
DO 4 J=1,NA
4 RTCLS{I,,J)=RTCSIT,J+DX{])
CALL HOTCRIZ,IMyIMITIM) yKCLe19NZy2,PR1,IL)
DAB=0.5 '
IF (PR1=PR} 10,10,6

EVALUATION OF THE NEW FLOW-RATES AND AVG.TEMP,

10 DO 11 I=1,NZ
NA=JM{ 1)
DXA=0.
DYCC=TCCII,NA}I-THIQ

12 FC={DX(1)~DXA)/DTLC+],

DXA={HCLNT{FC)=1,)*{TCA{I,NAJ-TCCUI,NA}}
IFIABS{OX{(I})-DXA-{FC~1.1#DTLCL).GT.0.5} GO TO 12
FLRT(I}=FLRTL{I)/¥FC
TOUTLIN={TOUT{ 1}-THLQ)*FC +TH1Q
FL=FL+FLRT{I}*FLOATI{NSUB{I))
TEM=TEM+FLRT{I }*TOUT(I )} *FLOAT{NSUB{I})

11 WRITE{S,,10C4) I+DX{IJ+RTCLS{I,NAJ,FC 9 FLRT:
TEM=TEM/FL
HRITE{5,1002) FL,TEM,PR1

10C0 FORMAT{1H1,40X,'FLOW~-RATE OPTIMIZATION'///" INITIAL VALUES*//* ION
1E? 10Xy "NSUB* 15X, "FLRT ¥ 415X, *TOUT*, 15Xy P IMAX® s 15X, TRTCLSYY

10C1 FORMAT{1Xs13+10Xs15+2(10X+F102),115510X5,F10:2)

1002 FORMATI{1IXy55(2H~=)}///* TOTAL FLOW-RATE=*,E14.6,15Xs°*

1EMP =", F8.2y15X,*PROB=7,E10.37//7/7/1}

AVG,

DUTLEY 7

1003 FORMAT{®' FINAL VALUES?'//" ZIONE',17X,"DX?*,15Xs*RTCLS? ,18Xs*FC*,15%,

1'FLRT* 17X, *TOUT)

1004 FORMAT(1X,I1492010XsF10.2)910XyF10.4,21(10X,F1C.2))

RETURN
END



IV. Application to the FR 3 reactor core

. IV.1 General data

The FR 3 reactor Zf8_7 is a conceptual design of a sodium cooled fast test

reactor. The principal thermal data are the following:

sodium inlet temperature 230 ° C

max. linear power 526 W/cm
nominal max. clad temp. : : ' 557 ° ¢
(constant in every subassembiy)

nominal max. fuel temp. 2350 ° C
nominal max. coolant temp. rise 298 ° ¢
critical clad temperature 700 ° ¢ (t 7)
fuel melting point 2750 © ¢ (t 30)

The active zone was divided into 6 radial zones for the thermal nominal
calculations. Each zone was further divided into 3 subzones, in order to
take into account a stady-state burn-up situation. This is accomplished

by assuming different systematic power factors (1, 0.96 and 0.92 respecti-
vely for a 3-zone burn-up fuel cycle). Other systematic factors were

assumed for the coolant flow-rate in a subchahnel and fér the power due

to deviations on flux profile, provoked by control rod position. For further
details on systematic factors, statistical uncertainties and core design,
see Ref. /8 /. ‘ ' '

The hot spot was chosen at inner clad and inner fuel over a length of 1 cm

and 2 cm, respectively.

A -listing of the input cards is given beiow. As can be seen from the input
cards, evaluation of the maximum temperatures vs the confidence level is
required only for fuel and cléd aﬁalySis; moreover, for fuel and clad hot
spot a 2.4€ confidence level, and optimization ofithe flow-rate distribution
is required. The intermediate quantitiés must be printed only for the
channels in which the total hot spot probabilityiis = 0.001.



IV.2 Listing of Input Cards

REACTOR FR3

6 G 3 9 1 0 3 2 ] 2 1 4 0

0.0 24 20% 6.001
1 1 3 b 6 6
2 2 3 4 4 4
3 3 3 8 8 8
4 4 3 7 7 7
5 5 3 1% 11 11
& 6 3 12 12 12

2 1. 885G, Co 2750, 30, 700, 7.
1 1 1

l.14 1. 1. 1. 1.
1 1 2

1.14 1. 1, 1. C.96
1 1 3 '

