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SUMMARY

Forced cooling power limits for seven assembly types were
calculated. The forced cooling limit is the amount of heat

that can be safely removed from an assembly in a reactor in

the absence of forced cooling. Heat removal is presumed to

be by natural convection only. Assembly forced cooling

limits were calculated to satisfy the present procedural

criterion that the maximum coolant temperature in the

assembly never exceed 100°C. Alternate limits were

calculated for a proposed temperature limit of 106°C, the

local saturation temperature of D30 at the top of the fuel

or target columns in the assemblies. After approval of this
memorandum, Technical Specification 105-2.7 will be changed

to increase the maximum allowable D»0 temperature to the

local saturation temperature of D20. Table 4.05-I of the

Technical Standards will be changed to contain the new forced
cooling limits. The heat transfer process in each reactor assembly
type was analyzed and described by a number of equations which were
derived from first principles or from established heat transfer
correlations. The equations contained no adjustable constants. The
set of equations was solved simultaneously The solution gave
temperatures at various points in the assembly and coolant velocities
resulting from natural convection, all as functions of assembly
power, Power limits were calculated subject to the maximum
temperature limits.

The correctness of the analytical method was verified with
experimental data for two assembly types. For the
experiments a full scale mockup was made of the Mark 31A
assembly. It was easily converted to a mockup of the Mark
31B assembly. The mockup was instrumented and placed in
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A-Tank in the Heat Transfer Lab (HTL). After filling the
tank with light water, the target columns in the mockup were
electrically heated and temperature and convective velocity
data were taken for both assembly types and for a series of
assembly powers and tank water temperatures. The
temperatures and velocities calculated by the analytical
method agreed well with the experimental data. This good
agreement validated the analytical method. It gave Strong
confidence that the method could be used for any SRP assembly
type. Then the same method was used with heavy water
properties for the Mark 31a, 31B, 16, 16B, 53A, and 22
assemblies to calculate forced cocoling limits. The limits
listed in Table I are conservative because they are based on
no coolant boiling. A limited amount of boiling would be
harmless and would enhance heat transfer in two ways. First,
the presence of vapor bubbles in the inner annuli of an
assembly would increase the density difference between the
coolant in the inner annuli and the outer annulus. This
would drive the circulation inside the assembly faster.
Second, the mixing caused by bubbles growing and quenching
would stir the coolant in the annuli which would increase
heat transfer coefficients.

INTRODUCTION

Several hours after nuclear shutdown of the reactors the
process water circulation is reduced to normal
charge-discharge(CD) flow. WNormal CD flow is the flow from
three or four process water pumps with DC drive and throttled
rotovalves, During a complete reactor core discharge or
during a partial core discharge accompanied by the failure of
a process water pump it is possible for some assemblies to be
starved for flow. 1In these cases, the only mechanism for
heat removal is natural convection inside and outside the
affected assemblies. The power that can be dissipated from
an assembly by natural convection without overheating the
assembly is the forced cooling limit. Reactor Department
procedures prohibit group discharge of assemblies until

the power of the most restrictive assembly has decayed to

the forced cooling limit. Therefore the forced cooling limit
determines the length of the waiting time before group
discharge can begin. RRMT requested a calculation of forced
cooling limits for the primary assembly types.

This document reports the results of an experimental and
analytical study done to provide the forced cooling limits
for all presently used reactor assemblies.
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Design of test assemblies

The Mark 31A assembly consists of two concentric target
columns, an inner housing and a bottom fitting insert inside
a Universal Sleeve Housing (USH) as shown in Figure 1. The
test assembly which simulated the Mark 31A used a standard
USH and bottom fitting insert. The inner housing was machined
from a solid rod of polyester glass. Replica target columns
were made from type 304L stainless steel. Stainless steel
was chosen because it was readily available, had a convenient
electrical resistivity and had a thermal conductivity similar
to that of uranium. The target columns were machined as
short segments. The segments were welded together to provide
electrical continuity necessary for resistance heating.
Grooves were machined in the target columns and the inner
housing. Strips of polyester glass were fastened in the
grooves to form ribs. The ribs isolated the USH and target
columns electrically and formed coolant channels.

Electrical power for resistance heating was supplied by two
power rectifiers in the HTL. Bus connectors inside A-tank
were connected to copper studs in the tops and bottoms of the
target columns with braided copper cables. Brass end pieces
were silver-soldered to the top and bottom of each column to
give a better connection with the copper studs. The copper
studs passed through holes drilled in the USH. The USH holes
were drilled oversize to prevent current from shorting
through the USH. To prevent water leakage through the gaps
created by the oversize holes the gaps were plugged with
Teflon (Du Pont trademark) gaskets. The target columns were
electrically isolated at the bottom by replacing the standard
metal target spacer which supports them with one made from
Teflon. The target columns were electrically connected in
parallel. A simple parallel circuit would have generated
proportionately too much heat in the inner housing.
Therefore, the heat production in the inner target column

was reduced by adding another resistance in series with the
inner target column. The extra resistance was a one foot
length of one inch Sch. 40 stainless steel pipe. That
adjustment gave the inner column the correct percentage of
the total heat production, 26,9%.

The Mark 31A test assembly was easily converted to

Mark 31B configuration. First, electrical power was
disconnected from the inner target column. It then simulated
the Mark 31B inner housing. Second, the annulus just inside
the inner target column was blocked to prevent flow through

it.
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Instrumentation of test assembly

The test assembly was instrumented with electrical
conductivity probes for fluid velcocity measurements and
thermocouples. The test assembly held eight thermocouples,
one each in the top and bottom of the three annuli, and one
each in the top of the two target columns. In addition,
there were three thermocouples in the water surrounding the
assembly, at the top, bottom, and mid-height. The test
assembly also held six electrical conductivity probes; one
each at the bottom of the three annuli and one each at the
top of the three annuli. Each conductivity probe consisted
of two wires whose bare tips were positioned one-quarter inch
apart. The conductivity probes were used to measure the
length of time required for a salt tracer to be carried from
one end of the assembly to the other. The salt solution
consisted of 40 g of LiCl, 140 ml of ethanol and 900 ml of
H»0. The ethanol was added to give the salt solution
neutral buoyancy in water. The solution was heated to
approximately match the water temperature inside the
assembly. Several milliliters of solution were injected in
the top or bottom of an annulus and carried past the two
conductivity probes. An electrical circuit, shown in Figure
2, was designed to monitor the conductivity across the
probes. The signal from the circuit was recorded on a strip
chart recorder as shown in Figure 3,

Instrument Calibrations

The following instruments were calibrated; the thermocouples
and the digital thermocouple reading device, the strip chart
recorder, the rectifier voltmeter and the rectifier current
meters. Also the salt injection method for measuring fluid
velocities was calibrated. Discussion and results of the
calibrations are listed in Appendix A.

ANALYSIS OF NATURAL CONVECTION HEAT TRANSFER
IN MARK 31A ASSEMBLY

The Mark 31A assembly was modeled as four concentric tubes,
During certain circumstances it is possible to have no flow
in or out of the USH. Therefore for the purposes of modeling
the USH was assumed to be sealed at both ends. The model of
the assembly is shown in Figure 4. The surfaces are labeled
one through five and the annuli are labeled A, B, and C.

The solution to the problem satisfied conservation of mass
and energy, hydraulics relations and heat transfer relations.
The first part of heat transfer problem was the cooling Jf
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the outside of the USH by natural convection in the
moderator. The heat transfer relation for natural convection
from the vertical surface was

Nu = .l3(GrLPr)l/3
valid when 109 < Gr Pr < 1012
where Nu = L[ 7k

GGr, = ¢
L

h = heat transfer coefficient, PCU/ft2 hrOC

L = length of cylinder, ft.

¢ = density, 1lb/ft3

k = thermal conductivity, PCU/ft hrec

g = acceleration of gravity, ft/hr?

P = coefficient of thermal expansion 1/°C
5; = average temperature at surface, ©q

Tw = fluid temperature away from surface, °C
Cp = heat capacity of fluid, PCU/1b°C

viscosity,lb./ft. hr.

¥
It

The properties k, F.and B were evaluated at the film
temperature Tgs where

Tg = (Tg + Ty)/2.

The rate of heat loss from the portions of the USH covering
the heated fuel elements was

Qu =D ke .13 (6r P0)V/3 (T, -1y (1]
where D was the diameter. Eguaticon 1 was used to solve for

the unknown average USH temperature, Ts;. Once evaluated,
?5 was treated as a constant in the simultaneous solutior
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of the governing set of equations as derived in the remainder
of the report.

Inside the USH, a convective flow pattern formed. The fluid
in the annulus between the USH and the outer target columns
was the coolest and most dense fluid in the assembly because
it was the only fluid in thermal contact with the cool tank
water, Therefore, the flow was downward in the ocutermost
annulus., This was balanced by upflows in the inner and
middle annuli. Heat from the target tubes was transferred to
the fluid in the upflow annuli. The liguid in the upflow
annuli mixed at the top of the assembly and flowed down the
outermost annulus where it cocoled. At the bottom of the
assembly the liguid turned upward and the cycle repeated.

