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INVESTIGATION OF ONE CONCEPT OF A THERMAL SHIELD
FOR THE ROOM HOUSING A MOLTEN-SALT BREEDER REACTOR

Abstract

The concrete providing the biological shield for a
250-Mw(e) molten-salt breeder reactor must be protected
from the gamma current within the reactor room. A con-
figuration of a laminated shielding wall proposed for
the reactor room was studied to determine (1) its abil-
ity to maintain the bulk temperature of the concrete
and the maximum temperature differential at levels be-
low the allowable maximums, (2) whether or not the con-
duction loss from the reactor room will be kept below a
given maximum value, (3) whether air is an acceptable
medium for cooling the wall, and (4) the length of time
that a loss of this coolant air flow can be sustained
before the bulk temperature of the concrete exceeds the
maximum allowable temperature. Equations were developed
to study the heat transfer and shielding properties of
the proposed reactor room wall for various combinations
of lamination thicknesses. The proposed configuration
is acceptable for (1) an incident monoenergetic (1 Mev)
gamma current of 1 x 10*% photons/ca? .sec and (2) an
insulation thickness of 5 in. or more. The best results
are obtained when most of the gamma-shield steel is
placed on the reactor side of the cooling channel.

1. INTRODUCTION

Thermal-energy molten-salt breeder reactors (MSBR) are being studied
to assess their economic and nuclear performance and to identify important
design problems. One design problem identified during the study made of
a conceptual 1000-Mw(e) MSBR power plant1 was that there will be a rather
intense gamma current in the room in which the molten-salt breeder reactor
is housed. The concrete wall providing the biological shield around the

reactor room must be protected from this intense gamma current to limit

'P. R. Kasten, E. S, Bettis, and R. C. Robertson, "Design Studies of
1000-Mw(e) Molten-Salt Breeder Reactors," USAEC Report ORNL-3996, Oak
Ridge National Laboratory, August 1966.



gamma heating in the concrete. Further, the concrete must be protected
from the high ambient temperature in the reactor room. One possible
method of protecting the concrete is the application of layers of gamma
and thermal shielding and insulating materials on the reactor side of the
concrete. A proposed configuration of the layered-type wall for the

reactor room is illustrated in Fig. 1.
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Fig. 1. Proposed Configuration of Reactor Room Wall.

The study reported here was made to investigate this proposed con-
figuration of a reactor room wall for the modular concept’ of a 1000-Mw(e)
MSBR power plant. This modular plant would have four separate and identi-
cal 250-Mw(e) reactors with their separate salt circuits and heat-exchange
loops. This preliminary investigation was made to determine whether or
not the proposed configuration for the reactor room wall will
1. maintain the bulk temperature of the concrete portion of the wall at

levels below 212°F,

2. maintain the temperature differential in the concrete lamination at
less than 40°F (a fairly conservative value), and

3. maintain the conduction loss from a reactor room at 1 Mw or less.

This study was also performed to determine whether or not air is a suit-

able medium for cooling the reactor room wall and to determine the length

of time over which the loss of this air flow can be tolerated before the



bulk temperature of the concrete:lamination exceeds the maximum allowable
temperature of 212°F.

Analysis of the proposed configuration for the wall of the reactor
room was based on an investigation of the heat transfer and shielding
properties of the composite wall shown in Fig. 1. Equatiohs were devel-
oped that would allow these properties to be examined parametrically for

various combinations of lamination materials and thicknesses in the wall.



2. SUMMARY

Methods were devised to parametrically analyze a composite plane wall
with internal heat generation produced by the attenuation of the gamma
current from the reactor room. Both steady state and transient conditions
were considered. Thirty-one equations were derived and a computer pro-
gram was written to examine the heat transfer and shielding properties of
the proposed wall for various combinations of lamination materials and
thicknesses, Incident monoenergetic (1 Mev) gamma currents of 1 x 102
photons/cnf -sec through 3 x 10'® photons/cnf *sec were examined. A finite
difference approach, with the differencing with respect to time, was
used in the transient-condition analysis to obtain a first approximation
of the amount of time that the proposed wall could sustain a loss of
coolant air flow,

The results of these studies indicate that the proposed configuration
of the laminated wall in the reactor room is acceptable for the cases
considered with an incident monoenergetic (1 Mev) gamma current of 1 x 10'?
photons/cnf sec and a firebrick insulation lamination of 5 in. or more.
Under these conditions, a total of approximately 4 in. of steel is suffi-
cient for gamma shielding. The best results are obtained when the thick-
nesses of the mild-steel gamma shields are arranged so that the major
portion of the steel is on the reactor side of the air channel. However,
the proposed configuration of the laminated wall for the reactor room
does not protect the concrete from excessive temperature when the incident
monoenergetic gamma current is 2 x 10*2 photons/enf - sec.

With an incident monoenergetic (1 Mev) gamma current of 1 x 102
photons/cn?'sec, the proposed laminated wall will maintain the temperature
differential in the steel to within 10°F or less for all the cases studied.
The differential between the temperature of the steel-concrete interface
and the maximum temperature of the concrete is less than 15°F for all the
cases studied. The values of both of these temperature differentials are
well below a critical value.

Based on the assumption that the floor and ceiling of the reactor

room have the same laminated configuration as the walls, the proposed



wall will allow the conduction loss from the reactor room to be maintained
at a level below 1 Mw for an incident monoenergetic (1 Mev) gamma current
of 1 x 10*2 photons/caf -sec if the thickness of the firebrick insulation
lamination is 5 in. or more and if at least 4 in. of mild-steel gamma
shielding is included.

With a coolant air channel width of 3 in. and an air velocity of
50 ft/sec, air is an acceptable medium for cooling the proposed reactor
room wall, TIf the ambient temperature of the reactor room remains at
approximately 1100°F and if the gamma current is maintained at 1 x 102
photons/cn?-sec, the temperature of the concrete will remain below the
critical level (212°F) for approkimately one hour after a loss of the
coolant air flow. If a zero incident gamma current is assumed, the
"permissible" loss-of-coolant-air-flow time is greater than one hour but
less than two hours.

To determine whether or not a conduction loss of 1 Mw will permit
maintenance of the desired ambient temperature within the reactor room
without the addition of auxiliary cooling or heating systems, an overall
energy balance should be performed when sufficient information becomes
available., This balance should start with the fissioning process in the
reactor and extend out through the wall of the reactor room to an outside

surface.



3. DEVELOPMENT OF ANALYTICAL METHODS

In the modular concept of a 1000-Mw(e) MSBR power plant,' the four
identical but separate 250-Mw(e) molten-salt breeder reactors would be
housed in four separate reactor rooms. One primary fuel-salt-to-coolant-
salt heat exchanger and one blanket-salt-to-coolant-salt heat exchanger
would also be housed in each reactor room along with the reactor. These
items of equipment are to be located 11 ft from each other in the 52-ft-
long reactor room that is 22 ft wide and 48 ft high. The reactor and the
primary fuel-salt-to-coolant-salt heat exchanger are responsible for the
gamma current in each of the reactor rooms. The proposed configuration
of the laminations devised to protect the concrete from the gamma current
in the reactor room is shown in Fig. 2 with the corresponding terminology

used in the parametric studies made of the composite wall.

1P. R. Kasten, E. S, Bettis, and R. C. Robertson, "Design Studies of
1000-Mw(e) Molten-Salt Breeder Reactors,' USAEC Report ORNL-3996, Oak
Ridge National Laboratory, August 1966.
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Fig. 2. Proposed Configuration of Reactor Room Wall With Corres-
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In the direction from the interior of the reactor room out to the
outer surface of the wall (left to right in Fig. 2), the layers of mate-
rial comprising the wall are a stainless steel skin, firebrick insulation,
a mild-steel gamma shield, an air channel, a mild-steel gamma shield, and
the concrete biological shield. The thicknesses of the firebrick insula-
tion and each of the two mild-steel gamma shields are considered to be
the variable parameters in this study. The thickness of the stainless
steel skin is fixed at 1/16 in., the thickness of the concrete is either
8 ft for an exterior wall or 3 ft for an interior wall, and the width of
the air channel is fixed at 3 in,

The temperature of the interior surface of the reactor room wall is
considered to be uniform over the surface and constant at 1100°F. The
temperature of the exterior surface of the wall is considered to be uni-
form over the surface and constant at 50°F for the 8-ft thickness of
concrete (the temperature of the earth for an exterior wall) or at 70°F
for the 3-ft thickness of concrete (the ambient temperature of an adjoin-
ing room within the facility for an interior wall). The temperature of
the coolant air is assumed to be 100°F at the bottom (entrance) of the
air channel, and the velocity of the air is assumed to be 50 ft/sec.

The situation examined is basically one involving a composite plane
wall with internal heat generation caused by the attenuation of the gamma
current from the reactor room. Two conditions were considered: the k
steady-state condition and the transient condition. The steady-state
condition was considered first and the transient condition was considered

later when the problem of a loss of wall coolant was examined.

Steady~State Condition

Equations were developed to allow the heat transfer and shielding
properties of the composite wall, shown in Fig. 2, to be examined para-
metrically for various combinations of lamination materials and thick-
nesses. A one-dimensional analysis was used, assuming that the tempera-
tures of the interior and exterior surfaces of the wall were constant and

uniform.



Derivation of Equations

A steady-state energy balance on a differential element of the reactor
room wall can be expressed semantically as follows. The heat conducted
into the element through the left face during the time AS plus the heat
generated by sources in the element during the time AB equals the heat
conducted out of the element through the right face during the time A8.

This is expressed algebraically in Eq. 1.

- kA]_ gT NG+ Q (Al AX) Ny = ~ kAl d"T' Pa\s) s ( 1)
X dx
X X + AX

where
k = thermal conductivity, Btu/hr-ft-°F,
A = unit area on wall, ft2,
T = temperature, oF,
x = distance perpendicular to surface of the wall, ft,
]
Q

Application of the mean-value theorem to dT/dx gives the expression of

Eq. 2.

n

time, hours, and

Il

volumetric gamma heating rate, Btu/hr-ft®.

dT dT d{dT

& -S|+ (@] @
X + /Ax x "M

where M is a point between x and x + Ax. Equation 2 is substituted into

Eq. 1 and AB is canceled.

dr _ s 4T _341)
kb T+ a0 = -k 95 -k S]] ax (3)
X X M
dT . ce d [d
The common term ~k&; —=— is canceled, and it is noted that —~(—~)
dx iy dx\ dx

= &#T/dx®. The resulting expression is given in Eq. 4.

QA Ax = -kiy %

Ax . (4)
M

Dividing Eq. 4 by A Ax and allowing Ax to approach zero as a limit so

that a value at M becomes a value at x, the volumetric gamma heating rate,

&
Q:-kz;;. (5)



Equation 5 is integrated twice, and if Q # Q(x),
TG = 53 @ + Gx + G . (6)

The applicable boundary conditions for any particular lamination in the
wall are T = T, at x =0 and T = TL at x = L, where T, = the temperature
of the lamination interface at zero location designated in Fig. 2 and
L = the thickness of the material in a lamination in feet. These con-

ditions are applied to Eq. 6.
= Zeor - Q. -
T(X) = TO + L(I‘L ']1)) + Zk(LX f) . (7)

The internal heat generation encountered in this study is caused by
a deposition of energy in the form of heat when the gamma rays are atten-
uated by the materials in the wall of the room. Because of this atten-
uation of the gamma rays, the volumetric gamma heating rate, Q, is a
function of the distance perpendicular to the surface of the wall, x.
The equations derived in this study are based on the assumption that the
incident gamma current is monoenergetic, but appropriate equations for
a multi-energetic gamma current are given in Appendix A. For a mono-
energetic gamma current where buildup and exponential attenuation are

considered, the equation for Q(x) becomes

Qx) = Q)EAeaHx + (1 - A)E-BHXJQ'MX , s (8)
where )
A, &, and B = dimensionless constants used in the Taylor buildup
equation

and p = the total gamma attenuation coefficient, ft~',

When -
Q) = E@O“E 2
r a -1 - + 1)
Q(X) = QOLAGHX( ) " (1 - A)e HX(B 1)} s (9)
where
Q& = the volumetric gamma heating rate at the surface on the reactor

side of the stainless steel skin, Btu/hr-ft®,
E = energy Qf the incident gamma current, Mev,
§o = incident gamma current, photons/caf .sec, and

= gamma energy attenuation coefficient, ft-1,

S T
[N B

X
- 5
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Substituting Egq. 9 into Eq. 5,

Tﬁg -k iAe“X(O‘ "D e 1)] =0 . (10)

Equation 10 is integrated twice to yield

,
r - - A - 1
(x) - - leii.ug (aA- o Hx(@ - 1) ugéﬁ - 12)2 o hx(B + )j

+ CGx + G =0 . (11)
The previously stated boundary conditions are still applicable, and the

result of applying these conditions to Eq. 11 is that

T(x) = To + 3T, - T)

Q)r A ux(a - 1) 1 -A ¢ -ux(p + 1ﬂ
e URCUIEE e SRR ]

x{__ A uL(a - 1) 1 - A 7 -uL(B + 1) 71
- EQZGT?_T?g(l - e + ?Ewi—ijgal - e ))! (12)

e

The temperature distribution in any particular lamination of the wall
is given by Eq. 12 when the appropriate constants for that lamination are
used. Equation 12 is used primarily to determine the maximum temperature
in the concrete and to determine the location of this maximum temperature.
To locate the position of the maximum temperature in the concrete, Eq. 12
is differentiated with respect to x, the resulting derivative (dT/dx) is
set equal to zero, and the equation is solved for x. The value of x
obtained gives the distance from the concrete-steel interface to the
position of the maximum temperature in the concrete.

ar 1
= -l - )

Q, {[ Au [ x(@ - D), w o B [ B D]

TwE W@ - D -

el - ) e e 1))]} IR

Equation 13 is a transcendental equation in x, and as such, it must

be solved by using a trial-and-error technique. There are only two terms
in Eq. 13 that contain x, and these terms are rearranged to put Eq. 13

in a form more easily solved by trial and error.



