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FOREWORD

This report documents the early development of the HFIR heat trans-~
fer analysis and presents results which were judged adequate to provide
reasonable assurance that the reactor could be operated at the design
power level of 100 Mw for a typical fuel cycle duration of 19 days.

During the middle of 1965 a critical review of this work indicated several
areas in whieh it appeared that the analysis was not conservative and
sevéral areas in which the approach was overly conservative. In particular
it was found that the assumptions regarding flow in a coolant channel
which had sinusoidal buckling along its length were not conservative and

a consgiderable flow reduction would actually occur for the channel varia-
tions predicted. On the other hand the assumed buckling mode was based

on 8 preliminary analysis and weas supported only by preliminary experi-
mental data. TLater tests which were carefully instrumented and which
covered a wide range of operating conditions showed that the sinusoidal
buckling previously assumed did not properly describe the situation.

The review plus additional information from experimental programs led

to the decision to rewrite the computer code in order to include the
currently available information. The methods of analysis and the re-
sults of the later computations are presented in ORNL~-TM-1904% which super-
sedes this report. The later analysis is based on a fuel cycle time of

25 days rather than 15 days as presented herein. The longer fuel cycle

is representative of HFIR operating experience in which the typlcal fuel

cyele has been found to be about 23 days.

T. E. Cole
Oak Ridge National Laboratory
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HFIR FUEL BLEMENT 3TEADY STATE
HEAT TRANSFER ANALYSIS

N. Hilvety and T. G. Chapman

ABSTRACT

In order to achieve the desired high performance in the HPIR it
was essentlal that the healt removal analysis ve conducted in a manner
that would minimize tendencies toward over-conservatism and that would
take into consideration all items, such as control system requirements
and fuel element fabrication tolerances, that have a significant effect
on the practicality of the design. In addition to analytically demon-
strating the operability of the HFIR at the design power level of 100
Mw from the standpoint of heat transfer, the results of this study have
been useful in establishing permissible normsl operating conditions for
the various proposed modes of operation, in helping to fix the control
and safety system set points, in providing & basis for analog studies
of transient behavior during postulated nuclear excursions, and in
helping to establish fuel element fabrication tolerances, especially
those concerned with coolant gap thickness and fuel homogeneity.

The basic approach to this study has been to assign values to the
individual hot-zpotl factors influencing the various aspects of the heat
transfer. The calculational procedure was set up so that the individual
factors could be congidered simultancously, furthermore, it was assumed
that all Factors actually would occur simultanesously where physically
possitle. The individual factors are conslidered in a rather detailed
mannér in respect to their interactions with each other and a nurnber of
considerations are included which are not normally a part of such an
analysis (e.g., oxide buildup and fuel plate deflections). The calcula-
tions give information on reactor power level limitations as well as
the more usual heat flux pesking limitations. Great care has been
taken to insure that the results of these ztudies are conservalive and
at the same time to minimize the degree of conservatlism. Thus, the
results are belleved to reflect guilte reasonably the lower bounds of
the onset of nucleate bolling or burnout, as the case may be. These
bounds are based on the calculated power level for the onset of nucle-
ate voiling or burnout at the hot spot. For all but the case of natural
convection cooling the onset of nucleate boiling was used as a limiting
condition rather than burnout because a sultavle burnout correlation
was not avallable for the very narrow HFIR coolant channels under high
power, hot spot conditions.

These studies indicate that at the end of & 15 day, 100 My fuel
cycle and with the anticipated reactor flow rate and operating pressure,
(€00 pei) the incipient boiling power level is 139 Mw, the corresponding
average fuel plate temperature was calculated to be 212°F and the mexi-
mum hot spot fuel plate temperature was UB0°F.




INTRODUCT TON

The entire HFIR fuel loading, shown in Figure 1, consists of just
two fuel elements. The assembled elements constitute two concentric
annuli containing 50-mil-thick involute-shaped aluminum fuel plates with
50-mil coolant channels. The thickness of the fuel-bearing portions of
the plates is varied radially, as shown in Figure 2, so as to flatten
the power distribution. The elements are forced-convection cooled by
water flowing downward through the coolant channels.

The bagic design requirements placed on the HFIR were that the

2520f as rapidly

reactor operate at a power level of 100 Mw and produce
as feasible (i.e., the thermal neutron flux iu the target should be as
high as possible). The design data listed in Table 1 represent the cou-
bined results of the m,u:lea,nf','l hydraulic, mechanical,2 and heat transfer
design studies.

That an extensive heat traonsfer analysis of the HFIR fuel element
was required is evident when one considers the high power densities re-~
quired to achieve the desired neutron fluxes. These power densities
represent a significant extrapolation of current practice and experience.
Specifically, there are two principal problems encountered: Tirst, due
to the limited headroom imposed by the requirements for a maximum avail-
able neutron flux, the degree of conservatism in the heat transfer anal-
ysis must be carefully limited, without being eliminated; and secondly,
the analysis must be conducted in such a maoner as to facilitate indi-
vidual evaluation of each of those factors influencing heat transfer,
such as mechanical design detalils and tolerances, fuel plate strength
and buckling characteristics, nuclear characteristics, control system
characteristics, reactor operating procedures, and cnanges which mignt
occur during the fuel element lifetime such as oxide film buildup.

One method of reducing the degree of conservatism in this sort of
analysis is that of applying statistical weighting factors to each of
the individual variables which might influence the heat transfer charac-
teristica. The magnitude of the weighting factor to be applied to an
individual variable 1s determined by the probability of existence of

that condition both individually and concurrently with the other variables



which influence heat transfer. In order to employ this method, it is
necessary, of course, to have the appropriate statistical data for each
of the variables involved and for combinations therecf. In the case of
the HFIR many of the design concepbs and fabrication techniques are suf-
ficiently different from the usual that adeguate statistical data are
not available and will not be available until quite some time after the
reactor commences operation. Thus the conservative approach of azsum-
ing that all detremental uncertainties and deviations from the nominal
occur simulbaneously and at the same spot when physically possible has
been employed. It has also been assumed that under the circumstances
the probability of the uncertainty factors and deviations fram the nom-
inal being greater than considered is so small as to be of no serious
conseguence. Statistics per se have entered directly into the study in
a few cases where large quantities of data are available, such as in the
case of the heat transfer coefficient correlation, where a correlation
representing 95% of the data was’employed.'j In other cases, where cor=-
relations are based on more limited data, minimum data corfelations have
been used.

In applying the data correlations to the heat transfer analysis,
five general categories of relevant factors have been considered:

1. The reactor nuclear characteristics and nuclear calculation
tolerances.

2. The fuel element mechanical design parameters and associated
tolerances.

3. Fuel plate defects (non-bonds and fuel segregation).

k. Changes in coolant channel dimensions caused by fuel plate
deflections resulting from hydraulic or thermally-imposed loads.

5. Plant operating parameters and associated uncertainties (power
level, fuel cycle length, coolant temperature, flow rates, presgure
level, etc.). k
In order to minimize the degree of conservabtism and at the same time
facilitate examination of the effects of individual design parameters,
these general categories'were subdivided into discrete factors, the

effects of which could be described mathematically. The various heat



transfer parameters then became functions of all of those factors by
which they could be influenced. This approach has the additional advan-
tages of preventing the inclusion of conflicting factors and gives prop-
er advantage credits for the secondary effects of the individual factors.
For example, when usiong this approach, auny given calculation is auto-
matically prohibited from assuming adjacent wide and narrow channels for
calculating pressure-induced fuel-plate deflection, and at the same time
assumning adjacent narrow channels for calculating average plate tempera-
tures. Also, a factor which causes an increase in bulk water tempera-
ture also results in an increase in heat transfer ccefficient.

In subdividing the factors, it was necessary to include direetly in
the analysis several fachtors whiech are not usually considered. TIn addi-
tion to the effects of fuel plate deflections, local heat-flux peaking
factors such as those resulting from non-bonds and fuel segregation were
considered. The effects of oxide buildup on fuel plate strength and on
buckling due to fuel-plate-to-side-plate temperature differences were
inciuded. In the case of those factors which could be limited to small
plate areas by proper inspection techniques, both heat conduction in the
plane of the plate and the effects of changes in local heat transfer
coefficient were taken into account.

Reactor performance limitations are presently based on the calcu-
lated power level for the onset of boilling at the hot spot. The caleu-
lational procedures for establishing reactor power level limitations
were originally based on correlations for burnou'tg’4 power level, the
Zenkevieh-Subbotin correlation being employed for high pressures and the
Savannah River correlation for lower pressure operation; coefficients
employed in these correlations were based on subcooled boiling burnout
tests run specifically to simulate HIFIR conditions. However, after in-
cluding fuel plate deflection effects in the analysis, it became appar-
ent that the calculated minimum coolant channel thicknesses at the
calculated burnout power levels generally fell below the applicable range
of the burnout correlations; which are generally limited to minimum chan-
nel thickness of about 30 mils. A plot of calculated end-of-cycle mini-

mum coolant channel thickness as a function of reactor power level and
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fuel region flow rate is shown in Figure 9. Data on burnout for very
thin channels are very meager; however, on the basis of & few points

5

that were available” it appeared that a nsrrowing of the channels below
0.03 in. resulted in the burnout heat flux approaching the onset of boll-
ing heat flux. Furthermore, theése date indicated that for the ver
narrow channels expected in the HFIR during high power operation, the
onset of nucleate bolling and the burnout heat flux would be very nearly
equal.  Therefore, the use of the incipient boiling point in lieu of

the burnout point doés not in reality constitute a significant or unjust
limitation on achievable power.

Anbther problem associated with the application of the burnout cor-
relation is that of instability due to bubble formation which cannot be
calculated with any appreciable degree of accuracy. It is generally
recognized6 that use of empirical‘burnout data correlations requires a
very close examination of these correlations for applicability to the
cage under consideration. This provided another incentive for using the
onset df nucleate boiling as a limiting condition. The correlation
chosen for calculation of incipient boiling is that of Bergles and
Rohsenow.7

In calculations relative to loss of flow and loss of pressure acci-
dents, two principle operating flow rates have been considered in estab-
lishing fuel plate oxide build up. Calculations have been made for a
fuel element flow rate of lO,@OOkgpm, which corresponds to an early value
of" the reactor design minimum flow rate. The HFIR main circulating pumps
have subsequently been sized to deliver approximately a 13,000 gpm fuel
element flow rate; calculations have also beern made at this value.

In addition to dnvestigation of the incipient bolling power level,
calculations have been made to determine the hot spot heat [lux peaking
factors necessary to reach inclpient boiling and burnout. This factor
is defined as the quantity by which the hot spot heat flux must be multi-
plied in order to achieve the incipient boiling heat flux that corresponds
to a specific steady state power level. This simplified procedurs is
sometimes used to predict "burnout” margins associated with an increase
in powef. However,‘since it does not account for changing core charac~

terigtics other than an increase in heat flux at the hot spot as the power
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appreaches burnout or incipient boiling, it predicts greater margins than
predicted by the much preferred method discussed in this report.

To be able to interpret the final resulits of this study in terms of
permissible operating power level it is necessary to congider certain
aspects of the reactor control system and also to consider the baslis
upon which the heat transfer analysis was made. The control system lim-
its power overshoot above normal full power through action of a multiple
servo system; a rod reversal is provided at 110%, a scram on heat power
is provided at 120%, and a neutron flux~to-flow scram is set at 130%.

(A rate scram is also provided for rapid transients). The rod reversal
points are provided in order to protect the reactor, without a scram
occurring, against a slowly drifting power level; the nominal set points
where established on the basis of instrument noise, etc.

In the heat transfer analysis all credible deleterious conditions
were considered and were assumed to oceur simultaneously, the probabil-
ity of a worse coundition existing being considered so small as to be
tolerable in terms of the risk involved. Thus, it is quite reasonable
to set the level scram point right at the calculated hot spot burnout
power level. Since in this analysis it 1s assumed that burncut and in-
cipient boliling are synonymous (at least for high power cases) the above
approach will make nucleate boiling as well as burnout gquite improbable
in the viecinity of the level scram point.

In specifying a maximum steady state power level for normal operation,
componertts other than the fuel element (control components, reflector,
target and other experimental facilities, heat exchangers, cooling tower,
etc.) must of course be considered. These have been designed for a nomi-
nal operating power level of 100 Mw, which is the originally specified
normal operating power level for the reactor. This apparent limitation
on associated components precludes operation of the fuel elements at a
nominal power level above 100 Mw. Thus, it is only necessary that the
calculated incipient boiling power level, for high power operation and
under the conditions specified herein, be equal to or greater than 130 Mw.
For low power operation at reduced flow and/or pressure, the safaty instru-
mentation settings must reflect the corresponding wreduction in calculated

burnout opoint.



Independent varisables that affect the ivcipient boiling and burnout
power levels are the coolant flow rate and the system pressure. The re-
sults of these studies indicate that with the minimum expected flow from
three of the four punps and with a system inlet pressure of 600 psia
(maximum design pressure is 1000 psi), the minimum incipient voiling

power level 1s greater than 130 Mw.
METHOD OF ANALYSIS

A. Types of Factors Included in the Analysis

In describing mathematically the HFIR heat transfer conditions, the
steady-state hydraulic and heat transfer equations are, first of all,
written in terms of the nominal reactor designkand operating parameters
and the selected location® within the active core. These equations are
then modified by all those factors (fabrication tolerances, variation in
operating parameters uncertainties in deta correlstion, etc.) which can
influence hot spot operating conditions. In modifying the nominal equa-
tions it 1s necessary to recognize the following three separate categories
of influencing factors: ;

1. Hot plate factors are defined as those which influence heat trans-
Ter across the entire width of a coolant channel. These factors thus in-
fluence the overall response of the entire coolant channel (i.e., these
factors affect total channel flow rate, fuel plate buckling, average
channel outlet temperature, ete.).

2. Hot stresk factors are defined as those which may affect heat
transfer down a narrow element of & coolant channel f{rom the top of the
active Tuel region to the hot spot~elevation, the exact width of the streak
bteing undefined but sufficiently narrow to preclude any measurable effects
on fuel plate deflections (i.e., these factors do not affect plate deflec-

tion or total bulk flow through the entire chanhel, but they do affect loesl

*The calculational procedure permits pre~selection of the location within
the active fuel region for which the calculations are to be made. No

provision has been made for an automatic search for the hot spot location.



bulk water temperature and/or local coolant velocity).

3. Hot spot factors are defined as those whiech influence only a
sufficiently small area of the plate such as to preclude any effects
other than those on local coolant velocity or local heat flux (i.e.,
these factors are assumed to have no eflfect on bulk water temperatures
or total channel flow rate or on fuel plate buckling).

These three types of factors are superimposed successively accord-
ing to the assumption that all factors combine at the hot spot in the
most unfavorable manner possible (i.e., the hot plate factors are super-
imposed on the nominal equations to give the hot plate eguations, the
hot streak factors are superimposed on the hot plate equations to give
the hot streak equations, and the hot spot factors are superimposed on
the hot streak equations). By proper selection of the values of the
various factors, these modified equations can then be used to calculate
fuel plate nominal, hot plate, hot streak, or hot spot conditions at any

chosen location within the fuel element.

B. Variables to be Considered

The variables considered in these heat removal studies are listed
in Table II. Although the distinction is not always clear-cut, these

variables may be divided into the following five categories:

1. Physical Description of the Reactor

This category includes those parameters, both nominal values and
tolerances, specified by the fuel element fabrication drawings which in-
fluence local heat transfer conditions, either in their effects on heat
flux or on coolant flow rates or temperatures. Thus, as well as includ-
ing fuel loading tolerances, this cateogry also includes all dimensions
and tolerances affecting coolant gap thickness, either directly or through

thelr effects on fuel plate buckling.

2. Reactor Operating Conditions

As is the case with the previous category, those operating con-
ditions are considered which influence heat flux or coolant conditions.
As well as including the usual parameters of coolant inlet temperature,

pressure, flow rate (as defined by available pressure differential), aud



power level (as defined by the core average heat flux), this cateogry also
includes the calculated and/or experimental geometrical power distribution

factors and the previous operating cycle history of the fuel element.

3. Uncertainties

In addition to the tolerances normally assigned to design and '
operating parameters which were covered under the previousitwo items,

there are uncertainties involved in measurement of the operational vari-

ables and in the calculational procedures and correlations employed in

predicting the actual fuel element heat transfer conditions. It is these
operational, calculational, and correlation uncertainties which are in-

cluded in this category.