The total mass flow rate in the upflow channels was equal to
the mass flow rate in the downflow channel. The conservation
of mass relation is:

UpAp+ UpAp = UcAC 2]

where Ap, Ap and Ac are cross-sectional areas of
the three annuli and Upr Up and Ug are velocities.

The assembly hydraulics involved a balance of driving forces
caused by density differences and viscous resisting forces.
There are two coupled flow loops in the assembly, annuli A
and C taken together and annuli B and C taken together. The
flows in the annuli were laminar so that the pressure drop in
one annulus 1is given by (2):

A Pa = Fplp
A Pp = FgUp {3]
APc = Fclc
where
e L
F = —

o

z
1"02 l'—K‘f _ (-¥
1=k n £
where rg = outer radius of annulus in question

inner radius

ri

X ri/ro

Uy

The total pressure drops for flow locops AC and BC are:
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APAC = FAUA + Fcuc
APpc = FpUg + FCUC {4}

The annular radii are listed in Table II. There were
additional pressure losses from the sudden contraction and
sudden expansion at the entrance and exit of the annulus.
These losses &are approximated by

- o el

iont B exp 2 Q

of
For any flow loop the driving pressure 1s equal to the total

laminar pressure drop plus two sudden contraction losses plus
two sudden expansion losses. However, the expansion and
contraction losses were negligibly small for the range of
velocities encountered.

The driving force for flow 1s the difference in weight of
two columns of fluid. The static head differences between

: 5L€A (2) d

L. L
AP = Ef’c(z) dz - S@CZ) dz
© ()

Density was expanded in the form

e(M = ¢~ (T-To)g, P
where ¢, is the density at reference temperature Tq-
Substituting gives ¢

L L
AR = P [ [T dz - [T

area ¢

AFe

"
e~
AN
=~
N
Q.
™

{5]

~
=)}
[—

AP = 0B | § T dz - (T dz]

Two approximations were made at this pcint to make the
solution more tractable. The first approximation was that
temperature increased in a linear way with height in the two
inner annuli, A and B. This was justified because heat
production along those annuli was uniform for the
experimental situation being modeled. Actual reactor

; . ; .
assemblies have non-uniform heat production, A correction

for this fact was made later. The results of the first
approximation &are :
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jTA(Z)dZ = —;" [TA(Q“LTA (O)]

(7]

,L( Te (z) dz = TL [TB(L) +TB<O)] [8]

The equations were simplified somewhat by noting that fluid
leaving the bottom of annulus C immediately turned upward and

_____ L]

entered annuli A and B, Therefore,
T, (0) = T,(0) =T (0
The common bottom temperature "is labeled T(0).

The second approximation was that net local heat losses from
the outer annulus were proportional to the temperature

difference between the fluid in the outer annulus and the
fluid surrounding the USH There were actually two heat

_________________ g USH. were actually heat
transfer processes in series. The first was from annulus C
to the USH and the second was from the USH to the tank water.
Because both heat transfer relationships were approximately
linear functions of temperature drop the combined
relationship was also linear. The net local heat loss from
annulus C Is approximated

(zy -T,)
zZ = C_ (T\. P A—z-
CZs'}“ZUﬂZW‘A e i (9]

where C3 1s a linearizing factor. The heat losses caused
the fluid temperature to decrease as the fluid flowed down
annulus C,

(z)
dT _(55_

Cpple B2 ) RT AT 10

Equating egqguations 9 and 10 gives !

chCz\, - q, (T.(2) _TV\D [11]
Z
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Te(z) = Ty + C4 expl(C3z)

. The solution of eguation 11 1is

where C3 =

or after substituting boundary conditions for Tg

Telz) = Ty + (T(0)-Ty) exp'i——— In (:Eﬂungjii)]

L T (0) - Ty
Integrating equation 12 gives ;

L LT (LY =T(0Y) [13]
[T@dz =L Tw * Sy,
0 T(O)-—Tw

Constants C3 and Cas drop out of the solution.

The driving force for flow in both flow loops was found by
substituting equations 7, 8, and 13 in equaticns 5 and 6.
Equating the frictional resisting pressure drop to the
driving force gave the desired equations.

T (D) - T(o ‘[
_ rl o)) - ~ _fetb g
F‘;UA + LU F (\OD;B"[L&,(TA(Q “ T )) T 1y T8-Tw [4]
T -Tw
TQCL)—T(O)
FUs+ fle T g FL[?'_"(—T_B(L) -TCO) = Tw - Iy EO-Tw| [s]

TCOY - Tw _f

Several equations were used to satisfy conservation of
energy. The target columns lost heat from both the inner and

outer surfaces, At steady state the sum of the two rates of

Y .
surface heat loss .1s equal to the rate of heat production

from that tube.
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Q1 + Q2 =01 (16]

I and O refer to inner and outer target columns. The fluid
in each channel increased in temperature in proportion to the
amount of heat entering the channel.

Q1 = UpAp @ Cp(Tp(L)-T(0)) {18]
Qo+Q3 = UBAB€C?(TB(L)-T(0)) [19]
Q5-Q4 = Uchc p Cp(Tc(L)=T(0)) [20]

where Ap’ Ag’ and Ac are cross-sectional areas
of annuli.

Eleven equations are necessary to describe the heat transfer

relationships in the assembly. The first heat transfer
mechanism {s simple conduction in the target columns. The

differential equation is "4‘3 rodr = k d(r j:')
with the boundary conditions that
PT(rg - ri) Az = 2m(riqi+redelAz

where ¢ is the volumetric rate of heat generation. The
solution is

) 2
9 r r r
~ o Ve ; Y
7ot e i e e g
o~ i r; LI i
where i and o refer to inner and outer surfaces and qj 1]
4nd q4 'are heat fluxes out surfaces, respectively. Heat [
flux g and surface heat loss Q are related by
L
Q = 2rr fq(z) dz [22]
el

The approximation was made that surface temperature varied
linearly with height. 1Integrating equation 22 over height,
substituting equation 21 and simplifying gave an equation
for the inner target column.

A
Tl s N TN =T 71N-T (v\-l.: J f,\rs___rzg-x
S| T FTO) T (L =10 = e LML 5
z {

2
- _n T2
QZ [-S. r;'z_r’z lY] r J}

For the outer target column the eguation 1is

5 {Tsﬁg +T5(0) - T, (L) _T‘{(o)] |

zw L

N -

Q4[.5'- 5 1 -Q—}

z ES
Aot T
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Calculations indicated that heat losses from the portion of the
USH inside the shield and plenum were negligibly small and were
therefore neglected. The heat loss by natural convection from
the portion of the USH with length L’ between the top of the
heated target column and the bottom of the shield is:

i

73
Q-ra? = Q_ - O.S' = 7Dk .3 (G’V‘L/ PY‘) (Ts "T“J\

L’ is .33 ft for the Mark 31A and 31B assemblies. Some of the
experimental data was taken at a second value of L , one focot,

Heat transfer coefficients to annuli A and B were calculated
with a correlation for laminar flow in tubes where buoyancy
effects were important.3 No correlation specifically for

an annular geometry could be found. Egquivalent diameters
were substituted for tube diameters in the correlation. The
correlation 1is

IZ;
Nu = 2,246 + 1.45 (.785 Re' Pr Do/L) [26]
where RL’= UDbet + 072 .éit;i ( J:_)'Z
- Pr'z Dc
7/
De, = Zkr%-r")
I T AT
Gy = e ¢ Q;F
The local heat fluxes for surfaces 1 and 2 are
~ fesN / r Y T W | _ .
2E = hT@- (@] [27]

%2(7-) = [r,z [Tz(z) -Ta (z)} [28]

The approximation was again made that surface temperature
varied linearly with height. 1Integrating equation 27 over
height, substituting eguation 21 and simplifying gives

Q = oLk, [T T T =T [29]
Similarl
5 =, Lh [TZCL\; + T (0) - Ty (1) —TQO)] [30]
2 A 2

Q, =h L h [ﬁ(f)ﬁ T5(0) - (1) —T{O\] (1]

Annulus C was different from the other two because it had a
heat source at the inner wall and a heat sink at the outer
wall. There was experimental evidence that the flow pattern
in annulus C was more complicated than the nearly parabolic
flow profile expected in annuli A and B. When salt tracer

n

[25]
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- was injected in the top of the annulus it dispersed twice as
fast as was expected for a simple laminar flow down the
annulus. The most likely explanation was that there was a
- closed cell convection loop superimposed on the bulk flow
down the annulus, The flow direction is down next to the
- inside of the relatively cool USH and up next to the hot
outer target column. Numerous experiments reported in the
technical literature have shown that when a heat flux is
impressed across an annulus blocked at both ends a convection
loop forms, up on the hot side and down on the cool side.
The case of heat transfer between parallel plates is nearly
identical and has been studied thoroughly. A heat transfer
correlation4 for natural convecticn cf water between
parallel plates was used because the annular gap in the
assemblies was small.