11

G (1 -~ A e—px(B + 1) . QG A eux(Oé - 1)

pk(p + 1) pk(a - 1)
1 1 r A [ pL@~- 1)
=1 - T+ Eli%}{(a sy ]
1 - A ! ~uL(a -
Y ETDT (L - e )J{ (14)

All of the coefficients on the left side of Eq. 14 are known, and all of
the terms on the right side are known. Therefore, Eq. 14 may be written
in the form

Ke ¥ 4 ke ¥ L, (15)
where the K's and a's are calculable numbers. When Eq. 14 is solved for
x, this value of x is called x . The value x =

X
T max T max
into Eq. 12 to obtain the maximum temperature of the concrete.

is substituted

To determine the magnitude of the conduction loss, g%, from the
reactor room, equations were written to give the temperature drops across
each separate lamination in the wall. These equations are simple con-
duction and convection equations in which all of the heat generated in a
particular lamaination is assumed to be conducted through a length equal
to two-thirds of the thickness of the particular lamination. The total
amount of gamma heat, C deposited per unit area in a direction normal to
the face of the wall is found for any particular lamination by integrating

Eq. 9 over the length, L, of the particular lamination.

L
qT =_[ Q [AGIJ-X(CZ - 1) + (1 - A)e'uX(B + 1)] dx (16)
&)
3 A pL(a - 1) 1 - Al -pL(B + 1) 1
-'f%L[(a - 1)(e ) 1) T B+ 1{e 1}J ) (17)

where Q, is the incident volumetric gamma heating rate.

There are two possible ways to evaluate the incident volumetric
gamma heating rate at some particular material interface, which shall be
referred to as_ghgv"j—th" interface. The first way is to calculate the
gamma current, @0(3)’ at each interfaééTT;To obtain Qg(j), this calculated

value of éo(j) is substituted into the equation

b T FPents
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The second method of evaluating the incident volumetric gamma heating
rate involves subtracting the total amount of gamma heat deposited per
unit area in the j-th lamination, gq,, from the gamma energy current per
unit area incident upon the j-th laiination, qo(j)’ to approximate the
gamma energy current per unit area incident upon the face of the follow-

ing lawmination qo(j +1)"

. = ST < D 18
i+ 1)~ Yo T 9 (18)
The volumetric gamma heating rate incident upon a particular lamination,
Qo(j)’ and the gamma energy current per unit area incident upon the j-th

lamination, qo(j)’ are related by the following equation.

() T So(ntr() - (152)
Therefore,

BGry TG DEG D (180)

These two methods are in fairly good agreement, and since the values for
the various material constants were not well fixed at this point in the
design for the reactor room wall, the second method of evaluating the
incident volumetric gamma heating rate was used in this study. The
second method is simpler to use and easier to calculate.

The equations for the steady-state temperature drops across each of
the material laminations on the reactor side of the air channel are given
below and the temperature points are as illustrated in Fig. 2,

2
v =
(g% + 39 )L

TO - Tl = k 2 (19)
S

q* = heat conduction rate out of the reactor room, Btu/hr-fta,

q_ = gamma heat deposition rate in the stainless steel outer skin,
Btu/hr- £t°,

= thickness of the stainless steel skin, ft, and

= thermal conductivity of the stainless steel skin, Btu/hr-ft-oF.
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2
* £
(g% + q + 3901
2
kI
where the subscript I refers te the insulation lamination shown in Fig. 2.

Tl "‘Ta =

(20)

2
(g% + q_ + q; + 3q,)L
1 3°FS° TS
o - T = = k s (21)
FS

where the subscript FS refers to the first mild-steel gamma shield (on

the reactor side of the air channel).

¥ + 9. * dp * Gpg

T, - T, = - , (22)
where
T, = temperature of the air in the channel, °F, and
h = convective heat transfer coefficient, Btu/hr-ft®.°F,

The average convective heat transfer coefficient across the walls of the
air channel is evaluated in Appendix B, and the value of 5 was determined
for a mean temperature of from 130 to 150°F. It was assumed that the
gamma heating in the air channel is negligible. Equations 19, 20, 21,
and 22 were added and the resulting equation was solved for q%. The heat

conduction rate out of the reactor room to the air channel,

L L, L
2} s T FS 1}
(T - T) - 4 |5+ v * 1|
& T |30, TR T T h
I T e I | 2y s | 1]
Y3k, Tk h Fs;(s) K b
. I “Fs L FS 23
4 L L L l ‘
_§.+_.1:.+_E_S.+_]‘.{ )
k,  k;  kgg B,

On the concrete side of the air channel, the value of primary interest
is the maximum temperature of the concrete, Tmax' This temperature may be
determined by using Eqs. 12 and 14, but the temperature of the steel-
concrete interface, T;, must be known before these equations can be used,
The simple conduction and convection equations for the laminated wall on

the concrete side of the air channel are given below.

1
dgg * 4o * 9

T, - Ta = h ] (24)
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where
qgg = gamma heat deposition rate in the second mild-steel gamma shield,
Btu/hr-ftz,
qé = rate at which the gamma heat generated in the concrete is
conducted back toward the air channel, Btu/hr-ft®, and
ap = radiant heat transfer rate between the walls of the air channel,
Btu/hr. £t?,
a4 = 7 (B* - 1*)
—g-l
where
¢ = Stefan-Boltzmann constant
= 0.1714 x 10-°
¢ = surface emissivity of air channel walls, assumed to the

same for both surfaces.

(q + %qss)Lss
T - T = - . (26)
ss

In this study, there is a point in the concrete at which the tempera-
ture of the concrete 1is a maximum. All of the gamma heat generated on
the air channel side of that point will be conducted toward the air channel;
that is, in the direction of decreasing temperature. This amount of heat,

qé, may be calculated by evaluating dT/dx in the concrete at x = 0, using

Eq. 13.
Q
4t WL - o) [ _ A u(l - A)
dx « = 0 h LC(nS Ts) kcwﬂ {[ G- " B+ 1 }
1 [ A “Lc(a - l)\ 1 -4 | 'HLC(ﬁ + 1) T
S icen d U e ’
) | (27)
recognizing that
R I (28)
x =0

where the subscript c denotes concrete. The right side of Eq. 28 is
positive rather than negative because Eq. 27 makes positive conduction

in the direction from the air channel toward the concrete, but q' is
c
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to be made positive in the direction from the concrete toward the air
channel. Equations 24, 25, 26, 27, and 28 were combined to yield one
equation in which the only unknown is T,. The value for T; can be calcu-

lated from the equations for the reactor side of the air channel.

[0 _Y\p4 fh+ 1 \
7 ™ + Tah + 7 T )
= -1 ! ss , ¢ |
T VTt
SS c
2
T+ LcQo( )B, _ LSSqSS
[ O \ kcle 3kSS
_ 4
=13 T™ + BT, + qgq * L T ’ (29)
V\? - li SS+'~.E
kSS kc
where
B !II_L(I_ . A) \‘[ _l_lr A (l eHLC(Ol - ]_)ts
= - - P (o - 24t °
pr1 ~@-D, L] @-D )
1 - A { '}J-LC(B + ]-)‘l
+ ————l] - e . (29a)
B+ 17 i

The constants in Eq. 29a that have no identifying subscripts are understood
to be for concrete. Equation 29 is also a transcendental equation. There-
fore, a trial-and-error method must be used to solve for T,. Once T, and

q' are known, Tz can be calculated by using Eq. 25,

1
C

Calculational Procedure

Since the calculation of certain of the desired quantities requires
that the value of other desired quantities be known, there is a certain
order in which the problem must be worked. For a particular case, the
thickness of each of the laminations in the wall is selected, and the
inside (reactor room) and outside (earth or internal) wall temperatures
are specified. The incident gamma current and the temperature of the
coolant air are also specified. The constants for the various equations

are selected, and those used are given in Appendix C.
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With the proper constants for each different lamination, Eq. 17 is
first used to calculate the gamma heat depositions in each of the sepa-

rate laminations (qs, 955 9 and qc). Equation 23 is then used

s’ 9ss’
to calculate the conduction loss from the reactor room q*. The tempera-

ture drops and the interface temperatures on the reactor side of the air

channel are calculated by using Eqs. 19, 20, 21, and 22. Equation 29 is

used to calculate the value of T;, and then the value of g is calculated
by using Eq. 25. Then qé is calculated by using Eq. 24, and the value

of Tg is calculated by using Eq. 26. Once the value of Ty is known,

is obtained by using Eq. 14, and the maximum temperature of the

X
T max

concrete is calculated by evaluating Eq. 12 at x = Xp max’
At this point, it is possible to calculate the vertical temperature

gradient (OF/ft) in the coolant air. This temperature gradient,

* '
q_+ a; * Qg + 4gg +ogT o+ qr + q.

AT = = 36000 p L . C ’ (30)
a®a ch P,
where
U, = bulk velocity of coolant air, ft/sec,
p, = density of air, 1b/ft®,
ch Z width of air channel (distance between steel laminations), ft,
Cpa = specific heat of air at constant pressure, Btu/lb-OF.

The temperature of the air at the top of the channel,
i 1
Ta = la AT(H) , (31)

where H = the vertical length of the air channel in feet,

The entire calculational procedure can now be repeated using the
new air temperature at the top of the air channel, Té, This calculation
of the temperature of the air at the top of the channel is necessary
because a higher Ta causes the maximum temperature of the concrete to be
higher, and the magnitude of this maximum temperature is one of the
constraints in this study.

A program was developed for the CDC 1604-A computer to solve Eqs. 8
through 31 for the steady-state condition, The TS8S (Thermal Shield Study)
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computer program is described in Appendix D. The program performs the
calculations in the order described above, and it will handle up to five
material laminations (excluding the air channel) in the proposed reactor

room wall and up to eight energy groups for the incident gamma current.

Transient Case

The problem of the loss of coolant for the reactor room wall is
basically a transient heat conduction problem with internal heat genera-
tion. 1If the flow of coolant air through the channel in the wall is lost
for an appreciable length of time, the temperature in the concrete and/or
the steel laminations may become excessive. To investigate this situation
with the goal of obtaining a first approximation of the amount of time
that such a loss of air flow could be sustained safely, a finite diffex-
ence approach was taken. The differencing is with respect to time and
the superscript n in the following equations denotes values after the
n-th time interval.

The proposed configuration of the reactor room wall was broken into
segments of given lengths with nodal points located at the center of each
segment, as shown in Fig. 3. Each segment in the concrete region of the
wall was assumed to be 1 ft thick, each segment in the mild-steel gamma
shields and in the firebrick imsulation was assumed to be 1 in. thick,
the entire stainless steel skin was treated as a single segment 1/16 in.
thick, and the air channel was treated as a single segment 3 in. thick.

