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HFIR FUEL ELEMENT STEADY STATE HEAT TRANSFER ANALYSTIS
REVISED VERSION

Howard A. McLain

Abstract

The steady state heat transfer analysis of the HFIR fuel
elements was completely rewritten using new information regard-
ing' the thermal deflections of the fuel plates. This analysis
uses an integral thermal-hydraulic model which simultaneously
accounts for- the nuclear, hydraulic, heat transfer, mechanical,
and ‘the corrosion history of the operating reactor. It shows’
that the design requirements for the HFIR fuel elements have
been met. Imposing the criteria of no boiling in the fuel ele-
ments, the upper limit for the power at startup is 139 Mw and
that at the end of a 25 day 100 Mw fuel cycle is 153 Mw.

Introduction

The heat transfer characteristics of the HFIR fuel elements have been
studied extensively by Hilvety and Chapmanl—A to assure that the reactor
can safely operate at a nominal power level of 100 Mw. Their studies con-
sidered the nuclear, hydraulic, heat transfer, mechanical, and the metal
corrosionkfactors in a consistent manner to provide an integral thermal-
hydraulic model of the reactor at the various power levels. One of the
most significant assumptions in their analysis was that regarding the de-
flection of the fuel plates due to the operating temperatures of the fuel
plates which are higher than those of the side plates. The resulting ther-
mal deflections of the fuel plate in the radial direction generally were
neglected, since the side plates of a given fuel element were designed to
rotate relative to one another. But the thermal deflections of these
plates in the longitudinal direction were assumed to be sine waves based
on the analysis of Lyon5 and some preliminary experiments of Chapman.6
The magnitude of these sinusoidal deflections at the HFIR operating con-
ditions were relatively large, reducing the minimum channel thickness from
about 0.040 in. to 0.012 in. in Hilvety and Chapman's analysis.6 Both
Lyon and Chapman expressed fhe need for further and more precise experi-

mental data. Subsequent experiments by Cheverton and Kelley’7 on HFIR fuel



plates have shown that they do not deflect in the manner assumed by Lyon
and Chapman, but that they consistently deflect uniformly in one direction.

In addition to the error in the nature of the thermal deflections,
the offect of the sinuscidal deflections on the coolant flow rate down the
strip of the coolant channel in which the limiting heat flux was located
(defined as the hot streak by Hilvety and Chapman) was assumed to be neg-
ligible. Results of later studies shown in Fig. 1 indicate that this was
not negligible for the HFIR conditions.8 For sinusoidal deflections of
the magnitude stated above, the ratio of the pressure drop through a chan-
nel with sinusoidal walls to that through a channel with uniform walls at
a gi:en flow rate is about 6.7. This implies that for a given pressure
drop, the flow rate down the hot streak would be lowered by a factor of
about 2.5. The consequences resulting from this lower flow rate would be
serious in Hilvety and Chapman's eanalysis since this would limit the re-
actor operating power to some value significantly below 100 Mw. Because
of this, this study and the fuel plate deflections experiments by Cheverton
and Kelley were initiated.

Instead of reworking the analysis of Hilvety and Chapman to incorpor-
ate the factors mentioned above, this new analysis was written. As had
been mentioned by them, their study had grown much beyond its original
purpose, and any further modifications to their work would be awkward and
time consuming.4 Other modifications and corrections for minor errors
also were necessary. In this analysis, the power and flow distributions
are considered over the entire fuel assembly instead of preselecting a
"hot streak." This gives a more accurate picture of the heat transfer
and rcduces the magnitudes of the uncertainty factors required to assure
that the results are conservative. This resulted in many more steps in
the calculations, but improvements in computer technology and convergence
schemes kept the running times within reasonable limits. For completeness,
however, many of the assumptions and equations used and/or derived by

Hilvety and Chapman are included here.



Criteria

The upper limit for the reactor power level is defined as the maxi-
mum steady state but momentary power level at which none of the local heat
fluxes in the fuel elements exceed the corresponding values of the burn-
out heat fluxes. In order for this limit to be meaningful, the set points
of the reactor control system must be considered. At the present time,
the scram set point for the HFIR safety rods is 1.3 times the normal oper-~
ating power level as indicated by the neutron flux channels. This implies
that the reactor should be able to operate at 130% of its normal power
level for short periocds of time without damage to the fuel elements. The
design operating power level for the HFIR is 100 Mw. Therefore the upper
limit for the reactor power level should be equal to or greater than 130
Mw in order to have confidence that the fuel elements will not be damaged
during the operation of the reactor.

Burnout heat fluxes in 0.050 in. thick rectangular channels at the
anticipated HFIR operating conditions have been measured and correlated
by Gambill.g’lo However the use of these data in this analysis would re-
guire a thorough exemination of the data to determine if they are valid
at the upper limit for the reactor power level. This ié necessary since
there are unknown factors regarding the stability of the coolant flow
within a given flow channel and the stability of the coolant flow in paral-
lel channels due to the formation of bubbles during the boiling process.
Also there are questions regarding the applicability of these burnout data
to coolant channels having thicknesses significantly.less than 0.050 in.,
such as those that may exist in the HFIR fuel elements during the opera-
tion of the reactor because of the fuel plate deflections.

Rather than to investigate these various factors regarding the ap-
plication of Gambill's burnout data, inéipient boiling heat fluxes were
used in place of the burnout heat fluxes to determine the upper limit for
the reactor power level. Incipient boiling heat fluxes are those at which
the first significant effect of the nucleate boiling bubbles on the heat
transfer rate or the coolant flow rate can be observed. Flow instability
problems for heat fluxes below the incipient boiling heat fluxes are then

automatically eliminated. Bergles and Rohsenowll derived the following



relation for predicting the incipient boiling heat fluxes of water in the
pressure range of 15 to 2000 psia.
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(The variocus symbols used in this and the following equations are defined
in the nomenclature section on page 45.) Additional studies by Davis and
Anderson12 gives support to the validity of this relation. Experimental
data given in both of these papers show that the surface temperature TS
predicted by Eq. (1) for incipient boiling at a given heat flux and ab-
solute pressure tends to be low. Therefore because of these comparisons
with experimental data and the way this relation is used in this analysis,
an uncertainty factor of 1.00 was used for Xg. (1); that is, the use of
this relation in this analysis is assumed to always give conservative re-~
sults.

The subject of flow instability is a relatively new field and is yet
to be thoroughly explored.l3 However some preliminary burnout studies
conducted at Argonne and associated with a reactor similar to HFIR (AARR)
indicate that there is a possibility that the standard burnout data can
be applied to the HFIR during normal full-power operation. This is ap-
parently not true, however, at low flow and/or low pressure conditions.14
The influence of the channel thickness, particularly for very thin chan-
nels, on the burnout heat flux is not well known. Burnout studies at 588
psia by Kafenguaz and Bauarov15 indicate that there were no differences
in the burnout heat fluxes for water flowing in channels with thicknesses
greater than 0.0315 in., but they were lower for water flowing in channels
with thicknesses less than 0.0315 in. However, even for coolant channels
with thicknesses as low as 0.0078 in., burnout d4id not occur until the
channel wall temperature was at least 36°F above the water saturation tem-
perature. This gives some support to the use of the incipient boiling
heat fluxes for the burnout heat fluxes in very narrow coolant channels.
Chirkin and Iukinl6 made similar burnout studies for water at atmospheric
pressure. At this pressure, they found that the channel thickness had no

influence on the burnout heat flux until it was below 0.098 in.



If it can be shown eventually that the possible flow instability and
the narrowing of the coolant channels during the nominal full power HFIR
operation do not significally decrease the burnout heat flux, the relation
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recommended by Gambill™' for predicting burnout heat fluxes can be used

with confidence. This relation is as follows:

9. = .9- + .9. : (2)
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’I‘sbo is the surface temperature at burnout shown in Fig. 2. This correla-
tion agrees with the experimental burnout data better than the Zenkevich-
Subbotin relationl8 previously recommended by Gambill and used in the analy-
sis of Hilvety and Chapman.u Assuming that the constants K’ and K in

Eq. (2) bave the values 0.019 and 0.12 respectively, Gambill estimated

that the burnout data for the normal HFIR operating conditions are cor-
related Qithin a factor of 1.25 by this relation. Therefore this relation
was mulitiplied by an uncertainty factor U22 having a value of 1/1.25 or
0.80 when it was used in this analysis.

For water, the various physical properties in Eg. (2) can be expressed
in tefms of temperatures and pressures. .Using the physical properties
published by Gambill™’ ana by Keenan and Keyes,eo Eq. (2) was rewritten in
the following form for use in the computer in the burnout option of this

analysis.
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The data for the surface temperature at burnout shown in Fig. 2 was cor-
related for the computer as
1

L w ) -
Topo = Teat ~ 6.48 x 10 o + 80.7264 + 1.47622 x 10 P

b 53

~ 2.35910 x 10~ P 4 1.08545 x 10 'p (3e)

In the application of the above correlations for incipient boiling
and burnout heat fluxes, it was assumed that the size of a hot spot and
proximity of one hot spot to another have no influence on the results
predicted by these relations. This 1s a conservative assumption since
the above correlations were developed from data for uniform heat fluxes.

All of the other correlations used in this anaslysis are valid for
the various anticipated HFIR operating conditions. However for some input
parameters outside of the range of these HFIR operating conditions, it
is conceivable that some of these correlations such as those for the plate
deflections may not be valid. For example it was found in the calculations
for povwer levels above 150 Mw that the fuel plate temperatures exceeded
those for which the correlation for the modulus of elasticity is valid.
Therefore for these situations, the calculated maximum power levels are

misleading.



Short Outline of the Method of Apalysis

In order to define an integral thermal-hydraulic model of the operating
reactor, the following factors must be considered simultaneously.

1. Plant operating conditions

2. Power density distributions during the fuel cycle

3. Oxide film buildup on the fuel plates

4, TFuel plate deflections induced by differential pressures and
temperatures ‘ .

5. Coolant flow distribution within the fuel elements

6. TFuel segregation and cladding-fuel nonbonds

7. Heat transfer and burnout characteristics
The simultaneous use of these various factors results in a rather lengthy
procedure with several iterative schemes. This procedure is described in
detail in Appendix A,

The basic approach used in this analysis is to calculate the thermal-
hydraulie history of the fuel elements at some specified power level for
all time increments prior to the time at which the reactor pover level is
raised to the maximum value. This accounts for the burnup of the fuel and
for the buildup of the oxide on the fuel plates. Then the power level is
raised to & value consistent with the incipient boiling or the burnout
criteria. A brief outline of this is as follows:

1. ‘Divide the fuel elements into several axial and radial space
increments consistent with the power density data, which can be specified
for as many nodal points in the reactor core as desired. Normalize the
power density date for each time increment.

2. Specify a reactor power level for all time increments prior to
the time at which the reactor power is raised to the maximum value.

3. For the first time increment, calculate the flow and heat trans-
fer charecteristics in the average coolant channels and for the average
fuel plates in the inner and tﬁe outer fuel elements. Assume that the
average coolant channels have the same initial thicknesses and that the
deflections of the average fuel plates are identical.

L, cCalculate the overall flow rates and pressure drops in the fuel

assembly and in the core region for the first time increment.



5. Calculate the average temperature distributions in the side plates
for the first time increment.

6. For the first time increment, calculate the flow and heat trans-
fer characteristics in the narrow and the wide coolant channels adjacent
to the '"hot" and the '"cold" fuel plates. These particular fuel plates
can have abnormal "averaged" fuel distributions; the total uranium in the
"hot" plate being the maximum allowed by the specifications and that in
the "cold" plate being the minimum allowed by the specifications.

7. Repeat steps 3 through 6 for all time increments prior to the
time at which the reactor power 1s raised to the maximum povwer level.

8. Estimate a maximum pover level for the reactor.

9. Repeat steps 3 through 6 assuming a time increment of zero to
determine the flow and heat transfer characteristics at the maximum power
level.

10. Calculate the hot streak flow rates, the hot spot heat fluxes
and/or the hot spot surface temperatures, and the incipient boiling tem-
peratures or the burnout heat fluxes at every point in the fuel assembly.

11. Compare the hot spot surface temperatures and the incipient
boiling temperatures or the hot spot heat fluxes and the burnout heat
fluxes.

For the incipient boiling option

(1) If one or more of the hot spot surface temperatures is
higher than the corresponding values of the incipient boiling temperature,
lower the maximum power level and repeat steps 8 through 11.

(2) If all of the hot spot surface temperatures are lower than
the corresponding values of the incipient boiling temperatures, raise the
maximum power level and repeat steps 8 through 11.

For the burnout option

(1) If one or more of the hot spot heat fluxes is higher than
the corresponding value of the burnout heat flux, lower the maximum power
level and repeat steps 8 through 11.

(2) 1If all of the hot spot heat fluxes are lower than the cor-
responding values of the burnout heat fluxes, raise the maximum power level

and repeat steps 8 through 11.
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12. TIterate steps 8 through 11 until the hot spot surface temperatures
are equal to the corresponding value of the incipient boiling temperatures
or the hot spot heat fluxes are equal to the corresponding values of the
burnout heat fluxes at one or more locations in the fuel assembly. At the
rést of the locations, the hot spot surface temperatures must be lawer
than the corresponding values of the incipient beiling temperatures or the
hot spot heat fluxes must be lower than the corresponding values of the
burnocut heat fluxes. The reactor power level at these conditions is de-

fined as the maximum power level.

Plant Qgefating Conditions

A number of the plant operating parameters, which can be measured
during the operation of the reactor, are specified as input data for this
analysis.

First is the operating power level of the reactor, which is determined
from the primary coolant flow rate and the temperatures of the coolant
entering and leaving the reactor vessel. The value of this power level,
designated as Q, is msccurate within 2%, and therefore an uncertainty factor
of 1.02 has been assigned to it. The fraction of the reactor heat removed
from the fuel element surfaces, f, is estimated to be 0.975. The tem-
perature of the coolant entering the reactor vessel Tin can be measured
to an accuracy of sbout 1%, and therefore it has an uncertainty factor of
1.01.

The operating or the reference pressure of the reactor, desigﬁated
as P psia, is the static pressure in the upper plenum of the reactor ves-
sel between the reactor vessel inlet and the cére shroud region inlet.

This pressure can be measured during reactor operation with a special pres-
sure tap designated as RP-4. Since this is a reference quantity, no un-
certainty factor has been assigned to,it.

The fressure drop across fhe fuel element itself, APF psi, is specified
as an input variable. This quantity is defined as the difference between
the static pressure just abcve the fuel plates and that just below the
fuel plates. It is different from the core pressure drop used by Hilvety

-4
and Chapman,l which is the difference between the static pressure in
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the upper plenum region of the reactor vessel and that just below the fuel
plates. Both of these pressure drops may be determined during the opera-
tion of the reactor by measuring the difference between the static pres-
sure at tap RP-4 and the impact pressure at the N-16 probes. Details of
converting the data obtained from these measurements into the core pres-
sure drop APcore and the fuel element pressure drop APF are shown in
Appendix B. Since APF is also a reference guantity it does not have an

uncertainty factor.

Power Density Distributions in the Fuel Assembly

The power density distributions in the HFIR fuel elements have been
estimated by Cheverton and Sim522 and they are listed in Table 1. These
distributions are for a fuel assembly having a life of 2500 Mw-days at
times of O days, 1.0l days, 11.t7 days, 22.72 days, and 25.00 days when
the reactor 1s operated at 100 Mw. TFor cores having different lifetimes
or for the reactor operating at different power levels, the times at which
these distributions occur are proportional to the core life and inversely
proportional to the reactor power level. An uncertainty factor having a
value of 1.10 has been factored into these povwer densities for this heat
transfer analysis to account for the uncertainties in the flux distribu-
tions and fuel burnup during the fuel cycle.

The power density distribution during each entire time increment was
assumed to be equal to that at the beginning of that particular time in-
crement. In most cases, this will make the results conservative, but one
must be aware of this when inspecting the results for the location of the
limiting heat flux. If smaller time increments are reguired, additional
power distribution data can be obtained.

Except for the determination of the side plate temperatures, the
power densities in the nonfueled regions of the fuel plates were assumed
to be negligible. As shown in Figs. 3 and 4, these nonfueled regions are
located between the fuel bearing material in the fuel plates and the side

plates and at the upper and lower ends of the fuel plates.
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Fuel Element Tolereances

The HFIR fuel elements shown in Figs. 3 and 4 contain involute fuel
plates having nominal thicknesses of 0.050 in. which‘form the coolant
channels having nominal thicknesses of 0.050 in. The nominal total area
for the transfer of heat from the fuel bearing portion of these plates is
428.8 fte. Of course these dimensions can vary from these nominal

23,2k and this will affect the heat removal characteristics. The

values,
tolerances specified for these dimensions are summarized in Table 2.

In addition to the dimensional variations, the uranium distribution
in the fuel plates can vary from the specified values, and it can become
segregated within local areas. Blisters or nonbonds also can form between
the fuel and the clad. These factors can have agdverse effects on the heat
transfer characteristics and will limit the maximum power level. Because
of this, the fuel plates are inspected very carefully for the maldistribu-
tion of the fuel and for the nanbonds during the fabrication of the ele-

ments. Permissible tolerances for these factors are also shown in Table 2.

Fluid Flow

One dimensional incompressible fluid flow was assumed for this entire
heat transfer analysis. As shown in Fig. 5, the coolant channels and the
fuel plates were divided into increments to correspond with the given
pover density distributions. Mass flow rates per unit width of the coclant
channel (the width direction is defined as that along the involute arc)
where calculated at each value of r, . It was assuﬁed that there was no
mixing of the coolant between the aéjacent incremental strips in a given
coolant channel. This is a conservativexassumption, but dye flow tests
at the HFIR normal operating conditionsgh and the ATR fluid flow and heat
25

transfer studies indicate that this assumption is realistic. The static
pressures above and below the fuel plates were assumed to be uniform. This
is valid since the designs of the core inlet and outlet regions are such
as to minimize any possible flow maldistribution. The physical properties
of the coolant vwater were evaluated at temperatures determined from heat
valances using these flow rates, which of course results in an iterative

type of solution of the flow and the heat balance eguations. The total
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flow rate down a given coclant channel can then be determined from the sum
of the products of the flow rates per unit channel width and the appropriate
inecremental widths.

The upper edges of the fuel plates were rounded to minimize the pres-
sure losses at the coolant channel inlets. A conservative estimate of
the permanent pressure loss at this location is 0.0k velocity head.26 The
lower edges of these plates vwere not rounded since this would not materially
reduce the pressure losses. The pressure loss of the coolant discharging
from the coolant channel was estimated to be (1 — Al/A2)2 velocity head;
where Al corresponds to the channel thickness and A2 corresponds to the
channel thickness plus the fuel plate thickness. The pressure loss of
the coolant flowing down the length of the channel was determined from

the usual Moody relation which is

AP = s} ""——"f V"’ dZ . (u)
Q C

Details of the application of these relations and assumptions in this
analysis are shown in Appendix C.

The friction factor f was assumed to be correlated by the relation
0.2
£ = F/(Re) (5)

A more accurate correlation for the friction factor is that derived by

Colebrook26 which is

l g

Mo 2.51
e L (6)
‘_ 3 .TDe RéVf-

et

This relation is considered to be too complicated to warrant its use here,
but it does indicate that the surface roughness of the fuel plates is an
important veriable. Gambill and Bundy9 and Griess et 31.27 measured the
roughness of the oxide surfaces of specimens of heated fuel plate clad
material (6061 aluminum) and found the root-mean-squared value of the
surface roughness to be in the neighborhood of 60 to 75 . in. Further

9

flow tests by Gambill and Bundy” on similar aluminum specimens indicated
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that the friction factors corresponded to those having absolute surface
roughness to equivalent diameter ratios of 6.4 X lO"u. Because df dimen-
sional uncertainties, they considered their results to be accurate within
15%. Subsequent data taken during the precritical operation of the HFIR28
indicate that the absolute surface roughness to eguivalent diameter ratios
b to 11.7 X 1o’u. For this study this ratio was

9

assumed to be 12.0 X lO—4 and the corresponding friction factors are

varied from 7.9 X 10

shown in Fig. 6. Eguation (5) with the constant F having the value of
0.235 is also plotted in Fig. 6 for comparisocn. This value was used in
the friction factor relation with an uncertainty factor of 1.05 in this
heat transfer study.

Integration of Eq. (k) depends on the distribution of the local thick-
nesses down the length of the flow channel. If the changes in these thick-
nesses are gradual and large relative to the mesh spacing, an average thick-
ness can be used for each increment of length. If they vary considerably
within an incremental length, either & finer mesh spacing must be chosen
or this relation must be integrated within each incremental length. De-
tails of the latter for a flow channel with sinusoidal walls are shown in

Appendix C.

Heat Transfer

For a reactor operating at a pover level of Q, the heat flux from

any local surface area within the fuel element is

1 q Qfe . .
i‘--—’ :—-‘_'—Lll . (7)
AL A.

1:d

This relstion assumes tacitly that the heat flux on both sides of the fuel
plate are identical. Actually'this is not the case because of the filler
material in the fuel plates and because of the possible different water
conditions on each side of the fuel plates. The effect of these items will
be considered in the next section together with the effect of the fuel
segregation and nonbonds on the local heat fluxes. These items have no
effect on the coolant heat balances nor on the average fuel plate tempera-

tures, however.
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The coolant temperature at any location within the fuel element may

be found from suitable heat balances. Such a heat balance is

~

ogr 9 ar o -
ATi,j = K;; | ai’sz ::K;; :24 ai,j—l + ¢i,j Azj . (8)
0 J=2

As shown in Appendix A, Egs. (7) and (8) are modified by uncertainty fac-
tors to account for the following:

1. Uncertainty in the reactor pover level

2. Uncertainty in the total heat transfer areaz

3. Uncertainty in the power density distribution
The magnitudes of these uncertainties are described elsewhere, and typical
values of the factors describing these uncertainties are shown in Table k.

The relation recommended by Gambill and Bundy9 for predicting local
heat transfer coefficients in the HFIR fuel elements is & modified version

of the Hausen eguation,

2/3- .0.1k

(), - 0.136 (Re)2/3 — 125 (pr)Y/3 1+ 1/3 ° Ez (9)

This relation was rewritten for water for use on the computer, and the

rewritten form is

o
ot

Uy
h, = 8 5.429 x 102 ~ 1.561T + 3.533 X 1073707 4.250 x 10"6T3
b e
+ 1.882 x 10’9Tu; . {(2&5.5 W Tl'16?)0’6667 — 125 ¢
| 12 x 10—3'&'10.6669;}T ;0-163
1+ 1/3 ! -2 (10)
‘L ,/ ‘{\ Z ] ‘ T /}J N

where U8 is the uncertainty factor. BSince Gambill and Bundy estimated
that this relation is accurate to within 10%, the value of this factor

was assumed to be 0.90.
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There 1s some reduction in the magnitude of the local heat transfer
coefficients at the corners of the fuel element coolant channels. Studies
of the local heat transfer coefficients near the corners of noﬁcircular
coolant channels for fluids having Prandtl numbers of 1.0 have been made
by Eckert and Low.30 Their results should be conservative for the HFIR
coolant since its Prandtl number is greater than unity. The smallest
included angle between the fuel plate and the side plate in the HFIR fuel
assembly is that located at the outer side plate of the inner fuel element,
which is 32° 42'. This case is considéred in Fig. 7, which assumes that
the closest approach of the fuel bearing material to the side plate is
0.0kLs in.23 The ratio to the local heat transfer coefficient at this edge
of the fuel bearing material to the average heat transfer coefficient is

0.99 which is considered to be acceptable.

Hot Spot Heat Transfer

In considering the maximum possible local heat fluxes, called "hot

1t

spots,"” the heat balances at different positions on the surface of the
fuel plate must be modified to account for any defects in the fuel plate.
These include the variations of the fuel concentrations within the speci-
fied limits or the presence of nonbonds between the fuel bearing material
and the clad materisl. A "hot plate" is defined for the purposes of this
analysis as a fuel plate which has the maximum "average' fuel concentra-

23 They state that the "average"

tions permitted in the: specifications.
amount of uranium within any given area measuring 1/2 in. or more along

the length of the plate and across the full width of the plate must be
within 10% of the nominal design value. The total fuel loading in any
given plate, however, must be within 1% of the nominal value. These fuel
plates also may have pockets of segregated uranium within circular portions
of the plate surface having diameters of 5/64 in., the diameter of the
x-ray beam of the inspection device. The quantity of fuel within this
circular area must not be greater than 30% in excess of the nominal amount.
In addition to these variations, the boundary of the fuel bearing material
can extend beyond the design limits. This is particularly important at the

sides and the lower end of the fuel element where the fuel in an individual
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plate extends beyond the nominal design boundaries and be exposed to higher
than nominal thermal neutron fluxes.

Calculations by Hilvety and Chapmanu show that fuel plates with other
sets of tolerances for the amount of uranium within local areas of the
fuel plates are acceptable for the HFIR operating conditions. At the
present time, fuel plates having "average' concentrations of uranium within
27% of the design values are being accepted for use in the HFIR.

The coolant channels adjacent to the hot plate are defined as the hot
and cold channels depernding on which side of the fuel plate the heat flux
is the greatest. Because of the nature of the thermal deflections of the
fuel plates during reactor operation, the most pessimistic situation may
exist when a "cold plate" is adjacent to & "hot plate." The "cold plate”
is defined as a fuel plate which has the minimum "average" fuel concentra-
tions permitted in the specifications.

To calculate the bulk water temperatures in the hot and cold channels,
the heat balance relation, Egq. (8), is modified by additional hot plate

and cold plate uncertainty factors called Uh and U_ respectively in this

study. Numerical values of these factors are a fuiction of their location
on the fuel plate surface, and they must be consistent with the specifica-
tions mentioned above. For the results reported below, the values of Uh
were assumed to be 0.92 for the upper half of the plate and 1.10 for the
lower half of the plate. The values of U5 were assumed to be 1.08 for the
upper half of the plate and 0.90 for the lower half of the plate. This
results in the minimum coolant channel thicknesses for the lower half of
the hot channels. For the "hot streak," which is the strip of the fuel
plates and the coolant channel directly above the hot spot, the "average'
fuel concentrations in both fuel plates are assumed to be the maximum
allowable values. 1In this case, the heat balance relation, for calculating
the coolant temperatures, Eq. (8), is modified further by another uncertainty
factor called UEM' The value of this factor for the results reported be-
Jow is 1.10.

Considering the hot spots on the surface of the hot plate, it was
assumed for the purpose of the incipilent boiling or burnout comparisons

that they could be at any location on the hot plate surface. These hot

spots are due to the extension of the fuel bearing material beyond its



17

nominal boundaries, to local segregation of the uranium, and to nonbonds
located between the fuel bearing meterial and the cladding. All these
factors were considered simultaneously in order to calculate the maximum
possible heat flux. Numerical values of these hot spot heat fluxes were
determined from Egq. (7) using additional uncertainty factors to account
for these three abnormalities.

The uncertainty factor to account for the extension of the fuel bear-
ing material in the fuel plate, beyond the nominal boundaries, defined as
U25 in this analysis, is a function of the location on the fuel plate's
surface. It was assumed that the value of this factor is unity at every
location except at the bottom end of the fuel bearing material.* At this
location, the values of this factor vere assumed to be those determined
by Cheverton and Sims7 shown in Table 3. These factors are for the maxi-
mum extension of the fuel plate beyond the design boundaries permitted
in the present specifications.23

To account for the fuel segregation and the nonbonds in the fuel
plates, still another uncertainty factor, which is shown below, was used
in Eq. (7). This factor considers both the maximum local fuel segrega-
'

tion and the nonbond, sometimes called a "blister,'

23 unich is 1/16 in.

of the maximum possible
diameter allowed by the present specifications,
Values of this factor used in this analysis were those determined by
Hilvety and Chéat‘t_:man)‘L using the model shown in Fig. 8. This model assumes
that the uranium within the segregated spot is a cylinder having a length
equal to the thickness of the fuel bearing material and having a packing
fraction of 0.74. Also, it assumes that nonbond ié located between the
fuel bearing material and the thick clad. The correlation derived by
them is :

h

U=1.0+(U-1.0) 15,500
2

(11)

*This may be a slightly optimistic assumption since this factor could
have values greater than unity at the radial edges of the fuel plates.
Future studies should consider these additional values for the calculation
of hot streak and the hot spot temperatures.
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where U is the product of a local fuel segregation factor and a local non-
bond factor. The local fuel segregation factor, defined as UlB and U19
for the hot end cold channels respectively, is simply the ratio of the
actual amount of fuel to the specified amount of fuel within the inspec-
tion spot. Since the specifications allow a maximum deviation of 30% in
local fuel concentration, the value of this factor was assumed to be 1.30.
The nonbond factors for the hot and cold channels, defined as U20 and UQl
and shown in Figs. 9 and 10, have been determined by Hilvety and Chapman
using the Astra HEATING code.37 These factors consider all of the other
effects at the hot spot such as the nonbond, fuel bearing material thick-
ness, and the clad thickness. They are, therefore, functions of their
location along the width of the fuel plate; and the results shown in Figs.