+2
Nu = ,122 (Gr Pr) i
/
x> T, - 1.
where G = P o 2 ==
A
x = Plate or ahAnulus spacing

The average heat flow across annulus C was calculated from

. (Qﬂ-Qg\/Z = 2—% 122 (Gr Pr‘\ (T L)-TS-/L [32]

where r- was the radius of the middle of the annulus,

The total heat loss for the top differential length of the
inner target column 3is egual to the heat production.

QILAZ = b, Az 27, {T,C) “TalLYE + h Az 271y {T (0) =T, (L)E B3]
Similarly the equation for the outer target column "is

Qo A2 _ | Az z2wry {1, (0 TlL3+ h Az zmn {1, AT

~

Another pair of independent equations were derived to relate
heat conduction at the tops of the target columns with heat
convection at their surfaces. Eguations 27 and 28 were

- substituted in 21 where the inner and outer surfaces are 1
and 2 respectivelv.

! 2
T-ne = PR Sy )

_"r' r.

£

| [(s- 2

2z flg - A r,
e + :_sz Tolt (5~ L, )
] R )

4]
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Similarly - h rz
T T = 0 -Tel0] (5 i1 )
3
! 2 6
+ B[00 T (s- o &) [3¢]

The set of equations was completed by two wﬁicﬁsdescribed
temperature relationships. The bulk temperature of the
coolant at the top of annulus C - }s approximately egqual to
the average of the enclosing metal temperatures.

Te(L) = [Tgq(L) + T5(L)1/2 (371

The USH temperature at mid height -1s equal to the average
temperature in annulus C minus half the difference between
T4 and Tsg-

T, = [TC(L) + T(O)]/Z - [T4(L)-T5(L)]/2, _-{39]

Some of the eguations derived above contained non-linear
terms and were linearized to allow solution by matrix
inversion. Equations 18, 19, 20 contained terms with
velocity multiplied by a temperature difference. They were
linearized with a Taylor series expansion. The equations
were rewritten

o = Uo{ T TEOF + U T () ~To(0)f __
_UAO{TAOQQ —TO(O)§ [39]

= Ugo {’Tg (L ~-T, (O)E + U {TB@ () 7T, o) )2
el R@F B

Qs - Uee {’TC_CL) :ro(o)} + Ue {:T@ (o) —-To(o}j
A CUeofTau(L-TalE3 ]

where the subscript o denoted an initial guess which was
updated in subsequent interations. Equations 14 and 15
contained terms with natural logarithms. The temperatures in
the logarithm terms were originally estimated, then updated
in subseguent iterations, Many equations contained heat
transfer coefficients which were functions of physical
properties and temperature differences. They were handled in
the same way. -

-g

Q. + Q3
AB(’CP
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The

analysis produced 21 independent, gquasi-linear eguations
in 21 unknowns, summarized as follows.

Equations
Conservation of mass 2
Conservation of momentum (buoyancy) 14, 15
- Conservation of energy le, 17
Heat transfer relations 23, 24, 25, 29,
30,31, 32, 33, 34,
35, 36, 39, 40, 41

Temperature relationships 37, 38
Unknowns
Velocities Upr, Ugs Ug
. Heat flows Q1. Q2, Q3. Q4,4
. Temperatures Ty (L), TH(L), T5(L), T4(),

c
T(0)

Solution of the equation set was as follows. First, equation
1 was solved for T.+ Second, estimates were made of the
variables involved in the non-linear terms. The resulting
set of linear equations was solved by matrix inversion. The
solutions for the variables were then substituted into the
non-linear terms again and the cycle repeated. Convergence
to the true solution required about ten interations. A
computer program MK31lAX was written to solve the equations
and is given in Appendix B,

- It was convenient to write a different program for each type
of assembly considered, To solve the Mark 31B problem the
set of equations for the Mark 31lA assembly was altered by
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removing all references to the inner target column and
annulus A, Eight variables disappeared; T1(L), To(1L),
T1¢0), To(0), TalL), Upr Q1 and Q-

Thirteen equations remained and were solved.

Comparison of Ex

Heat transfer processes in the Mark 31A and 31B assemblies

were analyzed with the process outlined in this memorandum.
Light water properties were used in the analyses.

Temperatures and velocities were calculated in the

assemblies. These wefe compared with experimentally measured
temperatures and velocities. Experiments and analytlcal
calculations were done for two different values of L’, the
distance from the top of the heated section of the assemblies to
the shield. Orlglnally it was thought that L' was equal to

one foot. Later the distance of one foot was corrected to four
inches. That change made a small difference in both
experimentally observed and calculated assembly temperatures.
Data are presented for values of L’ of both one foot and four
inches. The data for one foot were retained and presented
because they provide additiconal verification for the analytical
model.

To verify the accuracy of the computer model the results of
the model were compared with experimental data for both
moderator levels and for tank water temperatures of 30°C

and 50°C. For the Mark 31A assembly, temperatures measured
at six locations and velocities measured at three locations
were compared with the corresponding calculated temperatures
and velocities at the same locations. The agreement ranged
from good to excellent. The temperature data for two
locations and velocity data at one location will be

pL esented .

Experimental data for both Mark 31A and 31B assemblies and
results of the computer model are shown in Figures 5 through
10. Figures 5 and 6 show the difference between the maximum
water temperature (at surface 1) referenced to tank water
temperature. Agreement between data and model is excellent
for most of the eight data sets. For the Mark 31B with a
moderator level of four inches and Ty = 50° the model

overpredicted temperature, which is a conservatism. Figures

7 and 8 show the temperature at the top of the outer annulus
referenced to tank water temperature. Agreement between the
experimental data and model results is good. Figures 9 and
10 show the convective velocity in annulus B. Agreement is
good at low powers. At higher powers the model overestimated
velocity. A possible source of the discrepancy was the

”
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assumption of simple laminar flow in equations 3 for
resistance to flow. At higher powers buoyancy effects were
increasingly important and made the flow pattern more
complicated. The actual resistance to flow was probably
higher than the resistance used in the model.

SOLUTIONS TO HEAT TRANSFER PROBLEMS
IN OTHER ASSEMBLIES

The analytical method developed for the Mark 31A and 31B
assemblies was used for the Mark 16, 16B, 15, and 53A
assemblies, A similar but different method was used for the
Mark 22 assembly. In each case heavy water properties and the
appropriate value of L’ were used,.

Mark 16 and 16B

The two assemblies were structurally identical with small
differences in power splits between the fuel tubes. They
contained one more tube than the Mark 31A. This would have
meant eight more variables and equations than the Mark 31A.
However, the fact that the fuel tubes were mostly aluminum
simplified the problem. The high thermal conductivity meant
that the temperature difference across a tube was a few
tenths of a degree and thus negligible. Therefore, variables
To{L), T2%0), T4(L), T4(0), Tg(L), and T (0),

were deleted leaving 23 equations.

Mark 15

The Mark 15 was geometrically similar to the Mark 312 and
required 21 equations,.
Mark 53A

The Mark 53A was geometrically similar to the Mark 31B. This
would have meant thirteen equations. However the high
thermal conductivity of the tubes allowed the deletion of
variables T4{L) and T4(0). Eleven equations remained.

Mark 22

This assembly was different from the others in that the
outermost annulus was isolated from the three inner annuli.
No effective large-scale convection loop could form.
Therefore, heat transfer in this assembly was solved by a
simple and conservative method. The three outer annuli were
assumed to be closed at the top and bottom. A closed
convection cell formed in each annulus. The temperature ”
difference across each annulus was calculated with equation
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32. The temperature of the hottest surface, the inner fuel
tube, was calculated

Tmax = Tg +ATp +ATg + AT¢

Results of calculations

The most important result of the calculations was the maximum
moderator temperature in the assembly. The difference
between the maximum temperature and the tank temperature is
plotted versus power in Figures 11,12,and 13. Tank
temperature appears as a parameter.

