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This appendix presents a summary of the thermal anelysis of

the Indian Point, Plant #2 Pressurized Water Reactor Vessel.
The assumptions made, method of analysis and results of the
investigations are presented, Temperature distrivutions
obﬁained from two-dimensional heat flow analyses are pre-

"sented on cross sections of the components. considered,
"Remylts of the one-dimensional heat flow analyses are

presented 1n the form of graphs, The times for which dis-
tributions are presented were gelected to present the

“‘total effects of the transients,

NOMENCLATURE

Actual thickness of c¢lad material, ft

Cross sectlon area, ft2

Dimension, ft

“Thermal capacitance of node j, BTU/°F
Specific heat, BTU/1b-°F

Actual thickness of base metal, ft

Equivalent thickness of clad material, ft
Modulus of elastleity, psi

Acceleration of gravity, ft/sec?

Heat transfer coefficient, BTU/hr-ft2-Op
Thermal conductivity, BIU/hr-ft-OF

Length along a heat flow path, ft

Slope of temperature vs time curve, °F/hr
Fourier modulus, dimensionless

Slope of temperature vs time curve at x=o, OF/hr
Rate of heat flow, BTU/hr '

.Heat generation of the node j, BTU/hr

Rate of heat generation per unlt volume; BTU/hr-ft3
Rate of heat generatlon per unilt volume at, the
surface, BTU/hr-ft3 ‘
Dimension, ft

Thermal resistance, hr-9F/BTU

Temperature, OF

Uniform initial temperature, °F

Temperature at x=b, °F

Temperature difference, COF .
Slope of temperature vs time curve at x=b, °F/Hr
Volume, ft2 S
Dimensicn, ft

Thermal diffusivity, ft2/hr

Coefficlent of thermal expansion, ft/ft-°F

Q
)
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Linear absorption coefficient for heat generat
1/ft

Emissivity for radiation, ft®/nr
T-Te¢, Temperature change, °F
Absolute viscosity, lb/ft-hr
Poisson's ratio, dimensionless

% s dlstance ratlo, dimensionless
Density, 1b/rt®
Thermal stress, psl
Time, hr

Time difference, hr:

%% » temperature ratio, dimensionless

tSO

S}

Natural convectlon property function, 1/f

Varlous procedures were used to determine the thermal
tion presented in thils appendix.
describe the technlques used and the conditions under
would be applicable. '

B.3.1 Transient and steady state temperature distriﬁutions

The following parag

determined by use of a finite difference methg
grammed for solutlon on a digital computer,

A code has been written which makes use of thg
heat balance equations derived by Hellman, Hak
and Babrov (1). Through the use of this code,
perature distributions can be obtained in bodi
irregular geometries and composed of different

The obJect being investigated is divided into

of blocks or nodes.

node and the thermal resistance between nodes

lated using the physical properties of the maf

The thermal capacltance of node J is:
€y = pcpvj

The thermal reslistance between homogeneous nod
i 1s: o

Ry = I
JH T kgAY

a system
The thermal capacitance 4f each

ion,

informa-
raphs
which each

d pro-

general
etler,

tem-

es having
materials.

1s calcu-
erial.

es J and
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where 4Ly 1s the length of the heat flow path between
nodes J and i, jA1 1s the area normal to gLi and common
to both podes. k 1s the thermal conductivity of the
material.

The thermal resistance between non-homogeneous nodes
J and 1 1n series 1is:

. (L1 i AJ(LE)i s . J(Ln)i
J1 (A177 ke J(Ae)i U Tk g(Bn)y
The thermal resistance for a film is:
1
R =
1
J h JA1

The equation for the change 1in temperature of a parti-
cular node in the time At 1is:

AT = %? [q(conducted) + q(generated)]

The rate at which heat is conducted into the node is:

where 1 represents each bordering node and Ry 1s the
thermal resistance between the 1 node and the node
under consideration.

Thus, the equation for the change in temperature of a
particular node becomes:

Ty ;
1N J

ATJ=‘C¥ s
J {1i=

The temperature of each node 1s calculated at succes-
slve time intervals through the use of the finite
difference equation:

Tlospr) = Ty + 4T
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where AT 1s obtailned from the previous equati
evaluated at time =,

For a steady state problem, the term 1n brackets must

be equal to zero; hence,

This expression is equlvalent to performing a
balance about node J.