4., Correlation Constants

Provision is made in the calculational procedure for varying the
constants in some of the data correlations employed in these calculations.
The correlations for which this is provided include those for calculstion
of loecal heat transfer coefficient, fuel plate oxide film.Buildup, and
fuel piate deflection. These provisions serve two purposes. In the case
of the correlations’for heat transfer coefficient and oxide buildup the
primary purpose is that of allowihg a convenlent means of modifying the
equations to incorporate additional experimental data. 1In the case of
the heat transfer coefficlent, there is also pfovision for selecting one:
of two different forms for the correlation. The variable constants in
the plate deflection equation alsd permit selection of values consistent

with the radial location of the spot under consideration.

5. Hot Spot Iocation

As was mentioned previouély, the calculational procedure employed
allows pre-selection of the geometrical location within the fuel element
for which the heat removal calculations are to be made. This is accom-
plished by specifying an axial loéation and fréction of total heat libera—
ted above this elevafion, the arrangement of adjacent wide and narrow

channels to be considered, and by choice of proper values of nuclear flux

peaking factors and plate deflection correlation constants corresponding

to the chosen radial location.
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C. Principal Assumptions

As has been indicated previously, the two principal assumptions in-
volved in these heat transfer studies are as follows:

1. All individual hot spot factors are assumed to be superimposed
at the "hot spot"” in the most unfavorable, physically possible manner.

2. At anticipated HFIR operating conditions, the onset of macleate
boiling is in most cases a satisfactory substitute for the less well
knowr burnout point.
In addition to these basic assumptions, it has been necessary to make a
number of assumptions relative to the details of the heat transfer with-
in the fuel element. The more important of these are summarized in the
following paragraphs. (Again, the distinction as to the heading under
which these assumptions should fall is not always clear-cut due to the

interrelation of the topics to be considered).

Fluid ¥low

The standard handbook equations have been employed for caleculation
of inlet, exit, and friction pressure drops, with modification of the
standard friction factor according to experimental data obtained on thin
rectangular channels.3 Friction drop calculations have been based on
the core midplane bulk water temperature. In calculating the total flow
rate through a given coolant channel, it is assumed that the average
coolant channel thickness 1s not affected by fuel plate deflections. In
the case of pressure-induced plate deflections, the deflected plate will
assume an "S" shape relative to the original involute curvature, thus
while one part of the coolant channel decreases in thickness, anocther
part increases in thickness giving a net change in channel cross-sectional
area of approximately zero. osome net change in channel dimensions re-
sulting from different operating temperatures of adjacent fuel plates is
to be expected since the resulting deflection is in one direction relative
to the original involute; however, these temperature differences are not
large enough to significantly affect average channel thickness. In the
case of deflections resulting from fuel plate — side plate temperature
differences the deflection pattern has been shown to assume a loaggitudinal

sine wave pattern. These deflections then would be expected to affect
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local coolant velocities but not overall coolant channel flow rates.

Two important postulates which have been employed in establishing
equations to describe local coclant velocity, veloclty pressure drop,
and frictional pressure drop in these nominally flat channels are ag
follows: ’

(1) the static pressure is assumed to be independent of position across
the width of the channel, and (2} frictional forces are transmitted
solely across the thickness of the chamnel with none in the direction of
width. (The width direction is defined as that along the involute arc.)
These two postulates are justified for very thin channels which contain
no abrupt changes in channel shape that would result in unrecoverable
expansion or contraction losses. It 1s felt that the eguations based on
these postulates, provide a reasonably accurate analysis of the effects
of deviations in plate contour and coclant-gap thickness on the hydro-
dynamics of the HFIR fuel element cooclant channels.

Provision is made in the calculational procedures for specification:
of a degree of mixing across the channel width in terms of the fraction
by which the hot streak bulk water temperature is modified toward the
channel average bulk water temperature. At the normal operating coolant
velocities of the HFIR fuel element dye flow tests have indicated that
very little transverse mixing is to be anticipated. Consequently, all
of the calculations have been based on the assumption of no mixing across
the channel width. ‘

There i1s also provision for ilncluding in the calculations a factor
to account for flow maldistribution due to inlet plenum effects. This
factor is included in the form of a fraction of the nominal flow rate to
be applied to the hot streak calculations. Considerable effort has besn
expended in the design of the inlet plenum to minimize any such effects.
Consequently, no inlet plemum flow effects have been included in the cal-

culations.

Hot Bpot Size

Even though incipient boiling rather than burnout is being used as
a limiting design condition 1t is of interest to examine in at least a-

qualitative way some of the more important pearameters effecting burnout.
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It is possible that even with very narrow coolant channels there will be
greater separation between incipient boiling and burnout than indicated
by the limited uniformly-heated channel data. One parameter which might
be important in this respect is the proximity of hot spots relative to
each other. 1In arriving at the conclusion that for very narrow channels
the incipient boiling point and burnout point would be nearly the same it
was assumed that data from unlformly-heated-plate experiments were appli-
cable. However, in the case of a small isolated hotspot, the flow of
coolant would be expected to sweep away the bubbles as they are formed.
Thus the film blanketing effect of boiling would be minimized. IT,
however, there were a second spot just upstream which was also generat-
ing vapor bubbles, these bubbles, in being swept over the second spot,
would be expected to result in an appreciably lower burnout heat flux.
Some preliminary experimental work on the effects of hot spot size and
relative orientation of adjacent spots has confirmed these expectations8.
Thus, if hot spots in the HFIR fuecl plates are not grouped closely to-
together, the actual margin on burnout will be significantly grester than
calculated herein. At the present time the inspection techniques do not

include an examination of hot spot relative position.

Hot Streak Width

As was mentioned previously, the exact width of the hot streak,
employed for purposes of establishing bulk water temperatures, is unde-
fined but assumed to be sufficiently narrow to preclude any measurable
effect on fuel plate deflections. Factors included as hot streak values
include those of fuel plate deflection due to pressure differential and

fuel plate line average loading tolerance.

Fuel Plate Deflection

Fuel plate deflections of interest are those resulting from hydraulic
pressure differentials, differential radial expansions between adjacent
fuel plates and differential axial expansion between the fuel plates and
the sidevlates.

. s . . . . 10

Calculations on elastically stable distortions have been based on
elastic beam theory, assuming pinned ends and an initial curvature conform-

. . . 11
ing to a true involute as shown on the fuel element drawings,
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with the direction of deflection in adjacent plates chosen to give the
most unfavorable heal transfer conditions. Calculations on fuel plate
longitudinal bucklingle are based on an experimental model arrived at
through the use of theoretical and experimental results; the direction
of buckling and creep consideredkgave the most unfavorable heat transfer
conditions.

Three separate factors can be responsible for deflection of an indi-~
vidual fuel plate relative to its neighbors. They are:

1. Differences between fuel plate and side plate temperatures.

2. A difference in the average temperatures of adjacent fuel plates.

3. Pressure differentials across fuel plates.

Fuel plate buckling is assumed to be dependent upon the average fuel plate
temperature at the elevation of the point under consideration. This
average plate temperature is, in turn, assumed to be established by values
of" bulk water temperature and velocity, fuel plate power density, and heat _
transfer coefficient averaged across the entire channel width. The assump -
tions indicated under the heading of fluld flow are employed in establish-
ing these average coolant properties and heal transfer coefficients. Tt

is assumed that the maximum possible value of plate power density, averaged
across the plate width, is fixed by the line average fTuel loading tolerance
(i.e., the time constant employed in the homogeneity scanning machine must
be sufficiently short to prevent greater effective width averaged power
densities).

As a fuel element comes up to power, a net temperature difference
between the fuel plates and side plates comes into being. This tempera-
ture difference is potentially capable of generating two types of plate
deflection. It may generate a "sine wave' type of buckling due to differ-
ences in axial expansion, and may also result in a deflection of the fuel
plates due to differences in radisl expansion between Tuel plates and zide
plates. The generation of fuel plate stresses resgulting from the differ-
ence in nominal fuel plate and side plate temperatures has been eliminated
in HFIR by allowing relative rotation between the two side plates of a
fuel element. Thus, the only deflections of a radial nature are those

due to average temperature differences between adjacent fuel plates. In
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determining the magritude of these deflections, the slight changes i

chord length and plate curvature due to differential radial expansions

)

are sccondary effects and are thus negligible. Average fuel plate tem-
perature calculations are based on the previously-indicated hydraulic
and heat transfer assumptions. Heat transfer from the side plates is

based on a flat slab wodel (i.e., it is assumed that there is no trans-

fer of heat bebtween fuel plates and side plate. Two-dimensional heat
transfer calculations have shown this to be good assumptbion for the HFLIR
geonetriecs and operating conditions). Aluminum oxide build-up on the
side plates reduces the temperature difference between the side plate

letel

o
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and fuel plate. However, the effect is small and therel
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neglected. In addition bulk water temperatures, and heat gencration rates
were chnosen Lo give minimum possible side plate temperatures. Natural

convection heat transfer with a coeflicient of 300 Btu hrvl ft"? (OF)_l
was assumed for the side plate surfaces opposite the fuel plates except
for the outer element outer side plate, where flow through the control

BN

region provides forced convection heat transfer. This forced convectlon
coefficient is assumed proportional to the 0.2 power of the core pressure
drop. The heat transfer cocfficient on the fuel plate side is assumed
equal to that calculated for a normal fuel plate, but the area was assumed

to be just one-half of actual side plate surface area because ol the ex-

istence of the fuel plate slots. Corner effects would be expected to ve-
sult in an effective value lower than this assumed level, hence this
assumption also leads toward a low calculated side plate temgerature.

The bulk water tewmperature rise of the water flowlng past the fuel
plate side of the side plate was assumed to be more dependent on the tem-
perature of the fuel region coolant than on healb transferred from the side
pilate. Therefore, the bulk tcaperature rise of this water was assigned a
fractional portion of the nominal fuel region coolant bulk temperabure
rise. This r'ractional value, called the side plate cold streaking factor
in the input data listing, is an input variable, thus permitting variation
in the assumptions employed in calculating this bulk water temperature (i.e.,
a value of 1.0 would be assigned to this variable if complete mixing within

the coolant channel was assumed).
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In the case of coolant flow past the side of the side plate opposite
the Tuel plates, bulk temperature rise is assumsd to be proportional to
the reactor power level and invérsely proportional to the 0.53 power of
the fuel element pressure differential. Ao input variable is provided
which permits selection of the bulk temperature iuncrease; Tor a power
level of 100 Mw and a flow rabe of 10,500 gpm the bulk temperature in-
creases are 0°F for the control region coolant and 100°F for all other
slde plates. These values were selected on the basis of calculated
metal and water gamma and neutron heat generation rates,ls’lu

The calculational procedure. employed for determining the magoitude
of" the sine wave buckling, is not valid at pointe near the side plate -
fuel plate attachment since the fuel plate buckling will be restricted
at these locations by the side plate. In making these buckling ealecu-
lations it is assumed that the magnitude of buckling will vary accord-
ing toa sine curve between zero at the point of attachment to the
theoretical value at sbout 3/4 inch from the point of attachment . Cal-
culations have shown that the effects of variation in this model on
calculated minimum incipient boiling power levels is quite small. The
radial location of the polnt of minimum incipient bolling is apparently
coincident with the polnt of maximum pressure-induced deflection for
any reasonable model adopted for the buckling near the fuel plate ~ side.
plate attachment; this location is about 3/@ in. from the inner side
plate. Even if the theoretical maximum buckling should cceur at the
point of attachment, the reduction in caleulated incipient boiling power‘
level over that of the assumed model has been shown Lo be oﬂly OJTW%ﬁ

In calculating the sine wave buckling it iz assumed that the side
plate nearest the point under consideration is the one which determines
the magnitude of buckling. Since the calculsted point of minimum in-
cipient bolling is always well displaced from the radial cenber of the
fuel plate, and since the two side'plate temperatures are nearly equal,
this appears to be a good assumption.

The pregsure-induced fuel plate deflection calculations are based
on the assumption of uniform average coolant channel thickness, with the
magnitude of deflection being uniform down the lenghh of the fuel plate

and determined by the average pressure differential between the adjacent
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coolant channels. The actual local pressure differential across a plate
with adjacent coolant channels of uniform but different thickness is a
maximum at the top of the channel and minimum at the channel exit. The
assumed pressure differential is thus conservative when employed for the
bottom half of the core. These maximum deflection values result in min-
imum calculated values of coolant velocity and maximum calculated coolant

temperatures.

Operating Conditions

In establishing fuel element heat generation rates it was conser-
vatively assumed that of the total power generated, 97,5% was deposited
in the fuel plates, and the remaining 2.5% was deposited in other regions
of the reactor. This assunphion leads to both slightly high bulk water
temperatures and heat flux levels. o

The choice of system operating variables to be used in describing
fuel element operating characteristics was governed by two principal
criteria: (1) the variables used should be those actually measured and
controlled during reactor operation, and (2) the performance of the fuel
element was to be considered independently of the remainder of the pri-
mairy coolant system. The basic system variables chosen on this basis
are: reactor power level (indicated in terms of fuel element average

heat flux), coolant inlet temperature,

s

and core pressure drop. In the
case of power level and inlet temperature, factors are also included to
account for inaccuracies in measurement and control of these variables.
No such provision was made in the case of core pressure drop since it was
considered to he the independent variable. All of these ecalculations

having been based on a 120°F+1% maximum inlet temperature.

Flow of Heat Parallel to the Surface of the Fuel Plate

It was assumed in making these heal transfer calculations, that ex-
cept in the case of local hot spots there was no heat transfer parallel
to the surface of the fuel plate in both the fuel plate and coclant chan-
nel. This assumption is valid becauss the coolant film heat transfer
coefficient is large compared to the {thermsal conductivity of the fuel
plate and because the thermal conductivity and mixing in the coolant are

also relatively small. In the case of non-bonds and local fuel segregation
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such heat flow must be considered; particularly in view of the assumption
regarding independence of boiling:on hot spot size. Maximum heat flux
peaking due to fuel segregation in the absence of non-bonds is fixed by
the specified local fuel loading tolerances. The factors employed to ac~
count for additional heat flux peaking due to non-bonds are as shown in
Figs. 3 and k4. Thesé factors include the effecte of local heat transfer
in the plane of the fuel plate. These heat flux peaking factors have been
based on two-dimensional heat transfer calculations,l5 using the model
shown in Fig. 5. The non-bond is assumed to occur at the fuel-filler
piece interface, this being the most unfavorable location from the stand-
point of maximum hot spot heat flux, with no heat transfer across the
non-bond. A non-bond diameter of 1/16 inch was used, consistent with the
fuel element drewing notes.ll It is assumed that the non-bond inspection
will result in rejection of any plates with more deleterious non-bonds
such as comparative large areas containing many very small honubonds, and
that existing non-bonds are sufficiently far apart that effects of adjacent
non-bonds may be neglected. '
Circumferential symmetry was assumed, with fhe axis of the U308 segre-
gation volume being coincident with that of the non-bond. In establishing
the thermal conductivity and heat generation rate of the U308 segregation
spot, it was assumed that the U308 was in the form of tightly packed
spheres and the maximum packing fraction for spheres of 0.7k was used.
Thermal conductivity of the segregation spot is assumed to be equal to
the sum of the volume fraction times thermal conductivity values of the
40g and Al).

The diameter of the segregation spot in this model was chosen to be

various materials (U

consistent with the specified +30% fuel loading tolerance over the cor-

responding area. The diameter turned out to be 5/64 in. This inspection
spot size was established on the basis of two~-dimensional calculationsl5
performéd on a model with no non-bonds present and with a 10-mil-thick
fuel region. These studies, summarized in Appendix B, have shown that,
over the region of interest, the increase in local heat flux at such a

spot is approximately proportional to the volume of U,0, in the spot. It is
8

3

shown in Appendix B that for a given packing fraction and meat thickness there
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is a unique value of the inspection spot diameter that will make the max-
imum segregation-induced heat flux peaking value egual to the permissible
local fuel loading tolerance. It was assumed that a maximum packing
fraction would result in the highest peak value of the heat flux. The
10-mil thickness of the fuel region was chosen since as a vresult of being
the thinnest portion of the fuel bearing section of the HFIR fuel plates
it results in the smallest inspection spot size.

After having established the inspection spot size, calculations were
made to determine the effect of grouping several hot spots together. In
these studies a single hot spot was insulated at the inspection spot dia-
meters. It was found that the increase in peak heat flux was only 2%.

The specific value of heat transfer coefficient chosen for the model
shown in Fig. 5 is typical of nominal HI'IR operating characteristics.
This coefficient does, of course, exert some influence on local heat
flux peaking due to non-bonds and local fuel segregation. Tt is assumed
that the fractional increase in local heat flux due to non-bonds and
segregation -is directly proportional to the value of the local heat
transfer coefficient. Thus, as would be expected, the degree of local

heat flux peaking decreases with decreasing heat transfer coefficient.