The energy balance for a particular segment can be expressed seman-
tically as follows. The heat conducted into a segment during the time AB
plus the heat generated in the segment during the time A9 equals the heat
stored in the segment during the time A6 plus the heat conducted out of the
segment during the time AB. The corresponding algebraic equation for a
typical segment of the composite wall is given below with Segment 4
selected for illustrative purposes.

kCA i o pcALcC
AR U

k A
c -
(Tq:n + 1 _ T4n) +_%(T4n B Tan)'
o2

JAS]
(32)
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Fig. 3. Designations Given Segments of Reactor Room Wall for Study
of Transient Conditions.

Rearranging Eq. 32,

n+1 n kcAe qécAe
Ta = Ty~ + W(Tg,n - 2T4n + Tan) + -—I—,-—(-]“—' (33)
Pcte P Pere p
c d
A characteristic equation at an interface between two different
materials is given in Eq. 34.
Tn+1—Tn+ ksAe (Tn_Tn)+E,§.-_Eﬁ?._(n,Tn)+..?_7_§,A_i_
7 =T - 7 s LLC I b o LC
s's Py s'scp s7s pg
(34)

where the subscript s denotes the stainless steel skin, the subscript c

denotes the concrete, and kS

Eq. 35.

is an equivalent conductivity given by

* B kakb(La +Lb) 35
a-b =~ kL + kL ’ (35)
a'b b a

where the subscripts a and b refer to any two adjacent materials,
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Eighteen equations similar to those just given were derived to carry
the analysis across the entire reactor room wall, and a simple computer
program was written to perform the calculations required for cne specific

transient condition.
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4, PARAMETRIC STUDIES

The parametric studies of the proposed configuration of a laminated
wall for the reactor room, shown in Fig. 2, to protect the concrete bio-
logical shield from the gamma current within the room were made for two
conditions: the steady-state condition and the transient condition.
Parametric studies of the material laminations for the steady-state con-
dition were made to determine whether or not
1. the bulk temperature of the concrete portion of the wall could be
maintained at levels below 2120F,

2, the temperature differential in the concrete could be maintained at
less than 40°F, and

3. the conduction loss for a reactor room could be maintained at 1 Mw
or less.

A transient condition was investigated to determine the length of time

over which the loss of coolant air flow could be tolerated before the

temperature of the concrete would exceed the maximum allowable tempera-

ture of 2120F.

Cases Studied for Steady-State Condition

For the parametric analysis of the composite plane wall with internal
heat generation for steady-state conditions, the air channel was not con-
sidered as a material lamination but rather as having a fixed width of
3 in. between the first and second mild-steel gamma shields. The tempera-
ture of the incoming cooling air at the bottom of the air channel was
assumed to be 100°F, and the velocity of the air was set at 50 ft/sec.

The thickness of the stainless steel skin on the reactor side or interior
surface of the wall was fixed at 1/16 in., and the temperature of the
interior surface of the reactor room wall was considered to be uniform
over the surface and constant at 1100°F. Equations 8 through 31 derived
in Chapter 3 were used with the TSS computer program described in

Appendix D to examine the steady-state effects of changing the
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1. thickness of the firebrick insulation,
2. total amount of mild steel used for the gamma shields,
3. ratio of the amount of steel on the reactor side of the air channel
to the amount of steel on the concrete side of the air channel,
4, thickness and outside temperature of the concrete wall, and the
magnitude of the incident monoenergetic (1 Mev) gamma current.
Sixty-four separate cases were analyzed for the steady-state con-
dition to determine the effects of changing those parameters of interest.
Data illustrative of the typical:effects of varying the parameters were
gselected from the results of these analyses and are compilgd in Tables 1
through 7. The effects of changing the parameters are given for incident
gamma currents of 1 x 10'? and 2 x 102 photons/cn? -sec in all of these
tables, and the conditions at the bottom (entrance) and top (exit) of
the air channel are given for both magnitudes of incident gamma current.
For cases with an incident gamma current of 1 x 10'? photons/cnf - sec,
the maximum temperature of the concrete increases approximately 50°F from
the bottom of the air channel to the top. For cases with an incident
gamma current of 2 x 10'® photons/cof -sec and no conduction back to the
reactor room, the maximum temperature of the concrete increases approxi-
mately 80CF from the bottom to the top of the air channel. For a given
gamma current and insulation thickness, the conduction loss changes very
little (about 0.04 Mw) between the bottom and the top of the air channel.
The largest value for the maximum temperature of the concrete at
the top of the air channel in those cases with an incident gamma current
of 1 x 10*® photons/enf -sec and an insulation thickness of 5 in. or more
is approximately 200°F. On the other hand, the smallest value for the
maximum temperature of the concrete at the top of the air chamnel in
those cases with an incident gamma current of 2 x 10*® photons/cof - sec

and an insulation thickness of 5 in. or more is greater than 250°F.
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Table 1. Results of Investigation of First Steady-State Case
Cage Conditions Studied

T = 1100°F L, =8 ft Te = S50°F
L = 1/16 in. L = 5 in. Lpg = 4 in. Lgg = 2 in.
¢ = 1 X 10'2 photons/cnf - sec %, = 2 X 102 photons/cuf . sec

Bottom of Top of Bottom of Top of

Channel Channel Channel Channel
q,» Btu/hr-f££ 16.57 16.57 33.14 33.14
q;s Btu/hr- £62 75.47 75.47 151.0 151.0
qpgs Btu/hr- £2 370.6 370.6 741.2 741.2
qgg» Btu/hr£62 11.69 11.69 23.38 23.38
q_, Btu/hr-£e? 33.65 33.65 67.30 67.30
q,'s Btufhr-£t? 25.84 22.04 55.31 48.99
> Btu/hr- £62 110.6 131.2 198.9 253.9
MWL, M 0.5812 0.5382 0.3520 0.2838
T, °F 1099.9 1099.9 1099.9 1099.9
T, °F 247.9 297.1 324.6 402.7
Ty, °F 240.5 289.9 314.1 392.5
T, o 100.0 153.0 100.0 184.0
Ty, °F 129.6 186.0 155.5 249.3
Ts, °F 129.8 186.2 156.0 249.7
T,-Ty, F 0.1018 0.0946 0.0679 0.0565
T -Ta, °F 852.0 802.8 775.3 697.3
T,-Ty, °F 7.412 7.185 10.55 10.19
Ta-T,, °F 140.5 136.9 214.1 208.5
T-T,, °F 29.63 32.98 55.52 65.25
Te-Te, °F 0.216 0.1916 0.4554 0.4148
Toger F 140.5 193.6 181.3 268.5
Xr max? £t 0.5422 0.4083 0.6343 0.4887

at/u, °F/ft 1.104 1.103 1.751 1.777
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Table 2. Results of Investigation of Second Steady-State Case

Case Conditions Studied

T, = 1100°F L, =3 ft Te = 70°F
L, = 1/16 in. L; =5 in. Lpg = 4 in. Lyg = 2 in.
% = 1 X 10'2 photons/cuf - sec ¢, = 2 X 10'2 photons/enf .sec

-Bottom of Top of "~ Bottom of Top of

Channel Channel Channel Channel
9, Btu/hr- ft? 16.57 16.57 33.14 33.14
ay, Btu/he-£22 75.47 75.47 151.0 151.0
Qpgs Brufhrfr? 370.6 370.6 741.2 741.2
qggs Btufnr£12 11.69 11.69 23.38 23.38
9., Btu/hr- ft? 33.65 33.65 67.30 67.30
q,", Btufhr- 13 18.33 8.446 42.64 26.19
qp, Btu/hr-£e2 111.6 133.3 200.8 258.2
MWL, Mw 0.5812 0.5385 0.3520 0.2845
T, °F 1099.9 1099.9 1099.9 1099.9
T, °F 247.9 296.7 324.6 402.1
Ty, °F 240.5 289.5 314.1 391.9
T, °F 100.0 152.6 100.0 183.4
%, °F 128.3 183.3 153.4 244.9
Ts, °F 128.5 183.4 153.7 245.2
=T, °F 0.1018 0.0947 0.0679 0.0566
T-Tp, °F 852.0 803.2 775.3 697.9
Tp-Ta, °F 7.412 7.187 10.55 10.19
To-T,, °F 140.5 136.9 214.1 208.5
T-T,, °F 28.32 30.68 53.36 60.55
Ts-Tu, °F 0.1678 0.1043 0.3740 0.2683
Toax? F 133.4 184.4 167.4 250.0
Xy max’ £t 0.3124 0.1276 0.3878 0.2061

AT/H, °F/ft 1.096 1.088 1.737 1.754
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Table 3. Results of Investigation of Third Steady-State Case

Case Conditions Studied

T = 1100°F L, =8 ft Te = S0°OF
L, = 1/16 in. L; = 5 in. Log = 2 in. Lgg = 4 in.
¢ = 1 X 10'2 photons/cnf . sec %, = 2 X 10'® photons/cof -sec

Bottom of Top of Bottom of Top of

Channel Channel Channel Channel
g Btu/hr: £¢° 16.57 16.57 33.14 33.14
qp, Btu/hre£e? 75.47 75.47 151.0 151.0
qpgs Btu/hr €62 299.6 299.6 599.2 599.2
qgq, Btu/hr-£t? 82.69 82.69 165.4 165.4
q,s Btu/hr-£e2 33,65 33.65 67.30 67.30
q', Btu/hr: £t 25.15 21.50 54,08 48.21
s Btu/hr- £t2 87.31 102.6 141.5 177.6
ML, Mw 0.5960 0.5538 0.3799 0.3139
T, °F 1099.9 1099.9 1099.9 1099.9
T, °F 230.9 279.2 292.7 368.2
T, °F 227.5 275.9 288.0 363.6
Ty °F 100.0 151.9 100.0 181.1
T,, °F 139.0 193.3 172.2 259.3
. °F 140.1 194.2 174.3 261.4
T-Ti, °F 0.1043 0.0972 0.0276 0.0616
Ty~Ty, °F 869.0 820.7 807.2 731.7
T-Ta, °F 3.452 3.341 4.754 4.580
Ta=T,, °F 127.5 124.0 188.0 182.5
Ty-T,, °F 39.03 41.35 72.19 78.24
Ts=Ts, °F 1.028 0.9814 2.105 2.030
Toax? F 150.1 201.2 198.2 279.5
Xt max? It 0.5139 0.3927 0.6004 0.4745

/ Q
AT/H, TF/ft 1.081 1.074 1.689 1.694
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Table 4. Results of Investigation of Fourth Steady-State Case

Case Conditions Studied

T = 1100°F L =3 ft Te = 70°F
L, = 1/16 in, L = 5 in. Lpg = 2 in. Log = 4 in.
%, = 1 X 10'2 photons/caf - sec 9, = 2 X 102 photons/cu® -sec

Bottom of Top of Bottom of Top of

Channel Channel Channel Channel
q,, Btu/hr: £t 16.57 16.57 33.14 33.14
9y, Btu/hr- 62 75.47 75.47 151.0 151.0
Qpgs Btu/hr- £t 299.6 299.6 599.2 599.2
qggs Btu/hr e 82.69 82.69 165.4 165.4
a,, Btu/hr- £t 33.65 33.65 67.30 67.30
qa.'s Btu/hr- £62 16.53 7.048 39.42 24,17
qgs Btu/hr: £¢3 88.49 104.9 143.8 182.4
MWL, Mw 0.5960 0.5543 0.3799 0.3146
T, °F 1099.9 1099.9 1099.9 1099.9
T, °F 230.9 278.8 292.7 367.5
T, °F 227.5 275.5 288.0 362.9
T, °F 100.0 151.4 100.0 180.3
T, °F 137.5 190.4 169.7 2547
T, °F 138.5 191.2 171.6 256.4
To-T, °F 0.1043 0.0973 0.0726 0.0617
T,-Ta, °F 869.0 821.1 807.2 732.4
Ty-Ta, °F 3.452 3.342 4.754 4.581
To-T,, °F 127.5 124.0 188.0 182.6
T-T,, F 37.54 38.93 69.71 74.40
Ts-T, °F 0.9178 0.7963 1.917 1.722
Toay? °f 142.4 192.8 183.1 260.5
Xp may £t 0.2724 0.1052 0.3454 0.1881

at/u, °F/ft 1.072 1.058 1.673 1.669
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Table 5. Results of Investigation of Fifth Steady-State Case
Case Conditions Studied

T, = 1100°F L, =8 ft Tg = 50°F
L, = 1/16 in, Ly =5 in. Leg = 2 in. Leg = 2 in.
% = 1 X 102 photons/cuf - sec ¢, = 2 X 10'2 photons/caf . sec