Translent solution for a finite slab in which
boundary has a linear temperature change, whi]
other boundary 1s insulated. 1Initially the s]
isothermal. '

e e e

=
L~
-
L
-
L~
-
t
L
|~
i
|-
-

L}
o

Assumptlons:

1. One-dimensional heat flow.

2. Thermal properties of the material do not’
temperature and may be evaluated at the av
temperature over the range covered.

3. Infinite heat transfer coefficlent at x=o.

Mathematical stafement of the problem:

. .
g}_{%_ég:(} for 0<X<b:T>O

Boundary conditions:

T=T, at 1 =0 for 0< x<b

vary with
erage
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a7 _ o
i 0 at x=b for 10

T =Ty + mt at x=0 for >0

solutlion 1is:

1 2
e—(n+§) m NFO

4
1
0] (H+E)

(0]

Fo

_1_ N, - +E¥ b
N T
Fo n=

This solution only considers slabs of one material, To
include clad on the base metal, an equivalent thickness
must be added to be base metal thilckness.

The equation for the equivalent thilckness of clad is:

2
.2
d=_0+\/02+§-____q_2_+£2_a_£
a1 ki

IPEC00069876
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Assumptions:

d = equivalent thickness of clad material
¢ = actual thickness of base materjial
a = actual thickness of clad material
a1 and ki = diffusivity and conductivity of clad
az and kp diffusivity and conductivity of base metal

The slab thickness "b'" now becomes [d+c)

The final graph of temperature vs distance can be plot-
ted using (d+c) as the total length. The temperatures

in the section d<x<(d+c) are correct for the

base metal.

However, the temperature distribution from O{x<d must
be "foreshortened" and replotted from 0<x<a ghere the
temperature at x=a 1s the temperature calculgted for

x=4.

Translent solution for a finite slab with uniform
initial temperature 1n which one boundary has a linear
temperature change while the other boundary is kept at

zero temperature,

T=TotmY

1. One-dimenslonal heat flow.
2. Thermal properties of the materlal do nof

vary with

temperature and can be evaluated at the average

temperature over the range covered,
3. Infinite heat transfer coefficilent at x=

Mathematical statement of the problem:

dET

SkE 0 for 0 x <b and >0
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Boundary conditlons:
T =T, at 1=0 for O x <b
0 at x=b
To + mt at x=0 for 0

solution is:

(1-6)[6Mg € (2-8)]

+
6 7

n=1

[ (T + ¢gmt)dx

B.3.4 Transient solution for a finite slab with non-uniform ()
inltial temperature which undergoes a linear temperature :
change on each surface.

Agsumptlons:

1. One-dimensional heat flow

2. Thermal propertles of the material do not vary with
temperature and can be evaluated at the average
temperature over the range covered.

3. Infinite heat transfer coefficient at x=0,

4, u=0 forcing the surface at x=b to remaln at Ti.

Mathematical statement of the problem:

927 1 9T
s L =T 2= =0
N -y for 0L x <b and >0

IPEC00069878
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Boundary conditions:
T = £(x) at 1=0 for 0< x <b
T =T, +p1 at x=0 for 10
T Ti1 + ut at x=b for >0, but u=0
so T =Ty at x=b

solution is:

T n
5 |ip'rTO - {(-1) UTTO]GT

If £(x) = T, + % (Ta~To) the solution

2 3 2
T =pt + t{u-p)¢ + %;[(u-p)%r + p%r

—an®rZy
b n
L;;(To-Tl)(-l)

become s

-(u+2p)

sin nwé
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The equation for the mean temperature is:

1
Tmean Y

b
J Tax
Q

Nonlinear gradient at steady state resulting from heat
generation due to gamma ray capture in a two materilal
finite slab wilth one surface at a flxed temperature
and the other surface perfectly insulated.

Y=o K=Q, X=a,

F‘fx

. Assumptilons:

1. One-dimensional heat flow.

2. Thermal properties of the materials do not vary with
temperature and can be evaluated at the mean tem-
perature of the body 1n question.