Hot Spot Location

As has been indicated previously, any desired geometrical location
within the fuel element may be selected by specifying an axial location
and through proper choice of nuclear flux peaking constants and fuel
plate buckling constants. In addition, any one of four possible ar-
rangements of wide and narrow coolant channels may be selected. These
are indicated in Fig. 6.

While the calculational procedure permits selection of the point
for which the calculations are to be made, and this ultimately allows a
search to be made for the actual hot spot location, all of the HFIR
steady ~state heat transfer ealculations reported herein have been based
on the hot spol being at the outlet end of the active fuel region.
Nuclear calculationsl have indicated a marked degree of nuclear flux
peaking at the core ends. It has been assumed in the present study,

based on the results of nuclear calculations and experiments and considering
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the specifiedll fuel length tolerances, that the power density peaking
at the core ends is equal to that at the core midplane. This assumption
results in the most severe hot spot conditions since it gives maximum
bulk water temperatures and minimum pressures colinecident with the hot

spot location.

D. General Calculational Procedures

The radial location of the hot spot is a function of several factors,
including the time in the fuel cycle. At the beginning of a cycle the
radial power distribution is esgentially flat’ in the ilnner: fuel element
and in the inner third of the outer element. :Near the end of the cycle
the poWer density near the three innermost side plates decreases signif-~
icantly because of nonunlform burnup of the fuel. As indicated in a
previous section of this report the radial location of the hot spot,
assuming a2 radially flat power distribution but otherwise end of cycle
conditions, is about 3/h in. in from the inner side plate of either
element . The inconsistency assoclated with the power distribution rep—k
resents a conservative approach, although the actual differences in-
volved are small.

The basic calculational procedure is outlined in the block diagram
of Figure 7. It should be emphaéized that this is a very simplified
diagram showing only the principal steps in the procedure .* Steps which
are primarily concerned with particular calculational techniques, such
as convergence schemes and iterative procedures within the between ad-
jacent major operating steps, have been omitted for reasons of clarity.
Also omitted from this diagram are indications of simultaneocus calcula-
tions of the same type, such as ﬁhose inVolving wide and narrow coolant
channels or hot, cold and averagé fuel plates. As hag been pointed out
previously, the samé bagic set of equations is employed for caleulating
fuel plate average, hot channel, hot streak and hot spot conditions.

These equations are first employed to glve information on plate average

*The equations employed in these calculations and the detailed steps in

the procedure are indicated in Appendix A of this report.
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operating characteristics on which the fuel plate deflection calculations
are based. The calculated fuel plate deflections result in hot spot and
hot sireak flow factors which are used, along with the original specified
design and operating parameters Lo give predicted hot spot operating con-
ditions. Bmploying the incipient boiling correlation along with these
calculated hot spot operaling characteristics provides a measure of the
nearness of approach to incipient boiling. If desired, the entire pro-
cedure can be repeated, using a corrected power level until the power
level is found ai which boiling would begin, thus the calculational
procedure can be used either to calculate an incipient boiling power
level or to determine the heat flux peaking factor necessary to reach
incipient boiling at a given power level.

A listing of the input dats variables is given in Table I1 along
with the functions of the individual variables and typical values cor-
the spot location chosen at the outlet of the active fuel region and at
the innermost point of maximum pressure-induced fuel plate deflection
in the inner or outer fuel annulus. (Other locations within the fuel
element have been considered during the course of these studies, the one

chosen here having been demonstrated to be generally the most critical.)
RESULI'S AND CONCLUSIONS

These studies have been aimed al two principal goals. First of all,
they have been used during early stages of the design effort to determine
the relative necessity for the various fabrication tolerances through ex-
amination of the effects of individual factors on burnout margin. Second-
ly, once the design details became relatively fixed, these studies were
used to provide information indicating relative operability of the reactor
under various modes of operation and as an ald in determining reactor con-

trol system requirements.

4. Specific Results

Calculated fuel element operating conditions are given in Table TIL.
Fuel plate and coolant temperatures are given for the fuel element aver-

age, hot streak, and hot spot conditions for beginning and end of cycle and



for fuel region flow rates of 10,800 and 13,000 gpm. As would be expected,
buildup of the oxide film on the fuel plates results in an increase in fuel
plate temperatures thus resulting in increased longitudinal plate’buckling
and a decrease in incipient boiling power level as the Tuel cycle progres-
ses. (No advantage was taken for the benificial effects assoclated with
nonuniform burnup of the fuel.)  The maximum inerease in fuel plate tem-
perature associated with the oxide build up wasz caleulated to be 30°F. :
Since plate strength and deflection characteristics are dependent on the
hot plate temperatures, which are somewhat lower than the hot streak
values listed here, it appears from these figures that plate strength
can ve expected to remain at a reasonable value throughout ' the fuel cycle.

The effects of fuel element flow rate and operating presgsure on in-
cipient boiling power level are indicated in Figure 8. Also shown in
this figure is the calculated allowable local incipient boiling hot spot
heat flux peaking factor at 100 Mw, 600 psia reactor operation. k

As would be expected, these curves indicate a decrease in the effec-
tiveness of increased pressure in suppressing bolling as the operating
pressure increases, a given pressure increase being about twlce ag ef-
fective at a 300-psia operating pressure as would be the same increage
at 600 psia. At operating pressures above about 900 psia, there is very
little to be gained in terms of incipient boilling power level margin by
furthef increases in pressure. At an operating pressure level of 600
psi, the incipient bolling power levels for 10,800 and 13,000 gpm are
120 and 138 Mw, respectively . Inereasing the operating préssure from
600 to 1000 psi increases the inéipient boiling power level by 12 and 23%
for 10,800 and 13,000 gpm flow rates, respectively.

The allowable values Tor local heat flux peaking for incipient
boiling at 100 Mw operation are, ras would be expected, soméwhat above
the level of local heat flux for the onset of‘boiling resulting from a
reactor power level increase. 1r one confines the reactor to 100 Mw op-
eration, this curve may be interpreted as an indication of the permisgssible
unintentional and/or unknown departure from the specified local fuel load-
ing, non-bond, and 1oca1 channel thickness tolerances. '

One of the most informative series of heat transfer studies from the

standpoint of reactor operation under abnormal conditions has been that
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covering the sffects of reduced flow rate and operatling pressures on
incipient bvoiling power level. A typical set of these calculation re-
sults is indicated in Figure 10, where incipient boiling power level is
plotted as a function of instantanecus fuel region flow rate for various

g

operating pressures. ( essel inlet pressure). These particular curves

-

have been based on conditions at the end of a 15-day operating period
at 100 Mw and at a fuel region flow rate of 10,800 gom and an inlet water
temperature of 120°F. For comparison purposes, three operating-pressure
curves have also been given which have been based on a 195 day cycle with
operation at a fuel region flow rate of 13,000 gpm. At operating pres-
sures helow 300 psia there is essentlally no differecnce belween these
two sets of curves.

t will be noted that the above curves exhibit a peak in incipient
boiling power level with increasing flow rate, the peaks occurring beyond
the range of the graph at pressures above ~200 psia. This comes zbout

because the indlcated pressure is core inlet pressure rather than the

pressure at the core, outlet, where the hot spot is presumed to be. As
the flow rate increases the discharge pressure decreases, tending to de-

crease the incipient bolling power level. At soms point prior to reach-
ing the zero power level these curves would be expected to become dis-
continuous because of cavitation of the primary coolsnt pumps. This
portion of the curves is of some interest in examining loss-of-pressure
accidents; however, no attempt has been made here to estimate cavitation
points, and the curves are simply extrapolated to the point of hot chan-
nel bulk boiling st the core ocutlet at zerc power lavel. Actual pump
cavitation points will be determined by hydraulic experiments on the
primary system.

In order to establish the radial location of the hot spob, it was
necessary to conduct a search across the width of the coolant channel at
the bottom of the active fuel region. The results of this sezrch for
poiats near the inner side plate are shown in Fig. 11 (al) points further
removed Trom this side plate gave higher calculated incipient boiling
power levels). In making this search, it was assumed that, in the case

of the jnner fuel annmlus, there is no radial variation in auclear flux



peakingtconstants. In the case of the outer annunlus, the local power
densities near the outside corners are depresséd by the nearness of the
control rods thus eliminating this region from consideration as a pos-
sible hot spot location.

As was mentioned previously, 1t wes assumed in this study that
axial thermsl buckling of the fuei plate would vary between zero at the
point of attachment to the theoretical value, at a point 3/& inches re-
moved from the attachment, according to a sine curve. Calculatlons were
also made assuming that the axial’buckling was uniform all the way across
the width of the plate. Resulbs from the two cases are compared ln Fig.
11. As indicated, the first assumption leads to a worst radial position
associated with the latter assumption is adjacent to the side plate. It
is of interest to note that the difference in dncipient boiling power
levels associated with the two worst positions is only 1%. Perhaps a
more important observation and deduction is that near the side plate,
where according to the first and more realistic assumption the buckling
is restrained, it might be possible to increase the fuel loading toler-
ances and or the nominal power density. The former eases the fabrica-
tion problem and the latter results in a somewhat higher neutron flux in
the island. |

Tt has been pointed out previously that, due to the pronounced
neutron flux peaking at the ends of the core, most of the calculations
have been based on a hot spot loéated at the fuel region ocutlet end,
with flux pezking values chosen on the basis of the nuclear calculation
and experimental results and the fuel length fabrication tolerancesll
to give minimum incipient boiling power levels. Calculations were also
made to determine the effect of axial position on incipient boiling
power level. Figure 12 shows the relative inéipient boiling power level
in the inner fuel element as a function of elevation with respect to the
core horizontal mid plane at the radial locatlon of maximum pressure in-
duced fuel plate deflection. It is apparent from this figure that
efforts to reduce the fuel length tolerance or to further suppress the
axial peaking at the bottom of the fuel element are probably warranted

since elimination of this peaking could produce as much as a 25% increase
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in incipient boiling power level,

The fuel element fabrication tolerances of most interest with respect
to their effect on incipient boiling power level are those associated with
coolant channel thickness and local fuel loading. The effects of changes
in winiwum and average coolaant channel thickness tolerances are shown in
Fig. 13, vwhere relative incipient boiling nower level hags been plotted
as a function of the average coolant channel thickness tolerance for var-
ious values of local coolant channel thickness tolerance. The relative
pover levels arec based on the present values of 6 and 10 mils for the
average and local thickness tolerances, respectively.

In evaluating the effects of fuel loading tolerance changes, the
percentage change in incipient bolling power level has been shown to be
essentblally equal to the percentage change in local Tuel loading tolerance
(i.e., the 5/6k4-in.-diameter spot tolerance) and equal to sbout one-half
the percentage change in line average loading tolerance, assuming a change
in line average tolerance to apply to the radial as well as the axlial hot

streak .

B. General Conclusions

The results of these studies indicate that the HFIR should be cap-
able of meeting the thermal design requirements of a 15-day, 100-Mw
operating fuel cycle. Asg well as indicating general operability, these
studies have given valuable information relative to reguired control
system set points and accuracy requirements and required fuel element
fabrication tolerances. They have also provided a basisg for transient
heal transfer studies covering such ltems as reactivily insertions, loss
of pressure and loss of pumpihg pover.

The incipient boiling power levels calculated here are believed +to
be geunerally conservative. While it was intended that the magnitude and
treatment of each of the individual factors lead toward conservative re-
sults, the assumptions regarding hot soob coolant velocity and the prob-
ability of simultaneous occurrence of all of the influencing factors are

that not all

particularly pessimistic. T must be recognized, however,
possible factors have been conslidered. The effects of dissolved radio-

lytic gas might be to appreciably reduce the temperatures at which boiling
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would occur. Data on inlet header flow distribution indicates no mal-
distribution effects and none have been included in the analysis; how -
ever, more conclusive evidence would have to be obtained before this
possibllity could ve completely eliminated. Nuclear caleulations indi-
cate that the pesk power density: will remain constant during the cycle.
There has also been no attempt to account for possible effects of radia-
tion damage, which may prove to be a serious problem particularly in
regard to blistering. These effects must be checked out during the
approach-to~power runs. In applying the results of these studies it is
essential that the possibility of occurrence of these unaccounted-for
factors be recognized. | ‘

It is anticipated that the calculationzl program developed here
will prove useful in future HFIR operations particularly in evalustion
of fuel element design changes and in the programming of above design

point operation or for the operation programming of substandard cores.
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TABLE I

FUEL ELEMENT DESIGN DATA

1. General Data

Geometry - Two concentric cylindrical elements containing
involute shaped fuel plates.

Nominal dimensions

Inside diameter, in. : 5.067
Outside diameter, in. 17.134
Height of fuel plates, in. : 24 .0
Height of active fuel, in. 20.0
Thickness of fuel plates, mils 50
Thickness of coolant channels, mils 50
Active core volume (minimum), liters L& .6

Materials of construction

Side Plates ; 6061-T6 Al
Fuel plate cladding and frames 6061L-T0 Al
Puel and filler piéce matrix Aluminum powder
Fuel (93% U-235 enrichment) : U308

Burnable poison (in inner annulus filler B)C

piece)
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Material Requirements
U308 powder
Particle size, mesh
Density, % of theoretical
Aluminum

Maximum combined neutron cross section
(£ ) of all elements other than

8" . s .
aluminum and specified alloying
constituents of 6061, cm~1

Applicable specifications

Powder ~ ALCOA atomized power No. 101

100 to 325
> 90

< 0.0005

Wrought - ASTM Specification B 209-58T Clad GS11A

All Materials (except BMC)
Maximum boron content, ppm
Maximum cadmium content, ppm

Total fuel loading, Kg U-235

2. Mechanical Design

a. Inner Annulus

Number of plates

Minimum heat transfer area, ft2
Inner side plate ID, in.

Inner side plate OD, in.

Outer side plate ID, in.

Outer side plate 0D, in.

Fuel plate curvature - involute, with
straight sections
in side plate
grooves

Involute generating circle radius, in.

Plate length, in.

Plate width, in.

Plate thickness, in.
Minimum clad thickness, in.
Fuel length, in.

Fuel width, in.

< 30
< 80
9.4

171

138.L
5.067
5 .43
10.07h
10.590

2.722

24 + 0.010
3.646

.050 + .0005
0.010

20 £ 1/2
3.067 + 1/16



U235 content per plate, g 15.18 g + 1%
pto content per plate, mg 16.39 + 10%
U3O8 in fuel compact, wt% 31.1

Inner annulus fuel loading, Kg U-235 2.6

Fuel and poison distribution - see D-L211h
Weight of inner annulus assembly, 1b 80

Side plate and adaptor rings

Number 3
Tocation Inner Outer
side plate side plate
Top Bottom Top
Funetion Support Support Flow con-
target, fuel trol
flow element
control
5eat bearing area,
in.2 2.9 2.9
Axial load, 1b 2450 10,730
Bearing stress, psi 8hs 3,700
Seal pressure, psi CU 0 100
Ambient water temp, '
°F
Inside ring 120 ‘ 130 120
Outside ring 120 181 120
Coolant velocity,
ft/sec
Inside ring T 33 20
Outside ring 20 .20 2 below
labyrinth
Heat generation rate,
watts/gm at midplane T0
Ring seat material 6061-T6 Al

Design pressure drop
across fuel element, psi 100

Galvanic couples

Al adaptor ring seats to 88T fuel support grid
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OQuter Annulus

Number of plates

Minimum heat transfer area, ft
Inner side plate ID, in.

Inner side plate COD, in.

Quter side plate 1D, in.

Outer side plate OD, in.