Bottom of Top of Bottom of Top of

Channel Channel Channel Channel
q,, Btu/hr- £ 16.57 16.57 33.14 33.14
gy, Btu/hr-£e? 75.47 75.47 151.0 151.0
qpgs Btu/hre £t? 299.6 299.6 599,2 599.2
qggs Btu/br-£e3 71.15 71.15 142.3 142.3
q,, Btu/hz- 3 45.19 45.19 90.38 90,38
q,'s Btu/hr:£e2 35.90 32.24 75.58 69.71
qgs Btu/hr:fi? 87.42 102.7 141.7 177.9
MWL, Mw 0.5960 0.5538 0.3799 0.3141
T, °F 1099.9 1099.9 1099.9 1099.9
T, °F 230.9 279.2 292.7 368.1
Ta, °F 227.5 275.9 288.0 363.6
T, °F 100.0 151.9 100.0 181.0
%, °F 138.9 193.1 171.9 255.0
Ts, °F 139.4 193.6 173.0 260.1
T-T, °F 0.1043 0.0972 0.0726 0.0616
Ty -T,, °F 869.0 820.7 807.2 731.8
T,Ts, °F 3.452 3.341 4,754 4,580
To-T,, °F 127.5 124.0 188.0 182.6
Ty-T,, °F 38.89 41.22 71.92 77.99
Te-Te, F 0,5353 0.5118 1.095 1.057
Ty’ O 155.0 205.6 208.6 289.1
X mag? EE 0.5851 0.4716 0.6638 0.5484

arfu, °r/ft 1.080 1.073 1.688 1.692
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Table 6. Results of Investigation of Sixth Steady-State Case

Case Conditions Studied

T = 1100°F L, =8 ft Te = 50OF
L, = 1/16 in. Ly = 7.5 in. Lpg = 4 in. Lgg = 2 in.
¢, = 1 X 10'2 photons/cuf - sec ¢, = 2 X 102 photons/ca? - sec
‘Bottom of Top of Bottom of Top of
Channel Channel Channel Channel
q,» Btufhr-fe? 16.57 16.57 33.14 i
qy, Btu /hr- £t3 111.9 111.9 223.8
9pgs Btu/hr-fe? 338.1 338.1 676.2
qggs Btu/hr:£e3 10.69 10.69 21.38 .
9., Btu/hr- £t 30.70 30.70 61.40 §
9. Btu/hr- ££2 23.47 20.35 50.39 -
o]
Qg5 Btu/hr- £12 86.60 101.1 164.5 :‘3
MWL, Mv 0.2891 0.2649 0.0245 5
[«]
T, °F 1099.9 1099.95 ©1099.99 4
ol
T, °F 223.2 265.1 297.9 o
[¢)
T,, °F 217.2 259.2 288.7 g
T, °p 100.0 144 .0 100.0 8
T, °F 124.1 170.5 147.2 g
Ts, °F 193.6 170.6 147.7 2
[ &)
To-Ty, °F 0.0529 0.0488 0.0131
T,-Tp, °F 876.7 834.8 802.1
T,-Ty, °F 6.060 5.931 9.195
Ty-T,, °F 117.2 115.2 188.7
T-T,, °F 24,10 26.42 47.24
Tg=Ts, °F 0.1965 0.1764 0.4150
Toay? °p 134.0 177.6 170.7
Xp maxe £€ 0.5375 0.4162 0.6322
AT/H, °F/ft 0.9177 0.919 1.532 Y
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Table 7. Results of Investigation of Seventh Steady-State Case

Case Conditions Studied

T = 1100°F L = 8 ft Ts = S0°F
o c
L, = 1/16 in. L; = 10 in. Log = & in. Lgg = 2 in.
¢ = 1 X 10*2 photons/cnf .sec ¢, = 2 X 10'2 photons/cuf - sec
Bottom of Top of Bottom of Top of
Channel Channel Channel Channel
s Btu/hr" f¢? 16.57 16.57 33.14 33.14
4y, Btu/hr- £€2 146.7 146.7 293.4 293.4
qpgs Btu/hrefe? 307.1 307.1 614.2 614.2
q9ggs Btu/hr- £t 9.689 9.689 19.38 19.38
q.s Btu/hr-£t? 27.89 27.89 55.78 55.78
q.', Btu/hr-fe® 21.08 18.35 i i
qg, Btu/hre£¢ 73.58 84,92
MWL, Mw 0.1118 0.0955 _ ;
. g g
T, ¥ 1099.98 1099.98 8 2
T, °F 208.6 245.9 5 5
o o o
T, F 203.3 240,7 - 3
0 b 2
Ty F 100.0 138.7 o .
Te, °F 120.9 161.3 B £
T, °F 121.0 161.5 " .z
3 3
=Ty, °F 0.0232 0.0205 2 2
o =]
T, -Tp, °F 891.4 854.1 3 I
o b Ie)
To-Ta, F 5.304 5.218 E 3
0 g T
Ta-T., °F 103.3 102.0 g g
. (5] . Q [ 5]
T,-T,, °F 20.87 22,59
Ts-Ty, F 0.1769 0.1594 ,
[}
Toax? F 129.6 167.6
Xp saxr IF 0.5256 0.4117
aT/H, °F/ft 0.8064 0.8088 ¥ \
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Tables 1, 6, and 7 may be compared for the effects of changing the
thickness of the firebrick insulation from 5 in. to 7.5 in. and 10 in.
The addition of 2.5 in. of insulation decreases the conduction loss by
about a factor of 2, and this addition also decreases the maximum temper-
ature of the concrete by approximately 15°F in those cases with an inci-
dent gamma current of 1 x 10 photons/cnf - sec.

Tables 1 and 5 may be compared for the effects of changing the
total thickness of the steel in the two gamma shields. Decreasing the
total thickness from 4 to 2 in. causes only a slight increase in the
conduction loss. The maximum temperature of the concrete is increased
approximately 10°F for the cases with an incident gamma current of 1 x 10*2
photons/cnf -sec and by approximately 20°F for the cases with an incident
gamma current of 2 x 10*% photons/cof - sec.

Tables 1 and 3 and Tables 2 and 4 may be compared for the effects of
changing the ratio of the thickness of the steel on the reactor side of
the air channel to the thickness of the steel on the concrete side of the
air channel. Changing from 4 in. on the reactor side and 2 in. on the
concrete side to 2 in. on the reactor side and 4 in. on the concrete side
increases the conduction loss only slightly and increases the maximum
temperature of the concrete approximately 10°F,

Tables 1 and 2 and Tables 3 and 4 may be compared for the effects of
changing the thickness of the concrete and the temperature over the out-
side surface of the concrete wall. Changing the thickness of the concrete
from 8 to 3 ft and the temperature on the outside surface from 50 to 700F
decreases the maximum temperature of the concrete about 100F but the

conduction loss is not affected appreciably,

Case Studied for Transient Condition

Eighteen finite difference equations, with the differencing with
respect to time, similar to Egqs. 32 through 35 discussed in Chapter 3
were written to analyze the proposed configuration of the reactor room

wall for one transient-condition case. The analysis was performed to
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determine the length of time over which a less of coolant air flow could

be tolerated before the temperature of the concrete would exceed the
maximum allowable temperature of 212°F. Such a loss of coolant air flow
could arise as a result of a malfunction in the blower system supplying the
coolant air. Although natural convection currents would cause some cir-
culation of the coolant air during a blower failure, it was assumed that
the coolant air was stagnant during the failure so that the worst case
could be analyzed. Under this assumption, the air channel serves only

as an insulating material and removes no heat from the wall,

The conditions established for the analysis of this particular case
were a 5-in.-thick layer of firebrick insulation, a 4-in.-thick layer of
mild steel for the first gamma shield, the 3-in.~wide air channel, a 2~
in.~-thick layer of mild steel for the second gamma shield, and a 6-ft-
thick concrete wall for the biological shield. A simple computer program
was written to perform the calculations, but the zero-time temperatures
and heat depositions for each segment in the composite wall were calcu-
lated by hand and used as fixed numbers in the program. This computer
program was used only to obtain a first approximation to the transient
situation for one particular case, and the details of the program are
not presented here,

The program was run for elapsed times of t = 1.0 hr, t = 2.0 hr,

t =3.0 hr, t = 4.0 hr, and t = 5.0 hr for the condition of internal heat
generation (reactor at power during blower failure) during the transient
period. The program was then run again for the same elapsed times but
for the condition of no internal heat generation (reactor shutdown
simultaneous with blower failure) during the transient period. The
computer program used to analyze the condition for internal heat genera-
tion is given in Table 8. To analyze the condition of no internal heat
generation, Q2C through Q19SS in Table 8 are set equal to zero. The
resulting temperature distribution in the proposed reactor room wall
analyzed for the condition of internal heat generation during the
transient period is shown in Fig. 4, and the temperature distribution in
the wall with no internal heat gemeration during the transient period is

illustrated in Fig. 5.
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Table 8. Computer Program Used to Analyze the Proposed Reactor Room Wall for
the Condition of Internal Heat Generation

PHEGRAM—TES
R 2 500,

T = "-oﬂﬂ'

TI 8 86,35

Tes = 109,65 ~ 7 T
TSA = 132,95

TAS = TH6T2Y
T54 a 179,42

Toa a 97,36 T e e T
T7A = ]860‘4
THA = |86,04 S e T T
T92 = 153,09
TIOR = 297,93
TIIA = 293,03
TIZA 5 294,94 ~ ~ ° 7 T c o me o n o msme e
TIXAa = 296.5)
Ti4A = 385,98 - S R Rl
TTER =724, 00
TI7A = 8#8g,72 _
TTTTI8A ROINI0LAS T T T ’ "'
TISA & (099,90
TTTTTT20 771 10D.00 T T T T
Q2C = g.255
WOL™ B {9 @09
Q4C = .255 .
TTTTTRHRC ' 1,32 0 T T T T T T T e e e
D6C = 29,99
N7S 8 2,46 ~ T R e S
QHS = 8.59
QTosS = 2T+ 17
QiiS 3 49,62
TO12S ® J09,68 T U oenn s e s
NjIS &= {9q0,84
“ GINS % 15,09 SO SR

Q1958 = 16457

STCHA = 0, 0000000071/ 7%
bP<IL e u 7
- K = | T - - e
luu QRAD = (SIGHA/(y /&PSIL~|.))'((TigA*4bo Jer4- (78A*460,)"4l
2 T2E6 = T2A¢p.ulﬂ405'T'tT3A 29 "T2A«Ti)eT*y,p34083°%02¢C :
O T3IE & TSA+0,016405"T*({T4A=2, *TIA+T2AI#T %0, 034083°Q3C

TATTAE S TARFQL TR T T U S AT Y TAARTIAT ST YL U IAYBIYEAC
9 TH56 = T5A+0,01B8405°T*(ToA2,*T5A«T4A)I*T*D,034084°G5C
T0 TOE & TO6A+,0S6747*TYITT7ATGA) ), 0!8405‘7'(T5A~T6A!*T'0 p34y83%Q6C
7 TIE = T7A+69, 632b'T‘(T6A-T7A)*o.24062 T‘(TbA*T?A)#T'ﬂgzzsisc‘075
8 TBE = TBA&n.gdtq7'T'(T9A TBAY+69,6325*T*(T7ASTBA)+GRAD*T*], 22318/
) +Te0,223 81088

052"|lu"2 '|9i‘|8l) T

ly TioB = TtnA¢b9 63255 T (T 1A=T gA)wn D31 07*T*(TPA=T | gA)+T %0, 223181 °
AL -
IV THIE 3 TIA€69,6325°T (T |2A=2,°T | |A+TIgA)+T*0,223181%Q S
12 Ti28 3 T12A+69, 6325‘?’(T|JA-2.'T!2A*TI|A)+T'n.2£3’86'0125 -
(8 T|36 & T13A+0.79810° T T I4A=T [3A1469,6325%T*{T|2ArT|3A)+T g, «22318)

TTYETYS
14 T|4B .» t4A¢3.474471~t715A-7|4A)¢e.90248'r'(T|36-7;4A)*T¢|.33022’
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w o

TIDA*3¢4744°T (T 1 6A=2,°T{S5A+T|4A)+T*% «93022°QINS
TI6A*3+04744 T (T 1 7A=2,*T | 6A+T|DA)#T*|493022°0INS
TI7A+344744° T2 T BA=2,*T | 7A«T6A)+T*.03U22%QINS
TiBA*6:93245 T (T | 9A=T | BAY+3,4744°T*(T | 7A=T ) BA)+T*|.y3022"