32

9 and 10 were correlated by Haack~”™ as functions of this variable. For

the inner fuel element this correlation is

Uyg = 1.33687 — 0.35k23s + o.1l+503s2 - 0.0166953 (12)
Tor the hot channel, and
Uy = 0.863686 — 0.016507s — o.o.logsos2 + o.<)oL~7976s3 (13)
for the cold channel. For the outer element it is
Uy = 1.180171 — 0©.278079s + 0.15175652 ~ 0.014261s5 (1k)
for the hot channel, and
U.. = 0.881393 — 0.24920hks + 0.18163952 - 0.03393253 (15)

el
for the cold channel.
Haack has reviewed the uhcertainty factors defined by Eq. (11) using
more recent information regarding the material 'properties and inspection

32

techniques. The 0.7h packing fraction for the segregated fuel is con-
-sidered valid, since this is the highest value that can be obtained for
uniform spheres. Random packing of uniform spheres would result in lowver
values, but the presence of nonspherical particles and particles of other
diameters would result in higher values. These effects therefore are con-
sidered compensating. Haack obtained the thermal conductivity values of

33

the various fuel element materials from McElroy. Thermal conductivities

of U 08 —~ aluminum cermets vere not available, and the values for these

3
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were assumed to be equal to those of U02 — aluminum cermets shown in Fig.
11. These and other quantitative assumptions used by Haack in his review

are summarized as follows:

Power density 2 Mw/g of core

Heat generation rate in clad and 100 watts/gm
oxide (7 heating)

Packing fractions of U 08 in cermet

3
Segregated fuel 0.74
Nominal inner element fuel 0.128
Nominal outer element fuel 0.193

Thermal conductivities

Segregated fuel 7.51 Btu/{(hr)(ft)(°F)
Nominal inner element fuel 76.3 Btu/(hr)(£t)(°F)
Nominal outer element fuel 63.6 Btu/(nr)(ft)(°F)
Clad (6061 aluminum) 87.% Btu/(hr)(£t)(°F)
Oxide 1.3 Btu/(hr)(£t)(°F)
Heat transfer coefficient 15,000 Btu/(hr)}(£t)(°F)

The heat generation rates in the nominal fuel were determined from the
power density data assuming that all of the heat was generated in the fuel
cermet. Those in the segregated fuel were assumed to be those in the nomi-
nal fuel multiplied by the ratio of the packing fraction of the segregated
fuel to that of the nominal fuel.

Using these parameters, Haack first calculated hot spot uncertainty
factors for isolated pockets of segregated fuel with nonbonds using models
similar to that shown in Fig. 8. Most of the cases studied by him vere
at the inner edge of the inner fuel elemgnt where the fuel cermet is 0.010
in. thick. Results of.the various cases at this location studied by him
are summarized in Fig. 12, and the uncertainty factor calculated by Hilvety
and Chapman is included for comparison. It can be seen readily that the
value reported by Hilvety and Chepman is conservative. The worse heat
flux pesking occurs when there is a pocket of segregated fuel with a non-
bond located between the fuel and the thick cladding (filler material)
and there is no oxide on the fuel element surface. A second nonbond lo-

cated between the fuel and the thin cladding or the buildup of the oxide
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on the fuel plate surface lowers this heat flux peaking. Also the highest
heat flux peaking occurs when the segregated fuel diameter within the in-
spection spot is the minimum value, which is 0.01957 in. in this case.
Increasing the diameter but keeping the same volume of the segregated ma-
terial within this inspection spot decreases the magnitude of these uncer-
tainty factors. Some additional calculations of these factors for iso-
lated pockets of segregated fuel at the location of the inner fuel element
where the fuel cermet is 0.025 in. thick also indicate that the values
calculated by Hilvety and Chapman are conservative.

Some cases were studied to obtain hot spot factors when the pockets
of the segregated fuel and the nonbonds are relatively close to each other.
The first case studied wés a bar of segregated material across the width
of fuel plate with and without a nonbond strip superimposed on it. For
the purpose of these calculations, the fuel cermet thickness was assumed
to be 0.010 in. across the entire width of the plate, which is conserva-
tive. This is somevwhat of an idealized model, but it is possible to have
bars of segregated fuel and/or a nonbond strip across the width of the
fuel plate using the present inspection techniques. Uncertainty factors
calculated for these situations and shown in Fig. 12 are higher than that
of Hilvety and Chapman for an isolated pocket of segregated fuel and super-
imposed nonbond.

Another situation studied by Haack was the effect of the proximity
of the pockets of segregated fuel and nonbonds to one another. The model
and the results of this calculation are shown in Fig. 13. This model is
again conservative, but it indicates that if the segregated fuel pocket
and the nonbond centerlines are within 0.09 in. of each other, the uncer-
tainty factors are again greater than that of Hilvety and Chapman. Haack
investigated this situation further and found that one possible arrange-
ment of the segregated fuel pockets using the present specifications and
inspection techniques is that shown in Fig. lla. Approximating this situ-
ation with the model shown in Fig. lldb, he calculated an uncertainty fac-
tor of 1.839, which is again greater than the Hilvety and Chapman value
of 1.707 for an isolated segregated fuel pocket and nonbond.

Therefore, for the assumptions made in the above study, the uncer-

tainty factors of Hilvety and Chapman are conservative for isolated pockets
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of segregated fuel and nonbonds. However, if these pockets. and nonbonds
are close together the uncertainty factor could be greater than the value
calculated by Hilvety and Chapman. It should be noted however that the
proximity models were idealized for 0.010 in. thick fuel material and

1/16 in. diemeter nonbonds. Further work is required using a more sophis-
ticated model to determine 1if these factors are as high as those calculated

here.

Oxide Buildup on the Fuel Plate Surfaces

The aluminum fuel plates will corrode during the operation of the
HFIR building up an oxide layer on the plate surfaces. This oxide de-
creases the coolant channel thicknesses and increases the fuel plate metal
temperatures because of its low thermal conductivity. Griess et al.27’3u~36
studied the rate of this oxide buildup extensively considering the effects
of the water temperature, the water pH, the heat flux from the aluminum
surface, and the history of the oxide buildup. They found that the oxide
is boehmite, which is the monohydrate of aluminum oxide, and that it has
a2 thermel conductivity of 1.3 Btu/(hr)(fte)(°F)/ft. The density of this
material is reported to be 3.02 g/cm3. (Ref. 37) .

For a constant fuel plate surface (water-oxide interface) temperature
Tg °R, heat fluxes from 1.0 X lO6 to 2.0 X 106 Btu/(hr)(ftg), a water pH
from 4.7 to 5.0, and with no oxide initially on the aluminum surface, the

oxide thickness in X mils after 6 hrs is

x = 11360 178 g {:&%9.9; (16)
S '

This is the relation used in this study for the initial time step, which

is conservative providing the water pH is kept in the range of 4.7 to 5.0.
Water pH's in the range of 5.7.to 7.0 result in oxide thicknesses 2.7

times those calculated in Eq. (16), and a water pH of 5.3 results in oxide
film thickness nearly as large as those for a water pH of 5.7 to 7.0.
Therefore, control of the primary coolant pH is very important for the suc-
cessful operation of the reactor. Lower surface heat fluxes result in

lover oxide film thicknesses, but data for these conditions are limited.
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During the subsequent time steps where the fuel plate surface tempera-
ture may change, the rate of oxide growth depends on the amount of oxide
already present on the plate surface. For the second time increment where

the surface temperature is T instead of T the oxide thickness is

Se s1’
- = \ 2. \\0.778 o ‘-_8_2_2
Xp = DX, + X = hh3 \yl 6, exp (17)
- o S2
where
X = 4&362'778 exp :%229 = hh3wg'778 exp 52229
S1 s2
or

T., — T
v, =6, exp 10,656 m%;—f——gg
g1 g2

Generalizing this relation for the kth time increment,

-~

_ v 0.778 -8290
X, =0 +X ;= 443 Yyt 9?5 exp T, (18)
where
- T - T
: Sk-1 Sk
v :\\w + 6\ exp 10,656 —ak Bk
k-1 k-2 k-11 TSk—lTSk

These equations have been checked against out-of-pile and in-pile experi-

36,38

mental data and they were found {o be in good agreement. The maximum
deviation in the oxide thickness measured by experiment from that pre-
dicted by the above equations is about 25%. An uncertainty factor of 1.25
therefore was factored into these relations when they were used in this
study.

After the thickness of the oxide reaches 2 to 3 mils, it begins to

36

spall or flake off from the fuel plate surface. Any thermal cycling of

the fuel element enhances this spalling process, but no allowance was made
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for this in this analysis. Therefore it was assumed that after the oxide
thickness reached 3 mils, no more oxide would be formed on the fuel plate.
This is & conservative assumption since any additional oxide forming on
the plate surface would spall off from the fuel'plate thus‘increasing the
channel thickness. In the cases reported below, nowhere did the oxide
thicknesses including those for the hot plate exceed 2 mils.

Although boehmite has a higher density than aluminum (3.05 vs 2.70
g/cm3), it also has a higher molecular weight (119.98 vs 53.96 for the
equivalent amount of aluminum). This will result in a small decrease in
the coolant channel thickness due to the formation of the oxide. The
ratio of the thickness of the oxide formed to that of the aluminum metal

consumed was then assumed to be

Oxide thickness  119.98 x 2.70'%/3
= =1.254 (19)
Metal thickness | 53.96 X 3.20}

Deflection of the Fuel Plate Due to Differential Pressures

A fuel plate located between a "narrow' coolant channel, which has
the minimum average thickness permitted by the fuel element specifications,
end a "wide" coolant channel, which has the maximum avérage thickness
permitted by the specifications, is subjected to differentiesl pressures
across the thickness of the plate. This is due to the cocolant velocity
in the wide channel being higher than that in the narrow channel, resulting
in lower operating pressures in the wide channel. As was done by Hilvety
and Chapman, it was assumed that this differential pressure was uniform
over the entire surface of the fuel plate. Thils is teken to be the average
of the differential pressures at the coolant channel inlet and at the
coolant channel outlet. This assumption should be conservative providing
the limiting heat flux occurs below the core midplane. Details of the
relation for predicting this pressure difference are shown in Appendix C.

Deflections of HFIR fuel plates having fixed edges and pinned edges
due to these pressure differences have been analyzed by Chapman.39 The
deflections calculated for plates with the pinned edges were generally

higher than those with the fixed edges and were in closer agreement with



o2k

the experimental deflection data obtained by Chapman. The deflections
for the pinned edge plates therefore were assumed for this analysis, and
Haack correlated Chapman's results in the form of & power series. These

are for the inner fuel element plates

AP
5 = —¥ 58370 x 107%° — 2.0491 x 107t + 2.7520 x 10T
E.R.

3

1

Ls2 8.9329 x 10 s (20a)

+ 5.7806 x 10

and for the outer fuel element plates

& = v 3.0799 x 10-255 — 1.9700 x lOmlsu + 2.3697 x 10—153
E.R.
+ L. 26hs x 107%6° - 5.9068 x 107t (20b)
where
o = mils
Ain = psi
s = in.

The relation for the term E.R. was derived by Chapmanqul using the data
I
reported in the Alcoa Aluminum Handbook e to account for the effect of

temperature on the modulus of elasticity, and it is

-6 L

E.R. =—(1.62k x 10 )T2 + 4,719 x 10 T + 0.9737 (21)

vhere T = °F.
Chapman estimated that the results of his-enalysis are accurate to
within 10%. Therefore an uncertainty factor of 1.10 has been factored

into Egs. (20a) and (20b) for this heat transfer study.

Increase of Fuel Plate Thicknesses Because of Heating

Aluminum of course will expand upon an increase in temperature, and
this will decrease slightly the coolant channel thickness. The average

thermal coefficient of expansion of 6061 aluminum for the temperature
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: -6 oy 42
range of interest here is 13.5 X 10 = in./(in.)(°F). Since the contri-
bution of each surface of the fuel plate to the decrease in the coolant
channel thickness is cansidered in this analysis, the relation describing

this is then (assuming & TO°F reference temperature¥)

5 :,éCf.E (T — 70) = (6.74 xlo’ét)(T-m) (22)
where
5 = mils
t = mils
T = °F.

There is also some contribution to the increase in the fuel plate
thickness due to the partially restrained thermal expansion along the plate
width and length (Poisson's effect). This increases the fuel plate thick-
ness further by a factor of about 1.3. This factor was included as part

of the total uncertainty factor which was estimated to be 2.0.

Uy oo

Fuel Plate Deflection Due to the Difference
in Temperatures of Adjacent Plates

Although the fuel plates are allowed to expand radially by having one
of the fuel element side plates fixed and other one free to rotate, some
of these plates have higher operating temperatures than others. The de-
flection of these hotter plates relative to the average fuel plates there-
fore must also be considered. Chapman analyzed this for plates with fixed

39

and pinned edges and Haack correlated Chapman's results for plates with

pinned edges in the form of power serieSuuo For the inner fuel element

¥This is a conservative assumption since no allowance has been made
here of the temperature expansion of the side plate. This factor should
be included in any future versions of this heat transfer analysis. The
thermal expansion of the side plate increases the channel thickness
ae(Tgp ~ 70), and the additional thermal expansion of the fuel plate de-
creases the channel thickness at(T — Tgp). Therefore Eq. (22) should be
modified to be

a i - ’
5 =3 1T = (e + t)Tgp + T0e
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E.R.

« 43177 x 107 3s"

~ 1.8077 x 107 %83 + 1.1087 x 107%s° + 4.3908 x 107 (23a)

and for the outer fuel element plates, they are

5 oM MA ) ga1g x 107 4 k.5322 x 107 36"
E.R
~ 2.1050 x 10" %83 - 6.0732 x 1072 4 8.3033 X 10"2si (23v)
where
& = mils
Ty = Tya = F
s = in.

Chapman estimated that the results for his analysis here are also accurate
to within 10%. Therefore, an uncertainty factor of 1.10 has been factored

into these equations.

Fuel Plate Deflection Due to the Difference Between the
Fuel Plate and the 5ide Plate Temperatures

As was mentioned in the introduction, one of the most significant
deflections of the fuel plates in the analysis of Hilvety and Chapman is
the longitudinal buckling of the plates due to the differences in ilhe
operating temperatures of the plates and those of the side plates. Pre-

5

liminary analysis by Lyon” and some very preliminary experiments by
Chapman6 indicated that the fuel plates would buckle in sinusoidal waves
for the HFIR operating conditions. Lyon estimated that the wave length
of these deflections is 1.9 in. and that the ampllitudes of these waves
are those shown in Fig. 15. For the first option of this study (see

Appendix A), these amplitudes were correlated by the relation

& = O.OO63(AT)1’312 (2kh)
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vhere

s}

AT = temperature difference in °F.

deflection in mils

i

Also in this option of this study, the wave length was assumed to be 2.0
instead of the 1.9 in. value predicted by Lyon.
p)

As was statéd by Lyon,” his calculations were preliminary and addi-
tional experiments were necessary to verify his results. Such experi-
ments were run by Cheverton and Kelley,7 and they found that the fuel
plates do not buckle in a sinusoidal wave, but deflect consistently in
one direction for the predicted HFIR operating conditions. Figure 16
shows typical results from one of their runs where a 6061 aluminum plate
was clamped in a carbon steel {rame at room temperature and then heated
to LOO°F. The amplitudes of these deflections were found to be nearly
proportional to the differential strain for plate temperatures up to Loo°F.
The difference in the thermal expansion of the test plate and the carbon
steel frame in the furnace at 4O0°F was measured to be 0.046 in. Figure
16 shows that the maximum amount of deflection at this temperature is

12 mils. Assuming that the average coefficient of thermal expansion of
6061 aluminum in this temperature range is 13.8 x 10'6 in./(in.)(°F), the

maximum amount of deflection & mils for a temperature difference of AT °F

between the fuel plate and the side plate is

. (12)(24)(13.8 x 107%)(aT)
N (0.0ko6)

- 8.6L x 107°AT . (25)

The deflection across the width of the fuel plate and at the ends of the
fuel plate can be approximated by sine curves, and these approximations
are shown as dashed lines in Fig. 16. Therefore, the thermal deflection
at any location on the fuel platekfor a temperature difference of AT °F
can be described by the following relations:

For 0 < z < 6 in.

5 = 8.64 x 107°AT sin 1 gin —3 | (262)
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For 6 s z = 18 in.

-0 s,
5 = 8.64 x 10" “AT sin —>— . (26b)

m

- 1
As,

2 i

i=1
For 18 < z < 2k in.
5 7S n{ 2k — Zj)
& = 8.6L4 x 10 “AT sin sin . (26¢)
m
h 12
) e,
i
i=1

These relations were used in place of Eq. (24) for the longitudinal de-
flection of the fuel plates in the second option of this heat transfer
study (see Appendix A4). The application of these equations is conserva-
tive, however, since no allowance has been made for the stretching of the
side plates by the fuel plates. A rough estimate shown in Appendix D in-
dicates that the stretching of the side plates would lower these deflec-
tions about 38%. Since the accuracy of the experiments is considered to
be much better than 38%, the uncertainty factor for these relations has
been given a value of 1.00.

The temperature differences in the above relations were assumed to
be the difference between the average fuel plate metal temperature and
the averasge of the side plete temperatures at any given elevation. The
usual heat transfer equation for a slab with internal heat generation vas
used to get the side plate temperature (axial conduction being neglected).
Heat transfer coefficients on the fuel plate side of the side plates were
assumed to be 1/2 of the normal fuel plate heat transfer coefficient.
Those on the other side were assumed to be those predicted by the Dittus-
Boelter relation. Details of these equations and the justification of
these assumptions are shown in Appendix E. Heat generation rates in the
side plates and in the water surrounding them were estimated from Vondy's
calculations.h3 For aluminum, it is 40 watts/gm and for water, it is

80 watts/gm.
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Fuel Plate Deflections Due to Radiation Growth

There is only a small amount of experimental data regarding the growth
of the fuel plates due to radiation at the HFIR operating conditions. The
available datahBa indicate that by the end of the fuel cycle (~25 days),
the volume of a fuel plate in the highest burnup density region will have
increased by about 2%, and for the core average conditions, this increase
will be about 1/2%. These volume changes are not negligible, but because
of the uncertainty and the late availability of the few available data
points, these changes were not included in the calculation of the results
reported below. However, provisions were made in the general model to:
include this factor as input data.

Radiation swelling of the fuel plates reduces the coolant channel
thicknesses two ways. First it inéreases the thicknesses of the fuel
plates. A first approximation of this assumed for this analysis is that

it is a linear function of the operating time, which results in the re-~

lation
5y = BF (27)
where
BVR = thickness change in mils
= a constant
€ =.totel operating time in hours.

The second effect of the radiation swelling of the fuel plates may
increase the longitudinal deflection of these plates. 1In the first option
of this heat transfer analysis, it was assumed that the fuel plates buckled
into a sinusoidal wave form. The growth of the fuel plates due to radia-
tion could increase the magnitude of this buckling. As a first approxima-
tion of the magnitude of this increase, the change in the fuel plate ma-
terial density due to radiation was related to the thermal coefficient of

linear expansion in the following way:

1/pg = /e

=i1+aAT'3~1m3aAT (28)
1/p : '
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Combining this relation with Eq. (2k4) assuming that @ is equal to
13.5 X 10-6 in./(in.)(°F), the magnitude of the sinusoidal buckling of

the fuel plates due to radiation is then

o = 3.650 x 10° ‘%’ ~q 132 (29)

5
" R

where BMR ig deflection in mils.
In the second option of this analysis, it was assumed that the fuel

plates buckled consistently in one direction. It was further assumed

here that the magnitude of these deflections due to radiation growth were

the same for all of the fuel plates. Therefore for this situation, the

effect of this deflection on tﬁébcoolant channel thickness can be neglected.

L3a

The available experimental data indicate that essentially all of
the changes in the plate volume appear as changes in the plate thickness.
If this is actually the case, then it would not be necessary to consider
the longitudinal deflections due to the radiation swelling of the fuel

plates.

Coolant Channel Thicknesses During Reactor Operation

A number of coolant channel thicknesses have been defined in order
that each step in this analysis can be handled in a conservative but con-
sistent manner. Pertinent fuel plate deflections were considered in the
calculations of all of these thicknesses, and they were summed such as
to give the most conservative value in each case.

The average coolant channel, which was uséd to determine the average
fuel plate conditions and the overall core flow conditions, was assumed
prior to the reactor operation to have a uniform thickness of the average
value determined for each fuel element. The walls of this coolant chan-
nel were assumed to be the average fuel plates in the fuel element. Since
the deflections of these average fuel plates are identical, the Lhicknesses

of the average coolant channel during reactor operation is then

e :eA-eaA-%VR-eao (30)
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where
ey = initial coolant channel thickness,
5A = one half of the increase in the fuel plate thickness due to heating,
BVR = one half of the increase in the fuel plate thickness due to radia-
tion,
80 = increase in the fuel plate thickness due to oxide formation.

As shown in Figs. 17 and 18, the coolant channels adjacent to the hot
and cold plates in the fuel element can be either "narrow" channels or
"wide" channels. The "narrow" coolent channel is defined as one in which
the entire channel thickness prior to reactor operation is the minimum per-
mitted for any given cross section of an individual coolant channel. Pre-
sent fuel element specifications state that the value of this quantity is
0.04k in. (Ref. 23). Similarly the "wide" coolant channel is defined as
one in which the entire channel thickness prior to the reactor operation
is the maximum permitted for any given cross section of an individual
coolant channel. The value for this in the present HFIR fuel element
specification is 0.0%6 in. (Ref. 23).

As discussed above the longitudinal deflections of the fuel plates
were assumed to be in the form of sinusoidal waves for option I of this
enalysis. The greatest amount of resistance to the cooclant flow for this
situation would occur when two adjacent hot plates have this type of de-
flection 180° out of phase. Various possible arrangements of the narrow
and wide coolant channels adjacent to the hot plates must be considered
and these are shown in Fig. 17. They are identical to those used by Hilvety
and Chapman,h and they assume that all of the fuel plates adjecent to the
hot plate in question are also hot plates. For this situation, the thick-
nesses of the narrow coolant channel during reactor operation can be de-

scribed by the relation

. 2nz
D, =D +D, sin == (31)
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where
Dyy =&y~ (8 + 26, + 808, 5 + £5(By ) py = By pp)
- (53 + Egh)ﬁnn - (251 + 2, + 53)5nw -8~ 28 (312)
and
Don = (&g + 2608, — (2 + 26, + g3)5an ~ Byg - (31v)

The thicknesses of the wide coolant channel during reactor operation can

be described similarly by the relation

D =D. + D_. sin =22 (32)

where
Diw = (&) T8y +gde, = (26 + gy + 26508,
* 8By A T Op ma) T Bl T (28 4k, T 28008
- 2lgy ey T QB — (g e, * g5)8  (328)
and
D, =(28) + e, + 26208, — e 8y —2(ey + e, +Eg)8, (32D)
where

e = initial channel thickness,
& = deflection due to the pressure difference across the fuel plate,
9] = deflection due to the difference of Lemperatures of adjacent
fuel plates,
& = one half of the increase in the fuel plate thickness due to
heating,
& = decrease in the channel thickness due to the oxide buildup on
the plate surface,
8, = deflectlion due to the longitudinal buckling of the fuel plate
because of the difference in the temperatures of the fuel platce

and the side plates,
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5VR = one half of the increese in the fuel plate thickness due to
radiation,
BMR = deflection due to the longitudinal buckling of the fuel plate
because of radiation growth,
n = subscript for the narrow coolant channel,
w = subscript for the wide coolant channel,

, and g, = 1 respectively for Cases 1, 2, 3, and 4 shown in
gl’ §2 53: )+
Fig. 17. They are O dtherwise.

The inlet and exit thicknesses of the narrow and the wide coolant
channels during reactor operation were assumed to be egqual to those prior
to reactor operation. This assumption was on the basis that both ends of
the fuel plates do not contain fuel and are relatively rigid.

For the second option of this analysis, all of the langitudinal de-
flections of the fuel plates were assumed to be in the same direction.
However, it was assumed in this option that there could be sinuseidal
variations in the coolant channel thicknesses along the length of the
channel prior to the operation of the reactor. The amplitude of these
sinusoidal waves was designated as AD. 1In this option, the greatest amount
of resistance to the coolant flow would occur when a cold fuel plate is
adjacent to a hot fuel plate. Various coolant channel arrangements ad-
Jacent to the hot and cold plates must be considered and these are shown
in Fig. 18. These cases are essentially modifications of those shown in
Fig. 17. The thicknesses of the narrow coolant channel during reactor

operation for this option are

27z

D, =D, — 4D sin 5= (33)
where for Cases 1 and 2 shown in Fig. 18
Dln = % * §APH * §APC B aan,TAH * 6an,TAC B 6an
- 6an - 6anH * 6anc - 6an,'I’AC - ESVR (33a)
for Case 3 shown in Fig. 18
Din =1 " Bapc T Pron,7an T O7nw,mac T Onnu
~ Pgve T Onnnt T Pumwe T Pontt T Bonc T 2Pyr (330)
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and for Case 4 shown in Fig. 18

o) — 5

6Tnn,TAC " “nnH nnC

Pin =€y 7 Opppran

h 6MnnH * 6MnnC - 6onH - 6onC o 26VR (33c)

These thicknesses for the wide coolant channel during reactor opera-

tlion are

. 2nz
Dw = Dlw — AD sin . (34)

where for Case 1 shown in Fig. 18

D1y = % 7 Bapy 7 Oapc * Prw,man T Praw,ac T Cnw

~ e " B T Sunwe T Bown T Bowc T g (3ha)
for Case 2 shown in Fig. 18
Diw = %~ Bapy T Prw,man T Orww,mac T Prwn T Bwuc

* Oy T Omwwe T Cown T Bowe T Pyr (34v)

and for Case 3 shwon in Fig. 18
Dyy = € ™ Bapy 7 Bape T Prnw,man t BTnw,Tac T Prwn

- 5an B 6anH * 6anC - 5OWH ~>EowC B 26VR (th)

and where

H = subscript for the hot plate,
C = subscript for the cold plate.

For the coolant channels with sinusoidal shape walls as shown in Fig.
19, there is some question what channel thicknesses are to be used in the
calculation of the fuel plate metal temperatures. Various deflections of
the f'uel plates are functions of these temperatures, and therefore as-
sumptions regarding them are significant. The metal temperatures are
functions of the oxide thicknesses on the fuel plate surfaces, which are
in turn functions of the oxide surface (oxide-water interface) tempera-

tures. These surface temperatures are functions of the coolant water heat
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transfer coefficients, which as can be seen from Eq. (10) are inversely
proportional to the coolant channel thicknesses.

For a narrow coolant channel adjacent to a wide coolant channel,
having the shapes similar to those shown in Fig. 19, three cases vere
selected arbitrarily to calculate the metal temperatures. These are as

follovws:

Coolant Channel Thickness

Case First Channel Second Channel

1 Dy *+ D, Dy =Dy
or or

Dl — AD D1 + AD
2 Dl Dl

3 Dy =D, D+ D,
or or

Dl + AD Dl — 2D

The metal temperature was then teken as the maximum of the averaged tem-
peratures for each of the three cases. This should give the maximum amount
of the various deflections for the fuel plate, which is a conservative as-
sumption.

When a narrow coolant channel is adjacent to another narrow coolant
channel or a wide coolant channel is adjacent to another wide coolant chan-
nel, only the first two cases were considered. This is because the Tirst
and the third cases gives identical results. For these arrangements, the
metal temperature was taken as the maximum of the average temperatures for
each of these two cases.

The amount of oxide buildup on the plate surface during any time step
was assumed to be based on surface temperatures calculated using the heat
transfer coefficient determined for the thicker part of the coolant chan-
nel, Dl + D2 or Dl —~ AD. This again is a conservative assumption.

In the second option of this analysis, the magnitude of the initial
sinusoidal variations in the coolant channel thicknesses may be negligible,

&D = 0, or the wavelength X\ of these variations may be large. Because of
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this a second alternate for the oxide buildup was included in this option
&8s can be seen in Appendix A. This alternate calculates the fuel plate
metal temperatures and oxide thicknesses for only one case using the coolant
channel thicknesses determined by Egs. (33) and (34). This gives more
realistic results for these situations and reduces the computer running
time greatly.

As had been mentioned earlier in this report, the cooclant flow rates
in the chamnels having sinusoidal walls similar to those shown in Fig. 19
are lower than those in the coolant channels having egquivalent uniform
thicknesses. To determine the correct flow rates in channels with the
sinusoidal walls, the integral in the pressure drop relation, Eq. (L4)
must be integrated using ithe thickness distribution along the length of
the channel. This results in numerical techniques with fine mesh spacing,
and such amount of effort for this analysis is not considered warrented.
However for a coolant channel of the length A, which is the wavelength
of the sinusoidal wall, and where the amplitude of the sine wave is con-
stent, the integral in Eq. (4) can be integrated analytically. Details of
this is shown in Appendix C. Therefore the overall HFIR fuel element
coolant channel vwas treated as a series of short channels having the lengths
A; cach short channel having & sine wave of a constant amplitude. There-
fore, the thicknesses of each of these short lengths of coolant channel
were assumed to be sine waves varrying from D, + D. to D, — D. or from

1 2 1 2
D, —AD to Dl + AD, where D, + D, or D, — AD are the minimum values de-

términed within any given wiveleigth xlof the HFIR fuel element coolant
channel. Such a procedure will give conservative values for the Ilow
rates. .