Fuel plate curvature - involute, with

straight sections in side plate grooves

Involute generating circle radius,
Plate length, in.
Plate width, 1in.
Plate thickness, in.
Minimum clad thickness, in.
Fuel length, in.
Fuel width, in.
235U content per plate, g
UBOB in fuel compact, wt % o3
Outer annulus fuel loading, Kg U
Fuel distribution - see D-42122

Weight of outer annulus assembly, 1b

Side plate and adaptor rings

Number
Location Inner
side plate
Top
Function Flow con-
trol

Seat bearing area, in.
Axial load, 1b
Bearing stress, psi

Seal pressure 100

369
276 .6
11.250
11.746
16.622
17.134
in. 5.873
24 + 0.010
3.213
0.050 + 0.0005
0.010
20 + 1/2
2.840 + 1/16
184 g £ 1%
2.3
6.8
170
3
Outer
slde plate
Top Bottom
Flow Support
control element,
support flow
shroud control
9.7 9.7
2135 19,235
530 1980
~90 ~5



Inner
Side
Plate Outer Side Plate
Top ‘ Top Bottom
Ambient water temp, °F
Inside ring 120 120 181
Qutside ring 120 120 156
Coolant velocity, ft/sec
Inside ring 20 20 20
Outside ring 2 below 15 15
‘ labyrinth

Heat generstion rate, w/gm at midplane 4O
Ring seat material 6061-T6 Al

Design pressure drop across fuel
element, psi 100

Galvanic couples

Al adaptor ring seats to 304 S3T bearing rings

¢, Fuel Assembly

Nominal coolant channel thickness, mils 50

Maximum coolant channel local deviation,
mils 10

Maximum coolant channel average
deviation across width, mils 6

Mininum fuel plate-side plate Jjoint
strength, 1b/lineal inch 100

Maximum center to center fuel plate -
side plate attachment spacing, in. 1

3. Heat Transfer

Design heat load, Mw 97.5

Anticipated fuel region
flow rate, gpm at 120°F 10,800 -~ 13,000



Core pressure drop, psi

Inlet water temperature, °F

Minimum heat transfer area, ft
Minimum active core volume, liters
Core average power density, Mw/liter

Calculated core max/avg power density
ratic (nuclear)

Active core metal heat capacity, Btu/°F
Heat fluxes, Btu/hrnftg

Core average
Hot spot

Minimum Incipient Boiling Power Level
at end of 15 day fuel cycle, Mw

Operation at fuel region flow rate
of 10,800 gpm

900 psi vessel inlet
600 psi vessel inlet

Operation at fuel region flow rate
of 13,000 gpm

200 psi vessel inlet

600 psi vessel inlet

T2 -- 100
120
L5
48.6
2

1.45
357

—~ O
O ™
Hox
e
oo

131
120
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TABLE {1, INPUT DAYA FOR

HFIR STEADY STATE HEAY TRAMSFER STUDIES

Typicol
Symhol Definition vad Dimansions Discussion Value
Fhysics] Description of Reaclor
" ; i 515
Plate thicknass, mils Include allowanes for oxide filln buildup I thers values.
M Coalart charet thickness, mils The procedure could be revised to use calculated oxide 4.5
thicknats but would requlre an additions! iterstive
prozedure with negligible Improvement In reaylt
L Activa core fangth, Tn. Langth of fuel bearlng regian of the fual plates Is * 20,0
spesified here,
2H Coalart channel tength, ft This dlmension Includus entire distance feom top ta 2.0
N ! plates.
b Sida plots thicknes, in. This value Is that of tohl plale thicknes, und not @ 0.1875
steengthwiss effactive hicknes.
8 Sido plote stol foctor (1.0 no alots, This Factor specifies degron of sestroint for ralative 1.0

9.0 complote slals)

langitudinal expansion between fusl platet and side
plates (1. 0= mox restralnt, 0.0= no restaint).

Reactor Operating Conditlon

AP core Cors premure drop, psi

The flow model includes shroud lalat losses in this 73.5
velus {ses Sppendix).

‘i Covlant inlet Yemp, °F The moximum contro! set volus Is chasen for this variable, 120.0
P Operoting prossuro at core Inlet, pale The control set point Is specified here, 900.(_1
5
Q/A Fuel olement ovg heat flux, Bru/l-w-ﬂ2 This value moy be @ spocified power level or o finst gues. 8.0x 10
At 100 Mw, Q/A = 8.0x 105,
A Side plote heat genorotion wts, mu/hr-in.3 A minlmure value for 100 Mw opayotion 18 specified to give 7600,0
mininwm side plote temperature.
# Constont in side plate haat funsfer cooff These constonls may be voriad fo correypond to existing 0.0
equatian heat transfer conditivns on tha surfrea of the slde
v Constant Tn side plate bulk waler terp plote opposita the fus! plates, 160.0
squation
N Side plate cald streaking fact The ratio of bulk woter temperoture rise at the side plats to 0.35
o piste cold siroaring erer that In the “!2.,'“.&’_2391‘.’.2’.9’_’?:‘."2_' is_ipacified hera,
it K 1.45
Rotlo of mot powas density to core avy These calcutated or expsrimeontal nuc(wr n:m peoking
B le powur:‘:wnsi!y values are nominally spucified for beginning of fusi
Bl /[q ], Ratio of channel avg powar dersity to eyclo condifions. Pravision for fimawise changes In 115
o

cora ovg powsr density

Iocal power density are Included alspwhere.

" 1o
LWL Ratio of spot power density ta avg power
o3 he dentity acres channef ot spot
. alovotion
l Number of thne steps for oxida butldup Up to 1000 discrats opesating pesfods may be comidered 1
coleulations ia_calculating exida buildup.
() Buration of 1 pariod of oparation, br These volues tpcify operating conditions dosdng each of 0.0
Q/A() Core dug heat Aux durfng It pariod of the time stops to bs contidered (F.e., ane set of thes 8.0x ¥
aperttion, Bhfhe-tt. * valuos [s given for sach Hma stop).
vl2) Ratis of pat power density during § Lo
poriod of cperntion 1o stort of cycle
valus ih
AP Core (i} Core proaure drop during 1 pericd of 73.5
wpesation, pai
Uncadtaloties omd Toleronces
Foctor Applied in Caleviating
ul Fual elemant flow Hot streak water vel This foctor iy combined with the averoge chunnel thickne= t.o
distibution und bemp tolurmnce and plate dafloctions to give a hot streok
flow foctor,
uz iocal flow disturbanes Hat spat water vel This factor is combined with the local chonnel thickness 1.0
factor tolesance ard plote deflactions 1o glve o hot spot
flow foctar, -
w3 Channel raughness fector  Friction factor Euporimental data® indicale @ value of 1.15 is applicable 115
to HFIR.
vé Channel mixing foctor Hot stosak bulle femp A value of 1.0 pands fo cormpl hannsl o.0
mixing, 0.0 to s mixing,
us Powar laval maosyroment  fieot finx Volves of these factors shauld correspand 1o onticipated 105
and Gentrol oeewracy control systam pecfarmsnce,
ué Inlet lemp measucement  Bulk wotsr yemp .o
and controf accuracy
ur Preswee mecsurement ard  Hat tpot opemting 0.9
P conire! arcurocy presure
us Uncerfainty in heat trans-  Heat teemafer goelf Ths ded tathon® hos been Tncomp 3, hwnce 1.0
e Jor conff corralution o mulriplylng factor carrection It required.
.U Uncerlointy in burnout Bumout heoi flux This valus not used Tn ealeulating inciplent bolling. 0.7702
i Valua of 0.7702 glves recommands, bumout correlation.
4 This input voriable not This valve i» not used In the calculations. Placs a 1.0 {1.0}
used 1n colculations In epproprlate blank on duto sheet.
un Unaerfainty tn noclear  Power damsitiss An ascuracy of +10% has been assumed panding resutts of [N
calewlotions critiesd i
vz Timewhs 3ot power Hot spat power density  Nuclear colcubatians to dote indlcote no Incraases in hot 1.0
denalty sgot power density with fime, .
uiz Uncertainty In streak Hot streak woler ve! This valua Is govemed by tha line avacage fusf fonding 1.1
avg fust looding and Jemp, tolerancs, . _
UM Uncectainty to plate Hot plote water temp  This volue Is governad by tho fuel plate fuel laoding 1.0
fyel looding fleranee, e
uts Uncertainty in fuel Hot plate temp This value 1s governed by the line average fue! loading 11
loading agros plate -
uls Segregation flux Hot spat heat s This value s governent by the fuel plate spot loading 1.3
proklng, hot side of taleronce.
plate s
uIr Segregation flux Hot spat heat flux This value 15 gaverned by tha fust plate spat Teading 1.3
pusking, cold side of tolerence.
00 e e
utg Nonbond flux peaking, Hot spat heat flux Thess values are defarmined by twn dimansfonu! matrix s
hot side of plata hea) transfer constants and are depardent on thickness
of the fuel bearing portion of the fuel plate,
uie Nanbond flux peaking, 0.846
cold side of plate N
Ae ovg Tolerance on avg cool- Hot shreak flow rate Thesa are the fahrication toleronce values. Thay are 4.9
ant channel thickness, binad with plate deflactions tn give d
mils fot sireak and hot spar flow rates.
Ae local Tolasonce on local cool= Kot spot How rate 0.0
wat channel thicknesg,
mils
Hot $pot Location
o Distanca from fop of care fo spat, ft Thesa valuer are employed In coloviating bulk water 1633
f Froction of hotal heat liberated obove hot spot tomperature and pressura at the hot spot location, 1.0
al Adjacent channe! srrangement — These four varichles are amployed ta specify the 0.0
nortew, wide, norrow, wide, narmow armngement of wide and nerow chapnels to he
a2 Adjsesit channel arrangenvent — considered. A vadue of 1.0 is assigaed to the 0.0
wide, wide, norow, wide, wide 123 {ing 1o tho dasived "
a3 Adjacent chornol orengamant — all othen being assigned volues of 0,0, 1.0
racrow, wide, narmow, narrow, wida, naitow
a4 Adjuzent chennel arrongement — all nacow 0.0
Carglotion Conytants
A Consrant I heat hoasfer coslf corelotion Ths racommended correlution is as follews: 478.205
8 ht Constant in hast yronsfer coell conslalion 0.91233
o
=% Carstoat in heat transfar coeff conalation hek {A By - Cl’:] [{) [(M) _ ]25] [] +  7.854x w
o,, Comtent In heat tansfer cosff eomelation [y 0.467
B Constant in heat transfar coafl comelation 0.18¢
4 D T E
o1 (eerx i)
3 £y 15
where K is a constant. This equation is selacted by setting
£, =0.164. Solecting Dy = 0. 164 provides for wie of the
1liowing cltemate equotitn:
o 3
T, v,
v P -] () 155 ]
B {e)
Typicat input votues Tor this olterncte equation e 1402.0,
12,758, 0.0148?5, 0. 184 ond 0,454 for Aht’ ’M' Ch‘, Dhl'
wd E, o respoctively,
[+] Fue! plate pressuse defloction cunstont, These values cre bosed on elustic benm theary, and ore 0.52581
mily/psl dependent upon position along the Invelute orc.
z Fuel plate thenasl deflection constant, 0.02823
iy
¢ Fuok glate wolumetric expansion cost, This valys is assumed aqual 1o 3 Himes the linear cosfficient 1.9x10°
In.~fin, ° of expansion for caleuloting closing of gop,

Colevlotiznal Procedure Mechanles

lnitis! v initla) guass ot chonnel inlat vel, ft/sec Choice of this varlable is eritical only b1 low flow rotes. 40.0
Initial (’ I Initial guess at plate surface tewmp, °F Chaice of this variabla Is not critical. A value of 400.0 s 400.0
penerally satish Yo,
Initla! K Initial guess at ratio of Inciplent builing A volue of 1.0 1s genorally emplayed when 1olving for Lo
heat flux to hot spot heat flux, Iucipient boiling powec favel,
8.0, Specific correlotion fo be amaloyed for Use — 2.0 when colavlating inciplent hoiling. See -2.0
Indicator, incipient boiling or burnout apgeadin fos burnout colzulation options,
Mox, lter, _Mox permissible number of ilerations Convergence ks genacally obloined in foss than 1S Ttecations. 3.0
Conv. Constant in equation for colculating This varloble determines degree of cortection to be opplied 0.5
corgected senctor pavaey level on nant Heration. Volue of 0.5 o i foctory,
Conv. Permistible enor betwenn osumed and A value of 1 x 107> gives satisfoctory convargancy on an 1.0x 1075
Powar calculated incipient boiling power incipient bolling power level. If a culcvlation ot o

spesific power lovel Is desired, o large number, such as
0.0, should be vsed hars.




TABLE IIT.

[e\)
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HFIR FUEL ELEMENT OPERATING CONDITICNS AT 100 Mw

Start of Cycle

Fad of 15-day Cycle

1. 10,800 gprm Fuel Region Fuel Hot Hot Fuel Hot Hot

Flow Rete Average Streakx Spot Average Streak Spot

- ,

Heat flux, Btu/hr-ft2 0.8 x 10° 0.9 x 106 1.9 x lOb 0.8 x 10° 0.9 x 106 1.9 x 10
Water inlet temp., °F 120 121 121 120 123 121
Water outlet temp., °F 189 266 266 189 268 268
Oxide-water inmterface temp., °F 206 328 %00 206 330 413
Metali-oxide inmterface temp., °F 206 325 L00 213 397 540
Mean fuel plate temp., °F 21h 337 " L9 221 L6 559
Calculated permissible incipient
boiling local hest flux peaking 1.338 1.275
factor
Caiculeted incipient boiling P -
power level at 500 psis, Mw 13L.5 120
2, 13,000 gpm Fuel Region

Flow Rate

- e £ -

Heat fluwx, Buu/hr-fio 0.8 x 10° 0.9x10°] 1.9x1° | 0.8x1® | 0.9x10° | 1.9x 1
Water inlet temp., °F 12C 121 121 120 iz 121
Water outlet temp., °F 178 ahs 246 178 L6 2Ls
Oxide-water interface temp., °F 197 303 371 197 303 377
Metal-oxide irterface temp., °F 197 303 371 20k 351 L6671
Mean fuel piate temp., °F 205 312 390 212 360 480
Celeulated permissible incipient
boiling local heat flux pesking 1.490 1.451
factor
Calculated incipient boiling power 145.0 139

level at 600 psia, Mw
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ORNL-DWG 67-6555

NON-BOND HEAT FLUX PEAKING FACTOR
HOT SIDE OF FUEL PLATE

1.0
10 15 20 25 30

THICKNESS OF FUEL BEARING REGION {mils)

Fig. 3. Heat Flux Peaking on Hot Side of Fuel Plate Due to Non-
Bonds.
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Fig. 4. Heat Fliux Peaking on Cold Side of Fuel Plate Due to Non-
Bonds.
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CRNL~DWG 67-6556

- CONVECTIVE HEAT TRANSFER BOUNDARY

/ £ =15,000 Btu/hr-f12~°F
I ’ ,,,,,,, e~ COLD SIDE OF PLATE
o - 4
I CLAD PLUS FILLER PIECE e
£ THICKNESS (=1 mils) cLao %
z | _~ NONBOND =)
2 1 : 5
e T ! '3
gl 8 T
Nk —-Uz0g FUEL /i
a SEGREGATION 2
2 spoT | 5
= ) 2
e NOMINAL MINIMUM CLAD : CLAD =
THICKNESS (=10 mils) -
1 NG st~ HOT SIDE OF PLATE
| ™~ CONVECTVE HEAT TRANSFER
BOUNDARY # = 15,000 Btu/hs-f12-°F

< 3 <
ol o ©w
2 ® H
= [ 1t
i1 ® b
k=

BASIC ASSUMPTIONS:
1. NO HEAT TRANSFER ACROSS NON-BOND
2. CIRCUMFERENTIAL SYMMETRY .
3. PACKING FRACTION OF UzC0g PARTICLES IN SEGREGATION SPOT = 0.74

HEAT GENERATION

REGION THERMAL CONDUCTIVITY RATE AT 100 MW
(Btushr-in~°F ) (Btu/hr-ft-*F ) {Biu/hr in.3)
FUEL 8.08 97.0 1.82 X 107/(50-1-10)
U30q SEGREGATION 2.26 274 1.87 X 10%/(50-1 -10)
CLAD 8.08 97.0 1.5¢ X 10%

Fig. 5. Model Employed for Calculation of Non-Bond and Fuel Segre-
gation Heat Flux Peaking Factors.



Lo

ORNL--0WG 67—6548

S — — — — —
_COLD CHANNEL

HOT CHANNEL

T T e s s — —
~—

N W N LW N w w N W N L
HOT PLATE HOT PLATE HOT PLATE

CASE NO. ¢ CASE NO. 2 CASE NO.3

EXPLANATION OF FIGURE

=  ORIGINAL FUEL PLATE PROFILE
= = = PLATE PROFILE AFTER PRESSURE DEFLECTION

b

—-——e = |NDICATES ASSUMED DIRECTION OF LOCAL DEFLECTIONS
N = NARROW COOLANT CHANNEL
w = WIDE COOLANT CHANNEL

N ow L
HOT PLATE
CASE NO. 4

Fig. 6. Alternate Arrangements of Adjacent Coolant Channels.
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APPENDIX A

DETAILS OF HEAT REMOVAL ANALYSIS PROCEDURE

Before considering the details of the analysis procedure, it ig es-
sential that the reader realize that this study is one of those which,
like Topsy, just grew and which,'after having grown, has not been sub-
Jjected to the plastic surgery which would be desirable from the stand-~
point of beauty of form. Consequently, a brief review of the history of
this growth is probably in order. These studies began as a part of the
HFIR feasibility and initial design effort. At this stage, the emphasis
in these studies was on establishment of overall design feasibility,
without inclusion of certain design details and factors which ultimately
required consideration. A calculational procedure, referred to as the
HOT SPOT code, based on standard’hydraulic and heat transfer equations
and the best available burnoutvcorrelations, was developed to meet these
carly needs. BSubsequently, there were two major changes in approach
which resulted in drastic revision of this calculational procedure. The
first of these was inclusion of fhe effects of fuel plate deflections
and time in the fuel cycle (i.e., oxide buildup). In calculating plate
deflections and oxide buildup, the original HOT SPOT procedure became
simply a subroutine in the overall calculation, referred tb as the HOT
SPOT program. The second revision was the result of the decision to
base the heat transfer studies on the calculated point of inelpient
boiling rather than on burncut. This necessitated changes in some of
the mechanics of the calculations due to the nature of the correlation
employed in calculating incipient boiling. The following presentation
of the detalls of the procedure follows this historical pattern in that
the basic subroutine is presented first, then comes the method of em-
ploying this subroutine along with the fuel plate deflection and oxide
buildup egquations to give calculated burnout power levels, and finally
the revisions made to permit calculation of the minimum incipient boil-
ing power level. It should also be noted here that while the following'
presentation would seem to indicate a complete integration of the incip-

ient boiling and burnout calculations into a single machine program such
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he case. Separate program decks are availlable for boil-

ct

is aectually not
ing and burnout calculations, oub as yet there is no single deck which
will accomplish both.