—“T#‘TT9U“?‘fr9#*TUT7ﬁwﬁfof?ZU'TTvrTszT373u*T’fTTﬁ*wTTVt7*T'3T§BW&3*"

I 61988
20V K
201 TIvEY & VT
21 TIven TINH
IF(ve=r) 29,

EH®A7.
22+ 3

STtV EL TR
31 IF(ymd,*R)
82 IF(Vad4,*R)
88 [F(ymD,*q)
54 1F(Vrb,*R)
$9 IF(Ye/,*R)

rALONV 4 I
29222,32
29:22,383
291221 34
29022435
29022030

30
S/

e

2e
23

TFUV=07* ) 29502537
IF(VeY,*R) 29,22,38

IFIVa10,%R) 29,22,2% ~ ~ oo -
WRITE(S |, 10002 (Ky TIMEH, TIHEM)
WRITE(G|,20002¢T1,72B,T38»T48, 758, T6B»T78,T6B: 798:7108;Tl|3'7128o"
t Ti3d, TI4B:TISB:T!bB)T]79:7!8807}98.720)

P4l

a4

WRTTESS T SUN0 T CURADY
IF(v=10,°R) 29,25,2%

K = K#f - S
T2h = TF28
TSA = T8
TapA = T48B

3]

K 798
TéA T68
774 LI B ) - o T
THA T8B
T9A T983
TIOA T1pB

% Nt e "=

TiTA ryie
Tiza TIEB
TI2A T138
TI44 Ti48
TIEA TI158
TIEA Ti63

25
Jouv

FHR—=—F17H

TIBA = T)88

TISA = T|98 SR
Go Tn )¢9
CONTINUE : :
FORMAT (24H|NUMBER BF ITERATIONS = ,18/24H ELAPSED TIME (HOUNS) = ,

2000

T F iU+ 8726R EERPSED  TIME  tHINUTES Y 3 FTT.867777)

FORMAT(SOGHKCELL TEMPERATURES (DEGREES-F)I/ZaHOT( ® »FB8.3,3Xs5nT2 &
JFB8,3:3X,DHTS & ,F8.3,3X05HT4 & ,FB,3,3X,5HTH B 2FB,3/6H T6 & ,F8,3
2,3X25HT7 FU, 42 5X25HTY & 4FB.3,3INs5HTY = »,FB,3,3Xs5HT 195 ,FE,37
JOH TII® oFB,303X%Xs5HY 128 ,FB,8,3X,5HT |85 ,FB, 3,3X,5KT 4% ,F8,3,3X,
ADHT (5% ,F0,3/6M T|6' +FB, 3;6X:5HT,7= 2FBe3,3X,5HT ) 8n lFB.J;oX'

3Uuv

SUHT T TP I s oX T I T 7 F 853
FORMAT(BHDORAD = ,F!o 4a|bH (BTU/HH'SQ FT))
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5. CONCLUSIONS

Two basic conclusions may be drawn from the results of the parametric
studies made in this investigation of the proposed configuration of a
laminated wall to protect the concrete biological shield frowm the gamma
current within the room housing a 250-Mw(e) molten-salt breeder reactor, a
fuel-salt~to-coolant-salt heat exchanger, and a blanket-salt-to-coolant-
salt heat exchanger. The first basic conclusion is that with air used
as the wall coolant, the proposed configuration is acceptable for an
incident monoenergetic (1 Mev) gamma current of 1 x 10*2 photons/cnf - sec
for all cases considered in which the thickness of the firebrick insula-
tion was 5 in. or more. A second basic conclusion is that the proposed
configuration is not acceptable for those cases considered with an
incident monoenergetic (1 Mev) gamma current of 2 x 10*® photons/ecnf - sec
because the maximum allowable temperature of the concrete (212°9F) is
exceeded by 50 to 100°F. The values of several of the parameters of
interest in this study that were obtained from the cases analyzed for

0'2 photons/cn® -sec are given in Table 9.

a gamma current of 1 x 1
Based on the assumption that the floor and ceiling of the reactor room
have the same laminated configuration as the walls, giving a total "wall"
surface area of 8276 ft°, the proposed wall configuration will allow the
conduction loss from the reactor room to be maintained at a level below
1 Mw if the thickness of the insulation is 5 in. or more. Further,
based on an air velocity of 50 ft/sec and an air coolant channel width
of 3 in., air is an acceptable medium for cooling the wall.
A general conclusion that may be drawn from the limited analysis
made of one transient-condition case is that if the ambient temperature
of the reactor room remains at approximately llOOOF, the proposed con-
figuration of the reactor room wall studied in this case can sustain a
loss of coolant air flow under the conditions described in Chapter 4 for
approximately 1 hour before the temperature of the concrete begins to
exceed 212°F. If a zero incident gamma current is assumed, the
"permissible' loss-of-coolant-air time is greater than one hour but less

than two hours.



Table 9. Range of Parameters of Interest in Studies Made of Proposed Wall With An
Incident Gamma Current of 1 x 10*2 photons/cof - sec

Parametric Conditions

Variable of Minimum Maximum LI LFS LSS Lc R
Interest Value Value (in.) (in.) (in.) (ft) (°F)
Skin AT,°F 0.021 10 4 2 a a
0.22 2.5 2 4 a a
Insulagion 726 2.5 4 2 8 50
AT, F 906 10 2 a a a
First steel o 2.38 10 2 a a a
shield AT, 'F 10.9 2.5 4 2 a a
Second steel o 0.08 2.5 4 2 3 70
shield AT, 'F 1.1 2.5 2 4 8 50
Air vertical tempgra- 0.77 10 2 2 3 70
ture gradient, F/ft 1.57 2.5 4 2 8 50
T , ° 124 10 4 2 3 70
¢ max
(<212°F) 205.6 5 2 2 8 50
Xq maxe fE . 0.11 5 2 4 3 70
(T < 2127F) 0.58 7.5 2 2 8 50
max
MWL, Mw 0.096 10 4 2 8 50
1.32 2.5 2 a a a

8 . . . . . . .

This parameter has little effect in combination with the other parameters given, and
the values of the variables of interest are essentially the same for various values of this
parameter.

9¢
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1f a wall of the type proposed is used, the temperature of the con-
crete, TC, or the conduction loss, or both, can be controlled to some
extent by varying the physical characteristics of the wall, The thickness
of the insulation can be increased, but the desirable effect approaches
a limit rather rapidly. As the results of our parametric studies have
indicated, an insulation thickness can be reached that will cause con-
duction back into the reactor room. The total thickness of the mild-
steel gamma shields can be increased with good results up to the point
where the gamma current is reduced by several orders of magnitude.
After this point is reached, adding more steel for gamma shielding does
not produce sizable changes in the waximum temperature of the concrete.
A total of approximately 6 in. of steel is sufficient for an incident
monoenergetic (1 Mev) gamma current of 1 x 10*2 photons/cuf -sec. The
thickness of the mild-steel gamma shields should be arranged so that
the major portion of the steel is on the reactor side of the air channel.
Placing the major portion of the steel on the concrete side of the air
channel results in the undesirable effect of raising the maximum tempera-
ture of the concrete. Shadow shielding of the particular components
within the reactor room that may be causing a large gamma current appears
to be a better solution than increasing the thickness of the wall
laminations for gamma currents greater than 1 x 102 photons/enf? - sec.
When sufficient information becomes available, an overall energy
balance should be written, starting with the fissioning process in the
reactor and extending out through the wall of the reactor room to an
outside surface. This balance is necessary to determine whether or not
a conduction loss of 1 Mw will permit maintenance of the desired ambient
temperature within the reactor room without the addition of auxiliary

cooling or heating systems.
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Appendix A

EQUATIONS NECESSARY TO CONSIDER A MULTIENERGETIC GAMMA CURRENT

The equations derived in Chapter 3 of this report were based on the
assumption that the incident gamma current is monoenergetic. If the
energy distribution of the incident gamma current is known, this current
can be represented as a multigroup current. The equations in which an
incident multigroup gamma current appears, either directly or indirectly,
must be written to account for this segmentation in gamma energy. This
multigroup modification has been made in the following equations, and they
are to be used in place of the correspondingly numbered equations in
Chapter 3 when the energy distribution of the gamma current is known.

The subscript 1 denotes the energy group, and the terms are defined in

Appendix E.
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Appendix B

EVALUATTION OF THE CONVECTIVE HEAT TRANSFER COEFFICIENT

The average convective heat transfer coefficient, h, for the walls
of the air channel was evaluated by using the expression published by
Kreith.?

- k O.8pyl /3
h = 0,036 0 ReH Pr / s

where

k = thermal conductivity of air, Btu/hr-ft-°F,

H = vertical length of the air channel, ft,
ReH = Reynolds number evaluated at the top of the air channel, and
Pr = Prandtl number evaluated for air.

The Reynolds number evaluated at the top of the air channel,

Re, — 28

H K
where
U = the bulk air velocity, ft/sec,
p = density of the air, 1b/ft®, and
(L. = viscosity of air, 1b/ft'sec.

The Prandtl number evaluated for air,

nC

where Cp = the specific heat of air at a constant pressure, Btu/lb'oF.

In the range of temperatures considered, Pr is approximately constant

and equal to 0.72. Kreith's® expression for h was evaluated for various
air~wall mean temperatures in the air channel, and the results are

on the following page.

1 Frank Kreith, p. 286 in Principles of Heat Transfer, International
Textbook Company, Scranton, Pennsylvania, 4th printing, 1961.
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T h

(°F) (Btu/hr- £¢68 - °F)
100 5.15

130 5.04

150 5.04

The mean temperature of the walls of the air channel is expected to
be approximately 130 to 150°F, and a value of 5 was used for the convective

heat transfer coefficient at the walls of the air channel.
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Appendix C

VALUES OF PHYSTICAL CONSTANTS USED IN THIS STUDY

Values for the gamma energy attenuation coefficient, Hp> the total gamma attenuation
coefficient, p, and the dimensionless constants @&, , and A used in the Taylor buildup

formula for a gamma energy of 1 Mev are tabulated below.

Ye "
Material (£ft™1) (£t71) a B A
Type 347 stainless 6.28° 14.08®  0.0895¢  0.04c 8¢
steel d 4 d d
Kaolin insulating 0.367 0.838 0.088 0.0294 10
brick
Mild steel 6.308 14.022 0.0895¢ 0.04¢ 8¢
Concrete 1.994 4,554 0.088d 0.0299 109

Values for the density, p, specific heat, Cp, thermal conductivity, k, and equivalent
thermal conductivity at interfaces of adjacent materials, E, for materials in the proposed

laminated wall in their order of occurrence from the reactor outward are tabulated below.

c
T (Btu/1b_+°F k k
Material (g/cnt) ( m/V ) tu/ m ) (Btu/hr- ft-°F) (Btu/hr* £t-°F)
Type 347 stain- 7.8° 486.9° 0.11¢ 12.8¢
less steel 0.159
Kaolin insulat- 0,433 27.03¢ 0.23¢ 0.15¢
ing brick 0.298
Mild steel 7.83b 488.8b 0.11¢ 26.0€
0.0232
Air 0.060% 0.2418 0.0174¢
0.0232
Mild steel 7.83P 488.8b 0.11¢ 26.0¢
0.584
Concrete 2.359 146,79 0.20® 0.54¢

%E. P. Blizard and L. S. Abbott, editors, p. 107 in Reactor Handbook, Vol. 3,
Part B, John Wiley and Sons, New York, 1962.

bM. M. E1-Wakil, p. 223 in Nuclear Power Engineering, McGraw-Hill Book Company, Inc.,
First Edition, New York, New York, 1962.

°E. P. Blizard and L. S. Abbott, editors, p. 116 in Reactor Handbook, Vol. 3,
Part B, John Wiley and Sons, New York, 1962.

d"Reaqtor Physics Constants," USAEC Report ANL-5800, Argonne National Laboratory,
pp. 653-657, July 1963.

®Frank Kreith, pp. 533-535 in Principles of Heat Tramsfer, International Textbook
Company, 4th printing, Scranton, Penmnsylvania, 1961.
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Appendix D

TSS COMPUTER PROGRAM

A program was developed for the CDC 1604-A computer to solve the
equations (Eqs. 8 through 31) necessary to evaluate the proposed con-
figuration of the reactor room wall for the steady-state conditions. As
written, the TS8S (Thermal Shield Study) program will handle up to five
material laminations, excluding the air channel, and up to eight energy
groups for the incident gamma current. The calculations are performed
in the order described in Chapter 3. For a problem with five energy
groups and sixteen different combinations of laminations (cases), the
machine time is one minute and 453 seconds and the compilation time is
56 seconds.