1.14 1. i. i, 0.92
1 2 1

1914 18 19 13 19{31
1 2 2

1.14% 1. 1. 1. Q.37
1 2 3

ls14 1. 1. 1. 0.93
4 3 1 % 1 5 1 b 1

1.14 1. 1. 1. 1.02
4 3 2 4 2 5 2 6 2

1.14 1. 1. 1. 0.98
4 3 3 %4 3 5 3 ] 3

l.14 i. 1. 1. G.94

C.8 G.7
i 4 o o 1 0 1 1 1
1 3 CLAD THERMAL CONDUCTIVITY 0,01
1 5 FUEL THERMAL CDNDUCTIVITY G.028
1 6 FLUX CONTROL 0.025
1 7 SODIUM INLET TEMPERATURE 1.
3 1 1 1 2 1 3
2 1 e 0 G o 0 1 b
2 6 FLUX CALCULATION C.C
2 5 2 & 0 0 4 3 c
3 1 ORIFICE CALIBRATION ' - D.015
3 i PIN DIAMETER{4.,7+0C.025 MM) D.0115
3 & FLUX {CONTROL ROD) D005
3 6 ENRICHHMENT 0.005
3 6 SUBASSEMBLY DISPLACEMENT DL.005
4 3 2 o & o 0 1 C
% 1 ACTIVE LENGTH (172 PELLET) 0.004
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PITCH (5,740,025 MM
PIN DISPLACEMENT
1 1 i 1 4
{0CAL PRESSURE DROP
HeTs CLAD-NA
CLAD THICKNESS
HQT‘ DAP
FUEL THERMAL SONDUQTIVITY
DENSITY
ENRICHMENT
AXIAL FLUX
CLAD FUEL ECCENTRICITY
2 2 2 3 «
G 0 2 0 i 0
FLUX CALCULATION
G t 0 0 3 c
ORIFICE CALIBRATION
PIN DIAMETER{4.T+L.025 MM}
FLUX {LONTROL ROD)
ENRICHMENT
SUBASSEMBLY DISPLACEMENT
C C D 0 1 ¢
ACTIVE LENGTH (172 PELLET)
PITCH {5.7+(.,025)MM
PIN DISPLACEMENT '
1 1 1 1 4
LDCAL PRESSURE DROP
HeTo. CLAD-NA
CLAD THICKNESS

HeTe GAP
FUEL THERMAL CONDUCTIVITY
DENSITY
ENRICHMENT
AXTAL FLUX
CLAD FUEL ECCENTRICITY
3 2 3 3 4 i1
&) 1 5 2 6 3
¢ o 0 0 1 e
FLOX CALCULATION
¢ & 0 o 3 C
ORIFICE CALIBRATIDN
PIN DIAMETER{4.7+0.025 MM)

FLUX {CONTROL ROD)

ENRICHMENT

SUBASSEMBLY DISPLACEMENT
0 o 0 0 1 ¢

ACTIVE LENGTH {172 PELLET)

PITCH (5.7+03.025)MM
PIN DISPLACEMENTY
1 1 1 1 4
1 0CAL PRESSURE DRDP
HeTs. CLAD-NA

CLAD THICKNESS

HeT. GAP

FUEL THERMAL CONDUCTIVITY
DENSITY

ENRICHMENT

AXIAL FLUX

CLAD FUEL ECCENTRICITY

0.009
.01

0.04
0.01
N,12
0,03
0,018
g.005
0.225
NL.0D25%

.01

0.015
D.0115
GOUL
0.D05
0.305

J.004
0.009
0.01

C.04
0.23
0.01
0.12
3.03

2 RV e 4

0.025
0.025%



IV.3 Code outputs

IV.3.1 Qutput description .
The outputs presented in the following item are described below. First,

the general data, the critical temperatures and systematic factors are
printed by the program. Successively, the uncertainty cards are printed

as input documentation, (i. e., in the same form assigned to the inputs).
Then the program prints the grouped relative standard deviations in each
zone.

In our example, printing of the nominal temperatures was not required;
therefore, the code prints- for the channels with a total hot spot ex-
pectation greater than 0.001 - the reference temperatures, the expected
number of hot spots in the channel and the probability of the channel

being hot (hot channel expectation), and some other quantities.

Then the code prints the results of the subassembly analysis. The reference
temperatures now refer to the channel - in the subassembly - for which the
hot spot probability is a maximum. This means that they are not necessarily
the maximum temperatures in the subassembly. Moreover, the total hot spot
an
the probability of the subassembly being hot.

Then, (in our case all channels were calculated separately)the hot pin expec-

d hot channels expectations in the subassembly are printed together with

tation per subassembly is printed: for instance, if a subassembly of the
first subzone in the first zone has at least one hot spot, there is a

17 0/o probability that the pin (1,1) (see Fig. 4) has a hot spot.

When all zones have been examined, the code prints the total hot element
expectation in the core.

Then the final fuel (elad) hot spot analysis is performed. As a result we
obtain for the fuel that the probability that at least one hot spot occurs
is 0,32.

If we have a population of 100 cores, we "expect" to find 32 cores in which
an average of 3.5 subassemblies contain hot spots. Each hot subassembly has
an average of 9 hot pins. Every hot pin is affected on the average by only one
hot spot.

Then the maximum fuel temperature is printed vs the confidence level.

In our case (a total 2.4¢ confidence level is required), the nominal tempe-
rature drop (inner fuel - inlet coolant) must be decreased by - 6 O/o.

In the case of the clad, the temperature drop (inner clad - inlet coolant)

could be increased by - 3 o/o.
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IV.3.2 Output Listing