The following pages consist of a listing of the basic steps employed
in these heat removal studies and the sqguations employed 1n each of these
steps. The principal assumptions utilized in arrviving at these equations
have been discussed in the hody of this report. Notations employed in

these equaltions are defined in the table of nomenclature, with more de-

The exact procedures employed for obtaining convergence have not been in-
dicated in this listing. These can be determined 1T desired vy examination

of a Fortran listing for the program.

I. HOT SPOT SUBROUTINE
Part A. Nominal Operating Conditions

1. The density of the inlet coolant water, pi, is calculated according to

the rollowing correlation:
- e -y 2
O = 62.99 - (0.5350 x 10 °)T - (0.4525 x 107 )r (1)

2. Assuming a value of inlet velocity, Vi calculate the nominal bulk tem-

perature rise across the chananel, AT according to the following

B nom’
equation:

il

B nom = v.p.€
T 1

U.,.U

)
: 10
o) L (0.3858 x 10 ) USUll 2% (2)

3. Calculate the core midplane bulk temperature, Tmp’ as followa:

r — (1 i + M
fmp (UG)Ti 1/2 ATy om (3)

4. Calculate the midplane bulk water density, Pip via equation (1).
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Calculate the bulk water exit temperature, Texit’ as follows:

i - ; E N N [T
Taxit <U6) Ty B nom \ )

Calculate the exit bulk water density, P_ .., via equation (1).

Calculate the midplane bulk coolant viscosity,;imp, from the following

correlation:

~ -1.172 |
w(T) = 366 T: “ (5)

Calculate a new value of inlet velocity, v., from the following equation:

€ *+w

NP o
Il =0T o {kvi € )2 (7.764 x 1073) +

o2 - € . v 1073y .
vi(l.Qb - E»;w;)(b.211 x 107°) +

P (- EoP(0.0553) +
ip . T E W N
exit

0.2 1.80.8
20.0 2
UB( )U«mp vi e T (eH)
R
mp

(ZH) 1
= (6)

i

(The flow model employed in establishing this equation is shown in
Figure A-1.)

Reiterate steps 2 through 8 until

-6

Vi(n) Vi(n-1)| < 10

Yi(n) |




10.

11.

12.

13.

1.

. Ug {A
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Using final value of Vi calculate the maximum possible bulk tempera-

ture rise from core inlet to the hot spot, AT hs? 28 follows:

B
o Uy s Q!
T — T i 1] .
& B hs max U, A”B nom q,:r, he (7)

Calculate the actual hot spot bulk water temperature from the follow-
ing equations:

: - _ ; - [ A Pl
My ns ™ 213 bs max (Us) LAEB ns max L AT nomj i ’ (8)
. _ 3 AT .
Ty ng = (o) Ty + ATy (82)

Calculate the bulk water density at the hot spot, from Eg. (1).

YR hg’

Calculate the hot spot coolant velocity, V. g0 AS follows:

[V5 Ps,
Vs ) (002 (9)
V"R hs:

Assuming a value of hot spot plate surface temperature, T calcu-

s hs’

late the hot spot heat transfer coefficient, h from elther of the

hs’
equations listed below.

D . E
2 Ts p| ("B us) e

fs = 98 (Pat " PeTe ns T Cuee ns T hg] L0 548

(10)

\

i 2 1
+ ‘_ll - t : —
ht Bht“B hs ChtlB nsi €

D
0.6 v ol e\t
[( B hs "B hs 1 - 125
o\

"B hs /

i : D, ,
’1 1 (1.667 X 107% ¢ ““1
o+

3 a, 4



16.

17.

[The exponent of the (ls hs/TB hS) term is 0.164 in both of these cor-

relations. The choice of Eq. (10) or (10a) is made automatically de-

pending on whether D . or E_, is specified as 0.164. Equation (10)

ht
is based on the (. E. correlation, while Eq. (10a) is the recommended

correlation for HFIR calculations.’]

Calculate the hot spot water film temperature drop, Amfilm he? as
follows: »
AT - £€£§2§éﬁnﬁi (11)
film hs ~ hs! ’ o
; hs
where
Q) e | o g
[Eﬁ - (Kjtaml UsUiaUhzUas 1.0 + (Uyo = 1.0) 15,000 (12)
*/max hs ale e
NOTES: 1. Various of the Uh values are set at 1.0 depending
on whether the eguation is being used to calculate
hot spot, hot streak, or hot channel conditions.
2. The value of Uy, unless otherwise specified for a
particular calculation, is actually the product of
the segregation and nonbond heat flux peaking fac-
tors (i.e., Ujg = UjgUie for the hot channel and
Uig = Up7Uyg for the cold channel).
Calculate a new value of hot spot surface temperature, T hgo 88 fol-
lows:
= T +
Ts hs lB hs ATfilm hs (13)

Reiterate setps 14 through 16 until
s ns (n) ~ Y hs (n—1)

=10-°
Ts hs (n)
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Part B. Burnout Conditions
Whether this part of the subroutine is used and what section of it is

used is determined by the value specified for burnout indicator in input

No. 35 (see sample input data form) according to the following table.

Burnout Indicator Burnout Correlation Employed
2.0 No burnout caleculation made
1.0 Savannah River correlation
0.0 Zenkevich-Subbotin corrvelation
~2.0 Incipient boiling calculation (This

correlation is separate from Part B
and requires a separate program deck. )

a. Zenkevich-Subbotin Burnout Correlation (valid at pressures =250 psisa)

a-1l. Assuming a value for the ratio of burnout heat flux to hot spot
heat flux, K, repeat steps 1 through 13 of Part A using as the
input value for Q/A the value employed in Part A times the as-
sumed value of K. (The subscript "bo" is added to all values
calculated here to indicate that these are burnout calculations.)

a-2. Calculate the static pressure at the hot spot, Phg bo? at these

assumed burnout conditions as follows:
Pi bo 2

2
= P & . I -3 A
Phs bo U7 (Vi bo ¢ + w) (7.764 % 10 ) 144 vi

/ c L. V% N 0.
(;.25 —~ .>(6.2ll x 1072) —=L0  Lbo Lbko
e+t w 144 9.2736 x 107

0.2 1.8 1.8 h

al (20.0) Moo bo 'i bo P

i bo m‘a pmp bo

el-? 144 142

(14)
pmp bo



a~3.

a~4.‘

a~5.

a-6.

a=-7.
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Calculate the coolant saturation temperature at the hot spot,

Tont? according to the following correlation:

- . 0.221
T = 118.43 L bo. (15)
Calculate the coolant density at the saturation temperature of

the previous step, via Bq. (1).

Py e ?
T sat
Calculate the saturated vepor density at the temperature from

step a-3, Py T sat’ from the following correlation:

1.038

= 1. ~3
O g gup = 107357 X 1072 B 00 (16)
Calculate the burnout heat flux (Q/A)bo from the Zenkevich~
Subbotin correlation as follows:
Q 0.5
sty = 30 2
‘A = 39 (Us) [3000 Yhs bo PB hs bo]
bo :
. . 1.8
- 0.3 |Pr gat ~ Py 7 sat ,
sat TB hs bo 0 (17)
! T sat
Calculate a new value of K as follows:
(@/n)
K = (@733-—251—— (18)
’ max nhs
NOTE: The value of (Q/A) . 1s that which comes from the
max hs

original Q/A input value and not the revised value of

step a-1.
Reiterate steps a-l through a-7 until

K1) = 5(n)

<10-~6
K( =10

n)

Calculate a value of burnout hot spot surface temperature,

TS bo? from the Bernath correlation as follows:
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Phs bo } wﬂvhs bo]
S bo hs bo P

: i (1.8) + 32 (20)
hs bo + 15 J

T =157 In P o 54

NOTE: This value is calculated for advisory purposes only. It
is never used in subsequent calculations in this program

and 1s not to be interpreted as an exact value.

Savannah River Correlation (valid at pressures from 25 to 85 psia and
for a minimum velocity of ~5.5 f£t/sec)

b-1. Same as a-1.

b-2. Same as a-2.

b-3. Same as a-3.

b-4. Calculate a value of burnout heat flux, (Q/A)bo’ according to
the Savannah River correlation as follows:

(%) < (479,000) 1 + 0.0365 v, _
bo ‘

A bo!

{1 +0.00507 [T = Ty bo}}

(1 +0.0131 P _ bo)(Ug) (21)

b-5. Same as a-7.
b-6. Same as a-8.
b~-7. Same as a-9.

End of HOT SPOI Subroutine
Ir. HOr SIOT BURNCUT CALCULATION PROCEDURE

Run HOT SPOT program to determine hot plate operating conditions per
input specified by input data sheet, input numbers 1 through 37,
(semple input data sheets will be found in Figs. A-2 and A-3 of this

report) with the following exceptions:



Variable Value
€ ag specified + le
av
Uy 1.0
Uz 1.0
TJ]_O an
Uyg 1.0
(qm qa>r, he 1.0
B.0. indicator 2.0

The HOT SPOT program is run twice, as indicated by the values to be
employed for ¢. Results based on the specified value of ¢ *‘&eav
are referred to as the narrow channel results and are given the sub-
seript n.  Results based on the specified value of ¢ +~A£av are re-
ferred to as the wide channel results and are given the subscript w.
The followlng results from these calculations will be utilizged in

subsequent steps.

€ =& = 0¢
n av
v, T, ol A oI
i,n° "8 ns,n’ "i,n’ (&/ )max,hs,n’ Pexit,n
€ = ¢ + A
W av
v, O Ty h 3. .
i,w’” 7B nom,w’ ~§ hs,w’ hs,w’ Fl,w, Pexit,w

2. Calculate the average pressure differential across a fuel plate, dp,

from the following eguations:

04 n * Pexit,n * Piw * Pexit,w
dp = (o +ap +ag) —=2 2 : H(po+p )
1152 1 exlt
where

r .1 ‘VZ r I Pf 1]2

W W : ) n : n
P, =11 + 0. 25 = | -1 4+ 0.4 1.25 - :

+ g Kl = T Wfi G4 -4 ,1 o % SR



27 2 27 2
€ W “n | Vn
- — - " — — — |
exit 1 e +wll 644 1 (l e+ w}i YA
w b B n B
and
Vin P{ n
v_oo= o=t 1+
n 2 R -y .
exit,n
Vi W P31 w \
Vw - ,._:...l..w 1 + e Lormonarmn. |

i
pexit Py ,"

Calculate the hot plate oxide film temperature drop for plates bounded
by narrow, wide and average coolanlt channels ATfn, Affw’ and Alfa as
follows:

Rerun HOT SPOT for wide and narrow channels for each

specified time Iinterval with the same input values as

those of step 1 except that the values of (Q/A), U2,

and APCO are to be those specified in conjunction

re
with the particular time step. From these calcula-

tions, values of hot plate surface temperature are ob-
tained for the wide and narrow channel cases for each

of the time steps and T

TS hs, W(i) S hs, n(i) .
Cy
o (25) o.778 T .y + 460
mo o 1] &na he ] S hs,n(i)
Alfn = L2 47 (qa>c UsUy,Up 2Uq 4 Z;J (t(1)] e P
(1)

| (5) 778
ar, = o [ S22 e, ) (T
L \ : (qa)c ()
1

2¢,

Ts bs,n(1) * s ns,u(y) T %O



C1
(a) T NN
b — f.@; [ b.c . - 7 0‘1773 S hS’W(l)
Al = C2 1A) anjc UsUp3U; 2074 [£(1)] e

(1).

NOTE: The value of (Q/A) in the above equations is that employed in

step 1 and not a time step value.

4. Calculate hot plate metal temperatures for plates bounded by narrow;

average, and wide coolant channels (Tplate n? lplate 5o ond Tplate w)
as follows:
Tplate n = fs heg,n +‘Aifn
T \
T = 8 hs,n 8 hs,w & AT
plate a , , fa
s + m
Tplate W Ts hs,w Alfw
5. s be temperature, t
5 Calculate side plate emperature, side plate’ as Follows
Q A b2 b
T ) = ~(-} + 82 L.
side plate A 6 . 2 2
38.78 x 10 2
where
1
1 TR TR - b A (Q/A) 1y o |
b=+ T, = aTy ) 0E -1y RIS TNTY
b Mg yw 2t 0.8 x 10% \™p s
- ) 16.16 ¢y
ca = T, + (ATBJW) Nf + ===
1S ,wW
and
. \Ou27'
core
U, = ] + 2
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BT TR R (1] Y)
b~ AP A 0.8 x 10¢

e+ T,
Y 1

6. Calculate fuel plate buckling due to fuel plate-side plate temperature

differences for plates bounded by narrow, average, and wide channels

~ m ing correlations:
(5Tn’ Bgs &0d 6Tw> from the following correlation
. 1,31
— . I m
6Tn 00063 LTplate n lside plate}
- o3 o
— e B s
g, = 0.0063 [iplate a " Taide plate |
0.0062 [T T g
Oy = Y [lplate w  side plate!

7. Calculate fuel plate pressure induced deflection due to adjacent narrow

and wide channels, Sp, as follows:

. ()

P E.R.
where
E.R. = —=(1.642 X 107°)(T 2+ (4.719 x 107%)

(

plate a

Tplate a) + 0.9737 , and

dp = presgure differential from step 2.

8. Calculate fuel plate deflections due to differences in fuel plate

temperatures for plates bounded by narrow or by wide channels as com-

pared to plates bounded by average channels (aT,nma and 6T,w—a) as
follows:
5 B (Z>(Tplate n M’Tplate a>
Tyn-a E.R.
3 (Z>(Lplate a mﬂfplate w)
T,w—a F.R. ?

where E.R. is the same as in step 7.
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9. Calculate the effective volumetric expansion due to heating from room
temperature of plates bounded by narrow, average, and wide channels

(ovn, By g and;ovW) as follows:

O =)
Voo 5 ‘

g m Jo. N
O =W
“Ja © 5
O, =W
Vw 5

10. Calculate the effective hot streak fuel plate deflections in the hot

- v < (~ %,
and cold channels ‘bstreak,ﬂ and D streak

rangement of adjacent channels as follows:

C) for the preselected ar-
k)

5 = + + 0 g 4+ (1 + ooy ey ) B .
bstreak,H (1 +on oz ) D (L +o 07 Oy, ) Vs,
+ )€ + & + X Ead o
(s 200, ] an U3 GT,nma Aelccal Agav
! = SER o (=2 — - B, +
astreak;,c (200 + a2 = 3) o (=20 = oo = Qg) By

(—or3 — 20) Sy (=) By

+ (az) ®

: : - +
(~2) & T,n~a Aéloc&l

T,w-a

- + + 3
(=t =~ + s + ) A§avg

NOTE: Bee Fig. 6 for assumed directions of plate deflections, etc.

11. Calculate the effective hot spot plate deflections in both the hot and

cold channels (& and 5 ) as follows:
hs,C

hs,H
= + 205 + B+ + 2
6]:18 JH- (2(351 “Clz (1’3 ) O, (an Cty, ) aTn
= {{ -— D - X 5 + 5
®us (02 —o05) By, =02 By + 03 By
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12. Calculate values of average coolant channel width for the hot and cold
channels (EH and ec) of Fig. 6 as follows:
g T € Aeav

€, = € + (Oll +op — O3 Q) Aea

C A"

13. Calculate values of the hot spot flow factor for the hot and cold

( - 3 P Qe
channels \UQ,H and U2,C) of Fig. 6 as follows:
€ 8] 0.667
H streak,H
U =U
1,H 1 €4
0.667
e 6streakLg
U =U
1,C 1 €c

14. Calculate values of the hot spot flow factor for the hot and cold

channels (U and U, C) of Fig. 6 as follows:

2,1
0.567
a4 " Cstreai,n " Ons,n
U? H - U2 €. =0
i ‘H - “streak,H
. . 0.667
U - ¢ streak,C hs,C
2,7 72 e,

¢ " Pstreax,c

NOTE: Up to this point the procedures for vurnout and incipient
boiling calculations are identical. The remainder of this
section applies only to burnout calculations. Incipient
boiling calculations are outlined in Section ITT of this

appendix.