A Newton~Raphson iteration scheme is used to evaluate T, and Xp max”
The convergence criterion for T, is that the right and left sides of
Eq. 29 must agree to within 0.05, and the criterion for K s is that the
right and left sides of Eq. 14 must agree to within 0.10. These conver-
gence criteria could be made smaller with a corresponding increase in
machine time, but very little more  real accuracy would be obtained be-
cause the program uses the approximate method to calculate the incident
gamma current at each material interface. 1If more real accuracy is
required, the program could be modified to calculate the attenuated gamma
current at each interface and to caleculate from this information the
incident gamma current at the material interfaces.

If a vertical temperature profile were known for the interface of
the reactor room and the skin, the program could be modified to do calcu-
lations at several points up the air channel rather than just at the top
and bottom as it does at present. Both the setup of the program and the
manner in which the necessary input data are prepared are explained in
the following discussion.

The TSS computer program is set up for a given physical situation
with a given photon current incident upon the reactor room wall. The

temperature of the inside surface of the wall is fixed at a given value,
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The composite wall is composed of five material regions, and progressing
from the inside surface outward, these regions are (1) a thin steel skin,
(2) an insulating material, (3) the first steel gamma shield, (4) the
second steel gamma shield, and (5) the concrete biological shield with a
fixed temperature on the outside surface. The 3-in.-wide air channel
placed between the first and second gamma shields is not considered a
material region. By calculating a vertical temperature gradient in the
air channel, the program will calculate at both the bottom and top of

the reactor room wall the

1. gamma heat generation rate in each material,

2. temperature at each material interface and temperature changes across
each material,

3. conduction heat loss from the reactor room to the air channel,

4, radiation heat transfer rate between the walls of the air channel,
heat in the concrete conducted both toward and away from the air
channel, and the

6. maximum temperature in the concrete and its corresponding location,

The program input deck allows the use of any material in any region
of the composite wall. For a fixed incident photon current, a fixed
inside wall temperature, a fixed inlet air velocity and temperature, and
fixed wall materials, the calculation of a particular case is done by
selecting all material thicknesses and the temperature of the outside
surface of the concrete wall. At present, the program will allow a maxi-

mum of 32 cases to be run, but it can easily be expanded to handle more.

Preparation of Input Data

The first set of input data consists of energy-dependent information
pertaining to the incident photon current and to the nuclear properties
of the materials chosen for each region in the wall. The order in which

the information is supplied is given on the following page.
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Card 1. QS1(1l), QS1(2), ..., QS1(8). The incident photon current
(Btu/hr-ft®) for each of eight possible energy groups.

Card 2. EMUL(1l), EMUL(2), ..., EMU1(8). The energy absorption
coefficient (l/ft) in the first region of the wall (the inner skin) for
each of eight possible energy groups.

Card 3, AMU1(1), AMUL(2), ..., AMU1(8). The mass attenuation
coefficient (l/ft) in the first region of the wall (the inner skin) for
each of eight possible energy groups.

Card 4, ALPHA(1), ALPHA1(2), ..., ALPHAL(8). The dimensionless
constant O used in the Taylor buildup formula in the first region of the
wall (the inner skin) for each of eight possible energy groups.

Card 5. BETAL(1l), BETA1(2), ..., BETA1(8). The dimensionless con-
stant B used in the Taylor buildup formula in the first region of the
wall (the inner skin) for each of eight possible energy groups.

Card 6. Al(1), A1(2), ..., Al(8). The dimensionless constant A used
in the Taylor buildup formula in the first region of the wall (the inner
skin) for each of eight possible energy groups.

Card 7. EMU2(1), EMU2(2), ..., EMU2(8). The same as Card 2 except
for the second region of the wall (insulation).

Card 8. AMU2(1l), AMU2(2), ..., AMU2(8). The same as Card 3 except
for the second region of the wall (insulation).

Card 9, ALPHA2(1), ALPHA2(2), ..., ALPHA2(8). The same as Card &
except for the second region of the wall (insulation).

Card 10. BETA2(1), BETA2(2), ..., BETA2(8). The same as Card 5
except for the second region of the wall (insulation).

Card 11. A2(1), A2(2), ..., A2(8)., The same as Card 6 except for
the second region of the wall (insulation).

Card 12. EMU3(1l), EMU3(2), ..., EMU3(8). The same as Card 2 except
for the third region of the wall (the first gamma shield).

Card 13. AMU3(1l), AMU3(2), ..., AMU3(8). The same as Card 3 except
for the third region of the wall (the first gamma shield).

Card 14. ALPHA3(l), ALPHA3(2), ..., ALPHA3(8). The same as Card 4

except for the third region of the wall (the first gamma shield).
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Card 15. BETA3(1), BETA3(2), ..., BETA3(8). The same as Card 5 except
for the third region of the wall (the first gamma shield).

Card 16. A3(l), A3(2), ..., A3(8). The same as Card 6 for the third
region of the wall (the first gamma shield).

Card 17. EMU4(1), EMU4(2), ..., EMU4(8). The same as Card 2 except
for the fourth region of the wall (the second gamma shield),

Card 18. AMU4(1), AMU4(2), ..., AMU4(8). The same as Card 3 except
for the fourth region of the wall (the second gamma shield).

Card 19. ALPHA4(1l), ALPHA4(2), ..., ALPHA4(8). The same as Card 4
except for the fourth region of the wall (the second gamma shield).

Card 20. BETA4(1), BETA4(2), ..., BETA4(8). The same as Card 5
except for the fourth region of the wall (the second gamma shield).

Card 21. A4(l), A4(2), ..., A4(8). The same as Card 6 except for
the fourth region of the wall (the second gamma shield).

Card 22. EMUS(1), EMU5(2), ..., EMU5(8). The same as Card 2 except
for the fifth region of the wall (the biological shield).

Card 23. AMUS(1l), AMU5(2), ..., AMU5(8). The same as Card 3 except
for the fifth region of the wall (the biological shield).

Card 24. ALPHAS(1), ALPHA5(2), ..., ALPHAS(8). The same as Card 4
except for the fifth region of the wall (the biological shield).

Card 25. BETA5(1), BETA5(2), ..., BETA5(8). The same as Card 5
except for the fifth region of the wall (the biological shield).

Card 26. AS5(1), A5(2), ..., A5(8). The same as Card 6 except for
the fifth region of the wall (the biological shield).

The format statement for all of the above cards is 8F9.0. Since
only the first 72 spaces on each data card are used, the last eight may
be used for identification purposes. If fewer than eight energy groups
are used, the unused data fields may either be punched with a zero or
left blank. In either case, the energy-summing DO loops subscripted
J, K, L, and N must be changed to correspond to the number of energy
groups used; that is, if there are six energy groups, DO 100 I = 1,6;
and K, L, and N are also 1,6. 1If the DO loops are not changed to corres-

pond to the number of energy groups used, division by zero will occur.
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The next set of data entered is energy independent and is assumed
to be constant over the range of temperatures covered in the program.

This information should be given on the two following cards.

Card 27. CON1l, CON2, CON3, CON4, CON5, TO, HT, and HF. The thermal
conductivities (Btu/hr-ft‘oF) of the materials in each of the five regions
should be entered in the first five data fields. The temperature on the
inside surface of the reactor room wall, TO in °R, the height of the
reactor room, HT in ft, and the film coefficient on the sides of the air
channel, HF in Btu/hr'ftz'OF, should be entered in data fields six through
eight. The format for this card is the same as that for the previous
26 cards (8F9.0).

Card 28. TA, EPSIL, VEL, ACHAN, CP, RHO, and SIGMA are respectively
the inlet air tewmperature, OR, the emissivity of the surface of the air
channel (dimensionless and assumed to be equal for both sides of the air
channel), the velocity of the air, ft/sec, the width of the air channel,
£2, the specific heat of air, Btu/1b-°F, the density of air, 1b/£t®, and
the Stefan-~Boltzmann constant (Btu/hr-ffa-oRﬁ). These values must be
entered according to format 6F9.0, F18.0. Again, the last eight spaces

can be used for identification.

Preparation of Case Data

Once the input data have been supplied, one card must be prepared
for each case to be run. This card contains EL1, EL2, EL3, EL4, ELS,
and T6. EL1 through EL> correspond to the material thicknesses (ft) to
be used for each of the five regions in the wall, and T6 is the tempera-
ture of the external surface of the concrete biological shield in °R.
The format 8F9.0 allows nine spaces for each data field and the last eight
spaces for identification. For 16 cases, the cards could be numbered
29 through 44, Numbering is for the user's convenience and is not re-
quired. The first DO loop in the program must always be changed to DO
5000 I = 1,N where N is the number of cases to be run. All cases must

have the same air temperature, TA, and the statement immediately
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following DO 5000 T = 1,N must be written to correspond to the air
temperature used. The DIMENSION statement containing EL1(I) through
EL5(I), T6(I), BOP(I), and BAM(I) must be checked to see that a sufficient
dimension size is given to allow all of the cases to be run. BOP(I) and

BAM(I) are dummy variables and may be left blank.

Typical Computer Sheets

The assembly of the control cards, deck, input data, and case data
cards for the TSS computer program is illustrated in Fig. D.,1. Typical
data for 32 cases to be run with one energy group are given in Table D.1.
The output data at the bottom of the air channel for one case are given
in Table D.2, and the output data at the top of the air channel for the

case are given in Table D.3,.



4N Tevitin, €L200, EL301), ELA(IN, ELS(I), T6 (1) 39\
,} «t:, [ELit10), EL21i0), EL3{10), EL4{10), EL5(10), T6(10) 38
N JELI(9), EL2(8}, EL3(9), €L4(9), EL5(9), T6(9) 37
& ¥ [eLi(8), EL2(8), EL3(B), EL4(8), EL5(8), T6(8) 36
X {ELI7), EL2{7), EL3({7), EL&(T}, EL5(7), T6(7)
N [EUT6), EL2(8), EL3(6), ELA(6), EL5(6), 16(6)
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ORMNL Dwg 6712005
[EL.106), EL2(I6), EL3(I6), ELA(I6), EL5(I6), T6(I6) 44\

JELTOISY, EL2(15), EL3(15), EL4(i5), EL5(I5), T6(I5) 43
42
41

40\

JELI4), EL2(14), EL3(14), EL4(14), EL5(14), TE(14)
[ELIi3), EL2(13), EL3(I13), EL4(13}, EL5(13), T6(13)
[eLiti2), EL2(12), EL3{i2), EL4(12), EL5(12), TB(I2)

JELI5), EL2(5), EL3(5),EL4(5), ELB(5), T6(5)
{EL1{4), EL2(4),EL3(4), EL4({4), EL5{4], T6(4)
[ELH{3),EL2(3), EL3(3), EL4(3), EL5(3), T6(3)
[EL1({2), EL2(2), EL3(2], EL4(2), EL5(2), T6(2)
{eui()), EL2(h), EL3(1), EL4(), ELE(), T6(N)
| YA EPSIL, VEL, ACHAN, CP, RHO, SIGMA

\

31
30

29
28

[coN1, CON 2, CON 3, CON 4, CON 5, TO, WT, HF 27
[As{D, AS(3), ~ — = — = — = — =~ AS(8) 2A _JH
[BETA 5(1), BETA 5(2), — — — — - BETA 5(8) 25
[ALPHA S (1), ALPHA5(2), — — — ALPHA5(8) 24\ %
{amus(l), aMus(e), - - — - ~ = AMU5(8) 23\ 1
[EMuS0), EMUS(2), ~ ~ — — — ~ EMU 5(8) 22
[A4(),44(2), ~ = = ~ = — = — = - A4 (8) 21 -
[BETA 4(1), BETA 4(2), = = = = - GETE418) 20\ H
[ALPHA 4(1), ALPHA #(2), — — — ALPHA 4(B) 19 o
faMu s, AMU4(2), — — — - — - AMU 4(8) 18 \ H
N [EMU 41}, EMU 4(2}, — — — ~ — - EMU 4(8) |N u
R [A3T), A3(3), - =~ - — —— == a3(8) 13 r
xQ [BETA 317, BETA 3(2), - ~ ~ — -BETA 3(8) i5 H
q{' EALPHA 3(1), ALPHA 3(2), — — — ALPHA 3(8) 14\ f
AMU 3(1), AMU 3(2), — — — — — ~ AMU 3(8) 13
N [EMU 3011, EMU3(2), = — = = = = EMU 3(8) iz \ r
[Aa20), A2(3), - — = — = — = ~ =~ A2(B) H \ -
TBETA 2(1), 8ETA 2(2), — - — — - BETA 2(8) I} B
[ALPHA 2(1), ALPHA 2{2), ~ — ~ALPHA 2(8) 9 \ r
JAMU 2(1), AMU 2(2), — = — ~ = ~ AMU 2(8) 8 I~
[EMu 2(1), EMU2(2}, — — — - — = EMU 2(8) 7\\\ 2
fain,aiz), = ~ ~ - = =~ - == A1{8) 6 H
[BETAI (), BETAI(2), =~ ~ — — — ~ 8ETA 1(8) 5\ a
JALPHA1{1), ALPHA 1{2), ~ — — —ALPHA (8} 4
[aMui(), aMUHR), — = — = ~ = AMU (B} 3 \ 'r
fEMUIN, EMUI(2), — — ~ — — — EMU 1(B) 2 F
fasity, @s1(2), ~ = ~ — - = — = as 1{8) u\ f
Y. =
/ {% EXECUTE \ I
s, / [[ AAAAAA END % H
8 L
x L
g & [ \
y & L \\ I
& 1
§ ./ f N
l —

[Aannas PROGRAMAAAA
7 FTN, LA €,6. [—-—~PROGRAM NAME

7, P, AA, ARA, AAA
DUMP REQUESTED

AAAAA
CHARGE j l
PROGRAM NAME

NUMBER
USER'S INITIALS °

Fig. D.1. Assembly of Data Cards for TSS Computer Program.
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Table D.l. Typical Data for 32 Cases With One Energy Group for the TSS
Computer Program .