NZ=NUMBER OF RADTAL ZONES= 6
{18= © NBU= 3 NBF= 9 NBT= 1 cs= 0 ICL= 3 [FL=
KCH= O KCL= 2 KFL= 1 NWRITE= O NX = 0
PRCH= 0.0 PRCL= 2.400 PRFL= 2,400 PRMIN= C.1D0E-02 ¥
IONE INDEX SUBZONE NUMBER NSUB1L NSUB2 NSUB3 NSUB%
1 ¢ 1, 0, 0 3 6 6 6
24 20 Oy O 3 4 4 4
30 3y. 0y 0O 3 8 8 8
40 4y 0, O) 3 7 7 7
51U 5+ 0O, 0 3 11 11 11
6 69 0, 0 3 12 12 12
SPOT LENGTH CRITIC.TEMP, ST.DEV.
M C c
FUEL 2,00 2750.,00 30.00
CLAD 1.00 7C0400 7.00
COOLANTY 880,00 0.0
SYSTEMATIC FACTIRS COOLANT FLOW RATE CLAD-COOL. DT GAP DT
ZONE INDEX SUBZONE INDEX
1 1 1.1402 1.06000 1.0000
1 2 1.1400 1.0000 1.0000
1 3 1.1400 1.0000 1.0000
2 1 1.1400 1.0000 1.6000
2 2 141400 1.5000 1,0000
2 3 1.1400 1.0000 1.0000
3 1 1.1400 1.0000 1.0000
3 2 1.1400 1.0000 1.0000
3 3 1.1400 1.0000 1.0000
4 1 1.1402 1.0000 1.0000
4 2 1.1403 1.0000 1.0000
4 3 1.1400 1.0000 1.0000
5 1 1.140) 1.0000 1.0000
5 2 11400 1.0000 1.0000
5 3 1. 1400 1.0000C 1.0000
6 1 1,140) 1.0000 1.0000
& 2 1.1400 1.0000 1.0000
6 3 1.1400 1.0000 1.0000

CORRELATION BETWEEN
EXP= . 8000

HEAT TRANSFER

AND FLOW RATE=FA=FFR¥®EXP~CONST*EXP *(FFR~1)
CONST= 0.7000

2

NSJBS5

INNER FUEL DT

1.000)
1.000)
1.000)
1.000)
1.000)
1.G00D
1.2000
1.000)
1.0002
1.0002
1.0002
1,000
1.0002
1.008)
1.0003
1.2003
1.000)

POWER

1.3300
0.9600
0.9200
1.01C0
0.9700
J3.930)
1.3232
0,9800
0.9400
1.0200
2.9800
0.9400
1.2222
2.9800
0.9400
1.220)
00,9820
0.9400

T




CORE UNCERTAINTIES

CLAD THERMAL CONDUCTIVITY

: 2,0100
TYPE 5 FUEL THERMAL CONDUCTIVITY 3.02890
TYPE 6 FLUX CONTROL . 0.6250
TYPE 7 SODIUM INLET TEMPERATURE 1.0000
ST.DEV. COOL.T.RISE CLAD=CCOL, DT CLAD DT FUEL~CLAD DT INT.FJEL DT POWER FIXED TEWP
Ra Ve RV R.V. RoVe RaVe RoV. ¢ )
ZONE SUBZONE o
0.0 0.0 Ce06100 0.0 0.0280 0.925) 1.2300
UNCERTAINTIES FOR THE SUBZONES 1,1 = 142 - 143 =
ZONE UNCERTAINTIES
TYPE 6 FLUX CALCULATION 0.0
SUBASSEMBLY UNCERTAINTIES
TYPE 1 DRIFICE CALIBRATION 0.0150
TYPE 1 “PIN DIAMETER(4.7¢0,025 MM} 0.0115
TYPE 6 FLUX {CONTROL ROD) 0.0050
TYPE 6 ENRICHMENT 0.0050
TYPE 6 SUBASSEMBLY DISPLACEMENT 0.0050
CHANNEL UNCERTAINTIES
TYPE 1 ACTIVE LENGTH (172 PELLET} C.0040
TYPE 1 PITCH (5.,7+0.025)MM D.0090
TYPE 6 PIN DISPLACEMENT 0.0100
LOCAL UNCERTAINTIES
TYPE 1 LOCAL PRESSURE DROP 0.05400
TYPE 2 HoT. CLAD-NA 53300
TYPE 3 CLAD THICKNESS 0.0100
TYPE 4 HoT. GAP G.1200
TYPE 5 FUEL THERMAL CONDUCTIVITY 0.0300
TVPE 6 DENSITY 0,0180
TYPE 6 ENRICHMENT 0.C050
TYPE 6 AXIAL FLUX 0.0250
TYPE 6 CLAD FUEL- ECCENTRICITY 0.9250

2L




UNCERTAINTIES FOR THE SUBZONES 241 = 2,2 ~ 2,3 -

ZONE UNCERTAINTIES

TYPE 6 FLUX CALCULATION 0.0100

SUBASSEMBLY UNCERTAINTIES

TYPE 1 ORIFICE CALIBRATION 0.,0150
TYPE 1 PIN DIAMETER(4: 740,025 MM) 0.0115
TYPE [ FLUX {CONTROL ROD) 0+0150
TYPE 6 ENRICHMENTY G.0050
TYPE 6 SUBASSEMBLY DISPLACEMENT 0.0050

CHANNEL UNCERTAINTIES

TYPE 1 ACTIVE LENGTH (172 PELLET) 0.0040
TYPE 1 PITCH {5.7T+0.025}MM 0.06090
TYPE 6 PIN DISPLACEMENT 0.0100

LOCAL UNCERTAINTIES

TYPE 1 LOCAL PRESSURE DROP 0,0400
TYPE 2 HeTo CLAD-NA 0.0300
TYPE 3 CLAD THICKNESS C.0100
TYPE 4 He To' GAP 0.1200
TYPE 5 FUEL THERMAL CONDUCTIVITY ¢.0300
TYPE 6 DENSITY 0.0180
TYPE 6 ENRICHMENT 0.0050
TYPE 6 AXTAL FLUX 00,0250
TYPE 6 CLAD FUEL ECCENTRICITY 0.0250

)