15. Run HOT SPOT for the hot and cold channels using the values specified
by the input data except set Uy, and U;s at 1.0 and replace the values
of €, Uy, and Uy with the respective values calculated in steps 12, 13,
and l4. These calculations yield values of the ratio of burnout to
maximum heat flux values for the hot and cold channels (i.e., K

ho,H
and Kbo,C)' In calculating the hot spot heat transfer ceefficieuts,



16.

17.

18.

12.

1=14.

use af the valuve of chamnel thicknezs ¢ for the hot chamnel €y

hhsg
& =B, . and for the cold channel use ¢. + & + B .
streak,H ~ hs,H’ hie “c ¥ Pstresx,c T ne,”

Ed

Calculate the overall ratio of burncut to maximun heat flux for the

fuel plate, K, as follows:

, B
K = Kbo,ﬁ hosC

2
Choose a new value for {G/A) as follows:

0

(]

Reiterate, beginning with step 1 using the new value of (Q/A} and con-

. g%;gl + (K m,l)(Cva»ﬁ
new ;

rations until

o
Ho
]
I~
[6))
?—h
o
3

1~ Conv. Power ¥ X< 1 + Conv. Fower

where K is the value determined in stsp 16.
Print out results of final iteration as oublined in Ssetion IV of this
appendix.

End of HOT SLOT Burnout Program
IIT. HOT SLOT INCIPIENT BOILING CALCULATION PROCEDURE

Tdentical to HOT B3LOT burnout calculation procedure of Section IZ1.

Run HOT SPOT for the hot channel using the values specified by the
input data except set Ugs and Ups at 1.0, B.0O. indicater = 2.0, and
values of €, Uy, and Uy at the values calculated For this channel in

steps 12, 13, and 14.

o+

NOTE: In calculating the hot spot heat transfer cesfficient,
employ the same values of ¢ as outlined in step 15 of

HOT SLOT.



17.

18.

20.

21.

22.

23.

Calculate the hot spot pressure at these conditions, Ph from
Eg. (14) of HOT SPOT.

NOTE: The subscript bo of HOT SPOT has been replaced by ib to

s i’

indicate that these are incipient boiling calculations.

Calculate the coolant saturation temperabure at the hot spot, T

via Eg. (15) of HOT SPOT.

sat’?

Calculate the hot spot plate surface temperature, TS he? from the

incipient boiling correlation as follows:

0.0234
Phs ib 10 { (Q/A)max,hs.'
i i P
2.2 156 (B )

Is hs,ib Lsat

Calculate new value of hot spot heat transfer coefficlent, hhq ip?
8,1
via Eq. (10) or (10a) of HOT SPOT using the value of hot spot surface

temperature calculated in step 18.

Calculate a new value of (Q/A) from Eq. (12) of HOT SPOT using

max,hs
the value of Dhs,ib from step 19.

Reiterate from step 18 using the new value of (Q/A)maX s 0til
. 2

g ns,ib(n-1)
TS hs,ib(n)

- 1} <1078,

Calculate the incipient boiling bulk water temperature, TB ws ip? 28

follows:
T . - E?“Lﬂz.n&éi
L= . ,
B hs ib s hs ib hhs,ib

where (Q/A) ahd b, are the final values from steps 20 and 19

max,hs
respectively.
Calculate the incipient boiling value of bulk temperature rise,

ATB he ip? RS follows:

AT - - P
'hns ib = B ns ib 7 (Ve) Iy



24 .

25.

26.

27.

28.

29.

30.

-
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Calculate the nominal incipient boiling bulk temperature rise,

AT

8 pom ib’ 25 follows:

AT (L ~1Uy) +Uy £

Uyz . (312

o= AT . s }
B nom ib B hs ib/ | Uy 9, r,he
Calculate the core average heat flux, (Q/A), from the following
equation:

is

LT .. V.0.€
B nom ib 171

{a,)
1.44 x 10° G"i)—fﬁ L (0.3858 X 1075) UsUy, U, 50,
a’'C ‘

Choose a new value of (Q/A)new according to the following equation:
.Q_‘.) o ,@4) [ — 1‘ ]
(A = (A 1+ (K= 1)(Conv.)| ,
new :
where

K = (Q/A), /(a/A)

Reiterate to step 16 until

(/%) 0(n)

— -5

Take the final value of (Q/A)ib from step 27 and go back to step 1

using this value as the input value of (Q/A). Continue until
lK -li < Conv. power
where ‘

K = (@/A) )/ (@/8) 1,

Print out results of final overall iteration for the hot channel.

Start over at step 1 with the original input data. At step 15 use

Py

the calculated cold channel values of €, Uy, and Us.
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31. Continue through step 28 and print ont results of final overall

iteration for the cold channel.

End of HOT SLOT Incipient Bolling Calculation

IV. TINPUT DATA

Sample input data forms for HOT SLOT are shown in Figs. A-2 and A-3.
The form of Fig. A-2 provides for specification of all of the input vari-
ables listed in Table IT. It will be noted that the arrangement of wvari-
ables on the input form does not follow a consistent pattern such as that
of Table II, this again being due to the mananer ilu which the calculation
procedure grew during the course of the studies. The form shown as Fig.
A-3 provides a means for supplying data to permlt runniog a series of dif-
ferent calculations by changing only selected input values from the pre-
vious calculation, without the necessity for relisting all of the unchanged
input numbers. The procedures Tor accomplishing this are indicated in
Figs. A-4 and A-5 where input forms are filled in for a series of three
sample problems.

The first of the sample problems, listed in Iig. A-4, uses the typical
input data values of Table Il and comprises the basic case for the series
of calculatlions; in each subsequent case the input data values listed are
only those in which there has been a change over the previous case. A new
title card is required at the beginning of each problem. Changes in input
pumbers A(1) through A(61) are accomplished by listing the input number in
columns 1 and 2 and the desired value of this input number in coluumns 3
through 12. A change in the reactor operating history (i.e., time steps)
is indicated by a card containing -1 in columns 1 and 2 (e.g., Card 15).
This card is followed by a card for each of the time steps which is to be
changed (e.g., Card 16). This card contains the number of the time step
to be changed and the desired time step data in the columns indicated in
Fig. A-5. It should be noted that all iunput data numbers are of the float-
ing point form except for Card 11 which contains the number of time steps
and the time step numbers in cards changing the Time step data such as
Card 16. HKach case, except for the first, must be followed by a card con-

taining zeros in columns 1 and 2 (e.g., Cards 17 and 20). The series of
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calculations is ended by inserting a blank card followed by & card cone
taining =2 in columns 1 and 2 (e.g., Cards 21 and 22). The final case of
this series illustrates the method émployed for calculating reactor oper-
ating conditions at a fixed power level (i.e., at a given value of core
average heat flux) rather than the usual procedure which calls for s search

for incipient boiling or burnout power level.
V. OUTPUT DATA

The output data from the last iteration on a single HOT SLOT burnout
caleculation is printed out on a series of three sheets. Incipient boiling
calculations require a six-page output, three sheets for the hot channel
and three for the cold channel. Output data from the sample problems of
Figs. A-4 and A-5 are given in Fig. A-6 for incipient boiling calculations
and in Fig. A-7 for burnout calculations on the same cases. Figure A-8
consists of a duplicate of the output from the burnout calculations of tne
first sample case which has been marked up to indicate the calculation step
from which the output number is obtained and the symbol employed for this
number in the equations of Sections I, II, and ITT. Figure A~9 is similar
to Fig. A-8 except that this set of output data is for the first sample

incipient boiling calculation.
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NOMENCLATURE

A Side plate heat generation rate at 100 Mw, Btu hr™! in.”3

Aht to Eht Heat transfer coefficient correlation constants

a Distance from core inlet to hot spot, £t

b Side plabe thickness, in.

C Constant in oxideibuildup aquation

o Constant in side plate temperature equation

Conv. Constant governing speed of convergence

Conv. Power Constant governing degree of convergence

E.R. Elasticity reduction factor with temperature

£ Fraction of total heat liberated upstream of preselected
hot spot location

2H Total length of coolant channel, £t

h Heat transfer coefficient, Btu hr~t £t72 (°F)-1

K Ratio of incipilent boiling or burnout heat flux to hot spotb
heat flux

L Coolant channel length, in.

N Side plate cold streaking factor

P Core inlet pressure, psia

P Pressure differential across fuel plate, psi

(q/n) Heat flux, Btu hr™* ft7%

q Power density, Btu hr~! in.™3

T Temperature, °F

t Duration of operating period, hours

U Heat transfer coefficlent, Btu hr™* ft=2 (°F)~}

U, Uncertainty factor (Table II)

v Velocity, ft/sec

W Coolant channel width, in.

W Thickness of fuel plate, mils

A Fuel plate thermal deflection constant, mils °F

o Specifies cholce of adjacent channel arrangement (See
Table IT and Fig. &)

A Constant in side plate heat transfer coefficient equation

¥ Constant in side plate bulk HyQ temperature equation

Fuel plate deflection, milg
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NOMENCLATURE (continued)

€ Coclant channel thickness, mils
d Fuel plate volumetric expansion coefficient, in.3/in.3, o
e Side plate slot factor (see Table II)
n Viscosity, 1b ft°F hr-t
0 Density, 1b/ft?
Q Fuel plate pressure deflection constant, mils/psi
OP Pressure drop across core, psi
core
AT Temperature rise or temperature differential, °F
SUBSCRIPTS
Average or average channel
Bulk coolant in coolant channel
Bulk coolant outside fuel annulus
bo At burnout (or assumed burnout) conditions
C Cold channel (see Fig. 6)
c Core
exit At core exit
f Oxide film
£ilm Water film
H Hot channel (sce Fig. 6)
he Hot channel conditions
hs At the preselected hotl spot locatlon
ht Heat transfer coefficient correlation constant
i At core inlet
(i) Time step nuwber
ib At incipient boiling conditions
m Maximum
mp At core midplane
n Narrow channel
(n) n th iteration

(n-1) (n-1) th iteration



nom

plate

»

side glate
gtreak

T

Tsat

SUBSCRIPTS (continued)

Nominal value

Due to pressure differential

fuel plate metal

Radially

At the plate surface

Fuel element side plate

Pertaining to hot streak calculations
At temperature T or due to temperature
At saturation temperature

Volumetric

Vapor

Wide channel
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KEYPUNCHING INSTRUCTIONS:
Punch only thase cords having
data in columns 73—-80°

HOT SLOT INPUT FORM-I

Request No.

PROBLEM IDENTIFICATION

Card No.

NERRBRRN

RERNNARN

REERNERN

RENRREEN

[RRNRERER

1

H?iHT

t—

Tl T E] ol

1 ¢ Al
EERREER

T

T

A 3Hn

L s
BRERRENAN

41 2H A5} {5
HHHTH

i AR

”ﬂmLUT

RERRERGE

lam/gale g

{qathc/(qa) Cae)

P )

(as4) AUY

Aliz)

us3 &

[RRRRRRNE!

INRRREREN

NERRENED

HWHIH

[ lUWIT

3) Al
EREREERR

LifT1DE

Ua s

us Al16)

us AR

AUB)

us Al19)

U i0 e

INRERRERERE

RRERRRN

NERENE

iHTH!

NENENEEE!

REERRRRES

—

ENRERED

Uit aap)

ui2 Al23)

U3 o

ui4 Al25)

f o aee

Bt aka

UHHLLL

IRREREENE]

LI ! L

LU T

RRNNERRR

EERRRANERR!

EEERESS

Cht aga

Bt A(30)

Ent ALY

Initial vy A2}

lmhg([sst hs

B8.0. indicator
A(35

[RRERARER

RERBERR

EREREEEE!

NEEREERN

ERRREREN

EETERERRER!

Lifl]ide

Mox. lter. A

fgm/qalr hcA(m

bLe av 238)

Ae locc!Ma

el

a3

INEEREEEI

NERRRERE!

REAERERE!

A4}
[T TLL L

Alazy
HHHH‘ l

RERRECE

a%  pax

A{44

A
ERRENERR)

REN !bi 1 LT

Al45)

8 Af4 6}

ala7)

A4S

EREEREAN

SITTTTT

ERRENER

111 lﬂHl

HLHHH %

¢ A{50)
NEEREENE!

N A5

4 Al52)
INRRARERN

1 A(53

muuu

Conv, Power}\,5

T

EEAREED

THITTT

NERRREEN

Uis asn

81131 A58

ui7

[T

EERNESE

uig AL50)

UI9

PITTRETIE

PIATTHITE

ARRRAEN

IREERRENY

AlsH)
INERRREN

IRSRERGDY

{ =No. time steps l

NENRRERENY

(1)

I

U2 (1)

AP coreli)

Card No.

[REERNNL

Fig. A-2.

Hot slot Input Form-1.

MY

L



KEYPUMCHING INSTRUCTIONS:
Punch oniy ihose cards having
data in columns 73—80

HOT SLOT INPUT FORM—2-]

Regques! No.

o PROBLEM IDENTIFICATION o _ Card No
O G T T T e T T e T e e T e T L e D T L
i3 Al &) 30

I

X . 1 L (Q/ANKY b Uie(k) AP core(x
Ti »{ IR 1

| 1 o]
; 1 R

PROGLEM IDENTIFICATION

Card No.

-

OO o o e e T O T T T T LT

NENREN

Fig. A-3.

Hot Slot Input Form-2-1.

) A(1) 73 80
I 3
f NRAN!
K };{”T—m?j ST 77 C S TS L 18 P core(y) R
S R e e s
LT A S e l'jﬂ[ Saunn
QLLH%HJﬁH"uULMjAHM4MMz}ﬁgﬁ;*whw_ Nk

o7}



KEYPUNCHING INSTRUCTIONS:
Punch on!y those cards hovinq
data in columns 73—80 *

HOT SLOT INPUT FORM-i

Request No,

PROBLEM {DENTIFICATION Card No.
Tﬂﬁﬂﬁﬂﬂjcﬂﬂﬂf4iﬂﬂﬂuﬂIWNHWHQIFQQMIUNﬂMﬂ ﬂﬂéi?ﬁkfj EERERRERERANERRREE L el T
] g Al Y amb ¢ A t A 2H gyl B Pcore, )x‘ il b 89
BB TV OB T ] CCASERERBECHERE f (ﬁ!oilifif GEE brfili PRI T T T T[Tk
{gm/galc 8 (qo)hc/(qa)c A(9) P ALY Q/A Ut 2) us3 A1)
IRZEREANI fﬂJibI!lff EEERERAN! fﬂldWlIEHb NG| fll(( {qu !flil ARNCEEENERARRRENN:E
V4 s i6) U6 um YT e UB s U9 o U‘O
JTTTT iMﬁlITIWMMFHié%MiH{meMILHKi%MW&HiJWM%’HJI Pi11]o8
Ul aon V12 oy U3 g V14 hos ! g A ny aey Bht e
JEONRREN quf711f T Uﬂpﬁffiff Mo T HP@!PD@L(&@&QW&%&& LT ToB
Gy . DM A(30) Eh? AGH Initial v, Al32) Enma! Ts hs Initial K 4 B.O. Indicatoz(m
eis}a] Te[-fal JoT Je[e[7[ T 1 | ol [tefa[ [T T T RO [ 11 ] l}qq p][ AT Lii O T T O ok
Mox, fter AGE) (qm/qc)r,hcm.m Ae ay 38) Lix local al A4G a2 Kat) a3 A42)
EORCHEERERORCERE NN NSRS RREE] A R T T oo [T o] REEROECENENENNERERENNCT
ad Loy A paa b aas B aus Y aem & pas I a49
loL I T TTT T Telelolol 1 T 1 | ol Tuelis] RENCRCRERRNRROCERERED 0. [siefeleli] | 19U0121312I3” [ REERCC N
L s ¥ o oen M R L ABY) C2 pisaf  Comv poe C°"V Power s k
B TTE hfq1§5lLLL[ ACERRNRINCEECREN BEBCENEERENCREN RS ersi (i1 ol
uis U, o U el 0i8 Ao usT
ISOENERNNRONCERNERERORENE| fifIT] UHERERRREACEEE] LITTT
} =No. time steps Card No.
HHITTTT I
t(1) Q/A L) G2 AP coreli) o
6104 8f. 10 EH 1. 10 7I3] .15 112

Fig, A-4,

Hot Slot

Input Form-l.

6.