Again for the second option of this analysis where the magnitude of
the initial sinusoidal variations in the coclant channel thicknesses may
be negligible or the wavelength A of these variations may be large, a
second alternate for calculating the flow rates was included. In this
alternate, the integral in Eq. (U4) was evaluated numerically using tlhe
actual coolant channel thicknesses determined by Eqs. (33) and (34).

Again this gives more reslistic results and reduces ihe computer running

time.
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For the hot streaks, where the flow rates of the water cooling the
hot spots are determined, the channel thicknesses prior to the reactor
operation are assumed to be the minimum allowed by the specifications.
This minimum is now specified to be 0.040 in. (Ref. 23). To obtain the
hot streak channel thicknesses during the reactor operation, Egs. (31)
and (33) are modified by the following relation for the narrow coolant

channel*

Dnhs = Dn T % * en,min (35)

where €. min is the minimum thickness of the narrow cooclant channel, and
b4
Egs. (32) end (34) are modified by the following relation for the wide

coolant channel¥*

D =D —e + e
whs W W W

(36)

,min

where e . 1is the minimum thickness of the wide coolant channel. The

w,min ,

hot streak flow rates are calculated in the same manner as the flow rates
for the narrow and the wide coolant channels are calculated except that
the thicknesses determined by Egs. {35) and (36) are used. For the hot
channel, these are the Eg. (35) thicknesses, and for the cold channel,
these are the Eq. (35) thicknesses for cases 1 and 2 shown in Figs. 17
and 18 and they are the Eg. (36) thicknesses for cases 3 and 4 shown in
Figs. 17 and 18.

At the hot spots, the channel thicknesses were assumed to ve the
minimum possible values. For the first option of this analysis, they are
defined for the hot channel and for the cold channel cases 1 and 2 (shown
in Fig. 17) to be¥**

*These relations are slightly optimistic since they assume that oxide
thickness and the increase in the plate thickness due to the thermal ex-
pansion of the metal in the hot streak are identical to those for the hot
plate. Actually these thickness are slightly higher in the hot streak,
and they should be considered in any future version of this heat transfer
analysis.

*¥The oxide thicknesses and increase in the plate thickness due to the
thermal expansion of the metal at the hot spot also were assumed to be
identical to those in the hot plate. However in this case, this assumption
is probably slightly pessimistic since the wider channel thickness results
in a lower heat transfer coefficient at the hot spot.
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Dmin - Dln * DEn T %n i E:n,min (37)

and they are defined for the cold channel cases 3 and 4 (shown in Fig. 17)

to be*

D. =D, +D., —e +e .
min 1w 2w W w,nin

(38)

For the second option of this analysis, they are defined for the hot chan-

nel and for thne cold channel cases 1 and 2 (shown in Fig. 18) to be¥*

Dmin - Dln — 4D - ®n M en,min (39)

and they are defined for the cold channel cases 3 and 4 (shown in Fig. 18)

to be*

D. =D, —AD—~e +e , (40)
min 1w W w,min

InEut Da@g

Table 4 is a summary of the input data required for this analysis
along with the numerical values for the results reported below. These
particular values were chosen to give a conservative representation of
the HFIR fuel element parameters. As mentioned above, this analysis has
two options depending on the assumption regarding the longitudinal de-
flections of the fuel plates, and the second one was used for the results
reported below. Also the second of the two alternate methods in the second
option for calculating the flow rates and the second of the two alternate
methods in the second option for calculating the oxide buildup on the fuel
plates were used in calculating these results. As was indicated above,
the values of the constants for the varicus co%relations used in this
analysis are not input data. Any changes in these constants will reguire

changes in the Fortran statements used in the computer program.

*The oxide thicknesses and increase in the plate thickness due to the
thermal expansion of the metal at the hot spot also were assumed Lo be
identical to those in the hot plate. However in this case, this assumption
is probably slightly pessimistic since the wider channel thickness results
in a lower heat transfer coefficient at the hot spot.
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Results

Using the date listed in Table 4, the upper limits for the reactor
power levels were computed at startup and at the end of & 100 Mw fuel cycle.
The results of these calculations are summarized in Table 5. Both the
incipient boiling and the burnout criteris were considered, but the re-
sults based on the incipient boiling criteria are the most meaningful
because of the unknowns regarding the use of the burnout relations. Using
the incipient bolling criteria, the maximum permissible power level varied
from 139 Mw at reactor startup to 153 Mw at the end of a 100 Mw fuel cycle.
For comparison, the results using the burnout criteria varied from 162 Mw
at startup to 175 Mw at the end of & 100 Mw fuel cycle. The increase in
the upper limit for the reactor power level during the fuel cycle is due
to the redistribution of the power densities in the fuel elements because
of the fuel burnup and because of the change in the control rod positions.
All of these results indicate that the HFIR fuel elements can be used at
reactor powers higher than 130% of the nominal 100 Mw level for short
periods of time without damage to them, thus satisfying the design require-
ments.

In all cases, the particular heat flux which limited the reactor
pover level was located at the lower edge of the fuel bearing material in
the fuel elements(j = 29). Usually it was at the lower inside corner of
the fuel bearing material in the outer fuel element. This limiting heat
flux varied from 3.39 X 106 to 3.88 x 106 Btu/(hr)(ft°) for the incipient
boiling criteria and from 4.05 x 10° to h.50 x 106 Btu/(hr)(ftQ) for the
burnout criteria. .As‘can be seen from Table 5, the location of this limiting
heat flux may or may not coincide with the locations of the minimum hot
streak flow rate or the maximum bulk coolant temperature in the fuel ele-
ments. Also, it can be seen that the influence of the location of the
adjacent nerrow and wide coolant channels as described by Fig. 18 on the
results is not large.

Additional information was obtained for the Fig. 18 case 3 using the
incipient boiling criteria, and these results are summarized in Table 6.

At the location of the limiting heat flux at startup, the coolant channel

thickness is 0.0390 in. and the coolant velocity is 48.1 fps. For comparison
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the average fuel plate and the average coolant channel at the same loca-
tion have values of 0.0487 in. and 52.1 fps respectively. The values of
these items vary from these numbers in the hot streak above this location
because of the plate deflections and because of the temperature increase
of the cooclant along the length of the fuel element. Step decreases in
the narrow channel and the hot streak thicknesses were calculated at the
midplane of the fuel element (between j = 16 and j = 17). They are due to
the difference in the "average" fuel concentrations on each side of the
core midplane of the hot and cold plates as described by U& and U5 in this
analysis. These guantities influence the metal temperatures which in turn
affect the thermal deflections of the fuel plates. Since there are step
changes in Uh and U5 at the core midplane, these reflect in step changes
in the coolant channel thicknesses. Of course step changes in the coolant
channel thicknesses will not occur physically, but this approximation is
T'elt to be valid and conservative.

The buildup of the oxide on the fuel plate surfaces generally causes
increases in the fuel plate deflections which result in decreases in the
coolant flow rates. At the location of the limiting heat flux, the coclant
channel thickness is 0.0342 in. and the coolant flow rate is 0.674b
1o/(sec)(in. channel width) at the end of a 100 Mw fuel cycle. At reactor
startup, these values are 0.0364 in. and 0.6840 1b/(sec)(in. channel width)
respectively. The bulildup of oxide during the 100 Mw fuel cycle on the
hot fuel plate at this same location is 0.0012 in. and that on the cold

‘pl&te is 0.0010 in. Analogous figures for the average coolant channel at
the identical location are 0.0483 in. channel thickness and 1.040
1b/(sec)(in. channel width) flow rate at the end of the 100 Mw fuel cycle,
and 0.0487 in. channel thickness and 1.045 1b/(sec)(in. channel width)
flow rate at reactor startup. The oxide buildup in this case is 0.0007 in.

The values of the changes in the coolant channel thicknesses and the
amounts of oxide buildup along the length of the hol stireak during a fuel
cycle vary as cen be seen in Table 6. This is due to the dependency of
the oxide buildup on the local surface (oxide-water interface) temperatures.
Of course step changes in the channel and the oxide thicknesses in the

narrov channels and the hot streaks at the core midplane are shown because
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of the reasons described above. Because of the nature of the longitudinal
thermal deflections of the fuel plates, the thicknesses of the narrow
coolant channels and of the hot streaks above the core midplane increase
during the fuel cycle while those below the core midplane decrease in
this particular case.

Because of the many factors influencing the coolant velocities and
because of the difference in the upper limits for the reactor povwer levels
at startup and at the end of the fuel cycle, simple interpretation of the
changes in these velocities during the fuel cycle 1s not possible. 1In
most cases, they go down, but at some local spots they go up. For example
.at the location of the limiting heat flux at the end of the fuel cycle,
the coolant velocity is 47.0 fps at startup and it is 50.0 fps at the end
of the cycle. These velocities are lower at the channel inlets than at
the channel exits because of the lower coolant temperatures and the larger
channel thicknesses at the channel inlets during reactor operation. This
is the most noticeable in the hot streaks at the end of the cycle where
they are on the order of LO fps at the channel inlet and 50 fps at the
channel exit. The velocities in the aversge coolant channel, in comparison,
vary only from 49.6 fps at the core inlet to 52.1 fps at the core exit.

Examination of the coolant channel thicknesses in Table 6 indicate
that the smallest of the channel thicknesses listed is 0.0319 in. This
is for the end of fuel cycle situation, but it did not occur at the posi-
tion of the limiting heat flux. This gives some indication that the chan-
nel thickness mey not be the limiting factor for the burnout heat flux
if the burnout criteria are used in determining ﬁhe upper limit for the
reactor power level.

An examination of the hot plate metél temperatures in Table 6 indi-
cate that they are all below 400°F at startup. This implies that the de-
flection correlations used in this analysis are valid for all power levels
up to the upper limit for the reactor power of 139 Mw. At the end of the
100 Mw fuel cycle, there are some local spots, where these temperatures
exceed 4OO°F. But since they do occur in local areas and the upper limit
for the reactor power level is high, 153 Mw, this should not be a problem.

. These results do indicate, however, that the assumptions used in the



Lo

deflection relations would have to be examined for their temperature
limitations at power levels higher than 153 Mw. The side plate temperatures
are in the range of 156 to 191°F at the upper limit for the reactor pover
level at startup and 159 to 198°F at the upper limit for the reactor power
level at the end of the fuel cycle.

The heat fluxes in the average fuel plate at the location of the
limiting heat fluxes in the hot fuel plate were included in Table 6 for
comparison purposes. The ratio of the limiting heat flux to the heat flux
in the average fuel plate at reactor startup is 3.&1/1.5& or 2.21, and
at the end of the fuel cycle it is 3.35/1.59 or 2.11. This implies that
the various factors such as the variations in the coolant channel thick-
nesses, fuel boundaries, fuel concentrations, fuel segregation, and non-
bonds can increase the heat flux at this location by a factor of greater
than 2.

The thermal-hydraulic history of the fuel element during the normal
100 Mw 25 day fuel cycle in the reactor is swmmarized in Table 7. The
first observation in this table is the decresse in the total coolant flow
rate ithrougn the fuel assembly during this cycle. This decrease is due
primarily to the buildup of the oxide on the fuel plate surfaces. During
the life of the fuel in this analysis, it was assumed that the pressure
drop through the fuel plates is constant. This is not the case in the
reactor since the primary coolant pumps develop higher heads at the lower
flow rates and the head losses in the primary c¢oolant system external to
the fuel element are lower for lower flow rates. This will tend to counter
this decrease of the flow rate through the fuel elements in the actual
reactor. ‘

The oxide thicknesses at the end of the various time intervals are
listed in Table 7, and they are plotted in Figs. 20 and 21. The thick-
nesses shown in Fig. 20 are at the location of the limiting heat flux in
the hot fuel plate at the end of a 100 Mw fuel cycle. Since the rate of
its buildup is strongly dependent on the oxide-water interface temperature,
it is the greatest for the hol plate adjacent to a narrow coolant channel
and the least for the average plate adjacent to an average coolant channel.
Of course, the amount of oxide buildup at the other locations in the fuel

element will not be as large as these values. Figure 2] shows the oxide
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buildup at another location in the fuel assembly, which is more typical

of the general situstion. The buildup of this oxide causes decreases in
the coolant channel thicknesses in two ways. First, it takes up additional
spece in the coolant channel. Second because of its low thermal conduc-
tivity, it increases the metal temperature of the operating fuel plate.
Fuel plates at higher temperatures will have higher deflections which
further decreases the coolant channel thicknesses. This is very noticeable
in Figs. 20 and 21. The average coolant channel thickness decreases some
because of these two factors. However in the case of the hot streask chen-
nel thicknesses, which are more significantly dependent on the plate tem-
peratureskand deflections, this decrease is guite appreciable.

The increase in the average fuel plate temperatures can be seen in
Table 7. They are particularly noticeable below the core midplene (j > 16)
since the oxide buildup 1s the greatest in this portion of the fuel ele-
ment. The side plate temperatures, which are in the range of 151 to 172°F

do not vary during the fuel cycle.

Conclusions and Recommendations

Analytical studies using an integral thermal-hydraulic model of the
operating reactor incorporating the fuel plate deflection data of Cheverton
and Kelle‘T showed that the design fequirements for the HFIR fuel elements
have been met. These requirements state that the reactor is to operate at
a 100 Mw nominal pover level and that this power level can be raised to
130% of this value for short periods of time without damage to the fuel
elements. If no boiling is allowed, the reactor power can be raised to
139 Mw at startup and to 153 Mw at the end of a 100 Mw fuel cycle. These
pover levels can be raised further if boiling at heat fluxes below burnout
is ?ermitted. A suggestion 1s made, therefore, to investigate the con-
ditions such as the gquestion of flow stability in parallel coolant chan-
nels to determine the conditioﬁs for which the burnout relations are valid.

The above results are for one set of input data, and no parametric
studies have been made to determine the effect of the various input data

on the final results. The input data that were selected here were felt

to be a conservative representation of the fuel element and other reactor
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parameters. Parametric studies are recommended, however, in order to
broaden the spectrum of the fuel element tolerances that may be acceptable
for HFIR operation.

After the results reported above were calculated, data regarding
the radiation swelling of the fuel plates became avaj_lablel'L3a and a slight
error was found in the relations for calculating the decrease in the
coolant channel thickness due to temperature increase of the fuel plate
metal. Also the relations for calculating the coolant channel thicknesses
at the hot streaks and at the hot spots gave slightly erroneous results.
Some of these items are slightly pessimistic while others are slightly
optimistiec. However it is feeling of this author that the swun of these
various factors gave slightly pessimistic results, but they should be
included in any future revision of this heat transfer analysis.

Segregation and nonbond factors used in this analysis vere those
derived by Hilvety and Chapman.u Preliminary studies have indicated that
further work on them is desirable to gain & better understanding of these
factors and to possible relax the inspection reguirements for the HFIR.

It is usually desired to raise the power level of a reactor above
its design value after it has been built and operated for a period of
time. The mathematical tools developed in this analysis could help in
determining the feasibility of this regarding the fuel elements, and the
possible modifications that may be required. It should be pointed out
here, however, that the other components in the reactor were designed for
operation at 100 Mw reactor power level with a 120°F inlet water tempera-
ture. Also the reactor safety system is designed to allow increases in
the power level up to 130% of the nominal power level for short periods
of time before scram action is initiated. A tﬁorough investigation of

these other factors would have to be made before the reactor power level

could be increased safely.
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Nomenclature

Iten

Heat transfer area
Cross sectional area of the side plate
Acceleration

Constant in the relation for the increase
in the fuel plate thickness due to
radiation swelling

Constants in the relation for the side
plate temperature

Specific heat

Cold channel thickness
Eguivalent diameter
Hot channel thickness

Linear component of the narrow coolant
channel thickness

Linear component of the wide coolant
channel thickness

Sinusoidal component of the narrow coolant
channel thickness

Sinusoidal component of the wide coolant
channel thickness

Amplitude of the initial sinuscoidal wave
in the coclant channel thickness

Elastic modulus ratio
Coolant channel thickness

Average coolant channel thickness prior to
reactor operation

Thickness of the inlet and the exit of the
narrow coolant channel prior to reactor
operation

Thickness of the inlet and the exit of the
wide coolant channel prior to reactor
operation

Average thickness of the narrow coolant
chennel prior to reactor operation

Minimum thickness of the narrow coclant
channel prior to reactor operation

in.2
£t /hre
mils/hr

Btu/(16)(°F)
mils

ft

mils

mils
mils
mils
mils

mils

mils

mils
mils

mils

mils

mils
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fiw

e .
w,min

F

core
APinlet

nw
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Nomenclature (Cont)

Item

Average thickness of the wide coolant
channel prior to reactor cperation

Minimum thickness of the wide coolant
channel prior to reactor operation

Constant in_the friction factor relationship

£ = F/(Re)O"
Friction factor

Fraction of the reactor power deposited in
the fuel elements

Conversion factor

Modified heat transfer coefficient
Head difference

Heat transfer coefficient

Constant in the boiling portion of the
burnout heat flux correlation

Constant in the non-boiling portion of the
burnout heat flux correlation

Thermal conductivity

Length of the coolant channel
Latent heat of vaporization
Nusselt number

Absolute pressure

Reactor vessel pressure

Absolute pressure at the inlet of the fuel
element

Prandtl number

Fuel element pressure drop
Core pressure drop

Core inlet pressure difference

Average differential pressure across a fuel
plate between a narrow coolant channel and
a wide coolant channel

Reactor power level

Coolant heat generation rate at 100 Mw
reactor operation

Units
mils
mils
2
lbmft/lbfhr

Btu/(hr)(£t2)(°F)
ft
Btu/(hr)(£t2)(°F)

Btu/(hr)(£t)(°F)

Btu/1b

psia
psia

psia

psi

psi

Mw
Btu/(hr)(in.3)
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Nomenclature (Cont)

Ttem ' Units
Side plate heat generation rate at 100 Mw Btu/(hr)(in.3)
reactor operation
Heat flux Btu/(hr)(£t%)
Outside radius of the inner side plate in.
Radius in.
Reynqlds number
Totel width along involute plate in.
Width (length along the involute arc) in.
Water temperature °F
Metal temperature °F
Fuel plate surfece (oxide-water interface) °F
temperature
Average side plate temperature °F
Temperature of the fuel plate adjacent to °F
the side plate
Fuel plate thickness mils
Average difference between the fuel plate °F

temperature and the side plate temperature
Amount of subcooling °F

Uncertainty factor for the reactor power
level

Uncertainty factor for the total heat
transfer area

Uncertainty. factor for the power density
distribution

Uncertainty factor for the average fuel
concentration in the hot plate

Uncertainty factor for the average fuel
concentration in the cold plate

Uncertainty factor for the inlet water

. temperature

Uncertainty factor for the friction factor

Uncertainty factor for the hest transfer
coefficient correlation

Uncertainty factor for the oxide film
correlation
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Nomenclature (Cont)

Item Units

Uncertainty factor for the deflection of a
fuel plate due to the differential pressure
across the fuel plate

Uncertainty factor for the deflection due to
the difference of the temperature of an
individual fuel plate and that of an average
fuel plate

Uncertainty factor for the increase in the
fuel plate thickness due to heating

Uncertainty factor for the increase in the
fuel plate thickness due to radiation
swelling

Uncertainty factor for fuel plate deflection
due to longitudinal buckling

Uncertainty factor for the longitudinal
deflection of the fuel plate due to the
radistion growth of the fuel plate material

Uncerteinty factor for the side plaete heat
generation rate

Uncertainty factor for the coolant heat
generation rate

Segregation factor for the hot channel
Segregation factor for the cold channel
Nonbond factor for the hot channel
Nonbond factor for the cold channel

Uncertainty factor for additive burnout
correlation

Uncertainty factor for the incipient boiling
relation :

Hot stresk factor

Flux peaking factor for fuel extending
beyond the normal boundaries

Uncertainty factor for fuel segregation and
nonbonds

Volumetric flow rate gpm

Coolant velocity ft/sec

Flow rate 1bv/(sec)(in.

width)
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o

5p, p

b9

Nomenclature (Cont)

Item

Oxlide film thickness

Length along the fuel element axis
Thermal coefficient of linear expansion
Increment sign

One half of the expansion of the fuel plate
thickness due to heating

Deflection of the fuel plates due to the
longitudinal buckling

Longitudinal deflection of the fuel plate
due to the radiation growth of the fuel
plate material

Decrease in the coolant channel thickness
due to the buildup of oxide on the fuel
plate surface

Deflection due to the difference in the
temperature of an individusl fuel plate
and that of an average fuel plate

One half of the expansion of the fuel plate
due to radiation swelling

Deflection due to the differential pressure
across a fuel plate

Surface roughness
Time increment

Wavelength of any sinusoidal longitudinal
buckling of the fuel plate or any :
sinusoidal deviation in the initial
coolant channel thickness

Viscosity

Case selection factor (Has a value of 1 for
Case 1 shown in Figs. 17 and 18, a value
of O for the other cases)

Case selection factor (Has a value of 1 for
Case 2 shown in Figs. 17 and 18, a value
of O for the other cases)

Case selection factor (Has a value of 1 for
Case 3 shown in Figs. 17 and 18, a value
of 0 for the other cases)

Units

mils

in.

in./(in.)(°F)
mils
mils

mils

mils

mils

mils
mils

ft
hr .

in.

1b/(hr)(ft)



Symbol
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Nomenclature (Cont)

Ttem

Case selection factor (Has a value of 1 for
Case 4 shown in Figs. 17 and 18, a value
of O for the other cases)

Density

Ratio of the fuel plate densities before
and after irradiation

Difference in densities of liguid and vapor
phases

Surface tension

Side plate thickness

Normalization factor for the power density
Normalized power density

Non-normalized power density

Ficticious time defined by equations (17)
and (18)

Subscrigts

boil
bulk

Averaged value

Average fuel plate and average coolant
channel

Fuel assembly

Average value

For bulk water conditions

Burnout conditions

Boiling part of burnout correlation
Overall coolant

Control region

Cold plate
Exit conditions
Fuel element

Particular wavelength being considered

Hot plate
Hot streak or hot spot

1b/ft3
1b/ft3

1b/ft

in.

hr

Units



51
Nomenclature (Cont)

Subscripts (Cont)

Symbol Item

i Mesh point along width or radius of fuel plate

ib Incipient boiling conditions

ii Annulus between inner fuel element and target
bundle

ii Inner side plate of the inner fuel element

in Inlet conditions

inner Inner fuel element

io Outer side plate of the inner fuel element

J Mesh point along length of fuel plate
Number of time increments

£ Liguid phase

lab Labyrinth between fuel elements

m Maximum number of lncrements in the radial
direction

min Minimum value

n Meximum number of increments in the axial
direction

n Plate surface in the narrow coolant channel

nb Nonboiling part of burnout correlation

nn Between tWwo narrow coolant channels

nv Between a narrow coolant channel and s wide

coolant channel

o] At time zero

ol Inner side plate of the outer fuel element
00 Quter side plate of the outer fuel element
outer Outer fuel element

R After irradiation

sat Saturation conditions

v Vapor phase

W Plate surface in the wide coolant channel
wwW Between two wide coolant channels

b 4 Generalized subscript
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11.

12.

13.
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16.
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Table 1.

Power Densities in the HFIR Fuel Elements
Reactor Power Level:
Core Life:
Time:

~

100 Mw
2500 Mw-day
0 days = O hrs

ez,

Distance From Core Centerline (cm)

Distance
F?om Core Inner Fuel Element Outer Fuel Element
Midplane ,
(em) 7.1 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.00 20.00 21.00
25. 4 0.678 1.109 1.379 1.515 1.470 1,34k 1.186 - 1.580 1.512 1.39% 1.254 1.119 0.719 0.2098
ol 0.722 0.7kl 0.738 0.771 0.809 0.830 0.837 0©0.970 0.934 0.770 0.660 0.542 0.khke 0.293
22 0.815 0.753 0.738 0.767 0.802 0.830 0.82k 0.943 0.860 0.758 0.650 0.533 0.425 0.291
20 0.92k 0.848 o0.810 0.821 0.850 0.889 0.893 0.961 0.885 0.796 0.691 0.578 0.467 0.323
18 1.031 0.952 0.904 0.917 0.939 0.980 0.988 1.043 0.978 0.881 0.781 0.669 0.562 0.4eg
16 1.130 1.043 0.990 1.007 1.027 1.067 1.077 1.146 1.075 0.977 0.878 0.769 0.669 0.552
1b 1.227 1.126 1.068 1.089 1.107 1.146 1.162 1.239 1.165 1.064 0.964 0.86k 0.775 0.670
12 1.312 1,198 1.137 1.163 1.179 1.217 1.241 1.320 1.247 1.143 1.045 o0.946 0.875 0.787
10 1.387 1.264k 1.200 1.233 1.241 1.280 1.316 1.388 1.319 1.21k 1.117 1.027 0.973 0.898
8 1.47 1.322 1.255 1.285 1.29% 1.334 1.383 1.448 1.382 1.279 1.180 1.101 1.073 1.019
6 1.593 1.372 1.306 1.332 1.339 1.380 1.445 1.499 1.437 1.337 1.239 1.168 1.169 1.197
L 1.520 1.398 1.338 1.369 1.372 1.410 1.478 1.539 1.480 1.382 1.284 1.ppp 1.246 1.22
) 1.532 1.408 1.350 1.386 1.388 1.keg 1.490 1.558 1.500 1.hok 1.306 1l.2ke 1.285 1,308
0 1.533 1.403 1.349 1.386 1.388 1.ho0 1.485 1.559 1.500 1.405 1.306 1.2kp 1.285 1.308
-2 1.523 1.393 1.335 1.372 1.379% 1.418 1,464 1.543 1.483 1.389 1,291 1.e2p2 1.237 1.225
-b 1.hol 1,368 1.305 1.3b2 1.3%5 1.380 1.b4e5  1.510 1.448 1.353 1.255 1.1tk 1,150 1.117
-6 1.448 1.324h 1.256 1.289 1.295 1.330 1.372 1.448 1.387 1.286 1.190 1.101 1.067 0.998
-8 1.38% 1.264 1,193 1.220 1.235 1.283 1.312 1.379 1.311 1.209 1.112 1.021 0.968 0.882
-10 1.312 1.195 1.197 1.150 1.167 1.212 1.248 1.303 1.232 1.129 1.030 0.937 0.868 0.769
-12 1.235 1.120 1.057 1.077 1.097 1.1kk 1.177 1.222 1.149 1.045 0.944 0.846 0.767 0.661
-14 1.148 1.039 0.982 1.000 1.023 1.069 1.098 1.135 1.060 0.957 0.854 0.750 0.662 0.555
-16 1.050 0.952 0.903 0.920 0.945 0.988 1.011 1.04h 0.969 0.865 0.760 0.649 0.552 0.438
-18 0.944 0.859 0.820 0.839 0.86hk 0.904 0.916 0.951 0.876 0.770 0.662 0.5k 0.433 0.304
-20 0.819 0.762 0.735 0.755 0.783 0.816 0.812 0.845 0.783 0.675 0.567 0.hkg 0.301 0,17k
-22 0.709 0.668 0.667 0.698 0.735 0.762 0.753 0.7l 0.700 0.616 0.517 0.403 0.282 0.138
-oh 0.706 0.678 0.680 0.713 0.7h9 0.760 0.762 0.7kl 0.695 0.613 0.521 0.420 0.296 0.11p
-25.4 0.703 1.028 1.231 1.342 1.319 1.216 1.078 1.342 1.204 1.173 1.016 0.848 0.451 0.03h

18



Table 1. (continued)
Time: 1.014 days = 24.33 hrs

) Distance From Core Centerline (cm)
Distance

From Core
Midplane

(cm)

Inner Fuel Element Outer Fuel Element

7.14 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.00 20.00 21.00

25.4 0.616 1.000 1.230 1.339 1.281 1.163 1.036 1.343 1.293 1.197 1.068 0.933 0.587 0.234
24 0.655 0.678 0.685 0.707 ©0.708 0.717 0.719 0.854 ©.789 0.697 0.600 0.494 0.368 0©.2%8
22 0.733 0.688 0.682 0.703 0.71k 0.732 0.751 0.850 0.784 0.692 0.597 0.494% 0.hik 0.297
20 0.853 0.792 0.74 0©0.771 0.797 0.831 0.856 0.895 0.828 0.737 0.651 0.577 0.516 0.416
18 0.95 0.904 0.861 0.873 0.895 0.928 0.956 1.001 0.924 0.835 0.758 0.683 0.621 0.535
16 1.054 1.003 0.963 0.970 0.989 1.022 1.0k9 1.125 1.038 0.94% 0.862 0.789 0.727 0.650
14 1.147 1.093 1.05C 1.058 1.074% 1,109 1.138 1.e2h 1.137 1.039 0.958 0©.887 0©.836 0.768
12 1.230 1.168 1.122 1.138 1.152 1.188 1.22¢ 1.306 1l.222 1.125 1.047 ©0.980 o0©.g4ks 0.898
10 1.305 1.233 1.181 1.207 1.219 1.258 1.204 1.371 1.295 1.202 1.123 1.068 1.058 1.035