UNCERTAINTIES FIR THE SUBZIONES 3,1 = 392 = 343 = 431 = 492 = 433 ~ 541 =~ 542 = 543 ~ 641. = 642 = 693 =

ZONE UNCERTAINTIES

TYPE 6 FLUX CALCULATION 0.0200
SUBASSEMBLY UNCERTAINTIES

TYPE 1 ORIFICE CALIBRATION G.0150
TYPE 1 PIN DIAMETER(4.7+0.025 MM) 0.0115
TYPE 6 FLUX {(CONTROL ROD) 6.0200
TYPE 6 ENRICHMENT 0.0050
TYPE 6 SUBASSEMBLY DISPLACEMENT 0.0050
CHANNEL UNCERTAINTIES

TYPE 1 ACTIVE LENGTH (1/2 PELLET) 0.,0040
TYPE 1 PITCH {5.7+0.0251MM 0.0090
TYPE [ PIN DISPLACEMENT 0.0100
LOCAL UNCERTAINTIES

JYPE 1 LOCAL PRESSURE DROP G.0400
TYPE 2 HoeTs CLAD-NA 0.0300
TYPE 3 CLAD THICKNESS 0.0100
TYPE 4 HeTo GAP 041200
TYPE 5 FUEL THERMAL CONDUCTIVITY 0.0300
TYPE ] DENSITY 00180
TYPE 6 ENRICHMENT 040050
TYPE 6 AXIAL FLUX 6.0250
TYPE 6 CLAD FUEL ECCENTRICITY 0.0250

1
[}
1
1
]
i
H
]
H




ZONE UNCERTAINTIES

FIXED TEMP.

POMWER
RaV,

FUEL~CLAD DT INT.FUEL OY

CLAD DT

CLAD-COOL. OT

COCL.TLRISE

ST.DEV.

ReVe

RoVe

R.V.

ReVe

RaVe

SUBZONE

ZONE

OO0 OAAOHOO
® 8 6 @ & 2 8 4 2 4 0 08 o & e o
A0 OOAOOMNOA

Goo

030130
0.3120
0.0130
0.0232
0.0200
0.0222
0.0230
040220
0.0230
0.0200
043222
0.0222
0,022
0.022)

0.022)

[eReNo]
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* 8 3 6 @ 8 6 8 6 2 3 0 s e s o e s
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SUBASSEMBLY UNCERTAINTIES

POWER FIXED TEMP,

RaVe

DY CLAD OF FUEL~CLAD DT INT.FUEL DT

CLAD-COOL.

COOL.T.RISE

STL.OEV.

(8]

Ra Ve

ReVe

ReVe

RaVe

ReVe

Bl aRaRa ol alaRoRalolalelaRaloR Nallel

SUBZONE

ZONE

4 & @ 2 6 & 6 s 2 8 s @ 2 e ® s o
OO0 AMNOCOH0ON0ON

0.0037
0.0087
C.0087
G.0166
00,0158
0.0155%
0.0212
0.0212
0.C212
0.0212
0.0212
0.0212
0.0212
0.0212
0.C212
0.0212
0.0212
0.0212
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C.0L89
0.0189
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0.0189
0.0189
0.0189
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0.0189
0.0189
0.0189
.0189
0.0189
0.0189
0.0189
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CHANNE! UNCERTAINTI

ST.DEV.

ES

COOL.

ZONE SUBZONE

TOCOCTVWUHDHWRWNNRg -
WA e WA s ) PO W N N el g N e

LOCAL UNCERTAINTIES

ST.DEV.
ZONE SUBZONE

C RO NDD P W WN RN -
W e O N e B0 R G P e R e WO NS

COOL.

T.RISE CLAD-CIOL. DT CLAD DT
ReVo RaVe RaVa
0eQD98 0.0 0.0

0. 0098 0.0 0.0
G.0098 C.0 0.0
§+0098 0.6 €0
0.0098 G.0 D0
0.0098 0.0 0.0
0.0098 0.0 0.0
0.0098 0.0 0.0
0.0098 0.0 c.0
0.,0098 .0 C.0
0.0098 0.0 0.0
¢.0098 0.0 0.0
0.0098 0.0 0.0
0.0098 0.0 G.0
0.0098 0.0 G.0
0.0098 0.0 0.0
0.0098 0.0 .0
0.0098 Ca.0 0.0

T, RISE CLAD-COOL. DT CLAD DT
Re Ve ReVe Re Ve
0.C400 C.0320 0.0100
0.0400 0.0300 0.01C0
0.,0400 0.C300 0.0100
0.0400 0.0300 0,0100
C. G400 0.0300 ¢.0100
C.0400 0.0300 C.0100
0.0400 0.0300 0.0100
0.0400 .03(0 06.0100
G.G4C0 00300 c.0100
0.,0400 C.03C0 €.010C
0. 0400 Ce3300 0.0100
00400 0.0300 0.0100
C. 0400 0,0300 0.010¢
00460 G.0320 0.01G0
0.04C0 0.,03C0 0.0100
0.0400 G.0300 0.0100
0.0400 0.0300 C.0100
C.CaC0 0.0300 G.01C0

FUEL~CLAD DT
ReVe

2
. &
<@

QODOOODOVLOCQOQOQODOCO

EEEEEEEEEEEEERE

OCOO0OVOOO0OO0OUVO0OOODVYVHOD

FUEL~CLAD DT
ReVoe

0.1230
0.1200
0.1200
0.1200
0.1200
0.1200
0.1200
b.1200
0.1200
0.1200
0,1200
041200
0.1200
041200
0.1200
C.1200
G.1200
Ga.1200