CORRECTION FOR NON-UNIFORM HEAT GENERATION
ALONG LENGTH OF ASSEMBLIES

The experimental electrically-heated target columns produced
heat uniformly along their lengths. Therefore, the analysis
assumed a uniform heat production. In reality, the heat
production in a reactor assembly is non-uniform. A common
power shape has been a flattened cosine curve. The
correction of the limit from an assembly with a uniform heat
production to one with a flattened cosine power shape
involved five steps. First, it was assumed that the
convective velocity was unchanged by the change in the power
shape. Second, temperatures in the annuli and at the target
column surfaces were calculated as non-linear functions of
height. Third, the hottest surface temperatures were
located. Unlike the uniform power case in which the hottest
surface temperature was at the top, the maximum temperature
for the flattened cosine case was about two feet from the
top. Fourth, assembly power limits were based on the
temperature calculations. Fifth, the new convective velocity
was calculated. The average temperature difference between
the two columns was proporticnal to density difference and
hence to convective velocity. The new convective velocity
was higher than the original velocity. For the assemblies in
question, increased convective velocity had the effect of
enhancing heat transfer. Because the calculation of the
assembly power limit used the original velocity, the
calculation was conservative,

The steps in the correction process will be given in more
detail. The power shape P(2Z), for the calculation 1s given
in Table III. The fraction of the target column heat going
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to the inner and outer surfaces was different at the top and
bottom of the column according to the original calculation.
A factor J was defined as the ratio of the heat flux at the
top of the inner surface of the column divided by the average

of the heat fluxes for the top and bottom of the inner
surfacea. For surface 3 J "is:

ML L Ol S Ll

T = R qs (L) fa]

437
b, [T, (0 +T200) - T, (L) -T(O)] (%3
The factor J was evaluated from temperature data. The
average of the heat fluxes at the top and bottom of the
surface was approximately equal to the average heat flux.

.0+, (0 - Qs

3
This equation was generalized to all heights,Z.

g, (2 - A [! + (T-n){z- ZL"\J

As
For the non-uniform power shape case the local heat flux was
assumed proportional to the local value of the power shape.

95(2) = 9%@— [ | "+‘(:r—:)(2 - L/z)]

. 2 . .
The temperature distrlbution in annulus B was stepped off with the
egquation : :g}(z) Az 2T r,

ATB = U A

g _Mea ¢ CQ; .
The temperature at surface 3 was calculated with

T(z) = T,(2)+ T8

~= 5(1
These equations were implemegted by the computer program
SHAPE, listed in Appendix C. The program calculated maximum
metal temperatures for each type of assembly. A plot of metal
temperature versus power was drawn on log-log paper for each
assembly type and moderator temperature. The plots are shown
in Figure 14 and 15. Limits were found at the intersection
of the plotted curves and lines for temperatures of 100°C
and 106°C.

Verification of the power shape correction method assumed
that the convective velocity was unchanged. This assumption
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was checked for conservatism. The temperature profile in
annulus C was calculated. The local heat loss from the
annulus was approximately equal to the difference between the
local annulus was temperature Tq(z) and Ty. The heat

gain was found by difference knowing the total heat
production in the outer target column and the fraction going
to annulus B. The local heat f£lux at surface 5 1is

g5(2) = k1 (Tg(2)=Ty)

where k] Is a constant evaluated such that

L
Ry ffﬁsﬁz) = Qs .
The heat flux atosurface 4 was found from
. Q=P L - §5(7) 2
94(%) =

2w
The temperature distribution inqannulus C was stepped off
with the equation

!

AT, = —F——F [ (TCZ)-T“,)r -9 (z)r‘}z—nAz
< UC.AQ€C‘P k, < & o |

The average temperatures in annuli B and C were computed.

Equations 2, 4, and 6 were used to compute Ug. The new

value of Up was larger than the original value. It was

known that larger convective velocities improved the heat

transfer process. That implied that the power shape

correction method was conservative. The computer program

LI A B e L s DA V& - mLel 4 il

SHP31B did the preceding computation, It is listed in
Appendix D.

CALCULATION OF POWER LIMITS

Figures 5 and 6 compare the measured maximum temperatures in
the test assemblies with the values calculated by the
computer model. <Considering the complexity of the model and
the fact that no adjustable constants were used the agreement
is excellent. The discrepancies that exist have two sources,
random error and systematic error. Random error results from
uncertainties in experimental measurements. If an experiment
is repeated the measured values will vary somewhat. The
effective magnitude of the random error was found by first
adjusting the data to account for the fact that experiments
were run at moderator temperatures other than the two nominal
temperatures, 30°C and 509, Because the experimental
temperature usually plotted along a straight line on log-log
paper, the

a
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dependence of (T3-Ty) on Ty was assumed to be of
the form

G T T 2 exp[s(TuonT)]
CTE(L)--ﬁd)7b‘jlam

The constant S was evaluated with data at moderator
temperatures of 300 and 50°cC.

g's('—] B w)Tw =507 = ey ol
(T,(0)- T“’)'Tw=3o Pl

>0 §1
- !JJ

or

(7;CLJ'-RN)thao’
(T}(L)"T\g) ‘5'2).

S = .05 In

-
After adjustment to one of the two nominal temperatures the
data was plotted on log-log paper and a straight line fitted
through each data set.

The deviation of each data point was measured and then a
standard deviation was calculated. The deviation tended to
be largest for the earliest data taken and improved as
experimental procedures were refined. The overall standard
deviation (neglecting some early data points with large
deviations) was 4¢.4%,

Next the systematic error was noted. In two cases the

computer model systematically underpredicted the maximum
metal temperature (either Ty or T3 depending on

assembly type) by 3%. In the other six cases there was
either no systematic error or the model overpredicted the
maximum temperature. At worst the overprediction was 20%.
The maximum likely systematic error was taken to be 3%.

The temperature limits were calculated 1in a series of steps.
The computer model was run for the Mark 31a, 31B, 16, 16R,
15, and 532 assemblies. Heavy water

properties were used, The maximum assembly temperature
referenced to tank water temperature was plotted as a
function of power on log-lcg paper, as shown in Figures 14,
15, and 16. The data points appeared to fall on straight
lines., ©Next a parallel line was drawn 16.2% higher to
account for the maximum likely systematic error (3%) plus
three times the standard deviation of the random error
(3*4.4%), Three standard deviations provided a margin of
certainty of 99.9%. The 16.2% margin was applied to the
curves for the Mark 31aA, 31B, 16, 16B and 53A assemblies.
The calculation for the Mark 22 assembly was judged to be’
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simpler and involved less uncertainty. A margin of 10% was
used for the Mark 22. The calculated forced cooling limits
are in Table I. They are a function of moderator
temperature, The highest temperature measured by the moderator
thermocouples anywhere in the reactor should be used for
Tmod- 1t is advisable to interpolate between the
temperatures listed in the figure. After Technical
Specification 105-2.7 has been changed, the limits
corresponding to a temperature limit-of 106°C should be used.
The powers in the figure refer to sensible heat only, not
radiation that escapes the assembly without heating it.

The power limits for all assemblies except the Mark 22 were
similar; this was because all of the assemblies except the
Mark 22 had identical outer annuli. Therefore, heat transfer
coefficients across the outer annulus were nearly the same.
Also, the contribution of the outer annulus to total flow
resistance was the same.

JLS :prc
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TABLE 1
. FORCED COOLING LIMITS BASED ON FLATTENED COSINE POWER PROFILE
Based on Dp0 properties. Power refers to sensible heat. '
' - - o o
Mark 31A Tod Temp. Limit 100 °C 106 ~C
30 °C ! 19.0 kw  21.7 kw
40 17.0 19.5
50 I 4.7 17.5
Mark 31B Temp. Limir 100 106
30 - 21,2 kw 24 kw
40 18.0 20.8
50 l 15.2 18.0
Mark 16-16B Temp. Limit 100 106
30 20.0 kw 22,2 kw
40 17.2 19.6
. 50 15.0 17.4
-~ Mark 534 Temp, Limit 100 106
30 24.0 kw 27.2 kw
40 20.7 24.0
50 | 17.0 20.0
Mark 22 Temp, Limit 100 106
30 11 kw 12,5 kw
40 9.4 10.5
50 7.7 9.0
« Mark 15 Temp,Limit 100 106
P 30 , 20.0  kw 23.0 kw
b 40 ] 18.3 21.0
50

| 14.5 17.5
\

l
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TABLE I (Cont.)

mod

30°¢
40°¢
50°¢

Temp. Limit

100°¢ 106°¢
21.0 24,5 kw
19.5 22.5
16.0 19.3




USH

Mark 31A outer target
inner target
inner housing

Mark 31B target
inner housing

Mark 16-16B outer fuel
middle fuel
inner fuel
inner housing

Mark 22 outer target
outer fuel
inner fuel
inner target

Mark 53A target
inner housing

24
TABLE II

.1542
.0925
.0417

L1542
.0938

L1342
L1223
.0868
0574

1542
.1333
.0580
.0663

L1542
L1243

- ” TREACTOR ASSEMBLY DIMENSIONS

.1079

L1431

L1079

.0716

L1475
.1205
.0831

.1365
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Figure 3
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:.' - Figure 4

Model of Mark 31A Assembly

Surface
5 &4 3 2 1
Z=L
C B A A B C
e’
USH |
target column _f*__,__,,,,,——
T\
1T
|
_—
Inner -
rarget
ol ,~JP
column ,,ﬂ~*""
.-u-.-—-"/
Inner
housing
Z=0




. HOTTEST

" 60
50
T,-T, 40

°¢c

4" top height

T,-T
1l "w
o
C
" 20
1AMV e a3 ol
12 LUR L xmlll

10

+

ASSEMBLY TEMPERATURE,

-
M=

FIGURE 5 o T T

Curves are results of computer model

SURFACE 1 AT TOP, MARK 31A

E
t

b ¥ T

o]

o Ty,
T = 50°

W

il
W
[an]