8 1.369 1.285 1.230 1.269 1.279 1.319 1.359 1.b425 1.354 1.268 1.193 1.149 1.173 1.183

6 1.424 1.329 1.271 1.320 1.329 1.371 1.418 1.468 1.hob4 1.323 1.252 1.221 1.293 1.360

4 1.459 1.362 1.302 1.391 1.361 1.400 1.465 1.505 1.4u4k 1,366 1.302 1.281 1.363 1.482

2 1.478 1.380 1.321 1.370 1.372 1.411 1.4%90 1.537 L1.b477 1.408 1.341 1.315 1.397 1.520

0 1.482 1.385 1.326 1.372 1.372 1.410 1.491  1.548 1.492 1.418 1.347 1.324 1.L06 1.527
-2 1.469 1.373 1.313 1.360 1.358 1.399 1.471 1.538 1.480 1.403 1.334 1.309 1.389 1.501
- 1. 443 1.347 1.285 1.333 1.332 1.373 1.430 1.510 1.445 1.367 1.297 1.260 1.332 1.h06
-6 1.395 1.302 1.242 1.286 1.292 1.329 1.380 1.4si 1.380 1.297 1.221 1.17h 1.209 1.221
-8 1.323 1.2 1.190 1.218 1.229 1.268 1.319 1.369 1.296 1.208 1.136 1.083 1.085 1.063
-10 1.246 1.180 1.128 1.147 1.160 1.199 1.251 1.281 1.208 1.120 1.048 0.988 0.967 0.922
-12 1.165 1.105 1.058 1.068 1.087 1.125 1.172 1.191 1.116 1.030 0.955 ©0.892 0.851 0.790
-1k 1.077 1.023 0.978 0.987 1.008 1.045 1.085 1.095 1.017 ©0.935 0.860 0.792 0.737 0.661
-1 0.988 0.933 0.892 0.897 0.926 0.963 0.990 0.999 0.921 0©.841 0.764 0.690 0.625 0.537
-18 0.8k 0.837 0.799 0.813 0.841 0.87hk 0.893 0.906 0.830 0.746 0.667 0.589 0.515 0.416
-20 0.799 0.735 0.701 0.724 ¢.753 0.785 0.788 0.815 0.742 0.65 0.569 0.485 0.Lo7 0.296
-22 0.700 ©.649 0.638 0.655 0.666 0.691 0.681 0.74h 0.677 0.590 0.491 0.390 0©0.303 0.178
-2k 0.651 0.642 0.644 0.660 0.653 0.655 0.652 0.736 0.677 0.588 0.491 0.386 0©.258 0.087
-25.4 0.598 0.92¢ 1.11¢ 1.205 1.149 1.036 0.915 1.13% 1.095 1.001 0.872 0.737 0.378 0.02k4
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Time;

Table 1. (continued)

11.57 days = 277.7 hrs

Distance From Core Centerline {cm)

Distance
F?om Core Inner Fuel Element Outer Fuel Element
Midplane
(cm) 7.14 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.00 20.00. 21,00
25.4 0.504 0.94%7 1.181 1.258 1.211 1.090 0.950 1.289 1.281 1.199 1.082 0.950 0.607 0.253
2h 0.545 0.669 0.709 0.723 0.718 0.731 0.700 0.802 0.777 0.720 0.652 0.569 0.482 0.310
22 0.575 0.669 0.688 0.689 0.707 0.705 0.694 0,768 0.743 0.670 0.608 0.580 0.L459 0.376
20 0.685 0.769 0.751 ©0.751 0.785 0.785 0.791 0.825 0.806 0O.74hl 0.689 0.631 0.560 0.h486
18 0.818 0.872 0.836 ©.839 0.860 0.893 0.881 0.917 0.892 0.824 0.772 0.722 0.715 0.585
16 0.903 0.965 0.928 0.932 0.932 0.98L 0.967 1.007 0.981 0.912 0.863 0.814 0.880 0.685
1h 0.979 1.052 1.016 1.019 1.00k 1.063 1.061 1.088 1.069 1.004 0.951 0.906 0.989 0.79h
12 1.045 1.130 1.096 1.098 1.078 1.137 1.159 1.162 1.155 1.097 1.033 0.999 1.079 0.908
10 1.105 1.200 1.169 1.169 1.157 1.203 1.252 1.225 1.234% 1.186 1.112 1.095 1.165 1.035
8 1.155 1.259 1.230 1.232 1.232 1.262 1.329  1.276 1.306 1.860 1.189 1.185 1.243 1.176
6 1.191 1.306 1.281 1.288 1.293 1.305 1.376 1.325 1.366 1.315 1.252 1.251 1.308 1.281
b 1.214 1.339 1.314 1.329 1.331 1.334% 1.399 1.366 1.k12 1.355 1.292 1.291 1.352 1.341
2 1.228 1,359 1.336 1.350 1.346 1.351 1.405 1.%00 1.438 1.379 1.316 1.313 1.370 1.373
0 1.239 1,365 1.342 1.3%52 1.346 1.358 1,405 1.415 1,449 1.391 1.325 1.322 1.370 1.386
-2 1.230 1.354 1,329 1.33% 1.339 1.345 1.397 1.%00 1.435 1.385 1.314 1.310 1.364 1.372
-b 1.219 1.329 1.299 1.300 1.310 1.315% 1.370 1.362 1.405 1.358 1.287 1.284 1.342 1.331
-6 1.197 1.289 1.249 1.256 1.265 1.27h 1.326  1.312 1.355 1.305 1.2k 1.233 1.291 1.259
-8 1.161 1,237 1.198 1.206 1.202 1.223 1.26h 1,254 1,886 1.235 1.171 1.156 1.194% 1.1k
-10 1.108 1.176 1.140 1.146 1.136 1.170 1.196 1.189 1.204 1.146 1.077 1.045 1.062 0.965
-12 1032 1.106 1.079 1.079 1.065 1.110 1.125 1.lpp 1.113 1.049 0.984% 0.933 0.925 0.812
-1k 0,948 1.028 0.999 1.003 0.996 1.04h 1.045 1.0k 1.017 G.950 0.891 0.834 0.813 o0.71i2
-16 0.863 0.943 0.911 0.918 0.928 0.965 0.95% 0.960 0.921 0.858 0.798 0.743 0.709 0.617
-18 0.783 0.851 0.819 0.826 0.848 0.872 0.861 0.86% 0.830 0.769 0.710 0.656 0.60% 0.527
-20 0.689 0.745 0.736 0.738 0.766 -0,760 0.762 0.775 0.748 0.681 0.624 0.567 0.517 0.439
-22 0.569 0.653 0.673 0.676 0.679 0.677 0.659 0.7Y22 0.693 0.614 0.5hk2 0.476 0.hok 0.34k4
-24 0.540 0.661 0.694 0.716 0.720 0.684 0.669. 0O.7h2 0.713 0.644 0.578 0.489 0.369 0.211
-25.4 0.491 0.926 1.150 1.221 1.168 1.041 0.899 1.111 1.107 1.032 0.920 0.788 0.459 0.185
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Time:

Table 1. (continued)
22.72 days = 545.3 hrs

Distance From Core Centerline {cm)

Distance
From Core Inner Fuel Element Outer Fuel Element

Midplane
(cm) 7.14  8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.00 20.00 21.00
25.4 0.379 0.874 1.183 1.276 1.218 1.053 0.874 1.120 1.2kh 1.226 1.165 1.050 0.709 0.327
ok 0.403 0.594 0.695 0.711 0.706 0.671 0.624 0.725 0.750 0.695 0.651L 0.601 0.534 0.352
22 0.460 0.599 0.675 0.707 0.705 0.677 0.632 0.722 0.7h0 0.691 0.646 0.607 0.565 C.h31
20 0.547 0.659 0.707 0.749 0.757 0.752 0O.7ik  0.757 ©0.799 0.767 0.731 0.710 0.705 0.549
18 0.624 0.759 0.790 0.835 0.845 0.836 0.806 0.826 0.895 0.870 0.837 0.826 0.821 0.648
16 0.688 0.847 0.833 0.923 0.926 0.914 0.890 0.901 0.984% 0.965 0.934 0.925 0.923 0.735
1h 0.742 0.927 0.969 1.006 1.003 0.987 0.966 0.970 1.067 1.0k 1.018 1.013 1.015 0.813
12 0.788 0.998 1.046 1.081 1.074 1.054 1.034% 1.034 1.139 1.123 1.092 1.088 1.094% 0.880
10 0.824 1.055 1,115 1.150 1.139 1.116 1,091 1.060 1.202 1.187 1.150 1.154 1.160 0.936
8 0.857 1.103 1.i76 1.209 1.197 1.171 1.139 1.141 1.256 1.242 1.199 1.208 1.2i4% 0.984
6 0.887 1.143 1.225 1.260 1.246 1.219 1.177 1.184 1.300 1.285 1.240 1.251 1.259 1.021
L 0.914 1.177 1.261 1,208 1.282 1.251 1.210 1.219 1.338 1.323 1.272 1.286 1.289 1.0%52
2 0.94%0 1.203 1.281 1.315 1.296 1.266 1.233 1.250 1.367 1.349 1.297 1.300 1.302 1.072
0 0.962 1l.e22h 1,286 1.315 1,297 1.268 1.243 1.264 1.377 1.349 1.301 1.299 1.303 1.072
-2 0.951 1.210 1.275 1.304 1.284 1.254 1,234 1.24g 1.359 1.330 1.284 1.280 1.292 1.048
-4 0.934 1.182 1.248 1.275 1.256 1.232 1.207 1.21h 1,328 1.304 1.260 1.253 1.269 1.023
-6 0.911 1.145 1.207 1.236 1.218 1.193 1.172 1.172 1.288 1.269 1.228 1.2°1 1.237 0.993
-8 0.880 1.102 1.159 1.189 1.17h 1.147 1.127 1.125 1l.2h2 1.22% 1.189 1.181 1.196 0.961
-10 0.844 1.050 1.100 1.131 1.120 1.094 1.074 1.072 1.187 1.175 1.139 1.133 1.148 0.922
-12 0.798 0.988 1.031 1.066 1.059 1.035 1.0i5 1.011 1.l21 1.113 1.080 1.076 1.089 0.875
-14 0.7k4 0.916 0.954 0.990 0.990 0.969 0.950 0.947 1.045 1.038 1.008 1.007 1.014 0.808
-16 0.680 0.832 90.869 0.910 0.915 0.900 0.879 0.877 0.961 0.949 0.919 0©.917 0.914 0.718
-18 0.607 0.737 0.776 0.822 0.833 0.825 0.80k 0.804 0.867 0.847 0.813 0©.802 0.783 0.539
-20 0.526 0.637 0.694 0.728 0.748 0.746 ©.722 0.729 0.76L 0.731 0.692 0.653 0.612 0.L68
-22 0.437 0.589 0.656 0.680 0.678 0.66L4 0.627 0.688 0.704 0.657 0.614 0.575 0.514 0.381
-oh 0.4507 0.589 0.663 0.682 0.674 0.638 0.590 0.686 0.703 0.659 0.618 0.572 0.510 0.32h
-25.4 0.379 0.866 1.165 1.251 1.191 1.027 0.8k 1.016 1.150 1.120 1.054 0.950 0.627 0.281
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Time:

Table 1. (continued)
25.00 days = 600.00 hrs

Distance From Core Centerline {cm)

Distance
F?Om Core Inner Fuel Element Outer Fuel Flement
Midplane
(em) 7.1k 8,00 9.00 10.00 11.00 12.00 12,60 15.15 16.00 17.00 18.00 19.00 20.00 21.00
25.4 0.358 0.850 1.170 1.265 1.198 1.019 0.82% 1.131 1.294 1.284 1.243 1.141 0.805 0.b15
oh 0.363 0.558 0.63% 0.654 0.662 0.645 0.592 0.746 0.757 0.723 o©0.70k 0.690 0.643 0.439
22 0.h22 0.571 0.633 0.657 0.665 0.657 0.609 0.718 0.759 0.722 0.709 0.702 0.693 0.495
20 0.4kg7 0.648 0.688 0.725 0.733 0.727 0.685 0.739 0.808 0.79% 0.785 0.786 0.791 0.586
18 0.568 0.735 0.772 0.808 0.821 0.815 0.766 0.808 0.896 0.884% 0.877 0.867 0.879 0.664
16 0.629 0.814 0.853 0.885 0.898 0.894 0,842 0.883 0.980 0©.967 0.959 0.943 0.957 0.729
1k 0.684 0.886 0.929 0.955 0.973 0.966 0.909 0.951 1.057 1.043 1.03% 1.015 1.026 0.787
12 0.730 0.950 0,999 1.032 1.041 1.029 0.970 1.011 1.iek 1.111 1.101 1.078 1.087 0.838
10 0.768 1.006 1.065 1.099 1.100 1.083 1.02h 1.064 1.183 1.170 1.159 1.136 1.ike 0.883
8 0.801 1.054 1.1pk 1.160 1.152 1.129 1.0A9 1.110 1.236 1.220 1.208 1.185 1.191 0.923
6 0.806 1.09Lk 1.176 1.215 1.198 1.166 1.108 1.147 1.275 1.259 1.249 1.22hk 1.232 0.951
L 0.848 1.126 1.213 1l.246 1.228 1.195 1.139 1.i72 1.299 1.283 1.270 1.241 1.243 0.963
2 0.866 1.1ib45 1.231 1.263 1.243 1.211 1.159 1.185 1.312 1.294 1.277 1.243 1.243 0.965
0 0.877 1l.147 1.23k 1.269 1.248 1.215 1.168 1.189 1.316 1.295 1.278 1.243 1.243 0.966
-2 0.868 1.134% 1.229 1.261 1.242 1.210 1.168 1.186 1.312 1.294 1.277 1.243 1.243 0.965
-4 0.854 1.114 1.210 1.242 1l.2p2 1.193 1.159 1.173 1.299 1.284 1.268 1.2k0 1.243 0.965
-6 0.833 1.087 1.176 1.208 1.190 1.167 1.13hk 1.152 1.276 1.264 1.246 1.222 1.236 0.9%
-8 0.809 1.054% 1.132 1.166 1.153 1.133 1.093 1.117 1.239 1.223 1.210 1.186 1.200 0.930
-10 0.778 1.012 1.079 1.112 1.108 1.092 1.04k 1.075 1.190 1.17h 1.162 1.139 1.152 0.891
-12 0.741 0.960 1.014 1.052 1,053 1.043 0.987 1.024 1.131 1.114% 1.102 1.081 1.095 ©.8L46
-1h 0.692 0.895 0.943 0.983 0.991 0.983 0.924k 0.965 1.062 1.092 1.033 1.01% 1.030 0.796
-16 0.631 0.813 0.861 0.906 0.918 ©.913 0.852 0.89% 0.986 0.965 0.954% 0.938 0.958 ©0.741
-18 0.552 0.707 ©0.770 0.821 0.83 0.831 0.774 0.818 0.896 0.875 0.862 0.84 0.874 0.677
-20 0.452 0.595 0.677 0.73L O0.746 0.738 0.689 0.750 0.811 0.778 0.76k 0.752 0.786 0.603
-22 0.395 0.552 0.626 0.671 0.676 0.662 0.610 0O.72h 0.767 0.728 0.714% 0.702 0.686 0.513
-2k 0.392 0.557 0.635 0.665 0.668 0.647 0.593 0.738 0.766 0.732 0.72hk 0.700 0.653 0.4k
-25.4 0.356 0.829 1.129 1.2107 1.1ibks5 0.971 0.780 1.090 1.245 1.231 1.189 1.086 0.739 0.350
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Table 2. Some Pertinent HFIR Fuel Flement

Dimensions and Tolerancesz3’

Length of fuel plates

Nominal
Maximum
Nominal

Maximum
width

Minimum
width
Maximum
Minimum
Nominal
upper
Maximum
upper
Minimum
upper

Minimum

fuel plate thickness
fuel plate thickness
coolant channel thickness

coolant channel thickness averaged across
of plate at any given elevation

coolant channel thickness averaged across
of plate at any given elevation

local coolant channel thickness
local coolant channel thickness

distance of fuel bearing portion from
and lower edges of the fuel plate

distance of fuel bearing portion from
and lower edges of the fuel plate

distance of fuel bearing portion from
and lower edges of the fuel plate

radial distance of the fuel bearing

portion of the fuel plate from the side plate

Nominal
Minimum

Maximum

heat transfer area
heat transfer area

diameter of non bond between fuel and clad

Tolerance on total fuel loading within an
individual fuel plate

Tolerance on fuel loading within a 5/6L4 in.
diemeter spot

Average

tolerance on fuel loading within a rec—

tangular area 5/64 in.' X.1/2 in.

2k in.

0.050
0.051
0.050
0.056

0.0kk

0.060
0.0k0

2 in.

2 1/k i

1 3/%

0.0L45

428.8
410.3

in.
in.
in.
in.

in.

in.

in.

in.
in.

ft2

1/16 in.

£1.0%

+30%
-100%

+10%



63

Teble 3. Pesking Factors for Fuel Bearing Material Extending
Below the Surrounding Fuel Bearing Material
in the HFIR Core®?

3 Power Density at End of Fuel-Plate-Fuel
Radial Distance Core Extending 0.530" Past Ends of Fuel-
From Longitudinal. Plate-Fuel Core of Surrounding Plates
Center-Line of Divided by Power Density at End of Fuel-
Reactor Plate-Fuel Core in Surrounding Plates.
(cm)
7.1k <1
3 . A , 1.25
9 1.l
10 | 1.44
11 1.43
12 1.30
12.6 1.20
15.15 1.23
16 1.23
17 1.26
18 1.35
19 1.31
20 1.23

il ' <1
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Teble 4. Input Data

The following are the input data required for this analysis along

with some typical values.

Specify Option I or Option II. Option IT used for the re-

sults reported here.
Specify Alternate Method I or Alternate Method II used
Alternate Method IT for the for the results reported
flow rates. here.

Specify Alterna

te Method T or

Alternate Method II1 used

Alternate Method II for the for the results reported
oxide buildup. here.
Symbol Definition Typical Values and Units
R Qutside radius of inner side plate 2.7215 in. for inner element
5.8730 in. for outer element
Ari Radial space increments See below
Inner Element Quter Element
Arl = 0 in. Arl =0 in.
Ar, = 0.0895 in. Ar, = 0.0739 in.
Ar3 = 0 in. AQB = 0 in.
Ar) = 0.3386 in. ar) = 0.3346 in.
Ars = 0.3937 in. Ars = 0.3937 in.
Arg = 0.3937 in. Arg = 0.3937 in.
ArT = 0.3937 in. Ar_{. = 0.3937 in.
Ary = 0.3937 in. Arg = 0.3937 in.
Ar9 = 0.2362 in. Ar9 = 0.3937 in.
Arlo =0 in. Amio =0 in.
orp, = 0.0794 in. Arll = 0.0k43 in.
ézi Longitudinal space increments See below
For Both Elements
Az, =0 in, Azg = 0.7874 in.
Az, = 2.0000 in. Azg = 0.787h in.
Az, =0 in. Az, = 0.787Th4 in.
Az) = 0.5512 in. Dzg = 0.787k4 in.
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Table 4. (continued)

Symbol Definition Typical Values and Units
fzg = 0.787h in. Az, = 0.787k4 in.
Az, = 0.787k in. Az, = 0.7874 in.
Az, = 0.7874 in. Az23 = 0.7874 in.
Bz, = 0.7874 in. Bz, = 0.787Thk in.
Aal3 = 0.78Tk in. Azes = 0.7874 in.
bz, = 0.787Thk in. Bzp = 0.787k in.
Azls = 0.78Tk in. Az, = 0.787% in.
Bz e = 0.7874 in. Dz g = 0.7874 in.
bz, = 0.7874 in. Az29 = 0.5512 in.
Dz g = 0.787h in. Az3o =0 in.
A219 = 0.7874 in. Az3l = 2,0000 in.
Dz = 0.787h in.
¢' Unnormalized power density distribution See belaow

1,3

The following is for the inner fuel element for the first time
step. Values for the outer fuel element and for other time steps

can be obtained by analogy from the informetion listed in Table 1.

Xtz 3 4 5 6 1 8 9 10 1i(m)
1 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 o} 0 0 0 0
3 0 0 0.678 1.109 1.379 1.515 1.470 1.344% 1.186 0O 0
4 0 0 0.722 0.741 0.738 o0.771 0.809 0.830 0.837 O 0
5 0 0 0.815 0.753 0.738 0.767 0.802 0.830 0.82k © 0
6 0 0 0.92k 0.848 0.810 0.821 0.850 0.889 0.893 0O 0
7 0O 0 1.031 0.952 0.90k 0.917 0.939 0.980 0.988 0O 0
8 0 0 1.130 1.043 0.990 1.007 1.027 1.067 1.077 O o}
9 0 0 1l.227 1.126 1.068 1.089 1.107 1.146 1.162 0 0

10 0O 0 1.312 1.198 1.137 1.163 1.179 1.217 1.2kl 0O 0

11 0 0 1.387 1.264 1.200 1.233 1.241 1.280 1.316 O 0

12 0 O 1.kh7 1.322 1.255 1.285 1.294 1.33F 1.383 O 0

13 0 0 1.k93 1.372 1.306 1.332 1.339 1.380 1.445 0o 0

14 0 0 1.520 1.398 1.338 1.369 1.372 1.410 1.478 0O 0

15 0O O 1.532 1.h408 1.35¢ 1.386 1.388 1.ke2 1.4k90 o 0

16 0 O 1.533 1.403 1.349 1.386 1.388 1.4heo 1.485 © 0

17 0O 0 1.523 1.393 1.335 1.372 1.375 1.418 1.4k o 0
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Table 4. (continued)
Symbol Definition Typical Values and Units
N_ it2 3 0 s & 1 & 9 10 1
18 0O 0 1.hok 1.368 1.305 1.3k2 1.345 1.380 1.425 0O 0
19 0 O 1.448 1.324 1.256 1.289 1.295 1.330 1.372 O o}
20 0 0 1.38% 1.264 1.193 1.221 1.235 1.283 1.312 O 0
21 0 0 1.312 1.195 1.127 1.150 1.167 1.212 1.248 0O 0
22 0 0 1.235 1.120 1.057 1.077 21.097 1.144k 1.177 © 0
23 0 0 1.148 1.039 0.982 1.000 1.023 1.069 1.098 0O 0
ok 0O 0 1.050 0.952 0.903 0.920 0.94%5 0.988 1.011 © 0
25 0 0 0.94%% 0.859 0.820 0.839 0.86L o0.904 0.916 0 0
26 0 0 0.819 0.762 0.735 0.755 0.783 0.816 0.812 © 0
27 0 0 0.709 0.668 0.667 0.698 0.735 0.762 0.753 © 0
28 0 0 0.706 0.678 0680 0.713 0.749 0.760 0.762 © 0
29 0 0 0.703 1.028 1.231 1.342 1.319 1.216 1.078 © 0
30 0 0 0 0 0 0 0 0 0 0 0
31{n) 0 0 0 0 0 0 0 0 0 0 0
Gk Time increment See below
8, = 24.33 nhr
6, = 253.23 hr
6), = 54.78 hr
8. = 0 hr
2
Q Specified reactor power level 100 Mw
b Fraction of heat deposited in the 0.975
fuel assembly
A Nominal fuel assembly heat trans- 428.8 £t°
fer area .
t Fuel plate thickness 51 mils
€ Average fuel element coolant 49 mils for both fuel ele-

channel thickness prior to reactor

operation*

Average thickness of the
coolant channel prior to
operation¥* :

Average thickness of the
coolant channel prior to
operation¥*

narrow
reactor

wide
reactor

ments

hh mils for both fuel ele-

ments

56 mils for both fuel ele-

ments
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Table 4. (continued)

Symbol

Definition

Typical Values and Units

ne

we

e .
n,min

e :
w,min

Thickness of the inlet and exit of
the narrow coolant channel prior to
reactor operation*

Thickness of the inlet and exit of
the wide coolant channel prior to
reactor operation*

Minimum thickness of the narrow
coolant channel prior to reactor

operation*

Minimum thickness of the wide
coolant channel prior to reactor

operation¥*

bl mils
ments

56 mils
ments

4o mils
ments

40 mils
ments

for both fuel

for both fuel

for both fuel

for both fuel

¥Specify for both the inner and the outer fuel

elements

Wavelength of sinusoidal deflection
or sinusoidal variation in the
channel thickness prior to reactor

operation

Assign a value
in Figs. 17 or
otherwise

Assign a value
in Figs. 17 or
otherwise

Assign a value
in Figs. 17 or
otherwise

Assign a value
in Figs. 17 or
otherwise

of 1 for Case 1 shown
18; a value of O

of 1 for Case 2 shown
18; a value of O

of 1 for Case 3 shown
18; = value of 0O

of 1 for Case 4 shown
18; a value of O

Inlet coolant temperature

Reactor vessel

pressure

Fuel element pressure drop

Constant in the friction factor re-
lation f = F/(Re)C-2

Side plate heat generation rate at

100 Mw reactor

pover

2 in.