INT.FUEL DT
ReVe

oo
c .

o

MR
CODOOCO0VOOP00bo0O

COOVOCOOOCODOCOOO

INT.FUEL DT
R.V,

0.0300
0.0300
0. 0300
G.0300
0.0360
10,0300
0.0300
0. 0300
G. 0300
0.G300
0.0G300
0.0G300
0.0300
0. G300
6.0300
0.0300
0.0300
0.0300

POWER
RaVe

0,01
0.012)
0.3122
Vs 6D
0,2120
0.0122
0.912)
0.0129
0.010)
0,213
0.0120
0.0100
0.0132
0.0120
0.010)
0,010
0.013)
0.01230

POWER
Re'Ve

040422
0,042
0.0420
0,043
00420
0.0420
0.04))
0.042)
0,043
0.0420
0.0420
060402
040422
0.042)
G.0402
0.0420
0.0422
0.043)

FIXED TEMP.

VUOoUWLULUOLLDOWL W
.6 =
uuwouuouuouuoa&ouu

R EEEEREREEREE

FIXED TEMP.
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NOMINAL THERMAL DESIGN DATE 07.05,.71 TIME 18.51.49
INFO = ~ FR 3 «~ CHIMAX = 5264 W/CM RETHE 1 BIS 6
ALL TEMPERATURES AND STANDARD DEVIATIONS ARE EXPRESSED IN CENT. DEGREES

NOMINAL COOLANT INLET TEMP.= 230,00

HOT CHANNEL CONSIDERED AT DUTLET OF ACTIVE ZONE .
HOT SPOT CONSIDERED ON THE CLAD INNER SURFACE

HOT SPOT CONSIDERED ON THE SURFACE OF .THE FUEL INNER 'CHANNEL

I0NE 1
FLOW RATE = 12587.62 GR/SEC AVER.COOLANT QUTLET TEMP.= 507.48
NUMBER OF SUBCHANNELS CALCULATED = 258 TOTAL NUMBER DF PINS = 127
1.CHANNEL ANALYSIS

SUBC HANNEL 1 1, 1) NUMBER OF IDENT., SUBCHAN. 1 NUMBER OF SpPOTS

SUBZONE 1

COOLANT CLAD

REFERENCE TEMPERATURES 553,04 590.94
AT HEIGHT ({CM) 145,00 144,50
TOTAL STANDARD DEVIATIONS 11.67 ' 14.45
EXPECTED NUMB.OF HOT SPOTS 0.0
HOT CHANNEL EXPECTATION 0.0 0.0
LOCAL STAND.DEVIATIONS 2,04 2.61
EQUIV.NUMBER OF HOT SPOTS 1.00
CHANNEL STAND.DEVIATIONS %e53 4.82
M=-CH-EQ 0.0 0.01
S=CH-EQ 4497 548
SUBCHANNEL 24 1ls 2) NUMBER DF LDENT. SUBCHAN. 1 NUMBER OF SPOTS

SUBZONE 1

COOLANT CLAD

REFERENCE TEMPERATURES 543,46 584.02
AT HEIGHT {CM)} 145.00 144,50
TOYAL STANDARD DEVIATIONS 11.32 14,23
EXPECTED NUMB.OF HOT SPOTS C.0
HOT CHANNEL EXPECTATION o.C ¢.C
LOCAL STAND.DEVIATIONS 1.98 2+64
EQUIV.NUMBER OF HOT SPOTS 200
CHANNEL STAND.DEVIATIONS 4440 4.71
M-CH-EQ 0.0 1e43

S—-CH-EQ 4,83 5.28

L{ASTAB=

FUEL

2422.28
110.0¢C
109.06

0.878E-02
Ce694E~02

72.61
%. 88
22.02
80.78
62.95

2LASTAB=

FUEL

2401.45
110.00
108,82

0.868E£~-02
D.634E-02

72.76
8.73
21.79
104415
59,66

0.53)



2.SUBASSEMBLY ANALYSIS

REFERENCE TEMPERATURES
SUBASS, STAND.DEVIATION
ZONE STANDJODEVIATION
CORE STAND.DEVIATION
EQUIVL.NUMBER OF CHANNELS
M-S-£Q

S-5-EQ

HOT SPOT EXPECTATION IN A SUBASS.
HOT CHANNEL EXPECTATION IN A SUBASS.

HOT SUBASS.EXPECTATION

SUBZONE 1

COOLANT

559.26
6.85
0.0
8,29
1.00
0.03
8.51

HOT PIN EXPECTATION PER SUBASS.

12

ey
OB NN PENCOORNO VPN OONTI IS WUNFONOVNPWNRM IR H W

o
TUVIVIAVVVVV VUL LEPDIDDD LI WWOOWWWWWNNNNIDNNN = = et s s

P

~

200000V O0ULVOROCAOCOOOO0ORODOCO0OCLOODVO0OLOVO >
o

6 © © 8 © & 2 £ B O 2 6 €6 6 6 6 5 B S 6 S S 6 U B & S U B OO 6 & 6 & o &

o 2 2 o 0 »