@]
Y S

® o

xperimental tank
emperatures, Tw

60

_ 7120
O
i /// o 30°% ]
- o 509
L 4 10
i i 1 1 [ $ A I L ! 1 0
0 4 ] 12 16 20 24




70T

50
40
30
4" top heighgo

10

-T 20

12" top height qg

3]

Figure 6

Curves are results of computer model
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Outer Annulus Temperature at Top, Mark 31A
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. Figure 8

Outer Annulus Temperature at Top, Mark 31B

Curves are results of computer model
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Figure 9
Annulus B Velocity, Mark 31A

k
&
o
o]

—
o
+J
=}
)
£

-
b
o
0.
M

£

temperature, T,

30°c

O
0

50°¢

10

24

20

16

12

kw

Power,




1

Ug

fr/min

12" top height

0

4

Annulus B

Figure 10

Velocity, Mark 31B

Curves are results of computer model

Experimental tank
temperature, Tw

o 30°
a 50° X
A — . : L
4 8 12 16

Power,

kw




3¢

~ 7 " Figure 11°

Results of Computer Model Calculation of
Assembly Maximum Temperature
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Figure 12

Results of Computer Model Calculation of
Assembly Maximum Temperature
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FIGURE 13

Results of Computer Model Calculation of
Assembly Maximum Temperature
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 Figure 14

Graphical Solution for Assembly Power Limits

Solid lines are maximum temperature curves adjusted for

non-flat power profile. Dashed curves account for uncertainty.
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Figure 15

Graphical Solution for Assembly Power Limits

Solid lines are maximum temperature cuves adjusted for
non-flat power profile. Dashed curves account for uncertainty.
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Graphical Solution for AssemblyPower Limits
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Appendix A
CALIBRATION METHODS AND RESULTS

The original data for the calibrations are in notebooks
DPSTN-3087 and DPSTN-3282.

Thermocouples

One thermocouple was calibrated by comparison to a precision
glass thermometer. A comparison of temperature readings is
given below.

Glass Thermometer Thermocouple
reading reading
0.0 °C | 0.0

20.5 20.0
40.5 40.0
60.0 | 60.0
79.7 80.0
99.3 99.5

The maximum discrepancy was .5°C. Also, all of the
thermocouples were checked for consistency. A-tank, in 786-A
which held the test assembly and eight thermocouples, was
filled with water at a uniform temperature. The thermocouple
readings are listed as follows:

TC# Reading (°C)
1 47.4
2 47.3
3 47.3
4 47.5
5 47.3
6 47.5
7 47.5
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Table (cont.)

TC# Reading (°c)
8 47.5
S 47.3
10 47.7
11 47.8

The maximum variation was .5°C.

Strip chart recorder

The accuracy of the feed rate of the strip chart recorder
determined the accuracy of fluid velocity measurements. The
feed rate was timed with a laboratory stopwatch. Accuracy
was better than one part in 240.

Rectifier voltmeter and current meter

The assembly power was calculated as the product of voltage
drop and current. The voltmeter was calibrated with a
precision digital voltmeter. The rectifier voltmeter was
found to read 8% too high. The experimental readings were
corrected accordingly.

Each rectifier had its own current meter. The total current
was summed arithmetically. The current meter were calibrated
in a flow-AT experiment. The current passed through a brass
pipe. The pipe ws carefully insulated with foam glass
insulation. The water temperature was recorded both entering
and leaving the pipe. The flow rate ws measured by bucket,
stopwatch, and scales. The flow-AT heat rate was compared
with the product of current and voltage. During the
experiments the flow varied, presumably because of
fluctuations in line pressure, and subsequently affected the
accuracy of the experiment. Data are given in Table A-I for
rectifiers #1 and #3.

The data for currents of approximately 1000 amperes were the
least accurate because the temperature increase was only
about 3°C. For the other data, any systematic discrepancy
between measured electrical power and heat production was not
apparent. Random errors were felt to be due to flow
variations. The conclusion was to accept the current meter
readings at face value.
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Velocity measurements

The salt injection method for measuring fluid velocities was
checked in two ways. First, a test annulus was constructed.
Water flowed up it at a known velocity. Salt solution was
injected and the transport time between conductivity probes
was recorded. The passage of a salt pulse was not sharply
defined because the salt spread axially. The center of the
pulse recorded on the strip chart paper was calculated
graphically. The following table lists the ratios of
measured velocities to actual velocities for the calibration
tests,

Velocity ) Ratio
(ft/min) measured/actual velocity
4.56 .87
11.04 .88
11.04 .87
11.04 1.03
18.78 .91
18.78 .93

The average value of the ratio was .915 with a standard

deviation of .06. The raw velocity data was corrected by
dividing with a value of .915,

The second check on the salt injection method was the
computation of mass balances. The total mass flow rate for
the upflow channels should equal the downflow rate in the

outer annulus. The following equations for mass balance were
used for the Mark 312 and 31B assemblies

¥ LiCRALLIC LT =LA hA A

Mark 31a .213 Va + .732 VB = Ve (A ’)
Mark 31B .732 Vg = Vg

The ratios between Ve measured and Vo calculated with
equation (A-1) for several experiments are listed as
follows,




Assembly Ve (meas.) Ve calc.)
- (ft/hr) Ve (meas.)
Mark 31a 318 1.01
357 1.04
429 .97
450 1.05
Mark 31B ] 204 .78
288 .88
300 1.04
With the exception of one data point for the Mark 31B all
mass balances are within 12% of being correctly conserved.
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TABLE A-1

Current Meter Calibration

Rectifier Current Power (Volts-Amps)

Power (Flow - AT)

#1 , 1000 .94
980 .87
2020 1.06
2000 .98
3080 1,03
3050 .99
4030 1.05
4020 1.02
990 .94
985 .95
2000 .98
2005 .96
2990 1.02
2995 1.01
3990 .99
3995 .99
4675 1.02
4675 1.01
#3 1005 77
1010 .84
1998 .95
1995 .92
3000 .93
3000 1.02
4010 .98
4010 1.01
4565 1.00 -~
4565 .98 -




Appendix B

[

N
4

PROPERTIES OF LIGHT AND HEAVY WATER (40°C<T<90°C)

Thermal conductivity, pcu/°C ft hr
4

H,O0. k = .331 + 7.34x 10T

D,0:k = .316 + 6.75 x 10°4T
AnnEFd At amt AL Fliawmal swvmoanod e ,0,..\—].
LOoC L L LTIl L Clle DLl L A ollo LWUVLL, \ )

H,0 B o= 7.06 x 10°% + 1.15x 107°T - 4.61 x 107
D, 0 8 = 7.48x 10°°T + .69 x 107"
Viscosity , 1b/ft hr

H,0 L o= 2.05 - .0146 T

D0 ¢ u = 1.714 x 107% T2 - 4.45 x 107%T + 3.52

8

T

2
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L77t. 711, 1031, A7.6 £S5, 7 0.6 6P,2 £3.9 £5.7 4.5 Sh,T7 53,7 SY,.T SBh.6 54.5% S52.1 201.2 2R5.8 255.6

FXPERIMENTAL DATA , o beah 65,9 SL. T4.0 £5,.5 53.0 0.0 0.0 0.0

carc, TEvp, DLFF, 196 17.7 Mg 6 20,2 15.9 17.7  1¢€.5 r,T .7 f.T b.6 Ha% hal 0.0 0.0 n.n




FORTRAN TV

0091
ono2
0ag3
a0a+4
onos
000¢
0001
oQo8
000s%
Coig
0011
go1e
0012

0014
onts
goie
ool
0018
on1s
Qo020
0021
00227
0a2
anza
00245
on2e
Q021
0024
Qa2s
G030
Q031
0632
00313
0034
0035
a03+s
agly
003¢
003«
0G40
0041
Q042
30412
0044

G LFVEL

C
C

4

5

23

20

A

9

10

15

13

14

21

L J
(=
.

-

21 MATLK CAJE = 81183

PROGRAM SHAPE

DIMENSION B020) ,15(20)+P5420)AFS120)
REAGIS 4 1LPSITY,1=1,10)

REACIS 4 EPSLTY,I=11,20)
FORMATLLOFG. 3}

WRITE(&45)

FORMATL//," PCWER FRCFILE?')
WRITE(G,41(PS(T),I=]1,101)
WRITETS, 4 IPS{L} 1=11,2010

READIS 1% AGF,THCF TL,ThB,T¥,TFE,C
FORMAT AL, TFEL ) FRLE)

IFIF .EQ, 0.Y GC TC 21

HRIETE(6,2)

FORMAT (7,* TYPE®," PPy 3X g PTHC Y AN PHY (o), *TL Y yAX, "THBY (A X, *TH
W4X ' THRY ,SX ()

WRETELO. LY AP THC oF o TLoThE, TM, TME,Q
TILT={THM-TL)I#2./(TF-TL+THB-THA)
SP=0.