3. No contact resistance at the Junction of the two
materials. ' :

I, Heat generation of the form q'"' = gqo'' e-BX,

Mathematical statement of the problem:

d®Tgq -Bx
o do''" e for 0 < x < aa
X

dZTcs -Bx
cs Tax? = qgqo'" e for a; < x < ag

Boundary conditions:

T, = Ty at x=0

dTgq

-k ax -
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Tss = Tes at x=a;

dTes

I é 0 at x=ag

The golution 1s:

- ale‘ﬁaEJ + TO

Tangential thermal stresses at X=a)1 and X=ap
temperature distribution in a thin walled cy]

ends free to expand axially but restralned fi
are: '

1

1 ,
g~ Bz(a, -a1)

e-ﬁaz 1 _ag-aa
B2(ag-ay ) 2

= () {eP

1-v kcsB

ko8 | BE(Eo7an)

1-v B2(ag-az)

-Ba
oe = (EL) (et ) eP _e-sae[ L

where:

01 = Tangentlal thermal stress at x=a;
0z = Tangential thermal stress at x=as
E = Modulus of elasticity

v = Polsson's ratio

a' = Linear coefficient of thermal expansiol

due to this
inder with
om bending
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B,3.6 Thermal moment: A term used in the structural analysis
generally at locations of dilscontinulty where cuts are
taken. - The moment 18 due to a radlal temperature
gradient and 1s defined mathematlcally as:

. b
1
M, - % [ T (R-r)d(R-r)

a

The equation for the mean temperature at a cut through
a cylinderical sectlon is:

o b
TM -y i Trdr

Dimension to 1lnside surface
Dimension to cutside surface
= Dimenslon (a<r<b)
Mean radius
a Coefficient of thermal expansion
v = Polsson's ratioc

Material Properties and Fllm Coefficients:

Properties of materlals used in this appendix are pre-
sented below. All were evaluated at 325°F.

Stailnless Steel Carbon Steel

= 9.8 Btu/hr-£t-°F k = 26.2 Btu/hr-rt-"F
= 495 1b/ft3 P bgo 1p/rt3
= ,127 Btu/1b-°F cp = .12 Btu/1b-°F

Water

= ,0204 Btu/hr-ft-°F  k = .40 Btu/hr-rt-°F
= 3.0 x 10% ¥ o= 4.7 x 10%

The following equations were used to calculate the heat
transfer coefficients used in the analysis of the head
and vessel flanges.

IPEC00069882
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Convectlon film coefficlent in a vertically emclosed

gap:

hex 0.0m1 [xanga A’I"(‘igg)]
K

i
¢ a
K s L ¥

. 1

- Q0T kK [pg]¥ |
h, = se—t—2t [YAT ‘
¢ (L/x)':? o

where,

208 Cpl
v = Q_EEE(_E_)
M

Convection f1lm coefficlent in a horizontal e
gap: '

h_ x 3,2 eplt
< - 0.075 ["—’-’fﬂi (—f{’—)]

1
s |
k

‘n, = 0.075 [u(AT]13

c

Convectlon fi1lm off the top of a heated pléte:

2k oy [La"g BAT (ip—'f)];'
n2 k
1
h, = 0.14k[ aT]®

The convection f1lm coefficient on the bottom
the same plate 1s assumed to be half that on
side. \

The equation for the radiation coefflelent iac

‘alr gaps and off the top and bottom of the re
|

plate 1s as follows: _ |

0.173 x 1078 (Ta*-T2*)

h =
r 1 1

e -1 (T;-Tz)r
€1 = €2 = 0,65

B-13

hclosed

side of
the top

ross -the
fuelling
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B.4,0 APPLICATION OF GENERAL SOLUTIONS AND RESULTS AT SPECIFIC
LOCATIONS

B.4.1 Head and Vessel Flanges: A representative section of’
the vessel flange - head flange reglon was divided into
a serles of nodes as In Figure B-1 on Page B-23. For
calculating node volumes and heat transfer areas, a '
cylindrical sector wlth an angle equal to half the
angle between two studs was taken. This model con-
siders two dimensional heat flow (axial and radial)
except In the head flange where the studs pass through.
In this area, a third dimension i1s considered as heat
1s transferred between the stud and flange.