PGV CO0O0QLUOOCLOOUOOOLOU0U0O00OOROVCLDOCULOO0ODOLON

FUEL
C.17
0.16
0.15
C.l4
0.14
O.14%
0.17
012
0.21
0.21
0.21
0.21
0.21
0.21
0.14
.10
0.17
0.18
0.18
0.18
0.18
0.18
Cel7
0010
.08
0.13
0.15
0.15
0.15
0.15
0.15
0.15
0.13
0.08
0.06
0.11
0.11
0.12
0.12
0o.12
Ca12
0,12
0.11
0,10

none

CLAD

600.22
T.02
0.0
9.32
1.00
2426
8.89

FUEL

26)07.68
19.2)
Gad
69.43
51.76
247.73
42,27

0.138E 01
0.972€ 00
G.137€ 30
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ACTIVE ZONE

SUMMARY OF HOT ELEMENT EXPECTATION

ZONE,SUBZ, COOLANT CLAD FUEL
SUBASS. CHANNEL SUBASS. CHANNEL SPOT SUBASS. CHANNEL spovT
1, 1 0.C 0.0 040 0.0 .0 0,82CE£ 00 0+583E J1 0.325E 01
0.0 0.822€ 01 (PINS)
1, 2 0.0 0.0 0.0 0.0 0.0 0.,502€-01 0.135E 00 0.153E )
, 0.0 0.153€ 00 (PINS)
1, 3 0.0 0.0 0.0 0.0 0.0 0,442E-03 0.581E-03 0.512E-03
0.0 N.611£-03 (PINS)
2y 1 0.0 0.0 C.0 0.0 0.0 t.187¢ OO0 0.107€ 01 0.,148E 01
0.0 0.147¢ D1 (PINS)
2y 2 0.0 0.0 040 0.0 0.0 0.839E-02 0.219€-21 Ds2%3E-D1
0.0 0.249€-01 (PINS}
2y 3 C.0 0.0 0.0 0.0 0.0 0.360£~04 0.360E-0D4 0.403E-04
0.0 C.401E-D4 (PINS)
3, 1 ¢.0 0.0 0.261E~04 0. 787TE~04 0+335€6-03 Go.643E-01 0.236E 00 0.326E 00
0.235E~03 0.324E ) (PINS)
3 2 0.0 0.0 C.0 0.0 0.0 0.211E-02 C.435€-02 0.503E-22
0.0 0.501E-02 (PINS)
3¢ 3 0.0 0.0 0.0 C.0 0.0 0.0 0.0 043
0.C ' 0.0 (PINS)
4y 1 0.0 0.0 0+231E-04 Cs63BE-04 Ce262E~03 0.117E-05 C.117E-05 0.125E-05
0. 190£-03 0.,117E-05 (PINS}
4y 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.)
0.0 . 0.0 (PINS)
4y 3 0.0 0.C 0.0 C.0 0.0 0.0 0.0 0.
.0 0.0 (PINS)
5, 1 C.0 0.0 C+539E-04 Cs193E-03 0.813€-03 0.0 0.0 2.)
0.575E~03 0.0 (PINS)
5, 2 0.0 0.0 0.0 C.0 0.0 0.0 0,0 3.2
0.0 0.0 (PINS)
5y 3 Ce0 0.0 0.0 C.0 2.0 0.0 0.0 0.3
0.0 0.0 (PINS)
6y 1 C.0 C.0 0e122E-03 0.722E-03 0.313E~02 0.0 0.0 J.)
0.217E-02 0.0 (PINS)
6y 2 0.0 0.0 C.0 0.0 0.0 C.0 ¢.0 0.2
0.0 0.0 (PINS)
6y, 3 0.0 0.0 0.0 .0 0.0 0.0 0.0 0,2
0.0 0.0 {PINS)
TOTAL 0.0 0.0 0.225E~03 0.106E-02 0.454E~02 0.113E 01 0.729€ 21 3.102E 32
REFER ,ZONE 6y 1 6y 1 1y 1
REFER,TEMP, 580441 5609.29 2407.68
CRIT.TEMP, 880,00 700,00 2752.00
M=-Z-EQ 18,03 32.10 299.73

S~2~-EQ 10492 11.15 33,56



FUEL HOT 5pP0T
PROB., OF AT LEAST ONE HOT SP0OT= 0.323880fF ©O
ON THE AVG. 04¢324E 02 CORES OUT OF 100 ARE EXPECTED VYO CONTAIN 3,50 SUBASS. HAVING bo4s CHANNELS WITH 104D
AVERAGE HOT.SPOTS PER PIN= 1,00 HOT PINS PER SUBASS.= 9.00
APPROX. EVALUATION OF EXPECTED ¥MAX. TEMPERATURES
EQUIV. NUMBER OF ZONES= 1.19 M-C-EQ= 304,66 S~-C-EQ= T6.73
PROB,. OF EXCEEDING CONFIDENCE LEVEL MAXLTEMP.
0.50E 00 (0.0SIGMA) 0.500000E 00 . 2712434
0.31E 0C {0.5S51GMA} C.5691460E 00 2750.7T0
O.16E OC 11.05IGMA) 0.841342E 00 2789,.,06
0.6TE~C1 {1.5S1GMA) 0,933190€ 00 2827 .43
0.23E~-C1 (2.0SIGMA) 0.977248E 00 2865.79
0.62E-02 {2.55IGMA) 0.993790E OO 2904.16
0+ 14E~02 {3.,051GMA)  (.998650E 00O 2942452
C.23E~03 (3.551GMA)  0.999767€ DO 2980.88
0+32E~-04 (4.05IGMA) 0.999968E 00 ) 3019.25
REQUIRED HOT SPOT FACTOR = 1.2307 ACTUAL HSF= 1.1572
THE TEMP.DROP (REF. TEMP-INLET TEMP.= 2177.68) MUST BE.DECREASED BY A FACTOR= 1.0635