KEYPUNCHING INSTRUCTIONS:
Punch only those cards having

data in columns 73—8GC

HOT SLOT INPUT FORM=—2-1

Request No.

e PROBLEM IDENTIFICATION Card No.
F[T{‘!JPi Helali! iclas[el -Ts[TlARIT] lolF[ iFIUEI] lClYICilE] 1= leiciol Pisii| PRIESSIRE [ {4 [ T T T T I [ [ITTT]i3
i3 al) 73 5
1tol isiolo]. fo 32
- 15
! 'Q ) 1K) by (Q/A)K) by U i2(k} AP core(k])

i ool g5l T1]. 1ol 7[3[. 5 [tls
olol 17
PROBLEM IDENTIFICATION Card No.

TP ICIAI] [JABSIE] -] [START] [ofF] JFUIE] [evCiLTE [T [elojol [PIs[i] [PREISTSIUIRIET [-T [1lolamiwi folple/Rialrtfolnf [ [ [ { [ [t[8
ii B All} 73 80
SERREAR {|o
0/0 210}

211
—i 2i2
n~4 k A o (/ALK QWHRQIWEAPWWW) 7 _:r
T S T e T jus LT
1 J“Lk“; L R L L]
N INRRNEL SEENRENEN NERSE JFH

L1 ARREEN RANEERERAN il Il

Fig. A-5.

Hot Slot Input Form-2-1.

03



TYPICAL CASE ~ INPUT VALUES FROM TARLE 1}

2y I TERATIGNS

INPUT DATA

{.8330C0E -C

5. 150B0CE O}

4,857000E Ct

2.CCOfCCE €

2.0CEOCCE OO

7.353CCCE O

1.20000C08 02

1.45CCCOE CQ

8%

{.350CC0F OO 9.0000C0OE D2 8.000000€ 85 }.OQRO000CE Q0 t .COCOOCE CC V. 15GL00E 00 O, 1.050000¢F 00
1. ODNTE 0D ¢.000CO0E-C1 1-.0000C0€e 00 T.7C2000€~08 y .CCOOOCE [C 1.1000008 00 t.0003C00¢F 00 1. 1000006 03
1.010000€ 00 1. 0B0D0CE O y.782050F 02 9. 123300E~Ct 7.35400CE~CH 4. 67T2CCCE-01 1.640000e-01 4 . CO00CNE Ot
4. 00QRCeE G2 1 .O000CRE GO -2 ..007000€ 2O 3.1C0CCCE O { .COCCOCE C3 6. COCCCOE GO 1., 000300 Oy 0.
Ce (.DGDUOGE uls} g. . T.60CL0CGE 03 | . 875300E~-C Ca t+ 2000C0E 02 S.2981008-018
2.823CCCE-42 3,930000€e-05 3.50000GE-Ct 1. GOB000OE CG &,28C00CE C3 3.12L4000F-02 5.0300008-04 1 .0R0000DE~LS
1. 1000C0F 00 i.3000008 CC t.300000€ CO {.1i18C00€F CC 8.u6000CE~CL -0, -0,
DATA FOR OXIDE FIL# BUILD-UP CALCULATICN
TIME INCREMENT TIME (1) Q/A (1} Utz (1 DPC {1}
i 3.600C000E T2 8.04G0000e 05 { LCORGCEDRE D 7.35C000E O
FIGURE A-8
{ PAGE | OF18)

Fig. A-6. Output Data from Sample Problems, Burnout Calculations.



TYPICAL CASE - INPUY VALUES FROM TABLE 184

THE FOLLCWING QUTPUT IS FOR THE COLD CHANNEL CALCULATION

HOT PLATE - NARROW CHANNEL
DEL T BN v I

2.085967E N2 3.905200e C

HOT PLATE - WIDE CHANNEL
DEL T BN v

1 4139515 02 4.492713E DI

FACTORS CAUSING CFFLECTICNS
PRESS. DIFF. DELTA TF N

3.229024€ 00 1.793707¢€ B2

PLATE DEFLECTIONS
PRESS. DEFL. FP BUCKL N

2,511 8CuE CO 1993211 01

TEMP DIFF N TENP DIFF W

2.8034708 U0 2.53u866E CT

EPS HOT Ui HOT

y,250nCoe O 8, 7277568~

DEL T BMS

2.085967TE [2

DEL T BHS

1.ui3951E 02

DELTA TF A

{.423097E Q2

FP BUCKL A

1.626013E DI

VoL EXP N

5.943839¢€-0t

[VERR St

1.00%0rCE CO

U ,277864E O

4.739541E C!

vV BHS

Vv BHS

DELTA TF W

1.117220€ ©2

FP BUCKL W

1.310019€ O3

vOL EXP A

5.261657e-L1

EPS COLD

4, 250CCCE CI

1.731638E Oy

1.665364E Gu

H HS

H HS

T SIDE PLATE

1.917601E C2

HC DEFL R

1.0u3522e Ci

vOoL EXP W

4.6 TunB3E-C1

Ul COLD

9.227C36E-L}

1.524C24E Q2

1.58u6uuE (2

DEL T FHS

DEL T FHS

HC DEFL C

-u4,828€84E OO

HS DEFL H

3.6192248 0}

u2 CoLD

1.06u4C0ue CO

TS HS QMAX

4,821990E 02 2.639057€ D6

TS HS QMAX

4.210595€ 02 2.639057E 06

HS DEFL C

3,671980E 00

FIGURE A-6
{ PAGE 2 OF 18

cg



TYPICAL CASE ~ INPUT VALUES FROM TABLE [1
HOT CHANNEL
DEL T 8N v I _DEL T B8hs vV BHS

2.065869E 02 3.904¢508 31 2.462823€ 02 4.305039f Ci

BERGLES-R., BURNQGUT CCRRELATION K # 1.C00003€E 0o
BEL T BN vt DEL T BHS vV BHS

2.065887F 02 3.904450¢ 01 2.462845F 02 4.305043€ B}

COLD CHANNEL
BEL T BN VI DEL ¥ BHS vV 8HS

2.065869E 02 3.904150f Gl 2.462823F 02 4.305039¢ a3 ]

BERGLES-R, BURNQUT CORRELATION K ¥ 1.CODC02E og
DEL T 8N ¥ I OEL T eMS§ ¥ BHS

2.065887¢ G2  3.904is508 0) 2.462845€ G2 4,.305043€ Ct

AT CONVERGEMCE, /A # 14325438 Go AND (O} # 1.GCCOg8F a¢

H HS

$.773827€ Oy

P HS

T.351948E p2

H HS

FeT738278 Oy

P HS

T.351948E 2

OFEL T FHS

1.512146E 2

Ts

S.9USHETE G2

DEL T FHS

feS12146E C2

vs
5.945u87E 2

S HS aax
5.186969E 02 2.682286€ Db
T sar g
5.092565EF 02 2.682303¢ 06
TS s gMax
5.186969E 02  2.682284E 06
T Sav ¢
5.092566E 02  2.682303€ 04
FIGURE A-8

{ PAGE 3 OF 18}

£9



TyPICAL CAGE -
7 ITERATIONS
TNPHT DATA
t.8330CC: CD
1. 150C00F 00

{.CIGCCOE

i)
o

1.0I00GCE

ot
3

4,000CCCe 2
Ce
2.823N00E-62

1.1002C0E 27

INPUT VALUES FROM TABLE 11

5.15000CE O
9.000000€ 32
9.000000E-01
| . 000B00E GC
) .00CC0CE 00
1 . 00000CE O
4.9000C0E~-CS

| .300000E OC

4.3500C0E O

6.00C000E a5
1.000000€ 00

4.782050€ D2

-2.0000CNE GO

C.
3.50M0C0E-O1

1.3000C0€ 00

DATA FOR OXIDE FILM gUILD-UP CALCULATICN

TIME INCREMENT

i

TIME (1)

3.600000F C2

QA LD

8.000C0OCE 05

2.CCGOCOE O
|.CCODnNE OC
7.7C2800€E-03
9.122300E-C)
3.1C0000F 91
7.6CCCCCE C3
{.COUCRCE CC

p.1i8LCCE TC

ylz2 (1

{ .COCCCNE £8

2.CCCCCCE OD
|.CCCOngE CO

y.000300CE €

o |

7.354C00CE-C4
{.QOCO00E GO
1.875CCCF-C1
8.28C0NCE €3

B.44C00CE-0Y

pPC (1)

7.35COC0E O

7.35CCCCE [
1.150000E CC
1.100C00E 10
6.67CCECE-DI
6.C00030E 00

[

3. 12uC00E-02

-C.

1 .2CC00CE 02
0.

1. (00200¢e CO
1. 6uC300E-T1
. COCCA0E Oy
{.000J00E D2
5, 1N000CE-OH

~Ue

FIGURE

P.450C0GE 00
1.C50000E OC
11030088 08
u,1000C0e O
C.

5.298100E-01

1.QNCONDE-CS

A-6

{ PAGE 4 OF 18)
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TYPICAL CASE - INPUT VALUES FRgM TABLE II

THE FOLLOWING QUTPUT IS FOR THE HOT CHANNEL CALCULATION

HOY PLATE ~ NARROW CHANNEL

DEL T BN VI

F.519145E 22 3.870300€ Ot

HOT PLATE — wIDE CHAKNNFL

DEL T BN v I

10288568 02 8.b856373€ 01

FACTORS CAUSING CEFLECYICNS

PRESS. DIFF. ‘DELTA TF N

3.3356116E 0 14294627TE

PLATE DEFLECTICNS

PRESS, DEFL. FP BUCKL N
2.1179068 30 1.349875¢F Ot
TEMP OIFF N TEVP DIFF W
16551 10E 0 F.u9T129¢

EeS HOT ut ROT

L.250CC0E O HL.595 4 LE-01

DEL T BHS

15171458 02

DEL T BHS

}.028856F 02

DELTA TF A

}.027136E C2

FP UCKL £

. 1074588 O

YOL EXP N

ke5272UBE-DI

1.6083288 04 {.184308F 2

1.230955E U2

T SIQE PLATE

VL72099CE L2

B.625787 (O

b, 02785¢E-C1

3.593384E-C1

4,25000C2E [t

DEL T FHS

DEL T FHS

HC DEFL C

-5.31 94472 00

HS DEFL W

2.457332E 01

U2 CCLEo

10640 0uE OO

TS #HS QMAX

3.915453E 02  1.904768E 06

TS HS UMAX

3.L7TI814E 02 1.904768E Do

HS BEFL €

2.u241069€ CO

FIGURE A-6
( PAGE 5 OF IB)
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TYPICAL CASE - INPyUT VALUES FRCM TABLE {1
H#OT CHANNEL
DEL T BN v 1 DEL T #HS vV BHS

1.S5UBS I Y 12 5.8692L4E Dt 1.925466E G2 1.523022E 01

HERGLES~R. BURNCGUT CCRRELATION K # 1.C0O009E CC

OEL T BN vl DEL T 8HS VvV EBHS

Pa50k528E U2 $.8569244E (! 1.925484E 02 1.523022E Oi

COLD THANNEL
DEL T BN VI DEL T BHS vV BHS

i<5DUSILE 32 3.869244F 01 1.925466F 02 1.523032 O3

BERGLES-R. BURNOUT CORRELATICN K # |.00DD0OC09E 00

DEL T 8N VI DEL T BHS vV BHS

1.5545288 02 3.8692L4LE DOt 1.925454€ G2 1.523032¢ 01

AT CONVERGENCE, G/A # 1.033952F 06 ANC X{0) # 1.0CCCOSE QC

2 RS

1.139503E

F HS

1 «1395C3¢k

P HS

7.352333€

x

L

n2

o]

DFL T FHS

2.Cu3C22¢E

TS

02

ELCTLO690E T2

DEL T FHS

2.C43C22E

TS

€. 0706908

G2

c2

TS HS QMAX

S.1B048BE N2 2.328C31€ 06

T SAT 4

5.092624E G2 2.32BU31E Q6

7S HS GMAX

5.1 80488 02 2.32803)1z N6

T SATY Q

5.09262uc 32 2.32803ic 06

FIGURE A-6
(PAGE © OF 18)
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TYPICAL CASFE

17 ITERATIONS

INPUT DATA

ie83

o

Coce
V150000
1.01gooee
1. 01a0Cce
4.CO0CCCE

O

o0

el

i

C

oo

w2

2.823000E-12

1. 100CECE

ac

STARY OF FUEL CYCLE - 608

5150000 O
6.0NOCDGE G2
9.000000E-31
1.00000CE OO
| .000CODE 00
§.0D0DG0E O
3.900000E-05

t.300200e ac

4 .,8570C0E G
8.00G00CCE B85
1.007%000E 03
4.?782353€ 02
~2.004000E 03
C»
3.5073000E-31
1 .3000CCE 00

DATA FOR COXIDE FILM BUTLD-UP CALCULATICN

TIME INCREMENT

!

TIME (1)

Q.

QA (D

8.,0C0000E U5

PSI PRESSURE

2.0QCCCOCE G
t.GCOCGCE G
7.7C2C0CE-0
9.123300E-01
3.100000e O
7.603000€E C3
1 .CCROCCE €

1.118080F 00

Uiz 1

1.COCCCOE €O

2.CCLONGE OO
{.CCCCOTE €6
{.COCONCE C0
7.85400CE-TY
} «CLCOLTE €8
1. 87500CE-TH
B,28C00CE €3

R.u6000Ce~T1

oPC {1)

7.350CC0€ Ot

7.35C0038 O
V. 150CCCE §C
t. 130CCCE B0

6.670CCTE~OI

6.COOCOCE O

C.
31240800802

~C.

1.200000€ 2
o,

1.390000E 00
1. 64C00CE-0
. 009300 O
{. 0300008 02
5. RODNDGRE~C!

=

P.450833E 00

t.050020¢€ GO

5.298150€-CH

LCCCORE-CS

FIGURE A-6

( PAGE 7 OF (8 )
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TYPICAL CASE - START OF FUEL CYCLE - 630 PSI PR:SSWRE
THE FOLLCWING QUYPUT IS FCR THE COLD CHANNEL CALCULATION

HOT PLATE - JARRUW CHANNEL

DEL T BN Vi NEL T BHS vV 8HS H HS
§ 7907226 =2  3.8RBL3NE DI 1.790722E 02 w.185187E CI 1.67T1373E 04 1.
HOT PLATE — WIDE CHAANEL
DEL T 8N v I DEL T BHS v BHS H HS
| .21 34B0E 07 B.uTub86E o] 1.2134R0E 02 4.6753C3E O 1.607362E G 1.
FACTORS CAUSING CEFLECTICNS
PRESS. DIFF. DELTA TF N CELTA TF A DELTA TF W T S1DE PLATE
3,2889868 [0 3. Do 0. }.B1518B8E [2
PLATE DEFLECTIONS
PRESS. DEFL. FP BUCKL N FP DUCKL A FP 3UCKL W HC DEFL H

1.946997E 0C 5.892957E 0C 7.71N822€ 00 6.570173€ CC

TEMP DIFF N TEVP DIFF W VoL EX? N VCL EXP A
3.256§ LHE-UY 4.256104E-01 3.6679§5E-01 3,405056E-C1
€PS HOT U) HOT Y2 rov £PS COLD
4,250CCCE U} 8.595iuuE-01 4,223 752E-01 4.250CCCE €I

7.476904E CO

VoL EXP W

2,1421076-01

Ui COLD

9.062966E-CI

JEL ¥ FHS TS HS QMAX

2466708 C2 4.352393F 02 2.2558C2F 36

DEL T FHS TS HS CMAX

LOIYI9E 02 3.823899€ 02 2.2554602E D6

HC DEFL

~5.8286838 00U

HS DEFL K H4S DREFL C
1.660378F 01 1.i82135€ 00
12 CCLD

{.021388E 0O

FIGURE A-6
( PAGE 8 OF 18)
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TYPICAL CASE - START (F FUEL CYCLE - 600 P51 PRESSURE
HOT CHANNEL
DEL T BN VI DEL T BHS v BHS

P.773482E 02 3.887360F O 2.152530E 02 3.9584558 [}

BERGLES~R. BURNOUT CORRELATION K # 1.COD302E OC

DEL T BN v I DEL T BHS ¥ 8HS

1.773895E 02  3.887360€ D! 2,152546F 02 3.958458E O

COLO CTHANNEL
OEL T BN ¥I DEL T BHS vV BHS

17734828 02 3.887360EF 01 2.152530F 02 3.958455¢ 01}

BERGLES~R. BURNOUT CORRELATION K # 1.C0D0O02E OO

DEL T BN v I DEL T BHS V 8HS

VLTT3495E 02 3.BBT360E Ot 2.152586E B2 3.958458E 014

AY CONVERGENCE, Q/A # 1.22u503€ 06 AND X{O} # i.00CD0O6E OO

SEFIZLZE Oy

P M3

4. 6520167€ (12

H HS

F.0%1242E Dy

P HS

4.452067¢ (32

DEL T FHS

13450008 C2

Ts

5.5028178 02

DEL T FHS

1.3450CCE C2

TS

5.5028176 02

TS HS aMax

4.TI13530€ 02  2.2B1485E 04
T SAT 2

4.802687E 02 2.281497¢ C6
TS HS amax

¥.TI3530€ G2 2.281465E 06
T 54T @

% 60268TE D2 2.28149TE G6

FIGURE A-6

{ PAGE 9 OF I8 )
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TYPICAL CASF -

'S5 ITERATIONS

INPUT DATA

t.8353CCCe O
f.150CCCE 30
1.0Gi00C0E .0
1.030CCCE 50
440300088 12
3.