TMAX=D.

ng 1 i=1,20
APSULII=PSOLI*{L o iTILT-1,09{10.5=-FLCAY{1}1/5.5)
SP=SP+APSIT)

00 20 I=1,20

APSIEI=APSt]}220./5P

Titi=TL

DO 8 1=2,20

T =T 0i-T)-(APSTT D4APSEI~1) /2 %L TL-TRE}/ 19,
ny 9 1=1,20

TSOLy=TULI+APS LI I*CHH

FFOTSEEY .GT. T¥AX) TMAX=TSCI)
CONTINUE

ITMAX=C TMAX-32,1/1.8

WRETECL,10) YILT,SP

FORMAT (' THLT=?,FT,.2,% S5P=*,FT.3+4X.VAPS")
HRITE(G6.4 0 {APS{T),1=1,10)
WRITELG6., A )TAPSIT), 211,200
HRITE{&41S)

FORMAT(/," T*)
WHITEL{O4 130 (TELI 151,200

FORMAT L20F6,. 1}

HRITELG,14) TPAX

FUORMAT I TS5* ,5X,'TkaX=" ,F6.11}
WRITE(G, 1230115110, 10=1,20)

Ghr 1O 23

CONTINRUE

END

o

XIQNEJAVY

2
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o

POWER PROFILE
0.351 C.460 0.782 0.959 1.100 L.20% 1.2¢%5 1.290
1,300 1,300 1.290 1.265 1.215 1.1%2 1.07% 0.957

1YPL P THC H Tt THE ™ THMB

31A 20.0 30,0 530.0 191.6 107.4 202.8 122.5
TiLT= ©0.852 SP= 21.128 APS

D.283 0.378 0.654 0.816 0.952 1.0&1 1.132 1.173
1.240 1,299 1.269 1.263 1.231 1.184 1.121 1.002

¥

191.6 190.1 187.9 184.6 180.7 176.2 1Tl.4 166.3
T3 ITMAX=  91.3

195.3 195.1 196.4 195.3 193.1 196.1 186.2 181.6

TYPE 4 Th H T THB ™ THA

31A 20,0 40.0 536.0 200.9 L24.8 212.3 139.6
TILT= 0.8T7T0 S5P= 21.112 APS

0.289 0.38% 0.&65 0.828 0.964 1.071 1.141 1.180
1,240 1,257 1.264 1.256 1,222 1.173 1.109 0.999

T

200.9 199.5 197.4 194.5 190.9 106.8 182.4 177.7
1S THAX= 9S6.R

204.7 204.6 20€.2 205.3 203.5 200.8 197.3 193,2

TyYrPE P W H T Twe HRy TFE

314 16.0 S0.0 532.0 201.2 137.8 21C.2 154.4
TELT= 0.703 SP= 21.253 APS

0.232 0.318 0.563 0.719 0.857 0.975 1.060 1.119
1.242 1.281 1.309 1,321 1,304 1.27C 1.217 l.112

T
201.2 200.3 1S8.8 196.7 194.0 191.0 EE7.¢€ 184.0
TS5 THAYX= 96.0

203.6 203.6 204.7T 204.2 203.1 20t.2 198.7 195.7

TYPE p TwC ¥ TL TwB ™ Ll

310 16.0 30,0 842,00 169.2 113.4 184.7 134.8
FILT= 0.B40 5P= 21.138 APS

0.279 0.373 0.647 0.808 0.944% 1.0%4 1.126 1.169
1.240 1.261 1.272 1.267 1,237 1.191 1.128 1.020

T

169.2 16F.2 166.7 164.6 162.0 159.1 155.9 152.5
TS TMAX= B82.0

176.4 175.1 1T7B.7 179.5 I79.5 176.& 16.7 174.1

TYPE r THC H Tt THE ¥ 1HB

38 16,0 40.0 856.0 180.4 129.9 196.1 150.59
TisT=  0.856 SP= 21.125 APS

G.?84 0,379 0,656 0.B18 0.9% 1.062 1.124 {.175
1,240 1.259 1.268 1.261 1.229 1.1082 1.11E 1.00%

¥

180.4 179.5 178.1 176.2 173.8 1T1.1 16R.2 146%5,2
¥Ss TMAX= 88.5 ’

185.6 186.5 150.2 191.2 191.3 18C.e 189.C 186.7

161.C
176.1

<
7C¢30.

1.20¢
0.852
[12.5%
188,82

C
5598.

l1.16¢
G.961
180.1t
152 .4

<

15551.

F.19%
0.872
149, 1
171.2

C

15103.

1.2G2
0.863

1e2.¢

184.1

1.300
0.630

il.221

0.685

155.6

1711.6

1.223

0.674

168.1

184.1

1.204

0.769

176.2

188.9

1.220

0.6%91

145.,5

168.0

1.221

0.683

158.8

181.2

150.2

166 .4

163.1

1719.4

172.1

165.2

141.9

166,80

155.5

178.2

l44.6
161.1
l

158.1

174.6

167.9

18L.4

13a8.2

161.5

152.2

175.3

139.0

155 .6

153.1

169.7

163.6

177.3

134.5

158.0

148.8

172.1

L313.4

150.0

148.0

164.5

159.2

173.1

t30.8

154.2

145.5

168.6

127.9

144.0

143.1

159.1

154,.8

168.5

127.1

149.9

L42.2

1664.7

122.5

138.0

138.3

153.7

150.5

163.9

123.5

145.5

139.0

1¢0.6

1L T.4

132.1

133.7

148.3

l46.4

156.2

120.1

14,0

135.9

156. 4

112.7

126.0

129.5

142.¢

142.5

154.2

117.0

135.8

133.1

151.6

108.5

119.9

125.8

137.C

139.0

149.1

114.2

130.1

130.¢

146. 4

105.1

1l4.1

122.7

121.¢

136.1

144.2

111.9

124.7

128.5

141.C




3 ., z 4
1IYPE . Int r 1 inc M e

318 16.0 50.0 B71.0 192.5 146.9 ZCE.5 167.4
TILT= G.A7Y 5P= 21.107 APS

0.292 0.388 0,669 0.832 0.968 1.075 1.144 1.183 1.20¢
1.7640 1.2%6 1.267 1.25% 1,219 1.17C 1.105 0.99% C¢.849

8
15€19.

1 .
192.5 191.7T 190.4 18R.6 186.5 184.0 181,73 178.5 17%.1
TS FTHAX= 95.6

157.8 198.8 202.6 203.8 204.1 203.€& 202.2 200.1 197.1

TYPE < H 1L THE 11| e [\
1 .

L
[ 20,0 230.0 706.6 181.2 104.4 200.2 123.95 13466.
JiLT=  Q.99T7 5P= 21.005 APS
0.333 C.437 0.T7T43 0.911 1.046 1.146 1.202 1.227 1.237

[+]

-

1.238 1.230 1.229 1.206 1.158 1.0%9 1.025 ¢.S13 ¢.71C
T

181,2 179.6 177.3 173.9 170.0 165.5 1460.E 155.9 150.9
158 THAX= B88.6

1B7.6 1B€.0 LSt.4 191.3 1R9,9 §PT.4 163.7 179.3 174.5
TYPE P Twi + TL Wt v L1 ] €

16 20.0 40.0 T16.0 191.7 122.3 210.5 l4l.l 13471.

TILT= 1.000 5P= 21.003} APS
0.334 0.438 0.745 0.913 1.047 1.147 1.205 1.228 1,23¢€
1.238 1.238 1.228 1,205 1,157 1.097 1.024 0.911 0.768

T
190.7 190.3 1BB.1 1RS.1 181.5 177.5 173.2 168.8 1¢&4.3

TS TPAX= 94,6

196.0 198,5 202.1 202.3 201.2 199.1 195.9 191.9 187.¢
TYPE P TWC  H TL TWE IM TMD 3

16 20,0 $0.0 724.0 203.3 140.3 221.9 158.9 13474,
Titi=  1.000 S$P= 21.003  APS

0.134 C.43R 0.T745 0.913 L.047 L.147 1.205 1.228 1.23¢

1.238 1.238 1.728 1.205 1.157 1.0S7 1.024 0.5tk 0.76E
T

203.3 202.0 ?00.1 197.3 i%4.1 150.4 186.5 182.5 178.4
15 THAX= 101.3

209.5 21C.2 213,9 214.3 213.6 211.8 208.5 205.2 201.4
TYPE L Th H T ThE M Tee C

53 20.0 30.01231.0 177.6 120.7 185.6 137.5 1525C.
TILT= 0.645 SP= 21.302 APS

0.213 0.295 0.529 0.687 (.62 0.941 1.032 1.099 1.157

“1.243 1.289 1,324 1.343 1,332 1,3C4 1.254 1.150 0.99¢
¥

t77.6 1T6.8 175.6 173.8 1701.5 168.5 166.C §62.8 159.4
Ts THAX= B3.5

180.2 180.5 1€2.2 182.2 181.7 180.€ 118.7 176.4 173.1
TYPL P Thi H TL THE ™ L1 C

53 20.0 40.01247.0 k88,5 136.6 197.0 153.C 15530,
TILT= 0.683 SP= 21.270 APS

0.225 0,310 G.551 D.706 D.A44 0.5€3 1.050 E.112 1.161
1.243 1.284 1.314 1.329 1.214 1.292 1.23( 1.12% C.974

tAn.5 187,88 186.6 184.9 182.8 [80.3 177.5 174.6 111.5
L) TrAX= B89.8 :