HOT SPOTS



CLAD HOT SPOT

PROB., OF AT LEAST ONE HOT SpOT= 0.224637E-03

ON THE AVG. 0.225E-01 CORES QUT OF 100 ARE EXPECTED TO CONTAIN 1.00 SUBASS. HAVING

AVERAGE HOT SPOTS PER PIN= 1.43 HOT PINS PER SUBASS.= 14.09

APPROX. EVALUATION OF EXPECTED MAX. TEMPERATURES

EQUIV. NUMBER OF ZIONES= 2465 M-C-EQ= 40429 S-~C-EQ= 13.63

PROB. OF EXCEEDING CONFIDENCE LEVEL MAX.TEMP,
0.50E 06 (0.0SIGMA) = 0.50C0C0E 00 649.58
0.31E 00 (0.55TGMA} C.691460F 0OC 656 .39
0.16E €O {1.05IGMA) 0.841342E 0O 663,21
0.67TE~0] {1.55IGMAY) (.933190€ 00 670,02
0.23E-C1 (2.0SIGMA) D0.977248E 00 676,83
0.62E~-02 {2.58IGMA) ©.993790E 0O 683,65
0.14E~02 {3.0S5IGMAY (.998650E 00 690 .46
0,23E-03 (3.5SIGMA) 0.999767E 00O 697,27
0.32E~04 {(4.051GMA) 0.999968E 00 704 .09

REQUIRED HOT SPOT FACTOR = 1.2031 ACTUAL HSF= 1.2391

THE TEMP. DROP {REF.TEMP-INLET TEMP,= 379,29) COULD BE INCREASED BY A FACYOR= 1.0299

4,71 CHANNELS WITH

4.29 HOT SPOTS

2



INITIAL VALUES

ZONE NSU8
1 18
2 12
3 24
4 21
5 33
6 36

TOTAL FLOW-RATE= 0,142131E 07

FINAL VALUES

TOTAL FLOW-RATE= 0.139479E C7

FLRT
12587.62
11885.64
11032.67

9836.70
8604, 16
8244.79

FLOW=-RATE OPTIMIZATION

Tour
507.48
509.74
508.65
509,23
517.14
522459
AYG. DUTLET
RTCLS
631,59
62779
609.90
610.93
607.76
604.79
AVG. OUTLET

TEMP,=

FC
1.0957
1.0703
1.0044
1.0061
0.9960
0.9871

TEMP,=

FLRT
11488.55
11105.00
10984.78

9776.98
8639.09
8352.52

P0B=

PRDOB=

C.291€-03

Tour
534,02
529.41
509.87
510.94
515,98
518.82

0,260E~03

c8
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At last, the data on flow-rate optimization are printed. In the FR 3-core
it is possible to increase the outlet coolant nominal temperature from
~513 ° ¢ to 518 °c. Naturally, this is not important for a test reactor;
it was calculated only as an example.

For the FR 3-core, the thermal design appears tc be highly reliable as far
as the clad is concerned. For the fuel, however there is a 32 O/o probébi»
lity that hot spots occur in -~ 32 pins. Since hot spot occurrences in the
fuel do not necessarily provoke pin failures, the failure expectation is
even lower; therefore, such a design appears to be adequately reliable.
(Other causes, such as pin fabrication defects, according to operation expe-

riences cause larger failure rates).




V. Further Analysis

V.I Influence of the different groups of uncertainties

In order to assess the influence of the différent groups of uncertainties

on the hot element expectation, the THEDRA-code was applied to the FR 3

reactor core, considered at item IV.3, for 4 different cases:

- only core

only channel

only subassembly

it

"t

L ”

"

only local uncertainties are present

1)

]

"

In all cases, the following assumptions were made: for the power a 7 0/o

standard deviation, as critical temperatures 2750 and 700 © C for fuel and

clad, respectively, and standard deviations of critical temperatures equal

to zero.

The results are given in Table N. 1.

Table N. 1 Hot Element Expectations out of 100 Cores
total number | hot spots |hot pins hot subassy. uncer-
Expect. of hot spots | per pin per subassy. [per core hot cores tainty type
- - - - -—— local
305 3.1 3.0 1.4 71.0 channel
Clad
905 3.0 77.0 1.0 1.3 subassy.
905 9.0 77.0 41.2 0.032 | core
, hot spots hot channel
Expect. per channel per subassy.
30.300 1.1 13.2 21.3 100 local
Fuel 33.200 25 1.7 8.4 100 channel
33.200 23 93.0 1.0 16.0 subassy.
33,200 23 93.0 9.0 1.7 core




As already stated, the expected number of hot spots turns out to be always
the same. (For the local uncertainties it must be considered that the local
power uncertainty was averaged for the coolant temperature over the channel
length: therefore, it is slightly lower than 7 O/b in reality for the fuel,
where the most important temperature drop is that between inner fuel- and
clad; and it is very little for the clad where the most important tempera-
ture drop is Jjust the coolant temperature rise).

What is different is only the distribution of the hot spots among the seve-
ral channels, subassemblies and cores. From Table N. 1 it turns out clear
that a local uncertainty tends to provoke a few hot spots in many channels,
subassemblies and cores. A channel uncertainty tends to provoke a few hot
channels but with many hot spots, in many cores; and finally a core uncer=-
tainty will provoke many "hot subassemblies" in one core in an extremely
improbable case. Moreover, the distribution of the hot spots within a sub-
assembly should be the same, both if only a core uncertainty is present
and if only a subassembly uncertainty is present, since both cases have the
same effects as far as only a subassembly is considered.