120°F

600 psia

108 psi
0.235

6000 Btu/(hr)(in.S)

ele-

ele-

ele-

ele-
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Table 4. (continued)

Symbol Definition Typical Values and Units
Qy o Coolant heat generation rate at 100 Lh75 Btu/(hr)(in.3)
e Mw reactor pover
B Constant in equation for increase 0 mils/hr
in fuel plate thickness due to ra-
diation

p/gR Ratio of fuel plate density before 1.0
‘ and after radiation (Specified for
the different time intervals ek)

Ul Uncertainty in the reactor power 1.02
level
UP Uncertainty in the total heat trans- 1.045
- fer area
8) Uncertainty in the power density 1.10
3 distribution
U, Uncertainty in the "average" fuel 0.92 for 1 s j s 16
concentration in the hot plate 1.10 for 17 = J = 31
U5 Uncertainty in the "average' fuel 1.08 for 1 s j = 16
concentration in the cold plate 0.90 for 7 = j s 31
U6 Uncertainty in the inlet coolant 1.01
temperature
U7 Uncertainty in the friction factor 1.05
UB Uncertainty in the local heat 0.90
transfer correlation
U9 Uncertainty in the oxide film cor- 1.25
relation
Ulo Uncertainty in the relationship for 1.10

deflection due to the differential
pressure across the plate

u Uncertainty in the relationship for 1.10
deflection of plate being considered
in reference to an average plate due
to temperature differences

UlE Uncertainty in the increase in the 2.00
fuel plate thickness due to thermal
expansion

Ul3 Uncertainty in the increase in the 1.00

fuel plete thickness due to radia-
tion damage
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Table 4. (continued)

Symbol Definition Typical Values and Units
Uih Uncertainty in the longitudinal 1.00
buckling of the fuel plate due to
the temperature differences be-
tween the fuel plate and the side
plates
Ul Uncertainty in the longitudinal 1.00
2 buckling of the fuel plate due to
the radiation damage
Ui6 Uncertainty in the side plate heat 1.00
generation rate at 100 Mw
UlT Uncertainty in the coolant heat 1.00
generation rate at 100 Mw
U18 Fuel segregation flux peaking on 1.30
the hot side of the fuel plate
Ul9 Fuel segregation flux pesking on 1.30
the cold side of the fuel plate
U22 Uncertainty in the additive 0.80
method burnout correlation
U23 Uncerteinty in the incipient boil- 1.00
ing correlation
UEh Hot streak factor 1.10
Ug5 Flux peaking for fuel extending See below
teyond normal boundaries
For j, 1 through 28, 30 and 31

For j, 29

1.00

i Inner Element Outer Element
1 1.00 1.00
2 1.00 1.00
3 1.00 1.23
L 1.25 1.23
5 141 1.206
6 1.44 1.35
7 1.43 1.31
8 1.30 1.23
g9 1.20 1.00
10 1.00 1.00
11 1,00 1.00
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Table 4., (continued)

Symbol Definition Typical Values and Units

AD Amplitude of the sinusoidal 0 mils
variation in the coolant channel
thickness prior to reactor
operation¥*

Ain Initial guess of the average dif- 2.0 psi
ferential pressure across the fuel
plate between a narrow and a wide
coolant channel*

Initial guess of the metal tempera- See following page
ture distribution of the average
fuel plate in the fuel element¥

TMai, 3

*Specify for both the inner and the outer fuel
elements
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N2
1 121.2
2 121.2
3 121.2
I 121.2
5 121.2
6 121.2
T 121.2
8 121.2
9 121.2
10 121.2
11 121.2
12 121.2
13 121.2
14 121.2
15 121.2
16 121.2
17 121.2
18 121.2
19 121.2
20 121.2
21 121.2
22 121.2
23 12L.2
oL 121.2
25 121.2
26 121.2
o7 121.2
=8 121.2
29 121.2
30 121.2

31(n) 121.2

e

3

4
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Inner Fuel Element

2

6

7

8

9

12l.2 1iz2l.2 1l21.2 121i.2 1l2i.2 12l1.2 1lZzi.2 121.2

l21.2 121.2 121.2 1l2l.2 12i.2 12i.2 121.2

lae1.2
iz1.2
121.2
la1.2
l2li.2
lel.2
1el.2
121.2
121.2
iz21.2
lel.2
iel.2
121.2
121.2
12t.2
121.2
1z21.2
lel.2
121.2
i21.2
i21.2
l2i.2
121.2
121.2
121.2
121.2
i21.2
121.2
121.2

180
180
190
200
210
220
220
230
240
240
250
250
260
260
260
260
270
270
270
270
260
260
260
250
250
250
240
200
200

190
180
180
190
200
200
210
220
220
230
230
2ko
240
250
250
250
250
250
250
250
250
250
2ho
240
24o

2ho -

250
190
190

200
180
180
180
190
200
210
210
220
220
230
230
2L0
2ho
oho
240
240
250
2Lk
2h0
240
2Lko
2Lo
230
230
2ko
250
190
190

210
180
180
180
190
200
210
210
220
220
230
230
240
240
oLo
240
240
2ho
240
240
240
240
230
230
230
240
260
190
190

210
190
180
190
150
200
210
210
220
220
230
230
2ko
240
pality)
2ho
250
250
250
2Lo
2ho
240
2ho
230
230
240
270
150
190

210
190
180
190
200
200
210
220
220
230
230
2ho
2ko
250
250
250
250
250
250
250
250
250
2ho
240
240
250
270
190
190

121.2

© 210
200
190
190
200
210
220
220
230
2ho
2Lo
250
250
260
260
260
260
260
260
260
260
250
250
250
250
260
270
200
200

Table 4. {continued)

Initial Guess of T

10
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2

11{m)

121.2
l2l.2
121.2
121.2
121.2
1l21.2
121.2
121.2
121.2
121.2
121.2
121.2
1z21.2
121.2
121.2
1i21.2
121.2
121.2
121.2
121.2
121.2
121.2
lel.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2

MAL, ]

l21.2
l21.2
l21.2
121.2
121.2
121.2
iz2t.2
121.2
121.2
121.2
121.2
l21.2
l2l.2
121.2
121.2
121.2
121.2
121.2
1l21.2
121.2
121.2
1l21.2
l21.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2

Iro

l2i.2 121.2 121.2 12i.2 12l1.2 1l21.2 1l2l1.2 121.2
l2l.2 12i.2 121.2 121.2 121.2 121.2 12l.2 121.2

121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
1l21.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2
121.2

3

220
200
190
190
200

210"

220
220
230
240
2Lo
250
250
260
260
260
260
260
260
260
260
250
250
250
2ko
250
270
200
200

Outer Fuel Element

A

220
200
180
190
200
200
210
220
220
230
240
240
240
250
250
250
250
250
250
250
250
2Lo
2Lo
2ko
240
240
260
190
190

2

220
190
180
180
190
200
200
210
220
220
230
230
230
240
2ko
240
240
2ho
240
240
240
230
230
230
220
230
250
190
190

6

210
180
170
180
180
190
190
200
210
210
220
220
230
230
230
230
230
230
230
230
220
220
220
210
210
220
240
180
180

1

190
170
160
170
170
180
180
190
200
200
210
210
220
220
220
220
220
220
220
210
210
210
200
200
2C0
200
220
170
170

8

170
160
150
160
160
170
170
180
190
190
200
200
210
210
210
210
210
210
200
200
190
190
190
190
190
190
200
160
160

3

1bo
1ho
140
150
150
160
160
170
180
190
190
200
200
200
200
200
200
200
190
180
180
180
170
170
170
170
170
160
160

iz1.
121.
121.
121.
le1.
121,
121,
1el.
lel.
121,
121.
121.
121.
12l.
121.
121.
121.
121,
121.
121.
121.
121.
121.
121,
121.
121,
121,
121,
‘lai.
121.
1el.
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Table 5. Heat Transfer and Flow Conditions in the HFIR Fuel Elements at the Upper Limit for the Reactor Power Level
A. Upper Limit for the Reactor Levei Defined by the Incipient Boiling Criteria

Start of Cycle End of 100 Mw Cycle (25 days)

Case Number (See Fig. 18) Case Number (See Fig. 18)

1 2 3 Y 1 2 3 L
Limiting pover level, Mw 139 139 139 lkbz lS; 154 153 157
Fuel element flow rate, gpm 12,460 12,460 ﬂe,uéo 1é,h60 12,h10 12.k10 12,L10 12,420
Limiting heat flux |
Location, Fuel element (i,J) Outer (3,%9) Outer (3,29) oOuter (3,29) Outer (3,29) oOuter (4,29) Outer (4,29) Outer (4,29) Outer (6,29)
Heat flux, Btu/(hr){ft?) 3.42 x 10 341 x 1 3.4 x 1067 3,43 x 106 3.39 x 1060 3.36 x 106 3.35 x 106 3.88 x 100
Bulk water temperature, °F 296 297 297 295 309 311 312 288
Surface temperature, °F k79 k79 k79 k79 478 478 478 479
Heat transfer coefficient, Btu/(hr)(ft 18,760 18,760 18,76¢C 18,7h0 20,070 20,100 20,140 20, 290
Flow rate, 1b/(sec)(in. width) 0.7537 0.752k4 0.7485 0.762k 0.7384 0.6816 0.674kL 0.T7466
Absolute pressure, psia L8g 489 489 489 L87 L3t 487 486
Maximum hot stresk outlet bulk water
temperature
Location, Fuel element (i) Outer (3) outer (3) outer (4) Outer (3) Outer (5) Outer (5) Outer (5) Outer (&)
Megnitude, °F 296 297 298 295 313 315 31k 297
Flow rate, 1b/(sec)(in. width) 0.7537 0.752h 0.7043 0.7624 0.6669 0.6573 0.6568 0.7466
Minimum flow rate
Location, Fuel element (i) Inner (5) Inner (5) Inner (b) outer (9) Quter (5) Outer (5) Outer (5) Outer (7)
Magnitude, 1b/(sec)(in. width) 0.,7086 0.7017 0.6840 0.7530 0.6669 0.6573 0.6568 0.7266
Bulk water temperature at outlet, °F 282 283 204 221 313 315 31k 293
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B. Upper Limit for t

Table 5.

(Continued)

he Reactor Power Level Defined by the Burnout Criteria

Start of Cycle

End of 100 Mw Cycle (25 days)

Case Number (See Fig. 18)

case Number (See Fig. 18)

1 2 3 L 1 2 3 L
Limiting power level, Mw 162 162 162 163 175 175 177 177
Tuel element flow rate, gpu 12,490 12,490 12,490 12,490 12,440 12,440 12,440 12,440
Limiting heat flux
Location, Fuel element (i 3) Inner (6,29) Inner (6,29) outer (3,29) Inmner (6,29) Inner (6, ) Inner (6,29) Inner (6,29) TInner (6,29)
Heat flux, Btu/(hr)(ftg) ’ 4,36 X 1029 4,36 x 1689 4.05 x 1059 4,36 x 1059 4. b5 x 1089 L, 46 x 10g 4,50 x 1029 4,47 X 1059
Bulk weter temperature, °F 304 304 326 301 316 316 313 310
gurface temperature, °F 5 523 523 532 522 52C 520 519 520
Heat transfer coefficient, Btu/(hr)(££°)(°F) 19,950 19,960 19,620 19,720 21,800 21,830 21,830 21, 340
Flow rate, 1b/(sec)(in. width) 0.7hk9 0.7h48 0.7506 0.7617 0.7033 0.7027 0.721h 0.7322
Absolute pressure, psia 488 487 489 L88 L84 48k L84 485
Maximum hot streak outlet bulk water
temperature
Location, Fuel element (i) outer (3) outer (3) outer (4) outer (3) outer {5) outer (5) Outer (5) outer (6)
Magnitude, °F 325 325 328 323 343 347 3k9 321
Flow rate, 1b/(sec)(in. width) 0.7558 0.7543 0.7041 0.7651 0.6546 0.6420 0.6426 0.7216
Minimun flow rate
Location, Fuel element (1) Tnner (5) Inner (5) Tnner (4) outer (9) outer {5) outer (5) outer (5) outer (7)
Magnitude, 1b/(sec)(in. width) 0.707h 0.6994 0.68kL2 0.7556 0.6546 0.6420 0.6k26 0.7208
Bulk water temperature at outlet, °r 309 311 322 237 343 347 349 317
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Table 6. Additional Heat Transfer and Flow Conditions in the HFIR Fuel
Elements at the Upper Limit for the Reactor Power Level; Incipient
Boiling Criteria Case No. 3 (See Fig. 18)

A. Start of Cycle (Oxide Thickness = Q)
Limiting Power Level: 139 Mw

1. Flow Conditions in the Hot Streak Above the Location of the
Limiting Heat Flux

Location: Outer fuel element, i =3
Hot Streak Flow Rate: 0.7485 1b/(sec)(in. width)

Hot Streak Hot Streak

Narrow Channel Hot Streak
J "Thickness Thickness TCoolant Coola?:
° (mils) (mils) empsrature Velocity
(°F) (ft/sec)
Y 43,51 39.51 121.2 bl .23
3 43 .41 39,41 121.2 hh 34
16 43,34 39.354 212.6 45.81
17 . 43.02 39.02 : 221.4h4 46.35
28 43,12 39.12 293.0 47.88
29 43,01 39.01 297.1 48.10
31 43 .2k 39.24 297.1 47.82

~ Flow Condltlons in an Average Coolant Channel at
this Hot Streak Location

Location: Outer fuel element i =3
Flow Rate: 1.047 1b/(sec)(in. width)

Average Channel Coolant Coolant

J Thickness Temperature Velocity

(mils) (°F) (ft/sec)
1 48.93 121.2 49.96
3 48.74 121.2 50.15
16 48.69 175.2 51.09
17 48.69 180.4 51.14
28 L8.72 222.6 51.96
29 48 .66 225.1 52.08

31 48.79 225.1 51.94




2.

Lo

Hot Streak Flow Rate:

75

Flow Conditions in the Hot Streak at the Location
c¢f the Minimum Flow Rate

cation:

Inner fuel element, i =L

0.6840 1b/(sec)(in. width)

vy (O} for @ Hot Streak . . Hot Streak

. ha;iﬁikggifnel ;;?cigrgzk Coolant Coolant

J (;;icsf Eﬂilf\ Temperature Velocity

e i (°F) (ft/sec)
1 L1.54 37.5k 121.2 2.5k
3 41.84 37.84 121.2 L2.20
16 41.65 37.65 209.9 43,70
17 Lo.42 36.h2 218.5 45,33
28 Lo 62 36 .62 289.9 L6 .67
29 Lo. Ly 36,41 293.6 .. L47.03
31 Lo.97 26.97 293.6 L6.32

Flow Cunditions in an Avwrage Coolant Channel
at This Hot Streak Location

Lucat

ion:

Flow Rate:

Inner fuel element, i

1.0k5 1b/(sec)(in.width)

Average Channel Coolant Coolant

J Thickness Tempersture Velocity
(mils) (°F) (ft/sec)
1 L8 .93 121.2 49.86
3 L8.93 121.2 Ly 86
16 U8, 71 169.2 50.62
17 L8.71 173.9 52.32
28 ho.74 212.5 51.62
29 4L8.70 21L .4 51.71
31 48.80 21k Y 51.60
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3. Typical Hot Plate Metal Temperatures
(Outer Fuel Element), °F

3 16 17 28 29

261.4h  309.6  333.7  316.9  366.0
258.7 307.6 327.3 312.6 361.2
250.9 298.0 313.0 295.3 340.9
239.3 284 .2 206.3 271 .4 312.6
226.7 272.5 283.5 247.8 284,

190.2 272.0 282.7 229.5 243 .9
150.6 271.3 282.1 207.9 200.7

O o~ O\ =W

Average  225.4  287.8  302.6 268.7  301.4

4. Typical Average Side Plate Temperatures, °F

Inner Fuel Element Outer Fuel Element
Inner Side Quter Side Inner Side Quter Side
Plate ) Plate Plate Plate
162 177 174 156
169 184 182 160
175 191 190 163

5... Heat Flux in an Average Fuel Plate at the Location
of the Limiting Heat Flux

Location: Outer fuel element (3,29)

Heat Flux: 1.54% x 109 Btu/(hr)(£t2)

Bulk Water Temperature: 225°F

Surface Temperature: 318°F

Heat Transfer Coefficient: 16,540 Btu/(hr)(ft?)(°F)
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B. End of 100 Mw Cycle
Limiting Power Level: 155 Mw

1. TFlow Conditions in the Hot Streak Above the Location of the
Limiting Heat Flux

Location: Outer fuel element, i = L
Hiot Streak Flow Rate: 0.67hkb 1b/(sec)(in. width)

Oxide - Oxide
Narrow Hot Thickness Thickness Hout Streak  Hot Streak
on Hot on Cold y
. Channel Streak X . Coolant Coolant
J . - Plate in Plate in . .
Thickness Thickness Temperature Veloclity
(mils) (mils) Narrow Narrow (°F) (ft/sec)
: ) Channel Channel
(mils) (mils)
1 Lz .08 38,068 0.0513 0.0513 121.2 41.35
3 La.67 38.67  0.537h4 0.4369 121.2 Lo.72
16 Le.g8 38.98 0.7805 0.9764 216 .4 Li.72
17 58.16 34,16 0.9528 0.7329 225.5 L7.80
28 35.60 35.60 0.8024 0.7062 306.9 L47.78
20 38.16 54,16 1.208 1.006 311.8 49.95
31 Lo.97 36.97  0.3910 0.3910 511.8 S b6.15

Flow Conditions in an Average Coolant Channel at
this Hot Streak Location

Location: Outer fuel element, i =k
Flow Rate: 1.040 1b/(sec)(in. width)

Average

Oxide Coolant Coolant
Tg§annel Thickness Temperature Velocity
ickness . °
(mils) (mils) (°F) (ft/sec)
1 L8.91 0.0513 121.2 Ly, 64
3 48.59 0.3074 121.2 Lg.97
16 48.38 0.5962 172.2 50.97
17 4L8.36 0.6164 177.1 51.08
28 48.48 0.4611 220.7 51.82
29 18,28 0.6890 223.3 52.10
31 L48.70 0.2300 223.3 51.65
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2. Flow Conditions in the Hot Streak at the Location of the
Minimum Flow Rate

Location:
Hot Streak Flow Rate:

Outer fuel element, i = 5
0.6568 1b/(sec)(in. width)

Oxide Oxide
Narrow Hot Thlcgniss Thlcgnizs Hot Streak Hot Streak
. Channel  Streak Pint ot Pint o Coolant Coolant
J Thickness Thickness NZrio;n NZrioin Temperature Velocity
(mils) (mils) Chanmel Charmel (°F) (ft/sec)
(mils) (mils)
1 42.37 38.37 0.0513 0.0513 121.2 39.96
3 43,77 39.77 0.3141 0.4037 121.2 38.56
16 Ul 67 40.67 0.7369 0.9240 217.3 38.96
17 35.89 31.89 0.8314 0.6457 226.6 49,89
28 38.L45 3L.4s 0.6832 0.6070 308.8 48,17
29 36.12 32.12 1.028 0.8632 313.7 51.79
31 Lo.63 36.63 0.3531 0.3531 313.7 Ls, Ly

Flow Conditions in an Average Coolant Channel at

this Hot Streak Location

Location: Outer fuel element, i = 5
Flow Rate: 1.040 1b/(sec)(in. width)
ggziigi Oxide Coclant Coolant
Thickness Thickness Temperature Velocity
; (mils) (°F) (ft/sec)
(mils) ,
1 48.91 0.0513 121.2 49,64
3 48.61 0.2795 121.2 49.95
16 48. 41 0.5L65 171.4 50.93
17 48.39 0.5654 176.2 51.0k4
28 48,52 0.4012 219.1 51.72
29 48,33 0.6046 221.6 52.01
31 48,71 0 221.6 51.60

.2115
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3. Typical Hot Plate Metal Temperatures
(Outer Fuel Element), °F

J

3 16 17 28 29
3 267.0 358.6 420.9 369.6 Lh7o.2
i 292.3 395.7 Lhe. L 393.4 521.1
5 293.7 394, 2 Lp2.9 379.1 4934
6 285.9 382.0 397.4 358.3 Ly7.9
7 267.3 365.9 379.7 335.4 L01.5
8 218.3 362.2 385.1 321.6 333.2
9 169.5  310.7  339.9  267.3  259.3
Average 256.2 367.0 398.9 346.3 418.6
4. Typical Average Side Plate Temperatures, °F
Inner Fuel Element Outer Fuel Element
Inner Side Quter Side Inner Side = Quter Side
Plate Plate Plate Plate
166 182 179 159
173 191 188 16L
180 198 197 168

5. Heat Flux in an Average Fuel Plate at the Location
of the Limiting Heat Flux

Location: Outer fuel element (L,29)

Heat Flux: 1.59 x 10° Btu/(hr)(ft?)

Bulk Water Temperature: 223°F

Surface Temperature: 319°F

Heat Transfer Coefficient: 16,560 Btu/(hr)(ft®)(°F)
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Table 7. Heat Transfer and Flow Conditions in the HFIR
Fuel Element During a 100 Mw Fuel Cycle;
Case Number 3 (See Fig. 18)

A. Fuel Element Flow Rates

Time Flow

(hI’) Rate

(gpm)
0.0 to 24.3 12,380
4.3 to 277.6 12,360
277.6 to 545.2 12,330
545.2 to 600.0 12,330
600.0 12,330

B. Channel and Oxide Thicknesses at the Location
of the Limiting Heat Flux

(See Follo#ing Page)



B. Channel and Oxide Thicknesses at the Location of the Limiting Heat Flux

Location:
Reactor Power Level:

Outer fuel element (4,29)

100 Mw

Oxide Thickness

Oxide Thickness

Oxide Thickness

Time g;ziiii gi;igﬁl SziZak on Average Plate on Hot Plate on Cold Plate
U (tr) Thickness Thicknessw‘Thicknésé”’““‘ln”Average' in Narrow in Narrow
(mils) (mils) (mils) Channel Channel Channel
{mils) (mils) {mils)
0.0 to 24,3 48.70 41.18 37.18 0.0693 0.1228 0.1001
2h.3 to 277.6 48.57 40.63 36.63 0.3833 0.6740 0.5611
277.6 to 5u45.2 48,43 40.06 36.06 0.6380 1.119 0.9322
545.2 to 600.0 48 L1 © 39,79 35.79 0.6890 1,208 1.006
600.0 48,40 39.62 35%.62 0.6890 1.208 1.006
Channel and Oxide Thicknesses at another Locsation
Location: Inner fuel element (5,18)
Reactor Power level: 100 Mw
0.0 to 24.3 48.75 Lo. 26 36.26 0.0kLs6 0.0722 0.0565
24.3 to 277.6 L3.63 39.28 35.28 0.2924 0.h4sh1 0.3573
277.6 to 5u45.2 L8.52 38.58 3L.58 0.4959 0. 7666 0.6035
545,2 to 600.0 48.51 38.63 3L.63 0.5321 0.8219 0.6472
600.0 48,52 38.73 34,73 0.5321 0.8219 0.6472

18
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C. Typlcal Average Temperatures of the Average Fuel Plates, °F
Reactor Power Level: 100 Mw

Inner Fuel Element, j

Time

(hr) 3 8 16 23 29
0.0 to 2k.3 208 199 242 239 259
24,3 to 277.6 206 202 259 2Lkg 265
277.6 to 5L45.2 207 203 269 257 278
545.2 to 600.0 207 200 26L 253 278
600.0 206 197 a2k 251 273

Quter Fuel Element, J

0.0 to 24.3 195 185 235 221 230
2h.3 to 277.6 190 190 259 232 23h
277.6 to 545.2 194 196 269 2h2 2kt
5L45.2 to 600.0 200 201 267 254 259
600.0 205 203 262 256 269

D. Typical Average Side Plate Temperatures, °F
Reactor Power Level: 100 Mw

Inner Fuel Element

fi?? Inner Side Plate, j Outer Side Plate, j
3 16 29 3 16 29
0.0 to 24.3 151 156 160 161 167 172
24.3 to 277.6 151 - 156 160 161 167 172
277.6 to 545.2 151 156 160 161 167 172
545.2 to 600.0 151 156 160 161 167 172
600.0 151 156 160 161 167 172

Outer Fuel Element
0.0 to 24.3 159 166 171 146 1k9 152
24.3 to 277.6 159 166 171 1h6 149 151
277.6 to 545.2 159 166 171 146 1k9 151
545.2 to 600.0 159 166 171 1h6 149 151
600.0 159 166 171 146 1k9 151
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Appendix A
DETATLED PROCEDURE AND EQUATICNS

The following is the detailed procedure and associated equations used
in this asnalysis. WNo information is given here regarding the Fortran '
statements nor the convergence criteria used in the actual code for the
computer. The reader is referred to the work of ‘w’rigl’tt)"d’L for this. Two
options of this procedure are cutlined. They differ primarily in the way
the fuel plates deflect due to differences in the fuel plate and side
plate operating temperatures.

The first option was programmed prior to the time when Cheverton and
Kelley obtained data from their fuel plate deflection experiment.7 As was
done by Hilvety and Chapman,1+ this option assumed that the fuel plates
buckle in sinusoidal waves as predicted by Lyon.5 Because of the nature
of these deflections, it was assumed that the worst case regarding the
coclant channel thicknesses exists when two fuel plates having the maximum
permissible fuel concentrations (defined as hot plates) form the walls of
the coolant channel having the minimum thickness (defined as the hot channel).
- A number of arrangements of coolant channel geometry adjacent to the hot
channel were considered, and these are shown in Fig. 17. These arrange-
ments are identical to those used by Hilvety and Chapman.

Since the experimental data obtained by Cheverton and Kelley showed
that the fuel plates buckle in a manner different from that predicted by
Lyon, a second option of this analysis was programmed. Cheverton and
Kelley's data showed that the fuel plates deflect in the same direction.
Therefore it was assumed in this option that the worst case regarding the
coolant channel thicknesses is when a fuel plate having the maximum per-
missible fuel concentrations (defined as a hot plate) and a fuel plate
having the minimum permissible fuel concentrations (defined as a cold plate)
form the walls of the coolant channel having the minimum thickness (de-
fined as the hot channel). The arrangements of the coolant channel geometry
adjacent Lo the hot channel were modified to include this concept, and
they are shown in Fig. 18. However, the concept of coolant channels having

sinusoidal shape walls was retained in this option, but it was assumed that
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these channels had this shape prior to the operation of the reactor. -Since
the wave lengths of these sinusocoidal variations could be large or not exist
at all, second alternates for the determination of the coolant flow rates
and the oxide buildup on the plate surfaces were included in the second
option to simplify the computer operation.

The maximum reactor povwer level just prior to a burnout condition
within the fuel element or just prior to any incipient boiling within the
fuel element can be calculated in both options. The derivations of many
of the'equations shown in this procedure are evident from the relations
themselves. Where they are not evident, these derivations are shown else-
where in this report. Many of the relations are identical to those used

by Hilvety and Chapman.u
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Option I
Part T

I. Specify the input data — The necessary input data along with typical
values are shown in Table 4. Figure 5 shows the mesh spacing used
in this analysis and Fig. 17 shows the various arrangements for
the coolant channels adjacent to the hot fuel plate. The mesh
spacing shown in Fig. 5 is not reguired to be uniform. The maxi-
mum value of i permitted in this code is 15, and the corresponding
maximum value of j is 35. The increments Ary = 0 and Azq = 0 are
included since the computer cannot accept a dimension value of

zero. The maximum number of time increments permitted is 10.

II. Divide the width (length along the involute arc) inte incremental

widths &s; to correspond with the incremental radial distances

Ari, Do both for the inner and the outer fuel elements.
Ar. ’ i i=l \
i ;
Asi B ~QI‘1 + 2 IR + >_' AIE, ',7 (A"l)
: A ¢ 0
2R ] a4

IIT. Normelize the power density distribution for each time increment 6.

0, . = ) (a-2)

where

MInner Element T MOuter Element

+ N

NInner Element OQuter Element

where
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M —
=l 3=4 b
i-1
\’ )
Az, 12 R+ Arg/+ Ory | Arg
! E:l /"
m-2 n;? ;:}
N = }Z }t'Azj 2 {R + 24 Amz + Arg | Arg
i=b j= £=1

Specify a reactor power level, Q Mw.

For the first time increment 87 hr, calculate the flow rate in an

average coclant channel of the inner fuel element Y and & metal

temperature distribution for an average fuel plate in this element

TMAi,j'

A. Assume a metal temperature distribution for the average fuel
plate, Tymps j (see Table L4).

B. Calculate the expansion of the fuel plate thickness due to
heating.

B = Uj5 [6.75 X 10'6t“’I‘MAi)j ~ 70 (A-3)

Ai,J

C. Calculate the expansion of the fuel plate thickness due to

radiation swelling.

K
ym = Uyq B Z 6,/ (a-1)
|
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Assume that the decrease in the coolant channel thickness due

to the buildup of oxide on the fuel plate surface is negligible.
B.; : =0 (A-5)
Calculate the coolant channel thickness at i,J.

©1,5 T 7 Wy 5 T Byp gaoi,j (a-6)

Calculate the inlet water conditions.
1. Assume that the inlet water temperature is U6Tin
2. Calculate the inlet water density at U‘6Tin using the rela-

tion !

\ f ~h
Py = 62.99 — {0,5350 » 107207 — '0.4525 x 10 “;Tg
3. Calculate the inlet water viscosity at U6T using the re-
lation
= 1.162

pp = 3527 (A-8)
Calculate the mass flow rate per unit channel width s at
s = s; based on the inlet water conditions calculated in step F

and the coolant channel thicknesses calculated in step E.

2.
[8.953 x 0% 2.238 x 100 ey -Wii
OPy = | + 1 - o 2'
{ Pin Pin : eA i eA
(A-9)
r~ 8 n
U Fu n JAVAR
+9.218 x 108 Al 2; J 3
L

j=2 ®1,35-1 7 %1,
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Calculate the bulk coolant temperature rise at s = sj based on

the flow rates calculated in step G.

uuer 4
AT 5 = 6.584 ~——"v > . + oo, Az .
bulk, i A o { i, j-1 1;3] J
Al j=2

Calculate the average coolant conditions for s = 5,

1. Calculate the average coolant temperature.

rave,i - UéTin * 1/2

bulk i
2. Calculete the density at Tave,i
3. Calculate the viscosity at T .

ave,i
Calculate the exit coolant conditions for s = s5.
1. Calculate the exit coolant temperature.

= +
Ti,n 6Tin ATbulk,i

2. Calculate the density at T,  using Equation (A-T7).
2

Calculate a new flow rate w ., at s = s,.
Al i

using Equation (A-7).

2
8.953 x 104 2.238 x 106 e, wii
AP = + 1 —
¥ p e e + 1 82
in ex A A
0.2.1. 8 n
U Fu Lo Az
+ 9,018 x 108 L 2¥¢ ME )J J 5
o toe, .]
: L JJ"l 1, 3]

(A-10)

(A-11)

using Equation {A-8).

(A-12)

(A-13)

Substitute this value of w,. back into step H and iterate steps

Ai

H through K until the value of w

. converges.
Al g

Calculate the bulk water temperature distribution Ti

b4
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U U af 9= .
= UT,  + 6.58% e ? |m, R S VAV (A-14)
in L1,3-1 L,31 3
Aw h
Al j=2

Calculate the oxide film thickness Xi 3 for the range 1 = 3 to
2

i =m— 2.
1. Calculate the heat flux at each position i,J.
19} _ ) Qf
{%}. = 3.513 x 10° UyUp 2 ey g (A-15)
1,4
2. Calculate the modified heat transfer coefficient Hi 3 at
)

each position i,)].

." Tl 3\0.163 -
=h, . ! = Ua 15.429 x 10° — 1.561 T, .
1:<j 1,J {\T . 8 k-) 29 5 1,
Si,d
+ 3.533 X 10730° | — o250 x 10‘6T3 .+ 1.882 x 10’9T§ .
1,J 1,J 1,d/
(A-16)
1 0.6667 3
1.162) :
. Ls, - [
e [(2 22 Vst 5 12
i,d -

- 3 0.6667
; 112 x 10 “e, .
1+ —-( 1:d
AR

3. Calculate the fuel plate surface temperature TS' cat ig.

1,4
a. For i%) = 0
i,
(A-172)
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b. For (%}i | 2 0
K

0.163 1 .
81, ( )
—L T,. , — T, = e | — (A-17b)
T, . ( 81,4 1’3) v, . \al, |
l}J l)‘j 1)3

k. Calculate the oxide film thickness X5 3 at 1i,3.
b4

~ 0.778 - 8290
X T3 0T ex [W} (A-18)

Calculate a new value of the metal temperature Ty,; J for the
s
range 1 =3 to 1l =m— 2.
l. ForX. ., =3
1,4

2

{%)i JXi,J
=T, e 1
Tuat,s = Ts1, - (A-19a)
2 For Xi, >3
_ -byg
Tuas, = Tgq,y * 1-923 X 10 {A] (A-19b)

i,d

Calculate new coolant channel thicknesses using the values of

T .. . &and X. ., calculated in steps N and O.
MA1, ] 1]
1. Calculate the expansion of the fuel plate thickness due

to heating & using Equation (A-3).