T PREGRAM TG T T T T S e T T S s S e e

DIMENSTOBN ODPTS(6) .

DIVENSTEV OSTVA), ERUTUBY, AFUT(B), ALPHA[(8Y, BETATUBY, AT(8Y,
[EML2¢8)Y, AMU2(R)» ALPHA2(8Y, BETA2(8), A2(B)» EMUJ(B), AMUIL(B),
2ALPHA3(8)Y, BETA3(8)s A3(B), EMUACR), AMUA(B)s ALPHA4UB), BETA4(8),
3A4(8)s EMUS(B), AMUS(B): ALPWAS(8), BETAS(B)s AS5(8)

DIMENSION ELJ(32), EL2¢32), FL3(32), EL432), ELS(32), Tal32),
1BOF(32), BAM{3?)

DIVENSTEN QDEP | Te)r U52(6): GV (gYs QV20@sld, GDEP2(43, Q53T4),
1OVEL&), ODEP3(K), 0S4(6), QV4ala), DLEPAlE)s 355(6), OVS(4),
2GDEPS(6)s B(6), DI(6)s ET(8)s D2(6Ys E2(6)s FIC6)s F2(6)) F3U6Ys
IFTRLA), SuMis), SUMPL6Ys RI(6), PE1(6). R2(6Y, RE2(H)

" READ (5p. jo00)Y (GSY ¢+ EMUY MUY s AULPHAT W L TTBEYA T

LY ¢+ EMU2 . AMUZ s ALPHaA2 . RETA?2 s A2 » EMUZ '
2AMLY s ALPHAZ » REYAZ s A3 _ » EMU4 : AWU4 » ALPHa4 ’
3BETA4 Y » EMUS » AMUS + ALPHAS » BETAS + A5 )

" READ (50, 100CY(CONI, CBN2, CON3, CON4, CONSe YO, HT, KF)Y o

READ (5ps 1p0id(TAs EPSILs VEL, ACHANs CP, FRHO, SIGMA)

REAUT(Sps 10000 (ELICIY, EL2¢T)s ELIUIY2 EL4CI), ELS(I), Telld, -

1BOP{1), BAM{}), l=1032)

c BEGIM MAIN PROGRaM

_DO 5p00 1=1.32

YA = 560,

o ELXYPmELICLY

ELx2 = i)

ELx3 = 13

EL¥Y4 = EL4A(])

.. _ELx5 = 1) -

T6x = T8ll)

____QDEPTL ® De R

eDEPYT2 = 0,

QDEPTI = D,

QDEPT4 = o,

QDEPTS = 0,

I CALCULATIUN "OF SOURCE TEIH AND GaMMA HEAY® DEPOSITION TERMS

Do 100 J4 = Tai
TTTOVI(Y) s QS HOJdYCENMUTTUY T

2 QDEPT(Y) = QVI(J)'(((AI(J)'EXPF(AHUIlJ)’ELX|'(ALPHA|(J)'].)})/
| CAVUY U CAlPRA ) (T T e I oo a T T D T EXPF oAU [ COVYELX TV TBETA | {JT®
20,000/ CAMUTEJYS(BETAICII# 1)) e C (AT CIII/(AMUICII*(ALPHAI(Y) |, ) )=
I LA CINYZCANUFC DI M UBETAT IS T Y)Y -

3 0S2(J) = GS{JI=0DEPILY)

4 QVZ(y) 3 QS20JY*ENU(T)

5 ODEP2(J) & QV2UJ)*CCCA2L ) EXPF(aMUZ(JI *ELX 2" (ALPHA2(J)~|.)))/
LCAMUZ Y Y CALPHAZTY e 1o 0 F =0T, =a2 () ) PEXPF (=ARMUZTU ) "ELX2*{BETA2(JY
20 IV CARMUZEUY SUBETACUY S I M) (a20JI )/ (AMURIU) " (ALPHAR(UI e ,))
3201 ,eA200))/ CAMUR{JY "IBETA2(I)» 1 D) ’

6 0SI(Y) = QSi(NIRADEPI(J)-QNEPR(YY
7 QvatJg) = QSI(JICEMUSLY)

8 QDEP3I(J) 2 QVI(JI*CULASIJ)EXPF(AMUSLJICELXI*(ALPHAZ(U)=(,2))/
POANUIC) *(ALPHAZ () ®y ) d el o =a3t DI *EXPF (=aMUIT N *ELXI*(BETAI(D)
C2¥ 1 IIIZCAMUI Y S UBETAICUI* | o)) Y r CLAZCJIIZCARUSLII *(ALPRASL )", ))
Je(],=A30I))/LAMUICJIC(BETAItUI= 1)) ))

_EL¥4 ® ELXA+ELX3
QDFTS( ) = QV3(U)*CUIAA( ) PEXPFIAMUGEIITELXAS(ALPHA4LNY [, 0))7
LCANMUACJY*(ALPHAG( Y [ 4 ) ) el (1 ,~Ad( J))EXPF(=AMU4(J)*ELX4"(BETA4CJ)

241,00/ CAMUALI S EBETAGUI*1,4)))m((A4CUY)/(ANUACII*(ALPRAL(JI=],))
3201, rAQ( )Y/ CAVYU4A(JI) " (BETALC U)o, ))))
OGDEPA(J) = QDPTS(J)*QDEP3(I)

. EL¥4 = ELX4%ELXZ - - L
12 0S8(J) = QS| (J)»ODEPI(JI~GDEPRCJY-RDEPI(JI-0DEP ()
A3 . 0VE(J) = QOSBOJYTEMUSCY)
14 QDEPS(J) = QS5(L)
15 ODEPTL = QDEPT1+0DERICY)
16 QDEPT2 * QDEPT2«DDEP2(J)
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Table D.1 (continued)

ODEPYS = QDEPT3+0DEPSLJ)
QDEPT4 ® ODEPT2«ODEPA(J)

GDEPTS = QDEPTH4QDEPS(JY =

CONTINUE
XK7=0

21

BEGINM CALCULATION FOR THE REACTER SIDE OF THE CHaANNEL
OCEN = (1Tp~TA)wQDEPTI* (2, *ELX I /(3. CON|ISELX2/CAN+ELXI/CONT®L ./

] 2(3.*cnmsl¢|./Hr))/(ELx|/ruN|»ELX?/ch2*ELx3/caN3»|./HF)vuuw

22

DELT) = (GCON*2,*0DERT /3, ) ELXI/CON)]

(NC _CARD NO, 23)

JHFY=nDEPT2% (2, *ELX2/ (3, *CONZI*ELXZ/CONZ® | /HF)~ADEPTI® (2, "¢ X3/

TOF = 70'4601

_TIF_= YDFeDELT)
DELT2 = (OCON+QDEPT |2, *ADEPT2/3.)*ELX2/CAND
T2F = TFenelLT2
DELT3 = chaN*ﬁDEPleonEptzoz,'Qngprsls,)'ELX3/coN3

Y3F = T2F-DELTY

CAFLUCON) 3005933033

DELT4 & (ocox»ouapx|~0nE°Tz~an973)/HF

| _TAF 2 Taw=d60,

CHECK FBR UNACCEPTABLE HEAT CONDUCTISN anIT!aNS

CONTINUE .
1F¢DELTI) 3p05,35,35

CONTINUE
Atr(pgtral,;un5,39139

CONTINUE

COATINUE
IF(DELTA) 3005,41,41

CONTINUE

BT w0,
8EGIM EALBULATIGN fOR THE CONCRETE STUE O6F THE CWANNEL

I'(AMU5(K)'A5(K))/(ALPHAS(K)*I.))-(}./ELXs)'((AB(K)I(kLPHAE(K)'l.’

2921+ 01, ~EXPFOAMUS(KY "ELXS T CALPHAS(K I~ , I Ve LT+« AS{KII/U( T, »

a5
200
46

BT = BT+B(K)
CONTINUE
CFi = S18MAZ (2, /EPS!Lri.)

47 CFz & WHF®|,/tELX4/CONA+ELXS/CONS)

BBETAS(KI)**21) ¢ (], ~EXPF(-AMUS(KI PELXE* (|, +BETASLKININY

A8 CFI v (TEX+ELXB'BT/CANSr2, "EL XA 0ODEPTA/(S, *CONAI Y/ (ELXG/CONGPELXE/

49

_1CONG)

K9 = 0

50
51

1TERATION PROCESS FOR T4

T4 = Ta
T3 = T3F¢460,

FI4P = 4, *CFi*{(T4*3)+CF2

“FTéd w CFI‘(T#"&)OCF2‘74-CF!'tTS"d)wHF'TAPQﬁEPT4-CF3“

5 K9 B Koe|
' GO Yo 51

IF(ABSF{FT4)«0,p5) 58,5B8,5%
T4 5 T4rFT4/FT4P

CONTINUE
ORAD 5 CF*(T3%*4=T4*%4)

TJAF = T4»460,

QCCP & HF*(T4rTA)«QLEPT4QRAD
DELYS = (T4=TA)

DELTS = tELXa‘QcCP/cuN4)42.‘ELx4'onEPT4/t3.'cuN4)’

T5 = T4¢DELTS
T5F = T5-460,

S5y

12
K

TéxF & T4Xe4q8a0,

{NC CARD NUMBERS 70700
X & (0
X3 = 0
Fy = 0,
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Table D.1 (continued)

74

SU*T = D,

75

76
o
78
79

SUsPY = {0,

CALCI'LATION FOR LBCATIBN OF Max]vyuv CONCRETE TEMPERATURE
Do 300 LEjs]

DICLY & ~(OVSCL)®AS(LI I/ LAMUS(L) S(ALPHASIL)nl 3)

Ej(L)Y AMUSILY*(ALPHAS(L)Y=|,)

(L) AVEEL) Y (L ~ASCL) Y/ CAMUBCLI *({++BETAS{LI)

80
81
82

83
84
&5

E20L) “AMUS(L)Y*(|++BETAS(L))

Firooy AVSIL)Z(CAMUSLL ) **2) *ELX5)

FaoL) ASCLY CEXPFLEICLYELXS) =1 )/ CCALPHAS(LY |, )%%2)
FIeL) l,.-A5<L))'lexpr¢E2¢L>'ELx5)-u.)/((|.+8ETA5(L)1"2)
FYE(L) = FRlL)o(F2(LY*F3(LY)

FT & FTY OFTP(L’

)
87
88
89

300
99

SUMIL)Y 8 DI *EXPFIET(LIYMXY+D2 (L) *EXPF(ER(LY )

SyUMT = SUMT » SUMLL) ] ) o ] S
SUMPILY = ETCLY D CLYCEXPFIEI (LY ")) +E2(LY*D2 (L) "EXPF (E2TL I *X}
SUMPY = SUMPT*SUMP(LY
CONTINUE

FX = (thx—Ts)IELx5)¢(SUMT*FT>/caN5

[X]
92
93
94
95
96

FXF = SUMPT/CONS
IFCARSFUFX)mgojp) 96,96493
K3 = K3¢]

X = ¥~FX/FXP

Go TR 73

CONTINUE

g7
98

99
ot
162

XTmAY = X
SOMY & Q.