As a consequence, local uncertainties provoke "small" failures more fre-
quently, whereas global uncertainties provoke "total'" failures in very rare
cases.

(It should be noted that the in-core instrumentation can better measure
global quantities, such as subassembly coolant outlet temperature or core
outlet temperature, than local ones, such as channel temperatures.
Therefore, during reactor operation "total" failures can be avoided for

better than local ones by opportune actions of the safeguards system).

V.2 Pin failure expectation

The THEDRA-code already furnishes the expected number of pin failures in

the two following ecases:

a) the distribution of failures vs operating temperature is a normal
one

b) the failure distribution is not normal, but its standard deviation
is small with respect to the temperature uncertainties, so that the

sum of both distribution is approximatively normal.

In both cases, in fact, it is sufficient to assign the critical temperatures

as normal distributions by defining their nominal values and standard devia-
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tions. (CRTF, CRSTF etc. see item II.3). In the code it is possible to
take into account different critical temperature distributions for each
subzone.(They are assumed to be constant within a subassembly.) This
allows the designer to take into account the actual opérating conditions
of the different subassemblies, e. g., burn-up, mechanical stresses, tem-
perature fields etc.,and their effects on the failure temperature distri-
bution.

However, even if conditions a) - b) are not satisfied, the THEDRA-code
offers the designer the possibility to obtain the failure expectation as
it will be shown by the following considerations.

By successive application of THEDRA it is possible to get the distribution
of the number of pins exceeding a certain temperature vs this temperature.
In this case, the standard deviations of the critical temperatures (CRSTF,
CRSTCL, CRSTC) should be set equal to zero and the temperatures CRTF,
CRTCL and CRTC have no longer the significance of "critical' temperatures
but that of temperatures "exceeded".

For instance, Table N. 2 gives such a distribution in the case of the FR 3

reactor core, subjected to a power channel uncertainty of 7 o/o,

Table N. 2 Number of elements, whose clad temperature exceeds

a certain value. (In 100 cores)

Temperature | Total number| Total number| Hot pins Hot subassy. Hot cores

exceeded C| of hot spots| of hot pins per subassy.|per core
680 15,700 4,320 3.5 12.4 100
690 3,990 1,192 3.1 3.9 98
700 905 291 3 1.4 T1
710 182 63 3 1 21
720 32 12 3 1 4
730 5 2 3 1 0.6

Let us assume that the clad failure distribution vs temperature Pf (& ) is

constant for each subassembly. -
It is clear that, if this condition is not satisfied, the analysis should




be repeated for each subzone, taking into account the data provided by
THEDRA for the subzones.

Pf ( ¥ ) is assumed to be the probablllty that the clad fails if a spot -
of the size assumed - is at a temperature a g, durlng its nominal opera-
tion time. This distribution should by obtained by suitabie experimehts,

In this example we assﬁme that Pf( J ) is a rectangular distribution within
the temperatures 680 and 730 ° ¢ (see Fig. 11).

From the Table N. 2, it is possible to obtain the number of spots and pins
whose temperature falls within a given interval. This distribution is

shown in Table N 3.

Table N. 3 Number of hot spots and hot pins vs temperature

Temp. interval © Cc Number of spotis Number of piﬁs
680 - 690 11,710 3,128
690 - 700 3,085 901
700 - 710 713 238
710 - 720 150 51
720 - 730 27 10
730 - 5 2
P
1 A £ i
{
Pig. 11 |
Pe( J) (Assumption) 1
! .

B

680 730 s

Since in most practiecal cases, as we have shown at item V.1, the local un-
certainties have a negligible influence for clad hot spot occurrences, a
pin whose maximum temperature have exceeded 720 C (for instance), must
necessarily have some spots at temperature between 680 and 720 C. The
number of these spots can be easily calculated by dividing the number of
spots at temperatures within 680 and 690 ° C for the number of pins
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exceeding 680 °c (and so on). In our case
number of spots within 680 and 690 °¢c per pin = 11,710 / 4,320 = 2.7.

Analogously for the other temperature intefvals, we get the average
situation of Table N. 4.

Table N. 4 Average hot spbt expectation

ng(1)
number of | avg. number of spots pef pin in the temp. interv.
pi;‘; (5) | 680 - 60 690 - 700|700 - 710[710 - 720|720 ~ 730 |BZ
3128 2.7 - - - - 0.247
901 2.7 2.6 - - - 0.702
238 2.7 2.6 2.5 - - 0.950
51 2.7 2.6 2.5 2.4 - 0.997
10 2.7 2.6 2.5 2.4 2.2 = 1
2 according with our assumption are with certainty 1
failed

Since a failure can initiate in any spot, the failure probability for a pin

is given by:

(7)) ns (1)

174

P2(J) =1 -73 [1 -P

and the total pin failure expectation E is given by

E = z;i No(3)  Pa(J).

Where i, J, Np, ns are defined in Table N. 4 and P in Fig. 11. In our case,
by substituting the numerical values we obtain E = 1696.

As it was shown, once Pe(9) is given for every subassemblies according to
their operating conditions, THEDRA allows the designér to get the pin
failure expectation value, and therefore, to optimizé the core thermal
design according to the well known minimuﬁ global cost criteria. Z-See,

for example, Ref. 9, 10_/.
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