Assumptions:

Two~dimenslonal heat flow,

Heat generation negligible, .

Thermal properties do not vary with temperature.
Natural convection is assumed in the gap between
the core barrel and vessel flange.

All other surfaces in contact with primary coolant
are assumed to have an infinite heat transfer co-
efficient.

Outside surfaces of flanges, vessel and head are
perfectly insulated. .
Natural convection and radiation 1s assumed in
the annulus between the stud and head flange and
in the gap between the head and vessel flanges.
The refuellng plate transfers heat to the sur-
roundings by both radlation amd convection.

The head and vessel flanges were analyzed for the fol-
lowing thermal conditlions using the method described in
B.3.1.

a. Heatup Transient: Inside surfaces are heated from
100°F to S47°F at a linear rate of 100°F/hr while
the ambient condition remains at 120°F.

IPEC00069884
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Steady State: Inslde surfaces are held fonstant at

547°F and the amblent at 120°F.

Cooldown Transient: The inside surfaces

are cooled

from SUTOF to 100°F at a linear rate of LO0°F/hr

while the ambient is held at 120°F. fThe

initial

condlitlon for this transient is the steady state

condition described in b.
Resultas:

Nodal layouts of the flanges showlng temperat

ure dis-

tributions at times during heatup and cocldown tran-

slents plus steady state are presented in Figures B-1
thru B-9, Flgure B-39 1s a sketch of the flange re-
glon showing the locations of discontinulty where the

effects of radial gradlents were consldered.
locations, the radial gradients were plotted,
these gradlents values were obtalned for the

temperature at the cut and the thermal momen%.

radial gradients are shown in Figures B-40 th
and the thermal moments resulting from these
are tabulated on Page B-100.

Axlal gradients in the flanges were alsoc plof
the temperature distributions at times during
cooldown and at steady state. These gradlent
sented 1n Filgures B-78 thru B-83.

For the Plant Hydrostatlc Test (2500 psia), {
surfaces are heated from 100°F to 400°F at 1Q
while the plant 1s belng pressurized. Durlng
depressurization, the inside surfaces are cog
to 100°F at 100°F/hr. These heatup and coold
slents are at the same rate but over a shorte
than the normal heatup and cooldown. Therefq
would be conservative to use the results of n
up and cooldown for the hydrostatic test tran

Other operating transients applied to this re
faster rates than heatup and cooldown, but th
temperature change is much shorter, Therefor
conservative to consider the mean temperatureg
body did not change from the initlal conditio
the temperature of the inslide surface followe
fluld transient, Differences between the med
ture and the 1nside surface temperature at ti
these transients are tabulated on Page B-121)|

At these
and from
mean

The

r B- J"‘9.1
gradients

ted from
heatup,
s are pre-

he inslde
0°F/hr
plant

led back
own tran-

r range

re, it
ormal heat-
sients.

gion have

e range of
e, 1t was

of the

n while

d the

n tempera-
mes during
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The operating translents for the inlet nozzle

were

investigated In the same manner as for the flange
analysis in Section B.k.1. The results are presented

on Page B-122,

Outlet Nozzle: A vrepresentatlve sectlon of ¢
nozzle was divided into a serles of nodes as
B-14 on Page B-36. This model, consisting

he outlet
in Figure
of a

cylindrical sector wlth an angle of one radign, was

used to perform a thermal analysls using the
described in B.3.1,.

Assumptions:

. Two-dimensional heat flow.
Heat generation negligible.

methed

Thermal propertles do not vary wilith teAperature.
All surfaces in contact with the primary coolant
are assumed tc have an infinite heat transfer

coefficlent,
e, Outside surfaces perfectly 1nsulated.

Temperature distributions in the outlet nozzl

talned for the following transient and steady

conditions.

a. Heatup: Inside surfaces are heated from
547°F at a linear rate of 100°F/hr. Both
outlet fluids follow the same transient.

100% Power Steady State: The coolant ind
nozzle 1s held constant at 613°F while th
contacting the vessel shell adjacent to
is held at 555°F.