T CALCOCATION OF MAXIMUM CANCREYE TEMPERATURE =~ — 7 77

Do 400 Nej,1 S
RIENY = QVSINI SAS(NIZCLAMUS{NY s *2) ¢« (CALPHASINDY » {0 %277
REI(N) B (J.eEXPF{E|IIN)® XTMAX))

103
104
105
400
1gs
(o7

RZUNY = JVEINTI* (T, =ABTNIY/CTAMUBINY ¥¥2Y ¥ T (1, *BETADTINYT" 2)7
REZIN) & (j.eEXPFEEQINI® XTHAXY)

SErT 5 SOMT+RICN)CREJINYOR2(N)SREQINISFTP(NY® XTHAX
CONTINUE e
THAX & T5+XTHAX *(T6X=T5)/ELX5+SFMT/CONS

THAXF & TMAXed6D,

i

1p8

CALCULATTBN 8F XATR TEMPERATURE AT TGP OF AIR CHANNEBL — 7 ——
DELIAL = (ODFEPT +QNEPT 2+ 3DEPTIeCPEPY 4+ QCCP+ARADYOCANI/(VEL ®ACHAN®

108l

.. 3ano
300t
3002

1CPe3600, *RHOY
ARITE{(51,20070¢1)
IF («7-1} 1121,499904999
WRITE(S|,2000) CELX1sELX2,ELX3,ELX4,ELXS, T6XFsTAF)
WRYTC(5|azug?)(GOEPTlaGDEPTonnEPTSuQDEPTQ-ODEPTSoQCCP GRAD,OCENY
WRITF(S | 220030 ¢T0F T iF T2F,T3F,%4F, Y5F)

3063
3004
19
LA
Lt
12

WRITE(S|,2004) (DELYI,DELT2,DELT, DELTA, BELTS, DELTH)
WRITE(S|22005 (THAXF XTMAX,DELTOL)Y .
K7 s K7#+| } .

IFtk?=2) 111,5000,50080
TA = TA+DELTALeNY

6o T 214

112

4999

3005

GO Te 3000

WRITE (51,2008}

GO Y 30D
HR!T¢(5I;2009)
WRITE(Sj.20070¢1Y o
IF («7=4) 4pp5,40p6+4006

4005

__A000

5000

WRITE(S|,200R)
HRYTE(5|.2006)(ELX|:ELX2.ELX3.FL¥4.ELX5.TbXFaTAF)
Ge& T= 5000

WRITE(S122009)

WRITE(S . 2006  CELX | PELX2,ELX3,ELX4-ELXS,TEXFaTAF)
COMTINUE

1000

~ealr

FORMAT(8F9,0,8X%)
FOrMAT(6F9,0,F)1Be0,8X)
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Table D.1 (continued)

2000 FORMATISIHKTHIS CASE HAS THE FOLLOWING PHYSICAL CHARACTERISTICS »
777 30K LAMINATION THICKNESSES (FEET) / AHOSKIN ® ,F6,3,5X.9H INSU
2L.2 F6,3,5X,15H FIRST SYEEL = ,Fg.,3,5X,16H SEGEND STEEL & ,F6.3.
35Xs 1 2H CONCRETE ® .F8e3s /747 26H EXTER{BR CANCRETE TEMP 3 ,F5,(,

42X, {2H (DEGRFES=FY, 14X, 20H CGGLANT ATR YEMP =, F5,7,2X: 1 2H (DEGRFE
 BSmF) /77)

2002 FORMAT(66HKGAMMA HEAT DEPOSITIANS !N EACH SEPARATE LaMINATION (BTU

_ I/HR=8Q FT) /AHOSKIN 3 sF9,3,2X:9H INSUL 8 ,F9,3+2X,15H FIRSY STEEL

2 = sF9,3,2X,164 SECOND STEEL = 2F9,3,2Xs t8H CUNCRETE (TOT) = ,F9.,3

3/24H RETURN FROM CONCRETE = ,F9,3,2X,27H RADIATIAN HEAT TRANSFER =

4 ,F9.3,2%X,37H CONpULTIAON LASS FRAM RNEACTAR ROAM = ,F9,3 777)

_2qn03 FGGMAT(SSHKINTFHFACE TFMPERATUREq tDEGREFS=F) /2 |HOREACTAR RAAM=SK
UIN % sF9.3s 156X, 141 SKIN=INSUL = .Fo.a::sx.ZlH INSUL=FIRSY STFEL =
2.F6G, 3 Z19H FIRST STEEL=AIR = ,F¢,3,13X,20H AIR~SECAND STEEL = ,
3F9.3,13X:25H SECOND STEEL~CONCRETE = »F9,3 //7/)

2004 FORMATIS2HKTEMPLRATURE DROP ACRASS EACH LAMINATIAN (F=DLGRERS) /

l9HDTﬂ'T| z ,f9, 42X, 9H T{«T2 = ,FQ.414X 9H T2=T3 v L FG9,4,2X,9H T3
2=TA 8 ,F9,4,2X,9H T4=TA 3 ,F9,4,2%X,94 15=T4 = F9,4 2//)

2005 FGGMAT(}EHKMAxlﬁun CONCRETE TEMPERATURE = LF9., 30?X.§2H {DEGRFES«F)
1786H DISTANCE FROM CANCRETE<STEE| INTERFACE T8 LACATION OF MAXIMUM
2 TEMPERATURE IM CONCRETE = ,F7,4,9%,7H (FEET) /48H VERTICAL TEMPER
JATLRE GRADIENT OF CHALANT AIR & ,Fn.4,2X,)5H (DEGRFES/FONTY )

2006 FORMAT(SIH|THIS CASE HAS THE FOLUAWING PRYSICAL CHARACYERISTICS
1777 30H LAMINATION THICKNESSES (FEETY FBHOSKIN ® »F6.3,5X,9H INSUL

T2 & JF6,3e5X%, 15 FIRST STEEL = ,F6,3,5X, |AH SECOND STEEL = ,F6.3,

35X, 12H CONCRETE & 4F643s /// 26H EXTERIBR CONCRETE TEMP s ,¢5. ),
42X, |2H (DEGREES=F), 14X,200 COBLANT AIR TEMP a8 ,F8,|,2X,(2H (NEGREE
5S»F) /// 93Hp THIS CASE HIVES HEAT CONDUCTION BACK INTO THE REACTO

1 FGH””AND”!S’THERFFGRE“NUT'ACCEPTIBLE’)”"

2007 FQRMQ$§%HICASE
2008 FORMA (J?HKCALCULATIGN AT BEBTToM nF ATR CHANNELY
2009 FORMAT(ZAHKCALCULATION AT TOP OF AIR _CHANNEL)

ENC




.. —--Table D.2.. T8S Output Data at the Bottom of the Air Channel for Onme Case — . . .. . .

CALCULATION AT BOTTEM BF AR CHANNEL

‘TH]S CASE HAS TrRE FOLLOWING PHYSICAL CHARACTERISTICS

LAMINATION THICXNESSES (FEET)
SKIN = 2 005 INSUL = 020§ FIRST STEEL »

1250 SECOND STEF| = 1259 CONCRETE = 8.000

"EXTER16R CONCRETE TEMP s 5p,0  (DEGREESeF) TTCOBLANT AJR YEMP ® {0.0 ~ (DEGREESeF) =~

‘GAMMA WEAY DEPOSITIBNS IN EAGH SEPARATE LAMINATION (BYU/HReSG FT)- -

‘S*TN‘W"“'TﬁT5??“_‘TNSﬁt“i"”'"S*T?6?—“—F+*ST—ﬂTEft"*—~—%5+7%34”“*5f€6Nﬁ—ﬁ4iHHr“*————5éT4Q3———GQNGR€4E—+4€44—Q~———4b&r¥&5—

RETURN_FROM CONCRETE ® 27,470 RADIATION WEAT TRANSFER 3 192,618  CONDUCTION L 0SS FROM REACTAR ROGM = 5334629

8¢

INTERFACE TEWRERATURES (DEGREESeF) R o
REACTSR RMOMeSKIN = {100,000 SKiNeINSUL & 1099.779 INSULTFIRST STEEL » 301,935
FIRST STEEL=AIR = 293,838 AlReSECUND STEEL 3 (47,162 ' T GECBNDTSTEEL~CONCRETE 8~ 147,655

w . v v —— I A9 I A Ty A AT 6 22— P w4 —
MAXTMUM CANCRETE TEMPERATUKRE = 758,418 {CEGREEO=F)
DISTANCE FROM CENCRETE-STEEL INTERFACE T8 LACATION OF MaXIMUM TEMPERATURE (N CONCRETE ® 5153 (FEET)

VERTICAL TEMPERATURE GRADIENY OF COOLANT AIR = {45649  (DEGREES/F5OY)




Table D,3. TSS Output Data at the Top of the Air Channel for One Case

CALCULATION AT Yap 8F AIR CHANNEL
"THIS CASE HAS THE FOLLOWING PRYSICAL CHARACTERISTICS ) T N o T

LAMINATION THICKNESSES (FEET)
SKIN ® ,005 INSUL = ,208  FIRSY STEEL =  ,250 SECOND STEEL =

, 250 CONCRETE »: 8,000

EXTERIOR CONGRETE TEMP ® 50,0  (DEGREESsF)  COOLANT AIR YeMp s (75,  (DEGREES-F) —— ~— 77—

GAMMA HEAT DEPBSTTISENS TN EACH SEPARATE LAMINATION (BTUZHReSQ FT) = 7 e e s e

I T T T S Y INSUT T P R RS T S TR 38T 23— SECOND S TEEL 35 25— CONCRETE— IO 367 05
RETURN_FR®M CONCRETE * 21,989  RADIATION MEAT TRANSFER & 209,017 _ cONDUCTION (5SS FROM REACTHR ROOM & 4861574 .
\ts}

INTERFACE TEKPERATURES (DEGREES+F)

REACT®R RAOM#SKIN ® ({00,000 ___SKINwINSUL ®  1099.798 INSUL*FIRST STEEL & 367,92
FIRST STEELwAIR = 359,547 AlReSECOND SYEEL &  228.462 SECOND STEEL=CONCREYE ® 228,902

] veue ® v - ' ' w “FFyaeas 1owid—s a4

MAXTMUM CONCURETE TEMPERATURE = 235,493 {DEGREES=F)
DISTANGE FROM CPNRRETESTEE(L INTERFACE TO LBCATION OF MAXIMUM TEMPERATURE [N CONCRETE =  ,3568 (FEET)
VERTICAL TEMPERATURE GRADIENT 8F COBLANT AR = [ +5440 (DEGREES/FUOT) T
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Appendix E

NOMENCLATURE

dimensionless constant used in the Taylor buildup equation

unit area of reactor room wall, ft®

specific heat at constant pressure, Btu/lb'oF

energy of incident gamma current, Mev

vertical length of air channel, ft

convective heat transfer coefficient, Btu/hr:ft?-°F

thermal conductivity, Btu/hr-ft-°F

equivalent conductivity where the subscripts a and b refer to
any two adjacent materials

thickness of a material lamination

width of air channel (distance between adjacent surfaces of
first and second steel gamma shields), ft

heat conduction rate out of the reactor room to the air channel,
Mw

volumetric gamma heating rate, Btu/hr-ft®

heat conduction rate out of the reactor room to the air channel,
Btu/hr- ft2

rate at which the gamma heat generated in the concrete is con-
ducted back toward the air channel, Btu/hr-ft?

rate of radiant heat transfer between the walls of the air channel,
Btu/hr- £8

temperature, °F

bulk velocity of coolant air, ft/sec

distance perpendicular to the surface of the reactor room wall,
ft

dimensionless constants used in the Taylor builkup equation
surface emissivity of walls of air channel

time, hours

total gamma attenuation coefficient, ft~!

gamma energy attenuation coefficient, ft-?
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p = density, 1b/ft®

g = Stefan-Boltzmann constant

§; = incident gamma current, photons/cn?'sec

0 through 6

FS
S8

Subscripts Used With Terms

numbers denoting a lamination interface as illustrated
in Fig. 2 and usually associated with temperature, T
air

concrete

insulation

energy group

lamination

skin lamination on reactor side of wall

first steel gamma shield

second steel gamma field

total
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