161,33 191.6 153.5 193.7 193.3 1%2.3 190.

o
-
a
p=-
.
I
-
[s-]
h
L]
L]

1.224
0.678

1712.8

155.1

1.2348

0.601

145.9

169.5

1.238

0.600

159.7

183.0

169.4

192 .4

140.9

164.5

155.2

178.5

o
-~
=]

LAY ]

193.2

152.2

167 . ¢

164 .9

-

aR

(=]

ol

166.8

189.7

135.9

159.5

150.7

174.0

Iiﬂ.ﬁ

1&4.4

161.5

—

-t
)

W

163.8

186.8

130.9

154,3

46,2

169.3

v

185.9

14% .5

160 .9

157.9

-~
4~

[

160.68

183.6

126.0

149.0

t4l.8

164.4

140.5

157.2

154.3

-
-~
3]
=

157.48

180.0

izt.2

143.3

137.4

159.2

o
W

175.6

136.5

153.0

150.7

-
—

154.9

176.3

fis.6

137.6

133.3

154.0

L32.6

148.7

147.2

o
™
A

152.2 149.7 147.5

172.3 1&7.8 163.C

£12.3 108,4 105.0C

131.5 125.8 b19.7

129.5 125,9 122.9

148,77 142.1 137.3

146.8 143.6 140.8

165.8 16G.5 155.1

128.7 125.% 121.9

144,73 125.4 134.3

143.7 140.5 131.¢

o
wh
V-]

145.7

157.%

162.2

E13.7

120.4

131.¢

138.5

145.1

119.2

129,2

135,2

L5




x L "? 4 . 4 K o B
TYPE,’ Thi [ T THB ™ THR C .
[3]

53 .0 50,01263.0 200.3 152.9 206.4 169.0 15840.

TILT= 0.722 SP= 21.237 APS

0.239 0.326 G.575 0.731L 0.869 0.586 {.069 i.126 1.171 1.206
1,242 1,278 1,3C4 1.313 1.295 1.259 1.205% 1.099 0.945 0.758

1

200.3 19%.6 1SA,5 195,868 194.8 197.5 190.0 87,2 184.4 181.4 178.72 L75.2 172.0 168.7 165.5 162.3 159.2 156.3 153.4 151.6
Ts THAX= 96.7

20%.3 203.7 2¢5.7 206.0 205.7 2C4.S 203 .4 20t.4 169.C 1S6.5 163.9 1§1.2 1PP.3 1E€5.2 181.7 178.% 174.2 17C.1 165.7 1¢€1.2

JYPE P The H TL THA L1 1M C
15 20.0 30.0 &673.0 [B83.0 1{7.3 199.2 13¢.0 11743,
TILl= Q.928 5P= 21,063 APS

0.309 €.409 0.70t 0.B66 1.00L 1.105 1.16% 1,202 1.220C 1.23¢0
1.239 1.248 1.248 1.233 1.193 1,139 1.071 0.960 0.815 0.641

T

183.0 181.8 179.8 177.1 173.9 170.2 166.3 162.2 158.C 153.A 149.5 145.2 140,9 13¢6.6 132.4% 128.4 124.6 121.01 t1€.0 L15.5
s TMAX= 89.0

188.4 18B.9 192.1 192.2 191.4 1ES.5 186.7 183.2 179.2 175.3 171.2 167.0 162.7 158.1F 153.3 14€.3 143.3 137.8 132.2 12¢.1

1YPE P Thi K T The T~ e <
15 20.0 40.0 683.0 192.8 133.4 204.0 151.8 11820,
TILT= 0.936 SP= 21,056 APS *

G.312 C.412 0.705 0.87L 1.006 1.210 1.173 1.205 1.222 1.231
1.239 1,247 1.246 1.230 1.189 1.134 1,065 0.955 0.81C 0.626

¥
192.8 191.7 189.9 187.5 184.5 181.2 1T7.6 L73.9 170.1 1£€.3 162.4 158.6 154.7 150.8 147.0 143.4 139.9 136.8 134.0 131.8
Ts TEAX= 94,7 :

158.2 198.8 202.1 202.5 201.9 200.4 198.C 194.8 §S1.2 187.6 163.5 180.1 176.2 172.1 167.6 1€63.0 156.4 153,73 148,C 142.¢

TYPE p T H T THE 1w 1ME <

15 20.0 50.0 693.0 703.7 150.0 219.9 16€.1 1t1892,

YILI= 0.945 5SP= 21,050 APS

0.315 C,415 0.7T11 O0.A77 L.012 1.015 L1.177 1.208 1.224 1.232
1.239 1.246 1.244 1.226 1.185 1.120 1.0¢C C.%549 C.80E 0.632

1!

203.7 202.7 201.1 198.8 196.2 193.2 1F9.€ 186.6 1B3.1 179.6 (76.2 172.6 169.1 l165.6 162.2 155.0 155.9 1£3.0 150.5 l48.5
15 THAX= 101.0

209.1 205.8& 213.3 213,99 213.5 212.3 210.1 207.3 206.1 200.8 197.4 194.0 190.5 L8&.7 182.6 17E.3 174.1 165.3 164.4 159.4

gs
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FORTRAN TV G LEVEL 21 MAIN DATE = 81159 L4r24750
C
C PROGRAM SHP3EB

0001
novo2
0003
0004
0005
0006
oot
IHINE)
0009
)
2011
o012
0013
a014
015
001é
oany7
nnle
0019

06020
an21
0p22
0023
0024
anzs
0026
oozt
0028
0azg
0030
00131
nniz
ona3
0034
ne3s
0036
Q03T
0a3n
anig
0040
0041
0042
0041
0044
0045
0046
0047
0048
o049
0050
.00%1
0052
00S53

20

10

15

13

14

50

DIMENSION T(20),TS120),PS{20),APS120),TCCI200,EL20),0541020)
REAL KS(211

AC=.01253

R4=.1542

R5=,16T1

Pi=3.14159

PH¥=46T .0

READIS & H{PSIT).1=1,10)

READ(S 4 ) IPSIT) I=11,200

FORMAT LIOF&. )

WR1I1E(6,5)

FORMAT I/ /4% POWER PROFILE®}
WRITELG,4P(PSEL),I=1,101

HRITELG. AVIPSETLY1=11,20)

READIS 10 AsPoeThCoHTDYC, THD,TI,¥30,03,04,UC
FORMAT (A4 ,8F6,.1.,3FT7.0)

IFtP Q. 0.1 6C TC 21

WRITE(6,2)

FORMAT(/,* 1YPE',* PP oAX g TNC® p 3N, "HY o SX TR 4 X, 'TCY,4X, " THB",
LEFFREERFY T SRR ELANEF PRIELITS PRI TRy GRITTAY |
WRITE(E, 1) A Py THC HoTB+TC+ThB,13,738,Q3.04,UC
TILT={T3-TR)*2./{T3-TB+T13B-Th0)

K=0

SP=0.

TMA X=0.