Operating Transients: Temperature distri
obtalned for operating translents 1ncludil
loading and unloading, step reduction frg
50% load, reactor trip from full power, 1
one pump and loss of lcad. Fluid transie
these cases are found in the Equlpment Sp

Results:

Nodal layouts of the outlet nozzle showlng te
distributions for times during heatup, plant
at 100% power steady state and during plant u

e were ob-
atate

100°F to
inlet and

ide -the
e coolant
he nozzle

butions were
ng plant

m 100% to
oss of flow,
nts for
ecification.

mperature
loading,
nloading

are presented in Figures B-14 thru B-26., Higure B-56
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is a sketch of the nozzle showing the locations of

discontinuity where effects of radial gradlents were . g
considered. At these locations, radial gradients were .
ploﬁted for the conditions above. From these gra-

dients, values were obtained for the mean temperature

at the cut and the thermal moment. The radial

gradient plcots are found in Figures B-57 thru B-T1

and the resulting thermal moments are tabulated on

Pages B-102 and B-103,

Axial gradients were also plotted for the nozzle at
times during heatup, plant loading at 100% power
steady state and during plant unloading. They are
found in Figures B-86 thru B-01,

As in the inlet nozzle analysis, the cooldown transient
was not completely analyzed, The gradients are mirror
images of those for heatup and the thermal moments,
wlth reversed signs, can be used for corresponding
times during cooldown.

At zeroc power steady state, both inlet and outlet fluids
are at 547°F. Wlth the outer surface of the nozzle in-
sulated there 1s no heat sink. Therefore, at thils
steady state the nozzle wlll be isothermal at 54T°F.

The results of heatup and cooldown were also used for
the plant hydrostatic test transients as described for
the flange analysis in B.4.1,

Temperature distributions for operatling transients in-
cluding step reduction from 100% to 50% load, reactor
trip from full power, loss of flow, one pump and loss
of load are presented in Figures B-27 thru B-38.

These transients have faster rates than heatup, plant
loading and plant unloading, and their effects are only
seen a short distance from the surface. In view of this,
1% was conservative to consider the inside surface fol-
lows the fluld temperature and calculate the AT between
the mean temperature and inslde surface temperature.
These temperature differences are tabulated on Pages
B-123 and B- 124,

For the step load transients of * 10% of full power and
steam break from hot zero power where both 1nlet and
cutlet fluids follow the same translent, the 1inside
surface temperature was assumed to follow the fluld
temperature while the mean temperature of the nozzle did
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not change from the initial conditlon. DIiff
between the mean and surface temperatures ar
on Pages B-123 and B-124,

Closure Head: The vessel closure head was §
determine the mean temperature of the head 3
of the 100°F/hr heatup and cooldown transiern
100°F and 5479F and at the end of the hydrog
transients during which the vessel 1s heated
between 100°F and 400°F at 100°F/hr,

Results of the one-dimensional analytical sg
describéd in Section B.3.2 showed the mean {
of the head to be 518°F at the end of heatuy
at the end of cooldown. At the end of the h
and cooldown transients, the mean temperatur
is 384°F and 116°F, respectively.

B-19

erences
a tabulated

nalyzed to
t the end

ts between
tatic test
and cooled

Jution as
emperature
and 129°F
ydro heatup

e of the head

!

Vessel Wall: The procedure described in B.3.2 was used
to perform the one-dimensional analysis of the vessel
wall in the nozzle region and in the lower shell region

for the heatup and hydro heatup transients.

Temperature dlstributions for the two wall gections,
presented in the form of graphs, for times during heatup
and hydro heatup are on pages B-94 thru B-97. Using
these curves, the mean temperature and inside and out-

side surface temperatures were obtained for
investigated. Differences between the mean

the times
temperature

and the temperatures of the inside and outside surfaces

are tabulated on Page B-104,

The procedure in B.3.5 was used in determini
mum allowable rate of gamma heating in the ¢
sectlon of the vessel wall. This rate was c¢

ng the maxi-
hinner
Blculated by

substituting 2 Sy for o1 in the equation for| thermal
stress at x=a, and solving for gqp"'. With B[= 0.4 1n7?

and 2 Sm = 53,400 psi, the maximum value of
determined to be 164,000 Btu/ft3-hr,

Bottom Head: The method in B.3.2 was aisc u
termine the mean, inside surface and outside
temperatures in the bottom head at times durlng the

heatup and hydro heatup transients. Différe
the mean temperature and the temperatures of
and outslde surfaces during these transients
sented on Page B-105.

o't was

sed to de-
surface

nces between
the inside
are pre-
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Vessel Supports: The vessel is supported off the noz- .
zles., Four nozzles, two inlet and two outlet, are used

in the support arrangement. These nozzles have 1nte-

gral pads bullt up on the bottom sides and rest on

support shoes. The support shoes are attached to a

ring glrder which rests on a concrete foundation.