Ai,J
2. Assume the value of the expansion of the fuel plate thick-
ness due to radiation growth BVR is that calculated in

step C.
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3. Calculate the increase in the fuel plate thickness due to

the formation of the oxide, &

0i,d’
. For X, s
> 1,5 %3
aoi’j = 0.2026 xi’j (A-20a)
b. For X, .> 3
i,
601)3 = 0.6078 (a-20b)

4. Calculate the coolant channel thickness using Equation (A-6).
Q. Using the value of wAi computed in step L as an initial value,
calculate a new value of this guantity using steps H through L
using the channel thicknesses calculated in step P.
Iterate steps H through Q until the values of TMA i,4 converge.
S. Calculate the average metal temperature distribution of the

average fuel plate along the length of fuel element.

m- 2
E;’ Tuas- -1,3 ¢ MA,J
i
Tua o (A-21)
e
Lsy

T. Caleculate the total mass flow rate through the average coolant

channel using the final values of wAi calculated in step R.

)

i=1

A5y + AS1+l'

— (A-22)

2

wvhere

m+l



VI.

VII.

VIII.

IX.

11k

Repeat step V for the outer fuel element.

Calculate the overall flow rate for the entire fuel assembly.

A. Calculate the volumetric flow rate for the fuel elements, VF.

v + 369w (A-23)

_ 448.83 [
F

171w
pin

A inner A outer]

B. Calculate the flow rate through the labyrinth between the fuel

elements.

V. . =12h.3 [APF/p ]o.shos (A-2k)

lab in

C. Calculate the volumetric flow rate through the entire fuel

assembly, V
Vv =V + V (A-25)

Calculate the core pressure drop, AP .
core

-lO 2 ),
AP o = AP+ k.86 x 10 Pi0Vas (A-26)

Calculate the average temperature down the length of the inner side

plate of the inner fuel element, TSPii 3
2
A. Calculate the coolant flow rate in the annulus between the

inner fuel element and the target bundle, vii'

5.095 vl‘o9h + Vo= 69.20 APO'5173

ii i core

(A-27)

B. Calculate the temperature distribution of this coolant, Tii 3
4Ly

UiQZj

HQO] V.

Tyy g = Ugly [0.001128 U, (Qgp + 0-009808 U,
iiPin

; (A-28)

Q
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€. Calculate the heat transfer coefficient of the coolant flowing

in this annulus, h

ii,5°
5 0.8
- -2 1S R ] 0.8 in
hy; = 1310 [1 +207 1, -0 0 VDT (A-29)
Pii,
where

p;, 18 calculated by Hquation (A-T) at ur,
Pij 5 I8 calculated by Equation (A-7) at Iii,j'
D. Calculate the temperature distribution of the fuel plate coolant

next to the side plate.

/
) 0.1278 [t + ¢,
Tl,J =Yt * Tt UigRep T eaUir9y -
. L 255 - t
' / (A-30)
5.556 x 1077y Qz-
- l J
Yol T Yao
E.. Calculate the heat transfer coefficient at 1,j.
h . =Ug [5.429 x 10° ~ 1561 T, + 3.533 x 1073 F 2,
1,J 8 i 1,J 1,
— 4,250 x 10'6 T 41.882 x 1070 T u,i'
. lJJ l:J 3
(A-31)
1 r 0.6667 5
| = 1.162; :
. §2h5.5 wAlTl,j ) - 125!
e J A
1,3
. 5 0.6667 -
| 112 %10 % 4 :
1+ = 2 ;
3" z



116

F. Calculate the average side plate temperature down the length

of the element, TSPii,j'

-6 -2
TSPii,j = -6.870 x 10~ U U;6095, + 9-125 X 10 cy + 02 (A-32)
where
U, U £QQa
1 16 SP «5 —
0.2628 -;—-—~— + 2.061 x 10 U U 08, + Tii’J - Tl’j
o ii,J
l =
0.1825 + 2327 1164
h, .  h.. .
1,3 ii,J
(A-32a)
2327 ¢y _
c, = —;—-*~ + Tl’j (A-32b)
1,3

Calculate the average temperature down the length of the outer side

plate of the inner fuel element, T

SPio, §’
A. Calculate the temperature distribution of the coolant passing
between the fuel elements, Tlab,j'
’ . U'leJ
Tlab,j = UeT, + ~o.oo63h2 U Qsp * 0.01369 UiYQHQOJ-—~___~_
labin

(A-33)

B. Calculate the heat transfer coefficient of the coolant passing

between the fuel elements, h -
lab, J

0.8
-2 -5 2 ] 0.8 { Pin
h . o= 11.01 |1 +10 . - v —_—
lab, j lab, 10 Tlab,j lab

Piab, j
(A-3L)
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C.

D.

m,J
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where

Pip 18 calculated by Equation (A-7) at UgT,

Pl ab, 3 is calculated by Equation (A-7) at T
>

lab,§’
Calculate the temperature distribution of the fuel plate coolant

next to the side plate.

- ?

;30.1768 It + e,

i \ .
UgTin * | RTINS T A
i bs | :
N ) )
(A-35)
: a9
' 5.556 X 10 UpQzy
wAm-l + WAm
Calculate the heat transfer coefficient at m,J.
. = Ug [5.&29 x 10° — 1.561 Tm}j + 3.533 x 1073 Tm?j
— 4250 x 100 T3, +1.882x109 T h.i'
m,J m,J-
(A-36)
Lo _ 1 1gp,0-6667 X
T RS TS | *125|‘
myj ’
0.6667

/ -3
1 [2 X 10 em,j)

|

Calculate the average side plate temperature down the length

of the fuel element, TSPio,J'

\
3 34 23

- v 1072 -
TSPio,j = ~1.315 x 10 ~ U U, [QQg,, + 0.1263 C, + C, (A-37)
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where
' U1U16%9sp -5 -
0.3636 ——————— + 3.945 x 10 U, U 6RQqp + T an 5 T, ;
_ B1ap, 3
] =
0.2525 + 2327 h116h
s Mav, g
(A-372)
2327 €y _
CE = T’""—-—' + Tm,j (A"BTb)
m, J

Calculate the average temperature along the length of the inner

side plate of the outer fuel element, TSPoi,j‘

A. Cealculate the temperature distribution of the fuel plate coolant
next to the side plate.

0.1698 [t + e, |

— ~ ) .
T,3 =% ™ ~ T Uielsp * a0
| : :
‘ (A-38)
-9
‘ 5.556 x 10 U'lej
a1 T Yao
B. Calculate the heat transfer coefficient at 1,j.
_ 2 = ' -3 = 2
by 4 =g [5.&29 X 10" = 1561 T | +3.533x 20 ° T "
6 5.3 95k ).
- 4,250 x 10 Tl,j + 1.882 x 10 Tl’j]
) (A-31)
1 0.6667
= 1.162
(2&5.5 wAlTl’j ) - 125] -
e .
1,3
o 0.6667
1l o+~ 1d
3 2. J

J
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€. Calculate the side plate temperature down the length of the

element, T

SPoi,§"
- -2 -
TSPoi,,j =-1.213 X 10 7 U;U, Q@ + 0.1213 C, + C, (A-39)
where
0.3492 m——UlUlsQQSP 6 1077 w.u + T - T
0.3%9 N + 3.639 % UpUigR8sp * Tray, 5 ~ 115
_ lab, j
)=
0.2425 + 5327 + hll&
1, lab,
(A-392)
2327 ¢, _
C, =——— + T, 5 (A-39b)
h, . ’
1,3

Calculate the average temperature along the length of the outer

side plate of the outer fuel element, TS .
Poo, j

A. Calculate the coolant flow rate in the control region.

"0.725 (A-L0)

= {
VC 36.6 ]APcore,

B. Calculate the temperature of the control region coolant, TC 5
H

U,Qz .
6 174 (A-b1)

TC,j =_U6Tin + 6:25 x 10
VC

C. Calculate the heat transfer coefficient in the control region.

0.8
h, = 19.39 Vg (a-k2)
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D. C(Calculate the temperature distribution of the fuel plate
coolant next to the side plate.

_ jpo.1228 [t + ey \
Tn,5 = YTin * 1 " i Uglgp * eAUiTQHQO :
- m 4
I (A-L3)
5.556 X 1077 UyQz;
wAm~l + wAIIl
E. Calculate the heat transfer coefficient at m,j.
h . =U, [5.420 x 10° — 1.561 T . + 3.533 x 103 T °
m!J 8 8 : ’ m}j ' ’ m} )
~ L.250 x 10'6 T3 +1.882x107 T h.]-
m, J m, J
(A-36)
1 0.6667
= 1.162 .
= ‘2&5,5 i ) - 125]
m, J ’
A 0.6667 -
12 x 10 3em .
>
o1l + -
3 Z

F. Calculate the side plate temperatures down the length of the

element, TSPoo,j'

iy = —=1.347 x 1077 (A-kk)

SPoo, j UlUléQQSP + 0.1278 cl + C

2

vhere
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Uy U, 2@
1Y16%9gp -5 -
0.3679 —«—;f-- + 4.oko x 10 U, U gQ8gp + Tc)j - ijj
C
0.2555 + §327 + lﬁéﬁ
m,J C
(A-Mka)
2327 ¢y _
C. = e+ T (A-2hp)
2 m,J
h
m,J
Part II

Do this part of the analysis (steps XIIT through XXII) for both the

inner and outer elements.

XIIT.

XIV.

For the first iteration, assume the following guantities for fuel

plates between two narrow channels, between & narrow channel and

a wide channel, and between two wide channels.

A.

Average diffefential pressure across a fuel plate between a
narrow channel and a wide channel éfnw psi.
Average metal temperature down the length of & fuel plate

between two narrow channels TMnn ] egqual to the value of
’

T . calculated in step V.
M4, J P .

Average metal temperature down the length of a fuel plate

between a narrow channel and a wide channel Tan 3 equal to
)

the value of TMA j calculated in step V.

3
Average metal temperature down the length of a fuel plate
between two wide channels Iﬁww,j equal to the value of TMA,j

calculated in step V.

Calculate the thicknesses of the narrow and wide coolant channels

at i,].
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A. Calculate the deflection of a fuel plate due to the differential

pressure, AP

aw’
1. Calculate the average value of Tan,j'
n-2
- ]
23; [ran,j~l * Tan,jJ Azj
-4 -
TMDWA B n-2 (A )'1'5)
2 ‘> Az,
-~ J
. ’j:ll-

2. Calculate the elastic modulus ratioc at T, = %w using
M nwA
the following relation.

E.R. = ~[1.624 x 10"6) Tﬁ + (u.719 X 10'*) T, + 0.9737 (A-46)

3. Calculate the deflection

a. For the inner element

U
Bop = ~396553 [2.8372 X 107 %2 — 2.0491 x 1o"lsh
E.R. -
+ 2.7529 X 10”153 + 5.7806 x 107162 (A-L7a)
~ 8.9329 x 10“1s]
b. For the outer element
U; AP
1 - -
Brp = =7 [3.0799 x 107%7 - 1.9700 x 10 lsh
E.R.
+ 2.3697 X 10'153 + L4, 2645 x 107162 (A-47Db)

— 5.9068 x 1o'ls}
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B. Calculste the deflection due to the difference of the tempera-
ture of an individual fuel plate and that of an average fuel
plate.

1. For the fuel plate between two narrovw coolant channels
a. Calculate E.R. at T,

Mnn, j

b. Calculate the deflection 6Tnn,TA at TM = TMnn,j

(1) for the inner element

using Equation (A-U46).

(T, — Ty <] - |
5 MREEN MA’J) |-3.208k x 10742

E.R.

+ 43177 x 10’3;L — 1.8077 x 10” %3 (A-48a)

2

+ 1.1087 x 10~ s 4 4.3908 x lo'es]

(2) For the outer element

| |
U T, — T o
5 AL M MR (L8518 x 10742

+ h,5322 x lO-3sk — 2.1050 x 10753 (A-L48b)

+ B8.3033 x 10 % -

-

~ 6.0732 x 10”2

N .
//é. For a fuel plate between a narrow coolant channel and a
/ wide coolant channel.
&. Calculate E.R. at T, 5 using Equation (A-46).

2

b. Calculate the deflection aan,TA at TM = TMHW;J using
Equations (A-U4Ba) and (A-48b).
3. For a fuel plate between two wide coolant channels
a. Calculate E.R. at TMww,j using Fquation (A-U46).
b. Calculate the deflection 6Tww,TA

Equations (A-48a) and (A-L48b).

at TM = TMww,j using
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C. Celculete the decrease in the coolant channel thickness be-

cause of the increase in the fuel plates thickness due to
heating.

1. For fuel plates between two narroﬁ coolant channels

5. =U, [6:75 x 10’6t](13 70

nn h’ll'li,j -

For the first iteration, use a value of T
2. For fuel plates between a wide coolant channel and a

narrow coolant channel

5, = Uy, |6:75 X 1075 || ~70]

nw rI‘MnWi,j

For the first iteration, use a value of T =T

(A-Lga)

Mnoni,j TMA,j'

(A-hov)

Mnwi,j ~ MA,J°

3. For fuel plates between two wide coolant channels

-6
8, = Uy [6:75 x 10 e - 70

ww Tﬁwwi,j

For the first iteration, use a value of T =T

(A-k9c)

Mwwi, ] MA, 5

D. Calculate the increase in the fuel plate thickness due to

oxide formation.

it
O

1. For the first iteration, assume that d =B :
on ow

2. For the rest of the iterations

a. For the narroWw channel

oni,; = 0.2026 Xni,5 » ¥hen X, o =3
oni,j = 0-6078 j wnen X, 4> 3

b. For the wide channel
owi,j 0.2026 Xwi,j ; when Xwi,j £ 3
= 0.6078 ; when X . . > 3

5 .. .
owi, wi,

the

(A-20a)

(A-20b)

(A-20a)

(A-20b)
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Calculate the increase in the fuel plate thickness SVR due to

the rediation swelling using Equation (A-4).

Calculate the deflection of the fuel plate due to the differ-

ence in the fuel plate and side plate temperatures.

1. Determine the average difference between the fuel plate
temperature and the side plate temperatures at each eleva-
tion, Zj'

a. For plates between two narrow coolant channels.

(1) Inner fuel element

_Tspit, gt Tspio,y

ATMnn,j = TMnn,j A (a-502)
(2) Outer fuel element
T + T
B _ 'SPoi,j " "SPoo, ]
A'Tlvlnn,j - TMnn,j (A-500)

2

b. For plates between a narrow coclant channel and a wide
coolant channel.

(1) Inner fuel element

AEMnW,J - Tan,J - TSPii)J‘; TSPiojj (A-50c)
(2) oOuter fuel element
A, 3 = T,y ™ spot.s ; P20, (a-50a)
c. For plates between two wide coolant channels.
(1) Inner fuel element
AT - _ Tspii, 3 ¥ Tspio, g (A-50¢)

M, g T M,
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(2) Outer fuel element

T + T

SPoi, 3 SPoo, J
AT =T - 5 A-50f
Muw, 3 MWW, g 5 (a-508)

Calculate the maximum deflection of the fuel plate due to
buckling at z = z_

J
'AmM,j =:Amﬁnn,j for fuel plates between two narrow coclant
channels,
AEM,J = ATan,J“for fuel plates between narrow and wide

coolant channels,
A&ﬁ = AT for fuel plates between two wide coolant
»d Mww, J

channels.

a. Fori=1,2 m—1, m

B, . =0 A-51
" (a-51)
b. For i = 3 through m — 2
1) If AT, . =0
(1) M, 3
g, . =0 A-52a
"3 (-522)

(2) AT, >0

By 5 = Uy, [0.0063 [ATM)j]l'312J (A-52b)

Note that the actual deflection at any position is

2nz

B, . = Ulh [0.0063 [ATM’j]l'3le] sin =3

M, J
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G. Calculate the maximum longitudinal deflection of the fuel

plate due to the radiation growth of the fuel plate material.

5 3.651 x 103’ £ _,i-312 (4-53)

=0
;
MR 15 PR )

Note that the actusl deflection is

& 3.651 x 105 | -2

_ _a11.312 . 2nz
MR = UlS 'pR lj sin

A

H. Calculate the thicknesses of the coolant channels.
1. For the narrow channel

a. The linear component is

= [ ;
Din,g =n* 125 TR, ¥ e5l 8,
| - i
* £3 " Oy, 7 Srnn, 1A |
(A-5ka)
- ‘§3 Ry 6nn:J B TR P 53; an,J
- ann,j - EBVR
b. The sinusoidal component is

! y . : _ .

Den:J :‘—;§3 * Eguf aMnn,j {gél + 2@2 + §3A Ean’j 26MR (A )Ab)

2. For the wide channel

a. The linear component is



128

Dlw"j =gy * eyt 53) e, = (egl +E,t 2g3} Bap

T & {ST'-JW,TA - 6an,TAJ 57 82b,;
(A-552)
_.(ggl tE, 2g3) By~ 2 (gl *Ey g3) T
-2 (gl Tyt §3) By
b. The sinusoidal component is
D2w,j = - egl + 52 + 253 Ban,j _"EQBMww,j - 2 gl + 52 + g3) QMR
(A-55b)

Calculate the mass flow rate per unit width of cooclant channel wi

for each value of 1.

A. Divide the overall length of the channel into incremental
lengths M. Designate these increments as

Xi g; where g = 1,2,3, ...., (%);‘whereL/x = an integer
b4

Do steps B through F for both the narrow and the wide channels.
B. Determine the minimum value of the channel thickness within
the length Xi g’ i.e. the smallest value of
2

i
Prs,s * Pas,g

for the range 2z sz, 52 .
g-1 J g
Designate the values of these quahtities corresponding to this
minimum value as D and D .
l;g 2:g :
C. Assume that the mass flow rates down each strip are those cal-
cutated for the average coolant channel in Part T.
- D. Calculate the coolant properties for each strip.
1. Assume that the inlet coolant properties are those cal-

culated in step V.F.



129

2. Calculate the bulk temperature rise.

U, U U-QF .
=S ) U (e ga o) fey  (a6)
i j=e

ATbulk’i = 6.58L4
Aw

3. Calculate the average coolant properties using step V.I.
4, Calculate the exit coolant properties using step V.J.

E. Calculate new flow rates at each position i using the relation

2=
18.953 x 0% 2.238 x 100 e, ;wf
AP = | + (1 = ——— ' =
F * o] P | e + t' ;82
i in ex, i ' e T Ve
0.2 _1.8
8 U7 Have, 1”1
+1.152 x 10 : (A-5T)
pave,i
1 (D, e
L/x S e
561 kg 2 Dl _
A D3 / ‘2\ 5/2
g=L " lg ,Dg :
1 - g
\D
\ 1g -

F. Substitute these new values of Vs back into step D, and iterate

steps D and E until the values of wi converge.

XVI. Calculate the bulk water temperature distribution using the final

values of wj from step XV for both the narrow and the wide coolant

channels.
. J
UlU2U Qf i
T, . =UT, + 6.584 L2370 > ,lﬁrlw. L. +v0 . Az (A-98)
154 6 in Aw b ; i,j-1 1, dJd
1 j:r:f\" / ‘
\ R N R
Cl\)\)‘\“‘{‘}{' \:’{/“./“\‘ AUESW Y
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Calculate the fuel plate surface (oxide-water interface) tempera-

ture T for 1 =3 toi =m — 2 for both the narrow and the wide

Si,J
coolant channels.

A. Calculate the heat flux at each position i,].

o)
Y

q _ Qf
(A)i J - 3.413 x 10 ULUU, 5 05
2

t

B. Calculate the modified heat transfer coefficient Hi

position 1i,J for three cases.

l. Case 1. Channel thickness = Dli,j + D2i,j

0.163
- i,
5 TP
Si,J
2
= Ug 5.429 x 10° — 1.561 Ti,J
-3 2 -6 .3
+ 3.533 X 10 Ti,j - 4,250 x 10 Ti,j

1

+1.882 x 109 ¢ |
1,5

[Dli,j * D2i,j]

0.6667

. Uzus.s w k1627 125}-

11,3

0.6667

1 f2x103p
1+ -

3 25

1,

3

(A-59)

. at each

(A-60a)
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Case 2. Channel thickness =D

0.163

2
Ug [5.&29 x 10° — 1.561 Ti’j
-3 2 _
+ 3.533 x 10 ~ Ti’j L.z

+ 1.882 x 1077 T%

6
o ) .162\0'
E ohs. 5 wiTi’j |

l’cj'} D

11,3

6 13

0 x 10~ .
g 1,4

11,3

667
- 125 -

0.666T-

Case 3. Channel thickness =D

Lo 0-163
n, iz
1,0ty

Si,
U, (5.u29 % 102 ~ 1.561 T
8L i,d

+ 3.533 x 1073 Tf,j -

9 L

1,5 7 Pei, s

50 X 10’6 T?

1,3

1

jl
Ti j}.
’
.Dl

+ 1.882 x 10°

..~ D . .
1}!) E-L)J

(A-60b)
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0.6667
162
-[(2&5.5 wiTi,j ) - 125}‘
(A-60c)

3 0.6667-

12 x 1073 D, .

al+.._ }J
L 3 23 -

C. Calculate the fuel plate surface temperature for these three

cases.
g1 I
1. For Al = 0
1,d
T.. . =T, . A-1Ta
51,J i,J ( )
2. For {g} z 0O
VAL,
1,J
7 0.163 1 a
St} ) e— 2 (a-170)
T, d Bdh g
14 i,J 1,d

Calculate the oxide film thicknesses for these three cases for the

range 1 = 3 to 1 = m — 2 for both the narrow and wide channels.

~ 0.778 8290 |
xi’j = hL3 U98 exp hTSi,j":TjEQSJ (A-18)

Calculate the average metal temperature at 1,j in the range 1 = 3
to i =m — 2 for these three cases.
A. Calculate the temperature drop through the oxide film for all

cases for both the narrow and the wide channels.
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<
1. For Xi 3

29
)y x
(A}i j i,3
Tys 1 = Tgq 5 T ——2— A-1
M3 S5 ) 56 x 10 (a-192)
2. For X. .,>3
1,4
T =T + 1.923 X 107" [9) (A-19b)
Mi, j Si,3 Al .
~ i,3
3. Define these results as
Narrow Channel Wide Channel
Case 1 Tini, 3,1 T, 5,1
Case 2 Tni, 3,2 Tawi, 3,2
Case T . T . .
3 Mni, 3, 3 M, 3,3

B. Calculate the average metal temperature at i,j.

1. PFor plates between two narrow channels,

TMnhi,j = the maximum value of
T + T
Mni,j,1 Mni, 3,3
5 or TMni,j,E (A-61la)

2. For plates between a narrow channel and a wide channel,

T . . = the maximum value of

Mnwi, ] :

T, . . + ..

Mni,j,1 " Twwi, 3,3 or TMai, 3,2 " Twi, g,
2 2
(a-61b)
T . + T ..
or Mni,Jj,3 Mwi,j,1

2
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3. For plates between two wide channels,

T . = the maximum value of
Mwwi,

Twwi,i,1 7 Twi, 3,3
2

or TMwi,j,E (A-61c)

XX. Calculate the average metal temperature down the length of the
fuel plate.

A. For plates bvetween two narrow channels.

m-2

- | T + 7T
Mnn,i-1,J Mnn, i,]
B84
rMnn,j = 2 (A-622)
} As,
Sp l
i=h

B. For plates between a narrow channel and a wide channel.

m

-2
A T, 11,5 7 T, 1,5 s
o i
i=h | i
Tan}j = np (A-62b)
) s,
1
i=h
C. For plates between two wide channels.
m-2 T
T T, 141,35 T T, 1, s
i 2 '
TMW’j = — (a-62¢)

i As
1
i=

XXT. Calculete the average differential pressure across a fuel plate

between a narrow and a wide coolant channel.



XXTII.

A.

AP

135

(A-63) |

Calculate the average differential pressure across a strip
of unit width at s = 8-
¢ v, 1.0 1 1
—— 1.119 x 10 5 + -
®ve | Pin Pex,w,i ex,w,i
( — PR 4 LA
C 2 wgi [1.0k 1
1 - -3 +
e + t e 0. .
we ne iL7in ex,n,1
1 e 27
_ 1 - ne
pex,n,i
Calculate the average differential pressure across the entire

width of the plate.

m-2 r N
2 nvw,i-1 nv,i} ,
o i
i=h L .
m-2
3
As
i
i=l

Iterate steps XIV through XXI until convergence.

A.

Substitute the following values back into step XIV.

iMnn,i,j ;'Tﬁnn,j
T, 1,3 % Tanw, 3
T, 1,3 T, 3

X ., . for Case 3
n.’l)J

X . for Case
,1,3 3

AP
nw

Substitute the values of w

Repeat steps XIV through XXT.

. and w_, back into step XV.C.
ni wi

(A-6k)
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D. Iterate until the following values converge.

TMnn,j

Tonv, 3
T
Mww, J

Part ITT

XXITI. Calculate the maximum possible heat flux in the hot and cold
channels at each position i,j for the range i =3 to i =n — 2.
A. Calculate the minimum possible channel thickness at i,].

1. For the hot channel

Phmin,i,5 " Pin,1,5 7 %n T Cn,min T Pon,i, (a-652)
2. For the cold channel
Pomin, 1,3 = (1 * N [Dlw,i,j —e ey it Do s s
(A-65b)

t et gh) [Dlni,j Tt % min T Dzni,j]

B. Calculate the hot streak flow rates Yios for both the hot
and the cold coolant channels.
1. Divide the length of each streak into increments having
the length A. Designate these increments as

L
xi,g; where g = 1,2,3...., 1; where

>l

= an integer

2. Determine the minimum value of the coolant channel thick-

ness within the length Xi & i.e., the smallest value of
2

D. . . . for the hot channel
Hmin, i, j

D. . . . for the ceold channel
Cmin,i,J

Designate the values of D and

1n,1,5° Piv,1,5° Pon, 4,3’
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Dzw 1,3 corresponding to these minimum values of channel
xr =2
; and D

thickness as Dln,i,g; Dlw,i,g; D2n;i:8

ow,i,g
3. Assume for the initiel guess of the mass flow rates the
values calculated in Part II for the narrow and wide

coolant channels.

Note that the hot channel is the narrow channel for:
= l' = M = l' = l
§l 2 ée lJ 53 2 g)_}

Note that the cold channel is the wide channel for:

gl = 1; §2 =1
Note that the cold channel is the narrow channel for:
§3 = l; ELP = l
4, Calculate the coolant properites for the hot streak using
step XV.D.
5. Calculate a pew hot streak flow rate whsi using the rela-
tion
8.953 x 107  2.238 x 10° e, \°
= + 1 - —— '
- Pin pex,i ee Tt
wisi 8 Urf “gx}iwifi
: —--fé——- + 1.152 x 10 2 ’
e 0 .
e ave, i

(A-66a)

L/ Y

Z -8 .
13

g=1 {Dli,g Tt Chan

1
1+ -

2 \D,. —-—e + e .
li,g min

Jl - D2i;g gr/e
)

D.. —e + e .
o 1li,g min

DEi,g
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where
for the hot channel

D_. ~e+4+e . =D . —e +e .
1i,g min in,i,g n n,min

for the cold channel

D — e + e = + e
m

1i,g in = 81+ &5 [Dlw,i,g ~ e, * ey minl

* (§3 N gu) [Dln,i,g T eyt en,min]

and for the hot channel

D2i,g "'D2n,i,g
for the cold channel

Do g = &g + E’2] Pov,i,e © 83+ N Pon, i,

6. Substitute this new value of w4 back into step 4, and

iterate steps 4 and 5 until the value of w converges.

hsi
C. Calculete the hot streak bulk water temperature distribution,

Ths,1,3"
U.UU.Qf &=
_ 17273 : )
Ths,i,j = UETin + 6.584 —;;—~—~— 2{1 U, [wi,j_l + @i’j] A“j ( A-66D)
hsi J:2

D. Calculate the modified hot spot heat transfer coefficient at

each position i,]J.
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o
By 4 = Ug [s.he9 X 10 — 1.561 T

hsi, j
32 -6 .3
+ 3.533 X 10 Thsi,j 4,250 % 10 Thsi,j
1
-9 h o )
+ 1.882 x 10 Thsi,j]D . (A-67)
min,i,Jj
0.6667
1.162) :,
[(2h5'5 Ynsi,j hsi, ]| - 125
t 3Py et ) .
’fl + - {2 X 1077 ——=tzd -
+ 3 Zj
where
for the hot channel,
P15,5 7 * ®nin " Pin,1,5 T % Y Cnymin
for the cold channel,
Dy, 7%t Cpyn ~ Bl ge) Dy, TSt eW,minJ
* (53 * gh) [Dln,i,j & T en,minJ
E. Calculate the hot spot surface temperature Iéhsi 3 at i,
- 2
for the hot and the cold channels.
0.163
T, ..
, Shsi,J T -
%mgj\ Shsi, ] hsi,j
hsi,J
= 3.413 x 106 uUUU,, L. o (A-68)

17273725 & %4,

Hh T .\0.163
81,3 shsi,j?