TH=TwWC*1 .8+32.

o 7 1=1,20

APSILY=PSUTY*Cl edTILT-1.0%010.5-FLOAT(1)1}/9,5)
SP=5SP+APS(T1)

no 20 t=1,20

APSII)=APSLI)}*20.75PF

Ti1)1=TH

DD 8 122,20

TUIY=Tlt~-1h-(APSH{I Y+APS{I-10)/2.*ITB-THWB)/19,
00 9 $1=1,20

TSUII=TUIY#APSTTI*CI/H

IF{TS01) .GT., THAX) TMAX=TS(I}

CONTINUE

TMAX={ TMAX-32,) /1, ¢

HRITELS,10) TILY,5P

FORMAT (" TILTY=* FT.3,* SP=*,FT7.3,4X,"APS")
WRITEL G4 IAPSLIN.1=1,101

WRITEL G4V IAPSTEY, I=11,20)

WRITE[6,15)

FORMAT 1/, T*}

KWRITELE, 13V IY(T1},1=1,20)

FORMAT [20F 6. 11}

WRITE(&,14) THMAX

FORMATE® TS ,5X,"TMAX=",F6.11

WRITEL G, Y2)LT501D,1=1,20)
KS(1Y=0Q34041%,542 J(TC+TRE-2. TR}/ (2. *PI¥ | 3,.%RS)
UAR =2, %P %13 .+, C5/UC/AC/RHC

K=K +]

el =T¢

PAGE 0GOL
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FORTRAN [V G LEVEL 21 MAIN DAYE = B1159 L4f24/50
0054 DO 51 I=2,20
Q055 Qa4 (L1=0004+CIAIPS(IIePSUI-101/2,/13.-Q3*{APSTTI+APSII-1) )/2./13,
*}/2 . /PI/RS
0056 SI TCCHII=TCOUI-10-(KSUK)IH{TCCII-1 )-THIPRS-C44 (1) *¥R4 ) PUAR
00657 ELK)=TCC(20Y-THA
oosa WRITEIG.6D) K51K}
00595 WRETEL6,13301CC(1Y,1=1,201}
0060 60 FORMATI® KS5=",E10.3,* rcen
0061 IFIK .GT, 1} GO TO 52
0062 KS(21=K5({11+1.01
0063 GO TD S0
0064 52 KS(K+LI1=KS{K)-ELKE/CELKI-EIK-L I Y2EKSTKI-KSIK-1})
0065 OKS=ABSIKST{K+E]-X5 (K1) /K5(K]}
0066 IFIK .EQ. 20) GC TGO 23
0067 1FLOKS .GT. .001) GO 1O 50
ahs 8 GO T4 23
0069 21 CONTINUE
aoT0 END

W

L]
il
b

PAGE 0002



POHER PROFILE
0.351 0.460 0.7R2 0.959 1.100 1.20% 1.265 1.290 1,300 1.300
1.300 1.300 1.290 1.265 1,215 1.1%2 1.075 0.957 0.6807 0.630

TYPF P THC H T8 TC TWE T3 138 Q3

A 16.0 30.0 AA2,0 169.2 158.5 113.4 184.7 134.8 15551.

TILT=  0.840 SP= 21.138 APS

0.279 0.373 0.64T 0.ADR 0.944 1.054 1.126 1.169 L.19% 1.220
1.240 1.261 1.272 1.26T7 1.237 1.16% 1.12¢ t.C20 0.877 0.691

Q4
39057.

T

169.2 168.2 166.7 164.6
s THAX= 82.0
174.4% 175.) 17R.7 179.5
K5= 0.T21F+02 1CC
158.5 148.7 142.3 138.9
KS= 0.728F¢02 1CC
158.5 14R.6 142.1 138B.6
KS= 0.94Q0E+02 TCC
158.5% 144, 135.9 130.9
K5= 0.100E+03 1CC
156.5 143.7 134.2 1268.8
K5= 0.103E+03 ¥C
158.5 143.3 133.5 128.0
K5= 0,103E+03 TCC
158.5 143.2 133.4 128.0

162.0 159.1 15%.9 152.5 149.1 145.5 141.9

179.5 Y78.5 176.7 174.1 171.2 16B.0 164.8

137.2 136.¢ 136.7 137.1 137.5 137.7 137.9

136.8 136.2 136,.4 136.7 137.C 137.3 137.5

128.2 127.0 126.6 126.6 126.¢ 126.6 126.6

125.9 124.4 124,2 124.1 124.1 124.1 124%.1

12541 123.8 123.2 123.2 123.2 123,2 123.2

125.0 123.7 123.2 123.2 123.2 123.2 123.1

TYPE P W H L TC ThB T3 138 q3
318 16.0 40.0 856.0 1B0.4 170.9 129.9 196.1 15C.9 15703,
TILT= D.8%6 5P= 2}.12% APS
0.284 0.379 0.656 0.8t8 0,954 1.063
1.240 1.259 1.268 1.261 1.229 1.182

Q4
18905,

1.134 1.175 1.2072
1.L1€ 1.009 ©€.862

1.221
0.683

T
1A0.4 179.5 178.1 176.2
¥s TMAX= 88,5
185.6 1R6.%5 190.2 191.2
KS= 0.7761¢02 TCC
170.9 162.2 1%6.5 153.3
K5= 0.TH4E+ 02 e
170.9 162.1 156.3 152.1
KS= 0.10LE+03 TCC
170.9 158.8 150.8 J46.2
KS= 0.107E6+0) TCL
170.9 157.9 149.3 144.4
K5= 0.F10E+03 TEC
170.9 15725 148.8 143.8
K5= 0.110E+03 TEC
LTO9 157.5 148.7 L43.7

173.8 171.1 18R, 2 165.2 162.0 158.8 155.5

191.3 190.6 189.0 186.7 184.1 18t.2 178.2

151.7 151.2 150.2 151.5 151.7 152.0 52,1

I1S1.4 KS0.E 150.F 151.1 151.4 151.6 151.7

143.7 142.5 142.C $141.9 141.9 141.9 14t.8

140.7 140.4 139,95 135.7 135.7 136,64 139.5

141.0 139.6 139.1 139.0 128.6 i3g.A

140.9 139.¢ 139,C 13€.9 138.F¢ 138.08 138.7

TYPE P TC H Te TC T™we T3 T3¢e Q3

31 16,0 50.0 BT1.0 192.5 184.2 146.9 208.5 167.4 15879,
TILT= 0.87T7T SP= 21.107 APS

0.292 0.388 0.469 0.832 0.968 1.675 1.144 1.183 1.20F 1.224
1.240 1.256 1.262 1.253 1.219 1.17C 1.105 0.995 0.84S 0.6171

Ca
387129,

T .

192.5 191.7 190.4 18A.6 186.5 LE4.0 IB1.3 178.5 175.7 172.8 169.8
¥S THAX= 95%.6

197.8 19R.A 2N2.6 20708 204,10 203.4 202,72 200.1 1S7.7 19%.1 197 .4

> il" *

ue
7.

138.2 134.5
161.5 158.0
138.0 138.0
L37.5 137.5
126.5 126.3
124.0 123.8
123.1 122.9
123.0 122.8

uc
366.

152.2 148.8
175.3 172.1
152.2 1%52.1

1S51.T 151.7

141.7 141.5

139.4 139.3
138.6 138.5
138.6 138.%

uc
408.

166.8 163.0

1A9. 7T 1RA.R

130.8

154.2

137.8

137.3

126.0

123.5

122.6

122.5

145.5

1¢8.6

152.0

151.9

141.2

119.0

13R.2

138.1

160.8

1RA3.A

127.1
149.9
137.3
136.8
125.5
122.9
122.0

122.0

142.2
164.7
151.5
151.1
140.7
138.5
137.7

137.6

157.48

1RO .0

123.5
145.5
136.4
135.9
124.6
122.1
121.2

121.1

139.0
160.6
150.8
150.3
140.0
1371.7
136.9

136,9

154.9

116,73

b

120.1
141.0
135,2
134.7
123.4
120.9
120.0

119,.9

135.9
156.4
149.1
149.2
138.9
136.6
135.9

135.8

152.2

172.13

1t7.0

135.8

133.5

133.0

121.7

119.3

118.4

118.3

133.1

151.6

148.2

147.7

127.4

135.2

I34.4

134 .4

149.7

1£1.8

b

114.2

130.2

131.1

130.¢

119.%

117.1

Hé.2

116.2

130.6

146 .4

146.C

14%.6

135.4

133.2

132.5

132.4

147.5

16%.¢

111.5
124.1
12P.0
127.5
116.4
E14.3
113.5

113.4

128.5
141.0
143.2
142.8
132,828
130.7
130.0

12%9.9

145.1

157.9
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K‘.B?TEOOZ T1CC

LR4.2 176.5 171,3 168.4%
KS= (.835F+02 cc
184.2 176.4 t71.1 168,2
KS5= 0.107E+023 Tcc
1A4 .2 173.5% 186,48 162
KS= 0.113F+03 TCC
184.2 (12,7 165.1 160.6
K5= 0.116E403 ¥CC
186,2 172.4 164.6 160.1
K5= 0.116E+03 it

184.2 1T12.4 164.6 160,00

2
.

4

166,9

166.6

—
-]

158.0

157 .4

157 .4

166,12

166.0

Wi
[+-]
“n

156.7
156.1

156.1

1¢6.3
166.C
152.¢
156.2
155.5

155.5

16£.5
66,2
i57.9
165.9
155.3

155.2

i
o, _\\1 ‘I
by ,’,

166 ,9
166.5
157.7
155.7
155.1

15%.0

167.0 167,1

164.6
i57.6
155.6
155.0

15%4.9

166.7
157.5
1565.5
154.9

154.R

/’,f’

167.0

g

166.6
157 .3
155.3
154.7

154.6

166.9
166.5
157.1
155.1
154.4

154.4

166.5
lés.1
156.6
154.6
154.0

£53.9

165.9
165.4
155.9
153.9
153.3

153.2

164.%
164.5
155.0
153.0
152.3

152.3

1€2.5
163.1
153.6
151.7
151.0

151.0

161.6
161.2
151.8
149.%
149.2

149.2

159.1
158.6
149.5
14T.¢
147.0

146 .9
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