Although both inlet and outlet nozzles are used for

supports, the geometry of the inlet nozzle presents

the more severe case and was used for both nozzles in

the analysis.

The followlng transients and steady state conditions were
Investigated. For all conditions, the back surface is
held at 100°F, This temperature represents the tempera-
ture at the bottom of the support shoe and is assumed to
be equal to the amblent temperature.

a. Plant Heatup - Inside surface is heated from 100°F
to 547°F at a 1linear rate of 100°F/hr,

b. Hydro Heatup - Inside surface 1s heated from 1C0°F
to 400°F at a linear rate of 100°R/Hr.

Steady State - at steady state, the temperature dis- '

tribution through the nozzle wall and pad is assumed
to be linear between the fluid temperature inside the
nozzle and 100°F at the bottom of the support shoe.

Inside temperatures for the steady states investi-
gated are: '

Hydro Steady State - 4%00°F (inlet and outlet
nozzles).

Zero Power Steady State - SYTOF (inlet and out-
let nozzles}.

100% Power Steady State - 555°F (inlet nozzle
only).

100% Power Steady State - 613° (ocutlet nozzle
only).

Plant Cooldown - Inside surface is cooled from S47°F
to 100°F at a linear rate of 100°FR/hr. The initial
condition for this transient 1s the zero power steady
state distribution,

Hydro Cooldown - This transient starts from the hydro
steady state. The inside surface 1is cooled from 400°F
to 100°F at 100°F/hr. The distribution at the end of
hydro cooldown is assumed to be the same as that for
the end of plant cooldown

IPEC00069890
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The procedure in B.3.3 was used to perform the one-
dimensional thermal analysis for plant heatup and hydro
heatup. The plant cooldown transient was apalyzed using
the one-dimensional analytical solution desribed in

B.3.4.

Temperature distributions thru the nozzle wpll and pad
at the end of plant heatup, hydro heatup and plant
"cooldown are presented in Figure B-76. Disfributions
for hydro, zerc power and 100% power steady| states are
presented 1ln Figure B-T77. From these distrjibutions
temperatures of the inside and outside surfpces and the
mean temperature were obtained, The AT between the mean
temperature and the temperatures of the inside and out-
side surfaces was calculated. These results are pre-
sented on Page B-106

B.5.0 REFERENCES

1. Hellman, Habetler, and Babrov, "Use of NumericLl Analysis
in Transient Solution of Two Dimensional Heat ['ransfer
Problems with Natural and Forced Convection', ASME Trans-
actions, 1956, .

2. McAdams, W. H., Heat Transmission, Third Editipn, McGraw-
H11l Book Co,, New York, 195%.

3. Anthony, M. L., "Temperature Distributions in Blabs with
a Linear Temperature Rise at One Surface”, Gengral Dis-
cussion on Heat Transfer, 1951.

4. Mac Robert, T. M,, Spherical Harmonics, 2nd Edition, 1948.

5. Westinghouse Equipment Specification No, 676208,

6. Westinghouse P,A.R. No. 27.

7. Westinghouse Drawing No. E.D, Sk. 328832-F.

8

g

0

.. CE Drawing No. E-232-042,
. CE Drawing No. E-232-0i45,
. CE Drawing No. E-232-046,

IPEC00069891



RIV000052B
Submitted: December 22, 2011

DETAILED RESWLTS

IPEC00069892



RIV000052B
Submitted: December 22, 2011

INDICATOR SHEET

(OTY) SIZE SIHHEET
DESCRIPTIONS

) 8.5x14

(3 11x17

( ) Oversized
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