15,000 \T

'[1.0 + (U - 1.0)
hsi, j i
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where
U = U gU,, for the hot channel (A-68a)
5 = U19U21 for the cold channel, - (A-68b)

where Uéo is

Uy = 1.33687 — 0.35423s + o.1h50352 - 0.0166953 for

2
the inner fuel element (A-68c)
Usg = 1.180171 — 0.278079s + 0.15175652 ~ 0.01426183 for
the outer fuel element, (A-684)

and where U21 is

U., = 0.863686 — 0.016507s — 0.01095052 + o.ooh797653

21
for the inner fuel element (A-68e)
Uy = 0.881393 — 0.24k920ks + 0.18163952 - o.o33932s3
for the outer fuel element. (A-687)
F. Calculate the hot spot heat flux (%) at each position

boi,
i,J for the hot and cold channels for i = 3toil =m-— 2.

q 6 Qf
= - s
(A’hsi ; 3.413 x 10 UlU2U3U25 : ai,j

.0.163 (4-69)

1.0 + (ﬁ ~1.0) HhSllJ Shsi, J
15,000 Thsi,j
where U is defined by Equations (68a) througn (68f).

Specify either the burnout option or the incipient boiling option
for this step.
Burnout Option

Calculate the burnout heat flux (%) at each position i,j for
boi, j
for the hot and cold channels for i =3 to i =m — 2.
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A. Calculate the pressure at the inlet of the fuel assembly.

-10
P =P - 4,86 x 10 pinV§S (A-T70)

B. Calculate the pressure at i,]J.

8.954 x 10" v

P =P+ 4.077 x 1o'lop. Ve —

i,§ °F in'F 2

2
hsi
. e
in e

P

6 2 0.2 1.8
W

2.238 x 107 w,__. U Fpu . .
_ hsi 1.152 x 108 TF ave,i hsi

2
1,3 min,1,J

pave,i

- , 1
; 1 DQ. 2 :

S 18
8% ) 2D, —e+te. |
, Z g 3 & \5/2| (A*?l)

g=1 [Dli,g Cer emin] ( / \2! !
For all z < z, ]
: g J

D2i,g

Dli,g —et emin) }

D, .

21,
2D, . —e+e .
1i, min

( oy 5/2) (
P, g

l D, ., —e +e .
_ 1i,d min ]

where [D .., e+ e | | and D . . are identical to the values
1i, min 21,

defined for Equation (A-66a).

C. Cealculate the saturation temperature T . . for each

sat,i,J
value of_Pi

23

0.221
1,3

- 118.43 P (A-T2)

Tsat,i,j
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D. Calculate the burnout surface temperature for each value of

i,J in the range i =3 to i =m — 2.

b Yhsi

Téboi,J = Tsat,i,j - 6.48 x 10 S
Pi,3 min, 1,

+ 80.7264 + 1.47622 x 107+ Py (A-T32)

4 pe + 1.085L5 x 1077 P?

— 2.35810 x 10 i, 1,3

E. Calculate the nonboiling portion of the burnout heat flux.

9] =U ?7.263 x 103 — 2.088 x 10 T,

b4

+ h.706 x 1072 Tfyj ~ 5.685 x 1077 Tg’j (A-73b)

0.8 _0.9296
+ 2.517 x 1078 ¢ ] Tneilig T -1 ]
) i,J Sboi, j i,Jd

min,i,

F. Calculate the boiling portion of the burnout heat flux.

%} = Uy, [2.920 x 10° + 4.739 x 103 P,
bo,boil 7
~1.464 x 10 P° . + 2.498 x 1072 B3 . — 2.119 x 107 Pt
l,J 1)3 l)J

f

+ 6.887 x 10 9 P? J 1+ 0.3710 P.O:8525 1.117 — 2.060 x 10 %
i,J 1,J
\
2
T A T R e U
sat,1,] 1 +1.212 X% 10"5 sat,i,J 124
2 2
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3
T . + T,
- 2.865 x 1078 ( sat,1,J 0] & 2.648 x 1071
2
| (4-73¢)
N
T + T,
sat,i, ] i, ( _
. T . T, .]
2 Sat’l)j 1,J
G. Calculate the burnout heat flux.
(2l ={3l -2 (4-73)
bo bomb bo,boil
Incipient Boiling Option
Calculate the incipient boiling surface temperature TSib 1,3 at
. Pl
each location i,j in the range i = 3 to 1 =m — 2.
A. TIdentical to step XXIV.A in the burnout option
B. TIdentical to step XXIV.B in the burnout option
C. Identical to step XXIV.C in the burnout option
D. Calculate the incipient boiling surface temperature TSib i3
=)
et 1,].
+d 0.0234
P..
1:d
[ (g) 2.30
: A hsi,j
Teor =T . . .+ U | 2 (A-73)
Sib,i,J sat,i,J 23 L}5-60 l.l56.

1,3

Repeat steps V through XXIV for each succeeding time increment

with the folloﬁing exceptions.

A. Substitute the following for Eguation (A-18) in steps V.N.4
and XVIIT.

0.778 — 8290
X, . = 443 Ué [Wk—l + ek] exp [Téi .. - héo] (A-TH)
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where

10,656 Ty 5 k-1 ~ T, 3,k)
Vi1 = [Wk-e " ek-l] TP s, 501 * #00)(Tgy 5,y + 160)

(A-Tha)
5 (A-Thb)

For the final time step, find the location where
a - (4
) )

is a minimum
boi, j hsi,
Select a new value of Q and iterate steps V through XXV for

the final time step only until there is one or more points
vhere

3, 18

(A-T75a)
boi, j i,J

and for the rest of the points

(A-75Db)

g ~ (e
Mo, 1R, >0

For the incipient boiling option, change

o q
(A)boi,j e {A)hsi,j

in step B to be TSib,i,j and TShs,i,j respectively.
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Option 11
Part T

"I through XII. TIdentical to Option I except the various arrange-
ments of fuel plates and coolant channels adjacent to the hot plate shown

in Fig. 17 are replaced by those shown in Fig. 18.

Part I

Do this part of the analysis (steps XII through XXII) for both the
inner and the outer fuel elements.
In this part, many of the fuel plate deflections are calculated only

at the following plate metal temperatures:

Case

gl §2 §3 gu

Subscript, x

MonH X X
MnnC X
MnwH X X X

MnwC X X X

Mww(C X

XIII. Assume the following guantities for hot and cold plates between
two narrow channels, between a narrow channel and a wide channel,
and between twé wide channels.

A. Average differential pressure drops across a fuel plate be-
tween a narrovw channelland a wide channel,.

1. For g =1, o =1, £3 = 1; APDW psi

2. TFor g) =1, delete this step.

B. Average metal temperatures down the length of the fuel plate
TM j for the cases shown above. For the first iteration,
2
assume that these are equal to the values of T . calculated in

MA,J
step V.S.
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XIV. Calculate the thicknesses of the narrow and the wide coolant
channels at 1,].
A. Calculate the deflection of the hot and cold fuel plates due
to the differential pressure across these plates.
1. Calculate the average metal temperature of the hot plate
T or that of the cold plate T Use for the

MnwHA MnwCA®
hot plate the relation

n-2
Z [Tyt 51 T, 3] 223
TMIIWH.A = 3j:)+ (A_AS)
a2
2 zi JAVAR
s d
=4

and an analogous relation for the cold plate.
2. Calculate the elastic modulus ratios at these average
metal temperatures for the hot and cold plates.
-6 2 -l
E.R. =~ 1.62h x 10 T, + L.719 x 10" T, + 0.9737 (A-46)
3. Calculate the deflection for the hot plate SAPH and for
the cold plate SAPC

a. TFor the inner element

U, AP
- -1 !
qﬁp _ L0 nv [2.8372 x 10 259 _ 2.0491 x 10 It
E.R. :
+ 2.7529 x 107787 + 5.7806 x 107%s% - 8.9320 x 207%s| (a-b7a)
b. For the outer element
U, AP
§ - 20 v [3_0799 x 107%° — 1.9700 x 1075
AP E.R.

+ 2.3697 x 1o'ls3 + b, 2645 x 1o"ls2 — 5.9068 x 1o”ls] (A-47b)
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B. Calculate the deflections due to the differences of the tem-
peratures of the individusl fuel plate TMx i from those of an

2

average fuel plate for the cases shown on page 143.

Tua, 3
1. Calculate E.R. at T, ; using Equation (A-46).
2
2, Calculate the deflection BT,TA

a. For the inner element

~3.2084 x lO-hs5

U (B ~ Taa) 5 [

6T,TA E.R
+ 4,3177 x lO"3sh - 1.8077 x 107563
-2 2 -2
+ 1.1087 x 10 “s7 + 4.3908 x 10 "si (A-48a)
b. For the outer element
.. (T, ~T ). .
_ 11 Mx MATS T -b 5

aT,TA = ] 1.8518 x 10 s

E.R.

+ L4.5302 x 10"35h — 2.1050 X 10743

h -
- 6.0732 x 10 s+ 8.3033 x 10 25] (A-48b)
C. Calculate the decrease in the coolant channel thickness be-
cause of the expansion of the fuel plate thickness due to
heating. Cases to be considered are those shown on page 1h3.
5

. -6 r-
. = Uip .6.75 X ;Q t}[TMxi)j - 70| (A-k49)

For the first iteration, use a value of T,, . . =T -
Mxi,J Mx, ]
D. Calculate the increase in the fuel plate thickness due to
oxide formation.
1. TFor the first iteration, assume that

6onH - 6onC = 6owH = 6owC =90

2. For the rest of the iterations
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For the hot plate surface in the narrcow channel

= 0. ; s -p
aonﬂi’j 0.2026 XnHi)j,when ani)j 3 (a-20a)

= 0. . > -

5onﬁi,3 0.6078; when aniJj 3 (A-20b)

For the cold plate surface in the narrow channel
. £ _

6onCi,j from XnCi,j using equations analogous to Equa
tions (A-20a) and (A-20b).
For the hot plate surface in the wide channel (Ighore
for g), = 1) SoWHi,j from XwHi,j using eguations analo-
gous to Equations (A-20a) and (A-20b).
For the cold plate surface in the wide channel (Ignore
for g), = 1) 50%Ci,j from XﬁCi,j using equations analo-
gous to Equations (A-20a) and (A-20b).

Calculate the increase in the fuel plate thickness 6VR due to

the radiation growth using Equation (A-4).
Calculate the fuel plate deflection 6Mx due to the differences

between the fuel plate temperatures and the side plate tem-

peratures for the cases corresponding to the fuel plate tem-

peratures

b3,
TMx,j shown on page 143

1. Determine the average difference between the fuel plate

temperature and the side plate temperature st each eleva-

tion, z,.
J

a.

b.

For the inner fuel element

B [TSPii,j " Tepig, 5

ATMX,j = TMX,j - (A-50a)
¥For the outer fuel element

T, . .+ T '
AT _ __ L 'SPoi, j SPog,j} (4-50b)

Mx, J Mx, j o

2. Calculate the deflection of the fuel plate due to buckling.
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<
a. For A:MX s 0

2
EMXi’j = O (A"Sl)
b, For AT, K . . >0
Mxi, J
(1) Forosz< 6
o s, ﬂZj
BMXi,j = Ul)+(8.61‘|' X 10 )AT]VI_X,J 51n m’_’ sin 12\ (A‘Sga)
Z ns.,
i
1=2
(2) For 6 s z =18
-2 s,
&Mxi,j = Uiu(B.éh X 10 )Aghx,j sin ~i:——«~ (A-52b)
Z ps,
i
i=2
(3) For 18<z s 24
o ns, {2k — ZJ)
5Mxi,j = Uih(8’6h X 10 )ATMx,j sin ) sin ”
) e,
1=2
(A-52¢)

Assume that the longitudinal deflections of all of the fuel
plates due to radiation growth are identical. Hence this
term need not be considered.further.
Calculate the coolant channel thicknesses.
1. DNarrow coolant channel

2Nz

Dn =Dln -~ AD Sll’lT (A—)LL)
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B

D =e_+ & Trw , TAH

1n n APH + 5

APC

+ & 5] ! -8

Tnw,TAC ~ “nwH  “nwC MnwH

S~ Ponit ~ Ponc T “Pyr

= 1; Identical to Equation (A-5hka)

o’

Tad
n
f

C. §3 =1

&

D =e + D -5 Trw, TAC

Trn, TAH

-8 -8 v 8

nni  Prwe MnnH MnwC

3]

— + p—
In n Tnn, TAH Tnn, TAC nnH

- 6nnC -‘BMnnH M 8MnnC

- B 28

onli ~ Ponc T “Oyr
2. Wide coolant channel

. 2nz
Dw = Dlw — AD sin ~

B

D =e —D -5 Trw, TAH

APC
~ & 5 _ — &

— +
Tnw, TAC nwi nwC 6anH

_,5anc B 6owH B 6owC N QEVR

(A-5ha)

(A-5kb)

(a-5hc)

(A-55)

(A-55a)
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Dyw =€ ~ Bapn * Ormw,man ~ Omuw, TAC
~ Oun T Bwuc t Ovmwr T Bwwe (A-550)
h 6owH - 6owC - 26VR
c. g3 =1
Dy =©y ™ Baps ~ Bapc ” Orrw,man t Oraw,Tac
T nwH 6an - aanH * 8anC (AQSSC)
B 6owH waowC B 26VR

d. gh = 1; delete this step.

Calculate the mass flow rate per unit channel width for-each posi-
tion 1. Provide in the input data the choice between two alter-
nates methods.

Alternate Method I. (Very similar to the method used in Option I.)

A. Identicel to this step in Option I.

Do steps B through F for both the narrow and the wide coolant

charmels.

B. Determine the minimum value of the channel thickness within
the length Ki,g’ i.e. the smallest value of D = D. - AD.

1
as D. .

Designate the corresponding values of D .
1 1li,g

C. Identical to this step in Option I.
Calculate the coolant properties for each strip.
1. Assume that the inlet coolant properties are those calcu-~
lated in step V.F.
2. Calculate the bulk temperature rise.

U, U,U,QF A ]
AT 1 = 3-292 = L |0, + U5J I_°1,j-1 + ¢i,j} a2 (a-56)
i 3=

3. Calculate the average coolant properties using step V.I.
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4k, Calculate the exit coolant properties using step V.dJ.

E. Calculate new flow rates at each position i using the relation

2
8.953 x 10¢  2.238 x 10° e we
e 1
APF = + S =
Din pex,i ee t - ee
0.2 1.8
8 U?F“ave i3 .
+ 1.152 x 10 2 (A-57)
pave,i
r —
1 AD 2 |
1+ -
L/ o 2 D, . ‘
. g “li,g l
3 5 5/2]
g=l "1i,g | 2D f
Pl -( e |
; D.. '
—_ ‘lng ~

F. TIdentical to this step in Option I.
Alternate Method II

Do for both the narrovw and the wide coolent channels.
A. TIdentical to step XV.C in Option I.
B. TIdentical to step D in Alternate Method I.

C. Calculate new flow rates at each position i using the relation

'8.953 x 10t 2.238 x 10° e W
AP, = + 1 - -2 =
L Pin ' pex,i € v “e
0.2 1.8
i LW
+9.218 x 100 L ave,i’i (A-57)
pave,i
N Az, |
.2: J

3
+
j=2 [Di,j—l Di,j]

D. Identical to step XV.F in Option I.
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Calculate the bulk water temperature distribution using the final
values of wi from step XV for beoth the narrow and the wide coolant
channels for all cases except where E)y = 1. In the latter case,

consider only the narrow channel situation.

U1U2U3Qf L

T,y 7 UTy + 3292 2‘ v, + U5] [@i,j_l + mi)j] te,

i J=2 .

(4-58)

Calculate the fuel plate surface (oxide-water interface) tempera-
ture distribution TSi,j for the range 1 = 3 to 1 =m - 2 in both
the narrow and the wide coolant channels for both the hot and cold
plates.
A. Calculate the heat flux at each position 1i,],

1. For the hot plate

q - 6 af =

(A}Hi,j 3.413 x 107 WU, S0, (A-59a)
2. For the cold plate

q , 6 af 3

'A) = 3.413 x 10 U ULUUs S (A-59b)

Ci,J

Provide in the input data the choice between two alternate methods
for oxide buildup.

Alternate Method I for Oxide Buildup

B. Csalculate the modified heat transfer coefficient Hi 3 at each
: 2

position i,J for three cases:

1. Case 1; Channel thickness =D,, . — AD
11,3
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. 0.163
T,
H =h e
i,J 1,3\ ¢
Si,J
2 .
= Ug _5.&29 x 10° — 1.561 Ti,J
-3 2 _ -6 3
+ 3.533 x 10 Ti’j . 250 x 10 Ti’j
-9 Lo 1
+1.882 x 107 T, jJ . . (A-60)
[Py, 5 — 2@
i L6667
. .1621°
{[2&5.5 wiTi,j - 125J'
_ ) 0.6667
[ 1y2x10 3 D, .
il + - liij
T . ,
. J -

2. Case 2; Channel thickness =D

14,3
Calculate H, . using Equation (A-60) with D.. . instead
i,3 11,3
of (D,. . — AD) in the denominator.
11,3

3. Case 3; Chanel thickness = (Dli ; + AD).
bd

Calculate i, ; using Equation (A-60) with (D + AD)
2>

1i, ]

instead of (D ~ AD) in the denominator.

11,
C. Celculate the fuel plate surface (oxide-water interface) tem-

peratures for the three cases.

1. When (%} =0
i,J

Towni,j = TswCi,j = 1,3 (A-1Ta)

T&MLJZTQij“

2. When ‘%}i ; 2 0
2

a. For a hot plate surface in a narrow channel.
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7 0.163

. 1 o]
SnHi, j _ - —- -

Tni,j Hni,j A Hi,J

b. For a cold plate surface in a narrow channel.
. 1 _
Calculate TSnCi,j by an equation analogous to Equa
tion (A-1T7b).

c. For a hot plate surface in a wide channel. (Ignore

for gh =1) Calculate T by an equation analo-

SwHi, 3
gous to Equation (A-1T7b).

d. For a cold plate surface in a wide channel. (Ignore

for g) = 1) Calculate T by an equation analo-

SwCi, j
gous to equetion (A-17b).

XVIIT. Calculate the oxide film thickness in the range i = 3 tom ~ 2

for each value of TSi 3 calculated in step XVII.C.
X, . = ki3 U'QO'TTB exp — 8290 ! (4-18)
i, 9 TSi 3 + HEO;
- 2

XIX. Calculate the average metal temperature.at i,j for the cases
listed on page 143.
A. Caleulate the metal surface (metal-oxide interface) tempera-
ture for each value of Xi 3 calculated in step XVIII.

2

1. When X, < 3
lJ
. 1g
(A]i RN : )
Tys 5 = Tgy ; * ——2—p A-19a
MI 3 8L g 56 10
2 When X, > 3
1)
T =T + 1.923 X 107" (3‘ (A-19b)
Mi, j 81,3J Al

1i,d
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B. Define these results as

Narrow Channel Wide Channel

Hot Plate Cold Plate  Hot Plate Cold Plate

Case 1 TMnHi,J;l TMnCi,j,l leHi,j,l TMwCi,J;l

Case 2 TﬁnHi,jpg TMnCi,j,E TMWHi,j,Q TMWCi,J,2

Case T .. T .. T . T ..
3 Tupni, 3,3 Tunci,y,3 TwH,$, 3 Mwed, s, 3

C. Calculate the average metal temperature at i,j for the cases
listed at the top of page 143.
1. For a hot plate between two narrow channels: T . . = the
MnnHi, j
maximum value of

Tania, 3,1 7 Tuoni, 3,3

; or TMnHi,j,Q (A-61a)
2. For a cold plate between two narrow channels; T . . = the
MnnCi, j
maximum value of
T + T
MnCi, j,1 MnCi,j,3
or TMnCi,j,e (A-61b)

2

3. For a hot plate between a narrow channel and a wide chan-

nel; TanHi,j = the maximum value of

. .
Tvani, 3,1 " Twwni, 3,3 Tvnni, g2 * Twuni, 3,

or
2 2
(A-61c)
T, . + T -
or MnHi, j, 3 MwHi, J,1l
2

4. For a cold plate between a narrow channel and a wide chan-

1; = i
nel; ?MnWCi,j the maximum value of
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+
Tnci, 3,1 ¥ Twvei, 3,3 or Tunci, j,2 7 Twwei, g2

2 2
(a-614)
 Dnci,g,3 ' Pwwei, g
or
2
5. For a cold plate between two wide channels; T ., . = the
Mww(Ci, j
maximum value of
T . s + T -
MWCI,J,l MWCI,J,3 or T (A“6le)

- MwCi, J,2

Alternate Method II for Oxide Buildup

B. Calculate the modified heat transfer coefficient Hi 3 at each
2

position 1,].

T 0.163

H . =h. . .‘.].*_sz.__
1)J 1}J T
5i,J

2

i

Ug 5.429 x 10° — 1.561 Ti’j

392 - 4.250 x 10

6 .3
i,3 T

4+ 3.533 x 10 1.3

1

. (a-60)

-

T
1,J

+1.882 x 1077 Tg .‘

- - 0.6667 .
'[(EAS-S wiT%'%62] ~ 125!'

1,4

~ 0.6667.
1 (2 x 1073 D,
cl+"“ 1,J

3 z, J

C. Calculate the fuel plate surface (oxide-water interface) tem-

perature at each position i,j. Method identical to step XVII.C
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in alternate method I for oxide buildup except that there is

only one case instead of three cases.

Calculate the oxide film thickness in the range i = 3 tom — 2 for

each value of T,, . calculated in step XVII.C. Method identical

51,3

to step XVII in alternate method I for oxide buildup.

Calculate the average metal temperature at i,j for the cases listed

on page 143.

A

Calculate the metal surface (metal-oxide interface) tempera-
ture for each value of X. 3 calculated in step XVIII. Method

1y

identical to step XIX.A in alternate method I for oxide build-

up.
Define these results as

Nerrow Channel Wide Channel
Hot Plate Cold Plate Hot Plate Cold FPlate
T i 3
MnHi, j TMnCi,j IlMwHi,j IﬂwCi,j

Calculate the average metal temperature at i,Jj for the cases
listed on page 143.

1. For a hot plate between two narrow channels

=z T -
TMnn#i, § 7 TMoHi, 3 (a-612)
2. For a cold plate between two narrow channels
Tvnnci, 3 ™ Tunci, (£-61v)
3. For a hot plate between a narrow channel and a wide
channel
T . .+ T ..
_ MnHi,J MwHi, j (A-61c)

TanHi,j - 5

k. For a cold plate between a narrow channel and a wide

channel
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T I .-
_ MnCi,J MwCi, J (A-614)

Trwes, 3 = 5

5. For a cold plate between two wide channels
Twwct, 5 = Tuwoi, 3 (a-6le)

X¥. Calculate the average metal temperature down the length of the
fuel plates for the cases listed on page 143.

m-2 T | L+ T ]
ZJ x,i~1,] Xyl, ] As
o i
=, ]
. == (A-62)
xJJ m,T_.‘E
),
i
m=d

XXI. Calculate the average differential pressure across a fuel plate
between a narrow coolant channel and a wide coolant channel.

Tdentical to step XXI in Option I.

XXII. Iterate steps XIV through XXI until convergence.
A. BSubstitute the following values back inteo step XIV.

T . . and T . for the cases listed on page 143..
xll,\j x)r]

Xami, 5% *nei, st Kemi, ; ci,3
using alternate method I for oxide buildup.)

; and X (Use Case 3 values when
AP (Ignore for £), = 1)
B. Substitute. the values of wni;and wwi back into step XV.C.
C. Repeat steps XIV through XXI.
Iterate until the following values converge.

T, ; for the cases listed on page 1h43.
>
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Part III

XXIIT. Calcuvlete the maximum possible heat flux in the hot and cold chan-
nels at each position i, for the range 1 =3 to i =m — 2.
A. Calculate the minimum possible charnel thickness at i,].

1. For the hot channel

e +e — AD (A-65a)

DH,min,i,j - Dln,i,j T %n n,min

2. For the cold channel

D¢, min, 1,5 = (61 * 82) [Dlw,i,j Tt ew,min}

‘e

In,i,J ~ “n * en,min] 4D (A~6bb)

+ (g5 + g [D

B. Calculate the hot streak flow rate Vil for both the hot and
the cold coolant channels.

The two alternate methods used for calculating the flow rates in

step XV apply to steps XXIII.B and XXIV.B.

Alternate Method I (Very similar to the method used in Option I)
1. Identical to step XXIII.B.1l in Option I.

2. Identicel to step XXIII.B.2 in Option I except designate

values of Dlni,j and DlWi,j corresponding to these minimum

values of channel thicknesses as D, | and D, . .
Ini,g lvi,g
3. Identical to step XXIII.B.3 in Option I.
4, Calculate the coolant properties for each strip.
a. Assume that the inlet coolant properties are those
calculated in step V.F in Option I.
b. Calculate the bulk temperature rise,

U.UUU., o

_ Let3ek N7 6
BT i = 6.584 EJ [¢i,j—l + mi,j] =3 (A-56)

nsit =2

c. Calculate the average coolant properties using step V.I
in Option I.

d. Calculate the exit coolant properties using step V.J
in Option I. '
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5. Calculate a new hot streak flow rate w,_ ., using the re-

hsi
lation
- L
8.953 x 10°  2.238 x 10° e, 27
AEF = + B el S
L Pin pex,i e ot
2 0.2 1.8
LA
5L 4+ 152 X 18 T evenst
e pave,i
(A-66a)
iﬁ? X
5 .
[Dll,g € mvnl
1 AD \2
Pl o+ - ] !
. e \Dliz Ter emin/ {
| 215/54
AD
||
! -
where
for the hot channel,
D, =—~—e+e . =D . —e+e .
1i,g min 1ni,g n,min
for the cold channel
Dli,g TE T e T (gl * ey ) ’ lw i, g Tey ew,min

* (§3 * gh) ’Dln,i,g T % * en,minI

hei DaCK into step 4 ana
iterate steps 4 and 5 until the value of w
Alternate Method II
1. Tdentical to step XXIIT.B.3 in Option I.

2. TIdentical to step XXIII.B.4 in Alternate Method I.

6. Substitute this new value of w

. converges.
hsi g

. using the rela-

3. Calcuwlate a new hot streak flow rate Yosi

tion
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2
8.953 x 10°  2.238 x 1a° e we
+ 1 - e hsi
Pin pex,i e tE e
0.2 1.8
8 U? Mave,i"hsi
+ 9,218 x 10 2 . (A-662)
pave,i
= AZ
. |
13
2 D, ., +D, ., — 2e + 2e__
Je= i,J-1 i3 min/!

Use the narrow channel conditions for the hot chammel for
all cases; use the wide channel conditions for the cold
channel for £, = 52 = 1; use the narrovw channel conditions
for the cold channel for g3 = &) = 1.

Substitute this new value of w 5 back into step 2, and

hs

iterate steps 2 and 3 until the value of w__. converges.

hsi

Calculate the hot streak bulk water temperature distribution,

Thsi,j'

T

hsi,J

(o + 6.
AEURISERNRE IR

J
U U UU,Qf &
= UL, + 658k l23eh™ 2:
in W
hsi J=2

Azj (A-66D)

D through F. Identical to steps XXIII.D through XXIII.F in Option I.

Specify either the burnout option of the incipient boiling option

for this step.

Burnout Option

Calculate the burnout heat flux %} at each position i,J for

boi, J

the hot and the cold channels for the range i = 3 to i =m — 2.

A.
B.

Identical to step XXIV.Burnout Option.A in Option I.

Calculate the pressure at i,J.
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Alternate Method I (Similar to the method used in Option I)

h 2
8.954 x 10" w
-10 2 hsi
Py =Pt 4077 x 10777 p, Vo = 2
o €
in e
2.238 x 100 w2 8 Ufiigre Mror
_ 5 - 1.152 x 10 b
pi,j min,i,J pave,i
| - (A-T1)
e 1+ - - |
_ {
L) s LN T, -1
.\? _ 3 / 5/2
g=1 [Dli,g e+ emin] i { &D gl ’
,l —
For all z < z, }\ D.. "—e+e {
\ ' 1i,g mint g
: 1 AD 2 ;
1+ -
+ "y % et " Tmin
_ 317 o1z
[Dli,g emin} I, ( AD EL
b
fy Pra,e T Cnand (

Use the narrow channel conditions for the hot channel for all
cases; use the wide channel conditions for the cold channel for
£l = g2 = 1; use the narrow chamnel conditions for the cold chan-
nel for 53 = gh = 1.

Alternate Method IT
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Y 2
p. . —p + hor7 x 200 o, V2 - 0994 X 10 Vs
i,5 °°F ’ Pin'F 2
Pin e
2 . .
2.238 x 106 Yhsi 8 Ufpugvi iwisi
- 5 ~9.218 x 10 = g (A-71)
pi,j Dmin,i,j pave,i
N Az
> J
[ |3
T 4DL + D — 2e + 2e_.
J=2 1 1i,j-1 i,J min'!

where the hot and the cold channels are defined to be identical
to those defined for equation (A-T1) in Alternate Method I.
C through G. Identical to steps XXIV.Burnout Option.C through G.

XXIV. Incipient Boiling Option
Calculate the incipient boiling surface temperature TSib,i,j at
each location i,J in the range i = 3 to 1 =m — 2.
A. Identical to step XXIV.A in the burnout option.
B. Identical to step XXIV.B in the burnout option.
C. Identical to step XXIV.C ﬁn the burnout option.
D

Tdentical to step XXIV.Incipient Boiling Option.D in Option I. ~

XXV. Identicael to step XXV in Option I.
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Appendix B

DERIVATION OF THE EQUATIONS FOR THE OVERALL CORE FILOW RATES
AND PRESSURE DROPS, AND METHODS
OF MEASURING THESE QUANTITIES

The following are the derivations of the eguations for the overall
core flow rates and pressure drops, and the methods of measuring these
gquantities. The derivation of these eguations is discussed first, but
the flow distribution of the cooclant water within the fuel element coolant
channels is not considered here. This subject is discussed in Appendix C.
The methods available for measuring the overall core flow rates and pres-

sure drops are described in the latter part of this appendix.

Fuel Element Flow Rate

The flow rate through an average coolant channel of the inner fuel

element is wA - lb/sec and that through an average coolant channel of

the outer fuel element is w lb/sec. Since the inner element has

A outer
171 coolant channels and the outer element has 369 coolant channels,23 the

total volumetric flow rate through the two fuel elements is

uua L4B.83 ¢

Pin

[1TLw ) + 369w (B-1)

A inner A outerJ

vhere

_ 3
Py = 1b/ft°,

VF = gpm.
It was assumed that the presence of the narrow and wide coolant channels

in the fuel elements had no influence on this particular flow rate.

Fuel Element Labyrinth Flow Rate

The flow rates through the labyrinth between the two fuel elements
hs

have measured experimentally, and they are shown in Fig. B-1. An equa-

tion describing these results is

= 0.0192 Viéi)
or (B-2)
; F‘o 5405
Vi = 1243 {5——}
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where
Viap = 8pm
APF = pSi
b, = 1b/rt3.

in

Fuel Assembly Flow Rate

The flow rate through the entire fuel assembly is simply the sum of
the flow rates through the fuel elements and the fuel element labyrinth.

Vpg = Vigp + Vg (B-3)

Core Pressure Difference

The core pressure difference is defined as the difference in the
static pressure at & point in the reactor vessel just upstream of the core
shroud inlet and a point just downstream of the fuel assembly. Differences
in the static head just upstream of the shroud inlet and the bottom of the
narrow part of the inner shroud were determined experimentally, and they

are shown in Fig. B-2. An equation describing these results is
i = 8 % 10702 (B-4)
AS

The flow area between the narrow part of the inner shroud and the target
tower is 156.2 in.2 and that in the fuel elements just above the fuel
plates is 165.1 in.2 Ignoring the friction loss between the bottom of the
narrov part of the inner shroud and the top of the fuel plates and correct-
ing for the difference in the flow areas, the core inlet pressure difference

is

8
pin V2
A

7x 10

1hk

g = k.86 x 1o'lopinv2 (B-5)

AP AS

inlet ~

The core pressure difference is then simply the sum of the core inlet

pressure difference and the fuel element pressure drop.
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APoore = AEF + APinlet

(B-6)
APy + 4.86 x 1o'lopinv§s

I

Flow Rate in Annulus Between Target Bundle and Inner
Fuel Element

Coolant flow rates through the target holder outside of the target rod
hex cans have been determined experimentally by Kedl,h6 and they are shown
in Fig. B-3. These results are a function of the head difference across
the target holder, and they can be correlated by the relation

-3.2
Vis

AE = 9.42 x 10 (B-7)

vhere

OAH = £t Ho0
V = gpm.

These results must be correlated with the core pressure drop in order
to be useful in this analysis. Other aveilable data regarding the target
region flow rates are the target rod coolant flow rates shown in Fig. B-h
and the total target region coolant flow rates shown in Fig. B-5. Data in

Fig. B-4 are correlated by

1l LYy -l . - 1.
AH = m‘Ap = E—i;:‘:fg {2.06 X 10 l Vlrc)ggS = 4,802 x 10 LFV:IL.Ogg8 (B*B)
where
AH = £t HpO
Op = psi
Vyods = 8PO
and those in Fig. B-5 are correlated by
-4 o1,
Afore = 6.46 X 10 Vtaaggt (B-9)



168

where
AHcore = ft 10
Vtarget = gpm-

Since the head loss through the target bundle and the target rods are
identical, Equations (B-7) and (B-8) can be combined to give

1.094
= 5.095 Vi; (B-10)

Vrods
The flow rate through the target holder then can be related to the total
flow rate through the target region by the relation

- 5.095 V0% Ly C O (p-11)

' =V +
Vtarget rods Vholder ii ii

Combining Equations (B-9) and (B-11), the flow rate through the target

holder as function of the core pressure difference is

61.78 61.78 i 09! 11933
APCOI'& :WAHCOI’S = L (6)46 X 10 1{5095 Vlii o + Vii]

or (B-12)

.09k

5.005 V3307 + Vyy = 69.20 aPo;2 T3

core

Control Region Flow Rate

Pressure drop data have been obtained for the outer shroud flange, the
beryllium reflector, and the control region. The data for the outer shroud
flange and the beryllium reflector are shown in Figs. B-6 and B-7. For the

control region, the pressure drop data can be described by the relation

Vg L.75
AP = T | —— (B-13)
1075
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where
AP = psi,
VC = gpn.

Since the coolants for the control region and the beryllium reflector have
common inlet and exit plenums, the pressure drops through these two regions
are identical. The information in Fig. B-8 was calculated from the above
data by adding the flow rates through the control and reflector regions for
a given control region pressure drop and using this sum of the flow rates

to get the pressure drop across the outer shroud flange from Fig. B-6.
(Density of weter assumed to be that at 120°F and 600 psia, which is 61.86
lb/ft3.) The core pressure difference is then the sum of the control region
and the outer shroud flange pressure drops. Results shown in Fig. B-8 can

be correlated by the relation

V. = 36.6 AFC: (20 (B-14)

where

[

Vo = gpm,

AP psi.

core

i}

Location of Pressure Taps in the Reactor Vessel

The HFIR reactor vessel is fitted with a number of pressure taps as
shown in Fig. B-S to permit measurement of the cooclant flow distribution
and the pressure drops within this vessel. The term '"N-16 Pressure" in
this figure is the impact pressure on the N-16 probes, and any of these
four probes can be used for this purpose. These pressure taps are con-
nected to either a differential pressure fransmitter or a differential
pressure gauge for the readout of these pressure drops. The specific
pressure drops of interest here are:

1. Core pressure drop, RP4-RP3

2. Fuel element pressure drop, RP4-N16 Pressure

3. .Pressure drop across the outer shroud flange, RP4-RP2.

In addition the coolant flows for the beam tubes and the engineering

facilities are monitored by flow orifices read out on a Barton gauge.
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Although not pertinent to the determination of the fuel assembly flow
rates and pressure drops, the following differential pressures also can
be measured:

1. Pressure difference between the reactor vessel upper plenum and
the reflector upper plenum, RP4L-RPL

2. Beryllium reflector pressure draop, RPL-RP3

3. Reactor vessel and the primary coolant strainer pressure drop,
PAT-106

4. Primary coolant strainer pressure drop, PdT-103

The absolute pressure in the HFIR is normally measured just upstream
of the primary coolant venturi, at PT-127. This is at a different location
from reference absolute pressure used in this heat transfer analysis. The
latter could be measured at tap RP4 if so desired, since an absolute pres-
sure gauge could be connected to it. The total primary coolant flow is
measured by a venturi located in the inlet primary coolant line, and the
coolant temperatures are measured by gas-filled thermal bulbs located in

the inlet and exit primary coolant lines.

Overall Primary Coolant Flow Rate

The overall cooclant flow rete is determined from the head difference
measured across the primary cooclant venturi, and the calibration curve
for this venturi is shown in Fig. B-10. It can be seen that for a pipe

p

Reynolds number greater than 3.8 X 107, the venturi coefficient has a con-

stant value of 0.9823. For this situation, the venturi equation becomes
- 3Van -
V., = 3-3889 x 10 Vanr (B-15)

where

fl

Vtot total primary coolant flow rate in gpm,

AH = venturi head difference in ft HpO.

Flow Rates Through the Beam Tubes, Engineering Facilities, and
Vertical Facilities

In determining the flow rates through the fuel assembly from the

total primary coolant flow rates, flow rates thraugh the parts of the
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reactor other than the fuel assembly must be known. Included are the ex-
perimental facilities which are the beam tubes, the engineering facilities,
and the vertical facilities. The beam tube and the engineering facility
coolant flow rates are determined from the measurements of the pressure

drops across flow monitoring orifices installed for this purpose. The cali-
bration curve for these orifices is shown in Fig. B-11. The primary coolant
flow rates through the vertical facilities are determined from the core pres-
sure drops measured between taps RP4 and RP3 using the calibration curve

shown in Fig. B-l2.

Determination of the Fuel Assembly Flow Rate

The fuel assembly flow rate, is determined as follows:

VAS’

1. Subtract the sum of the flow rates through the coantrol-reflector
region (determined from the pressure drop measured across the outer shroud
flange, RP4-RP2, and the outer shroud flange calibration curve, Fig. B-6),
beam tubes, engineering facilities, and the vertical facilities from the
total flow rate. This difference is the sum of the fuel assembly and the
target region flow rates, V gpnm.

2. Estimate the fuel assembly flow rate, VAS gpm.

3. Determine the core head difference, Aﬁcore’ from the differential

pressure measurement (RP4-N16 Pressure) and this estimated flow rate, V

AS
= (RP4-N16 Pressure) + 1.379 X 1077 2
core ' AS
. -T2 . . . ;
The guantity 1.379 X 10 VAS is equal to twice the velocity head at the

top of the N-16 probes based on a flow area of 152.32 in.2 This correction
is necessary to account for the impact of’the coolant on the end of the N-16
probes.

4. Determine the target region flow rate, V pm, by finding the

target &
difference of the flow rate calculated in step 1, V gpm, and the fuel as-

sembly flow rate assumed in step 2, VAS gpm.
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5. Determine the core head difference across the target from the data

in Fig. B-5. It should be noted that the quantity (3.730 X 1070 v2 )s

wnich 1is the velocity head in the target region at the bottam of t;iriiZl
grid assembly (flow area is 20.71 in.e) is included in this head difference.
It was added to the permanent head loss in the target region to get the core
head difference which is used to obtain the target region flow rate.

6. TIterate steps 2 through 5 until the core head difference for the fuel
assembly equals that for the target region. When they are equal, the following
will have been found:

a. Tuel assembly flow rate, VAS g£om
b. Target region flow rate, V + gpm

targe

c. Core head difference, AH ft.
core
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Appendix C
DETATIS OF THE FUEL ELEMENT COOLANT CHANNEL FLOW EQUATIONS

Basic Equations

One dimensional incompressible flow was assumed. Assuming that the
channel inlet and exit loses are 0.04 and (1 — Al/A2)2 velocity heads
respectively,26 and that the friction factor is F/(Re)o'g, the pressure

drop in a given coolant channel is

AP = 0.04 p. 241y p e —— —  (C-1)

_ 2
ve | A l ve Ly vZ az
in ] 1 ex .
F i ‘ ' (Re)o'2 2g, De

2gc L A2 - 0

To get the absolute pressure at any point within the coolant channel,

note should be made of the core inlet pressure difference derived in Ap-

pendix B.
~-10 2 .
A 4.86 x 10 PinVas (B-5)
and the velocity head just above the fuel plates (based on a 165.1 in.?
flov area)
v2 10 2
S = - fC-
- L.OTT x 107 o Vi (c-2)

c

If the absolute pressure in the reactor vessel plenum above the core in-

let is P psia, the absolute pressure at any point within the coolant chan-

nel is
VE

—10 2 in

p =P+ (k077 - 4.86) x 10 ™" o, Vv, o — 0.0k pin<§§;

Z

2 2 ,
v F 3
“e e T 22 (c-3)

0.
(Re) e 2g, De
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For this anslysis, it was assumed thet the flow rate per unit width
of the coolant chammel is W 1b/sec (in width), the local channel thick-
ness is e mils, and the channel thickness at the inlet and outlet is e,
mils. It was further assumed that the area ratio at the exit of the
coolant channel is ee/(ee + t) and that the friction factor has an uncer-
tainty coefflcient of U. ZEgquation (C-1) for the pressure drop in the

coolant channel then becomes

8.953 x 10" 2.238 1 | . B
AFg = + 1 - —8 ) |
’ [ P p \ e +t e
in ex e 4%

0.21.8 L a

8 Havew z

+1.152 X 10— — (c-b)
o e
Tave 0

and Eq. (c-2) for the sbsolute pressure at any point within the coolant

channel becomes

p =P+ (4077 — 4.86) x 10710 paniS
8.953 x 10% w2 2.238 x 1% WP
2 2
pin ee P ee

- 1.152 x 10

Coolent Chennels with Gradually Varying Thicknesses

For coolant channels whose thicknesses change gradually dovwn the
length, the integrals in Egs. (C-4) and (C-5) are approximated by the re-

lations

&AZJ

L n
dz \ |
e Z 13 (c-6)
] |

z e, + e,
J:E [ J"l J!
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and

(c-7)

respectively.

Coolant Channels with Sinusoidal Walls

The thicknesses of coolant channels with sinusoidal walls can be de-

scribed by a relation of the form

e=A—-BT (c-8)
For a given wavelength of the coolant channel A assuming the quantities
A and B to be constant, the integral in Egs. (C-4) and (c-5) can be evalu-
ated analytically. This was done by Chapmanso using the theory of resi-
51

and his result is

[xdz [)L dz

dues,

P o i
b LB
) N 2
- — 2 (c-9)
A3I 252
f( 3
-5
i A

Assuming that the values of A and B remain constant for each segmental

length of channel Xg, the integrals in Eqs. (C-4) and (C-5) can be approxi-

mated by the relations 1 B2
14+ - -8
La, LA, o a2
"'3“"24'% 572
; 2
Jo & gty B
- B
3 1
g
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and
1 8%, 12
r_ l+“—‘%— l.+""'“%
ez 40 &8 Mo 28, 2y = 2 2 A
—_ : + Cc-~10
| =) 3 > 52 3 Ssz| (620
Jo © . AT, \ A B
g = g B, g
- 1 - -2
all AE A2
<z, !
Zg, 3 L g a L g ]
respectively.

Total Coolant Channel Flow Rates

The flow rates per unit width of the coolant channel v are calculated
at several positions along the width of this channel. These values are
then weighted by the appropriate channel widths and summed to give the
total coolant flow rate through the chamnnel. An equation describing this

is
m
T As. + As
i i+l "
e ) wAi[--m—m] (c-11)

where As is defined to be zero.
m+1

Pressure Difference Across a Fuel Plate Between a Narrow Channel
and a ¥Wide Channel

Since the flow rates in the narrow and the wide coolant channels will
be different, a pressure difference will exist across a fuel plate be-
tvween these channels. For this analysis, this is assumed to be the average
of the pressure difference just below the coolant channel inlets and that
Just above the coolant channel exits. The influences of the local deflec-
tions along the length of the fuel plate have been ignored. The pressure

difference just below the coolant channel inlets is

1.0kp. )
_ inf{ 2 2] _
APinlet - Egc ’Vw Vnl (c-12)
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and that just above the exits is

r 27 2 T 27 2
eWe wewi ene pnexvn
BF ., = ll -1 - St : -1 —-(1 -3 (c-13)

+ t Egc

Therefore the average pressure difference at any position along the width

of the fuel plate is

éfhwi - APinlet i APexit
2
!
6 )wﬁi 1.0k 1 1 & e V@
=1.119 x 10" ¢ 5 + - 1-
; +
}ewe ‘Pin pex,w,i pex,w,i ve k -
A
ve (1.0 1 1 e, \2“
-3 + - 1 - } (c-1k)
+
“ne pin pex,n,i pex,n,i ene t
/
and the average pressure difference for the entire fuel plate is
m:g' AP
nw,i~1 i f A
n i
1L < i
AP = m-2 (c-15)






191

Appendix D

ESTIMATE QF THE REDUCTION OF THE LONGITUDINAI. DEFLECTION
OF THE FUEL PLATES DUE TO THE STRETCHING
OF THE SIDE PLATES

Preliminary calculations indicate that the difference between the
temperature at the lower end of the average fuel plate and that at the
lower end of the side plates for 100 Mw reactor operation is about 100 °F.
This difference between the lower end of the hot fuel plate and the sige
plate is about 170 °F.

The heat transfer analysis assumes that the longitudinal deflection

of the fuel plate is based on a thermal expansion of
1700L (D-1)
where

¢ is the thermal coefficient of expansion of the fuel plate material

L is the length of the fuel plate.

To estimate the stretching of the side plates due to the expansion of
the average fuel plates, an estimate must be made of the heated (fuel plate
containing the fuel bearing material) cross section and the unheated cross
section of the fuel elements. For the inner fuel element, the heated cross

section is estimated to be

1l .

% [(9.9152)2 ~ (5.6220)2} = 26.19 in® (D-2)
and the unheated cross section is estimated to be

£ [(5.043)2 - (5.067)2] + 5 ¥ [(5.622)2 - (5.443)?]

+-

o

a [(10.0"(1+)2 - (9.9152)2] + F [(10.590)2 ~ (10.07&)2] (D-3)

~ 13.50 in<
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Similarly for the outer fuel element, the heated cross section estimated

to be

L% [(16.5334)2 — (11.8938)2] - 51.79 in2 (9-1)
and the unheated cross section is estimated to be
£ (17462 - (11.250)2] + L X [(12.8938)2 — (12.76)?]

+ 33 [(16.622)2 -(16.533h)2} o {(17.13&)2 - (16.622)2] (p-5)

ol

= 25.06 in®

If simple force balances hased on these areas are assumed for the
inner and the outer fuel elements, the inner fuel element side plates would

stretch

(26.19) aL
(26.19 2)13.50) (100) = 66aL, (D-6)

and the outer element side plates would stretch

(51.79) oL
(51.79 + 25.06

y (100) = 67 (D-7)

Combining equatioms (D-1), (D-6) and (D-7), the longitudinal fuel plate

deflections assumed for this heat transfer analysis probably would be lower

by

661
1700L (lOO) = 38% (D~8)
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Appendix E
DERIVATION OF THE SIDE PLATE TEMPERATURE EQUATIONS

The following are the derivations and the reasoning for the equations
used for calculating the fuel element side plate temperatures. Some of
the assumptions are gomewhat arbitrary, but they are felt to be conserva-

tive and do not have a significant effect on the overall results.

Basic Equations

For the purpose of heat transfer calculations, the side plates were
regarded as slabs. Calculations by Hilvety and ChapmanLL and later by
Haackse indicated that this is a good assumption provided that one half of
the normal fuel element coolant channel heat transfer coefficient is used
on the fuel plate side of the side plates. The effect of the lower heat
transfer coefficients in the corners of the fuel element coolant channels
were ignored in Haack's calculations. Therefore the slab model should yield
low side plate temperatures which is a conservative assumption.

Equations for heat transfer from a slab with internal heat generation
mgy be found in most heat transfer texts. For a slab of thickness T with
an internal heat generation rate of QSPQ/lOO and cooled by convection on

both sides, the temperature distribution 1553

~Qgpx®
t = ———— + C1x + Cg (E-1)
200k
vhere
2
Qgpdr  Ggplr _
+ + T -7
100h 200k :
C, = P (E-la)
T+ -+ -
h h
kC;
Co=—+ T (E-1v)

h
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where

= side plate heat generation rate at a reactor power level of 100 Mw
P

Q = reactor paver level

k = thermal conductivity of the side plate material

h = effective heat transfer coefficient on the fuel plate side
(Assumed to be one half of the normel fuel element coolant
channel heat transfer coefficient)

h = heat transfer coefficient on the other side of the slab

T = coolant temperature on the fuel plate side of the slab

T = coolant temperature on the other side of the slab.

The side plate temperature is regarded as the average of the temperatures

in this slab which is

Tgp == | | tdx
S
(E-2)
Agptr® T
- - + -2ty
600k 2 ”

The application of these equations with the appropriate values of the
side plate thicknesses, thermal conductivity, and the uncertainty coeffi-

cients for the heat generation rates listed below are shown in Appendix A.

Side Plate Thicknesses

HFIR fuel element specificationsg3 lists the side plate dimensions to

be as follows:

Inner fuel element — Inner side plate

+ 0.010 |
I. D. 5.067 0.000 1o
0. D. 5.443 + 0.001 in.

Minimum thickness = 0.1825% in.
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Inner fuel element ~ OQuter side plate

I. D. 10.07k = 0.001 in.
0. D. 10.590 £ 0.010 in.
Minimum thickness = 0.2525 in.

Quter fuel element — Inner side plate

I.D. 11.250 £ 0,010 in.
0. D. 11.746 * 0.001 in.

Minimum thickness = 0.2425 in.

Quter fuel element — Quter side plate

I. D. 16.622 + 0.00L in.

+ 0.010 in.

0. D. 17.134 0.000 in.

Minimum thickness = 0.2455 in.

The values of the minimum thicknesses listed above are the values used for
1 in Equations (E-1) and (E-3). This will tend to make the side plate

temperatures slightly low which is conservative.

Other Related Factors

Since the side plate material is 6061 aluminum, the thermal conductivity
of the slab was assumed to be 97 Btu/(hr){ft)(°F) on the bvasis of the
informetion in the Alcoa Aluminum Handbook.he

Uncertainty factors have been given to the reactor power level Q, the
side plate heat generation rate QSP’ and the coolant heat generation rate
QHEO' These are designated as Ul’ U16 and Ul7, respectively, in the
eguations in Appendix A for caleulating the side plate temperature.

Coolant Temperatures

The temperature of the bulk water flowing by the side plate is assumed
to be dependent only on its flow rate and the heat generated in the side
plate material and the coolant itself. On the fuel plate side, it is
assumed that there is no mixing between the water cooling the side plate

and that cooling the fuel bearing material. This of course is a conservative
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assumption. The division of heat passing through each surface of the side
plate must be considered in determining these coolant temperatures. From

kg

the two dimensional calculations of Haack, the division of the heat flow
for various coolant conditions were determined and they are shown in
Table E-1. The heat transfer for the fuel plate coolant is about 15,000
Btu/(hr)(fte)(°F). That for coclant on the other side of the side plate
is about 1000 Btu/(hr)(ftg)(°F) for both plates of the inner fuel element
and for the imnmer side plate of the outer fuel element. It is about 5000
Btu/(hr)(fta)(°F) for the outer side plate of the outer fuel element.
From the inspection of the results shown in Table E-1, it was assumed for
both side plates of the inner fuel element and for the inner side plate
of the outer fuel element that 0.7 of the heat is transferred to the fuel
plate coolant and 0.3 of the heat is transferred to the coolant on the
other side. For the outer side plate of the outer fuel element, it was
assumed that 0.5 of the heat is transferred to the fuel plate coolant and
0.5 of the heat is transferred to the coolant on the control region side.

The models used for calculating the heat beslances on the coolant
adjacent to the fuel plate side of the side plates are shown in Figs. E-1
and E-2. That shown in Fig. E-1 is for the inner side plates of the inner
and outer fuel elements, and that shown in Fig. E-2 is for the outer side
plate of the inner fuel element. The model for the outer side plate of
the outer fuel element is identical to thet in Fig. E-2 except that 0.7~
is 0.5r. Models for calculating the coolant temperatures of the coolant
adjacent to the other side of the side plates are slabs having thicknesses
of 0.3+ for both side plates of the inner fuel element and for the inner side
plate of the outer fuel element and 0.5t for the outer side plate of the
outer fuel element. ' l

A heat balance on the coolant on the fuel plate side of both side
plates of the inner fuel element and on the inner side plate of the outer
fuel element yields the relation

{O.?T (t + ey) + tAs} ZQQSP + eAASZQQSP
AT = — : " 100 100 (E-3)
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The reletion for the outer side plate of the outer fuel element is identical
to Equatibn (E-3) except that the term 0.7+ is replaced by 0.5+. Sub-
stituting the appropriate values for the side plate thicknesses conversion
factors for the various dimensions, and the appropriate uncertainty factors,
the relations for the temperatures of the fuel plate coolant next to the
side plate shown as Equations (A-30), (A-38), and (A-43) in Appendix A,
may be readily obtained from this equation.

To obtain the temperature of the coolant on the other side of the
side plate, each case must be considered individually. The minimum flow
area for the coolant passing between the inner fuel element and the target
rods is estimated to be T7.867 in.?2 Assuming 0.3 of the heat generated in
the side plate flows into this coolant, the temperature rise in this coolant

is then

QgpQ
—— 0.3 Agpz +

100 100

(7.867) z = Vy,p; AT (E-L)

For the case of the coolant passing through the fuel element labyrinth,
it was assumed that 0.3 of the heat generated in both the outer side plate
of the inner fuel element and the inner side plate of the outer fuel ele-
ment flows into 1t. From the side plate dimensions listed above, the flow
area for this coolant is 10.98 in.2 The temperature rise of this cooling

water is then

Qsp® Q00 ‘
—— 0.3 [Agp; + Agpo) 2 + —2— (10.98) z = ViapPs AT (E-5)
100 A 100 -

The control regioﬁ coolant removes some of the heat generated in the
outer side plate of the outer fuel element. Calculations have shown that
for 1080 gpm control region flow rate, the temperature rise of this coolant
is about 30°F. This assumed that there was 4.2 Mw of heat deposited in
the control region, which of course is high. Therefore it was arbitrarily
decided to assume that thé temperature rise of this coolant is 15°F for a
1000 gpm contrél region flow. The temperature increase of this cooling

water therefore was defined to be
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_ 1000} [ Q z
o =35 (52) (38s) (24
(E-6)
= 6.25 x 10‘6 %%

The application of Equations (E-4), (E-5), and (E-6) using the appro-
priate values of the side plate cross sectilon areas and uncertainty factors
for the heat generation rates are shown in equations (A-28), (A-33), and

(A-41) in Appendix A.

Heat Transfer Coefficients

Once the coolant flow rates and the coolant temperatures are known,
the heat transfer coefficients may be calculated. For the coolant adjacent
to the fuel plate side of the side plate, the heat transfer coefficients
are assumed to be those predicted by the Hausen relation (Equation 9).

This of course is the same relation for predicting the heat transfer coef-
ficient in the rest of the fuel plate coolant channel. However, as
mentioned earlier, only one half of the value of this heat transfer co-
efficient is actually used in Equations (E-la) and (E-1b).

On the other side of both side plates of the inner fuel element and

of the inner side plate of the outer fuel element, a modification of the

Dittus-Boelter equation given in Glasstone53 was used. This relation is
ve
n = 170 [1 + 10727 — 10'5T2] (B-7)
no.2
where
h = Btu/(hr)(ftg)(°F)
T = °F
Vv o= ft/sec
D = in.

In the case of the outer side plate on the other side, the heat trans-
fer coefficient is that for the control region. In the control rod studies,

this was assumed to be 4600 Btu/(hr)(ft2)(°F) for a 800 gpm flow rate and
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0.104k — 0.104 — 0.10L4 in. control rod coclant channel thicknesses. Re-
design of the control region resulted in 0.104k — 0.170 — 0.095 in. control

rod coolant channel thicknesses. Therefore for this analysis, this heat

transfer coefficient was estimated to be

4600  [0.10% + 0.10% + 0.104 198 0.8

®  (800)0-8 |0.10k + 0.170 + 0.095 |

(£-8)

= 19.39 V8'8



Table E-1. Division of Heat Flow in the Side P;La\‘,esh9

Side Plate Thickness; 0.250 in.
Heat Generation Rate: 5280 Btu/hr in.3

Fuel Plate Side Opposite Side
Fuel Element
Coolant Channel Fraction of Coolant Heat Transfer Fraction of
Temperature Heat Transfer Heat Flowing Temperature Coefficient Heat Flowing
(°F) Coefficient to this Side {°F) (Btu/hr Ft€ °F) to this Side

(Btu/hr fte °F)

120 15,000 0.800 120 1000 0.200
150 15,000 0.680 120 1000 0.340
150 15,000 0.840 150 1000 0.160
150 15,000 0.520 120 2000 0.480
150 15,000 0.720 150 2000 0.280
150 15,000 0.200 120 5000 0.800
150 15,000 0.540 150 5000 0.460
150 10,000 0.760 150 1000 0.24%0
150 20,000 0.880 150 1000 0.120
150 15,000 0.504 134 5000 0.h9k

00S
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