2.8230CCE-02

1. 100CC0E ON

OATA FOR OXIDE

TIME INCREMENT

START CF fUEL CYCLE - 600

5. 150000 O
6.000C0CE 32
9.9300000E-31
1.000300CE C3
1. 000000 OC
1. 000CO0F UG
3.9000N0E-05

1.300000€ 08

TIME (1)

O.

4 .85ND00E O

8.00N0C0E G5
1.3CN000GE 30

4.782050€8 3J2

-2.00C3C0E GO

de
3.5000C0€-CH

{.30U000E OO

FiLM BUILO-UP CALCULATIONM

Q/a (1}

8.030000E 05

PS1 PRESSURE

2.C00003€ 34
1. CCOCO0E C2
7.7C20C0E~C!
9.1233C0E-0i
3.1C0CCCOE O}
7.600000€ 03
1.0COCOCE DO

1. 118000E OO

ut2 (1)

i COCCCOE 0J

2.CCCCCCE GO

y.CCCOCCE CN

1.COCC0OCE €0
7.858CRTE-DL

LLCCONCE C2
t . 87500CE-CH
8.28C0CLE (3

8.46C00CE-C)

opC (1)

7.5500G008 D1

7.350CCCE Oy
1.1500008 QG
t.100CCCE GO
6.67CCOCE-CI
6.COCZCOE Q0
Ce

3.124CC0E-02

-C.

{ PAGE

1.2C0000E 02
Ce

1. CIO0CA2JE DO
1.640000E-CGt
I, 0COD0CE O3
1. 0030000€ 02
5.C0000CE-CH

~Le

1.450000E €0
1.0500008 00
i«iNCCONE OO0
4,CC0CC0ZE 33
0.

5.2981C3E-001

1 .00CCCOE-T5

FIGURE A-©

10 OF i8)
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TYPICAL CASE

THE FOLLCWING QUTPUT 1S FOR THE hOT CHANNEL CALCULATION

HOT PLATE — NARRUW CHANNEL

BEL T BN

1«4?28259F (2

Vo1

5.868500€ Ot

HCT PLATE - WIDE CHANNEL

DEL T 8N

VOO 932 02

VI

L.45u610€ Ot

FACTORS CAUSTHG DEFLECTICNS

PRESS. DIFF,.

3.340127 0

PLATE DEFLECTIONS

PHESS. DEFL.

Lo 53486968 53

TEMP GIFF N

6.629854FE-"1

£PS HOT

B,25CTLCE o

DELTA TF N

FP BUCKL N

T«214534F orC

TEMP DIFF w

6.629993E~01

Ut HCT

3.838238€-01

CEL T BHS

ts494259F C2

GEL 1 BHS

t.011932E 02

DELTA TF A

FP BUCKL 4

6.2T63C7TE Q0

VOL EXP N

318568380

Us EOT

7225021 1E-01

= STARYT OF FUEL CYCLE - 600 PSI PRESSURE

¥ 8HS

H HS BEL ¥ FHS TS HS QMAX
5.G97625€ 1.6U2113E Q4 1.1 48B9CE [2 3.875149E 02 1.872693F 06
V¥ EHS H. HS DEL T FHS TS HS CMAX
k.612767E PoSB15428 Oy 1L214819E 02 3.4387515 02 1, 872694F 06
CELTA W T SIDE PLATE
Ca V. 7123638 (2
FP BUCKL W HC UEFL H HL DEFL €
5+3702t3€ GO 7.183501E TG ~5.857522E OO
VCL EXP A VoL EXP n HS DEFL H HS DEFL C

2.969517E-T

EPS COLD

4. 250000k

Ul CeLe

<1

C1

U6

~

2215039 0E-C 1

966E-C1

f.34QC8LE

3 9. 382240801

Uz CoLt

f.021388¢€

o]

FIGURE
( PAGE

A-6
It OF 18)
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TYPICAL CASF - STARY OF FUEL CYCLE - 60C PSI PRESSURE

HOT CHANNEL

DEL T AN vV i CEL T 8HS ¥ BHS
PLUTOR66F 72 3.86T450F Ui 1.0 830F 02 2.676648E CI
RERGLES-R. BURNQUT CCRRELATICN K # 1.0000C9%e CC

DEL 7 BN ¥l CEL T BHS vV 8HS
1LU79BTGS N2 $5.86T450E 71 1.8L418L6E 02 2.67HOUBE T

COLD CHANNEL

JEL T BN v I DEL T BHS Vv 8HS
|« 479866E C2 3.86T450E T} 1.8418408 02 2.676648EF Tt
BERGLES-R. BURNQUT CCRRELATION K # 1.C00R0%E CC
CEL T BN v i NEL T 2HS vV BHS

b.4T79879E T2 3.867u50E G PLBUIBUGE 02 2.6766481 [y

AT CONVERGENCE, G/A # 1.016541F 06 A4D K(C) # 1.000004€ CC

HoHS

1 UBC9OLE MU

P HS

4.552364F N2

H HS

1.uBCo66F Ou

P HS

4,652364 N2

DEL | FHS 7S HS

16641468 C2 u.717976F 02 2

TS T OSAT

5,560 1626 C2  4.6027528 2 2

Okt T FHS TS HS

tLebbuIubE (2 L.TiT976E 02 2

TS T SAT

5.560162F [2 4.602752€ 62 2

FIGURE
{ PAGE

GMAX

L6454 uE 6

G

J46us4ut 06

GMAX

L46USULE D6

s}

JhouSuurs 06

A-8
|2 CFi8)
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YYPICAL CASE - STARYT OF fUEL CYCLE — &0C

i ITERATIGNS

INPUT DATA
1. 8330088 60
1. 150CCCE 20
b O10R0CE Un
1.010000F 50
4. DODECEE G2
e
2.8230C0E-T12
{.12000CE 50

DATA FOK UXIDE

TIME INCREMENT

t

5. 150C03CE ©)
6 +000R0B0E C2
©.000N86E-01
} «-00UCELRE OC
{.0000gce oo

i . 0CPO0CE ¢

TIME {1}

ik .B850000€ Gt

4.782050F 32
~2.0000COE G0
0.
3.5070C0E-01

V.300008¢E 80

FILM BUILO-UP CALCULATICN

Q7 (1)

8.0C0000E D5

PSI PRESSURE -

2.CCOD0DE Ot
} COUDCOE ©o
7. 702C0CE-CH
9. 123300E-Tt
3.1LCCCCE O

7.6C00C0CE €3

.
3
M
foe
oul
o]
[
m
™
e

uiz2 (1

1 ~00CGC0E 00

fCCMW OPERATION

2.GCC0RCE CC
1.00000Cr O
t.CoOCOOCE €O
7.8540C0E-Cy
1.0CL00CE €O
1.875000E-01
€.28T0CCE €3

B.u6C00CE~TH

orC I

7.3500CCE O

7.350C0CE O
1. 150200 00
1. 100C0CE 00
6.67DCCOE-DY
6.00C000E 00
C.

3,124000E-02

-C.

{ PAGE

1.2000D0E G2
e

1. 000000 CQ
1.600000E-01
1. 0O0C00E O
|.CGGGDGE g2
5. 200300€-C1

~Le

FIGURE

1.450000€ CO
1.C50000F OO0
1.1000DRCE €0
b, 0000808 034
C.

5.2981C0E-0)

i, CCOCR0E T

A-6
I3 OF 18)
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YYPICAL CASE - START OF FUEL CYCLE - 600 PSI PRESSURE — 100MW OPERATION

THE FOLLOWING OUTPUT IS FOR THE COLD CrANNEL CALCULATION

+OY PLATE — NARROW CHANNEL
DEL T BN v

1. 183466E N2 3.8L3957E CI

HOT PLATE - WIDE CHANNEL
OEL T BN v 1

8.005694¢ 1 4.u31267€ O%

FACTORS CAUSING DEFLECTICNS
PRESS. DIFF. DELTA TF N

3.385969e 00 Je

PLATE DEFLECTIONS
PRESS. DEFL. FP BUCKL N

1.6 C59E 30 5.517u71E O3

TEMP DIFF N TEMP DIFF W
5. 1i0UBLE-T 5.110482€-C1
EPS KHOT Ul MCT
4,250CC0E &1 5.838238€-01

CEL T BHS

1.183b66E (2

CEL T BHS

B.005694E D1

CELTA TF 2

Ce

FP BUCKL A

L.816771E OC

VoL EXP N

2.673505€-01

u? HCT

7.254211E-01

v BHS H HS

4, 0337576 C1  1.516697E 4 9.
v BHS H HS

5 ,5L7013E Ot 1.462857¢ 04 1.
DELTA TF & T SIDE PLATE
C. 1 604761 [2
FPp BUCKL W HC DEFL kR

be 294428 CC

VOL EXP A

2.50u2C1e-CH

EPS COLD

y.250000E Ot

6.90C378E D

VaL EXP

2.326896E-L1

yl COLD

9.Co4T88E-TY

DEL T FHS TS HS GMAX

717036 G}  3.367470& 92 1.u73780€ 06

DEL T FHS TS HS QMAX

COTH67E £2  3.020036€ 02 1.473780t 06

HC DEFL C

-5.878281€E OC

HS DEFL H HS DEFL C
1.033624E O 7.CU69946E-L1
u2 COoLD

1.0127228 QC

FIGURE A-86
{PAGE 14 OF 18)
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TYPICAL CASE -

HOT CHANNEL
CEL T BN

fe 17208 7E

BERGLES-R.

DEL T BN

1.7709188 L0

COLD CHANNEL

DEL T BN

Ta 72078 2

RERGLES-R.

OFEL T BN

$LTT00BE 07

AT CONVERBGENCE,

- 60C PSI PRESSURE -

Fa423834E Q2 3.T19uMu7E C)

BURNCUT CCRRELATICN 1.L000C07E CO

2.151358E G2 3.920871E O

1LL23840E 02 S.T394u7E 01

BURNOUT CCRRELATICON

5.8B7201E 01 2.151358F 02

1.C01E327E C6 AND KID) 1.528342e [C

1034w OPERATION

Ch

4,652067E 02

Ou

cz

OEL T FHS

S.oL9II9E T

TS

S.50uil9F €2

DEL T FHS

SJOLuGHI9E T

5.50u 0% C2

TS HS

3.6007u68 02

3.60N7Tu6E O

ny

T $AT

4, 602687 F 02

CMAX

feuT6t73E D¢

S

2.27TuBbE (i¢

aGMAX

PLuTe1T3E T8

G

2.2774R6E 06

FIGURE A-6

{ PAGE

I5 OF i8)
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TYPICAL CASE - START Of FUEL CYCLE - 6CO

i ITERATIONS

INPUT DATA

1. 833000 OO
1.150000E €O
1.C0i0000e €9
i.0i000CE G0
5,000CC0E G2
Oa

2.8230C08-012

i.300000€ Q0

DATA FOR OXIDE

TIME INCREMENT

5.1500CCE 03
6.000000E 02
9.000000E-04
{ «DO0O0CE QO
t -DCOCCOE 22
). 000000E OC
3.900006€-05

1.300000€ 00

YIME (1)

C.

4.85C0CaE Ci
8.003000€ BS
1 .COLO00E OC

4.782050E D2

-2.00C003E 30

O
3.5000008-01
1 .300000E GO

FILM BUILD-UP CALCULAYIOM

QA1)

8.0000C00¢ a5

2.CCO00CE Oy
1.C00003E GC
7.7C2CC0E-04
9.12330Ce-Gi
3. 100000 01
7.60CCCCE 3
{.0GO000E GO0

i.ii8CCOE CC

iz (1

1.00COCCE 00

PSI PRESSURE — {[CMW OPERATION

2.CCLCOCE €O
1.00000CE CO
i +COCO0CE €O
7.854000E-04
1.00000Q0E €3
}.87500CE-C1
8.28CC00C0E 03

8.u6CO0BCE-CH

oPL (1)

7.3500C0E 0O

7.350CC0E 01
1.75000CE 00
', 100CCCE oC
6.6TJCO0E-01
6.,000C00¢€ 30
C.

3.124C00E-G2

=Cs

1.200000E 02
O

i.000000& 90
L. 54000 3E-C)
1. 000CO0E C1
t.03000CE 02

1.4500C0€& GO
1.0500008 ©Q
1.3100200¢€ D3
4.300000E Ot
0.

5.2981{0E-04

5.000000E-0t  1.000000E O
-G.

FIGURE A-6
{PAGE 16 OF I8}
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TYPICAL CTASE - START OF FUEL CYCLE ~ €00 PSI PRESSURE - {[OMwW QPERATION
THE FOLLGWING OUTPUT IS FOR THE HOT CHANNEL CALCULATICN
HOT PLATE ~ NARRGW CHANNEL
DEL T BN v I DEL T 2HS V. BHS L Y CEL T FHS TS HS OHMAX

1.183466E 02 3.843957€ Ot  1.183466F 02 Y.010757€ C) 1.5166G7E Gl 9.TH7C36E Ot 3.367470E G2 1.473780F 06

NOT PLATE - WIDE CHANNEL
DEL T &Y v oI CEL T 8Hs v BES K HS BEL T FHS TS HS CMAX

B. 005694 01 %.431267€ O  8.C05674E Gt Y.5490136 01 1.462B57E€ O . COTHGTE [2 3.020036E 32  ¢.4573780E (6

FACTORS CAUSING DREFLECTICNS
PRESS. DIFF. DELTA TF N CELYA TF A BELTA TF W T SIDE PLATE

3. 3559698 00 3. . g. 1.6CuT61E [2

16

PLATE DEFLECTIONS
PRESS. DEFL. FP BUCKL N FP BUCKL A FP BUCKL W HC DEFL H HC DEFL C

P.B71059E 4D 5.5317T471E {0 B.8167T1E DO Lo 139uu2E CC 6.9CC37T8E [0 -5.878281F OO

TEMP DIFF N TEMP DIFF w VvOL EXP N VOL EXP A VOL EXP w HS DEFL H HS DEFL C

5. 11 D4 84E-T 5.t10u82E-C1 2.678505g-01 2.5042016-01 2.329896€E~C1 1.033424E 0} T.036996€E~01

EPS HOCT Ul HOY Uz Hav EPS COLD gl CoLp U2 Coto

L.250800€ O} 8.885434E-13) 7.95555BE~01 4.2500CEF O 9.C54788E-C teDt2722€ 0O

FIGURE A-6
{PAGE 17 OF 18)



TYPICAL CASH - START CF FUEL CYCLE - 6CC PSI PRESSURE - 1CUMW OPERATION

HOT CHANNEL

DEL T BN V1 CEL T 8HS v BHS F HS
1.1720u78 U2 3.842981E 31 P LU5C972E 02 2.8T741:19E T jL43R251E Ob
RERGLES-R. BURNQUT CCRRELATION kK # 1.CO0004E OO
DEL T BN vl CEL T BHS v BHS P HS
1.5012C2E 02 5.8690C6E 01 1.858460E 0?2 2.955i36FE £1  h.652336F (2
COLD CHANNEL
DEL T BN v i DEL T BHS V BHS H HS
{17204 7€ 02 4.842981E O 1 LUSC9T2E 02 2.87:i19E O i.438251E O
BERGLES-R, BURNOUT CCRRELATICN K # 1.COCOCuE CC
DEL T BN v I CEL T BHS vV BHS P HS

15012028 32 3.869006E& D1 i .858u60E 02 2.955126E 01 4.652336E 02

AT CONVERGENCE, Q/A # 9.153C40E 35 AND (D) # 1.28951CE OC

DEL T FHS

1.326525¢ (2

TS

S.5u76288 T2

OeEL T FHS

1.336525¢ 02

TS

5.547624€ 02

TS HS GMAX

3,9994975 02 1.922258EF 06

T SAT G

u,6027u6F 02 2.528389E T6

TS HS CMAX

3,999497€ 02 1.922258t 06

T SAY Q

4.602746F 02 2.529389¢ D6

FIGURE A-©
{ PAGE I8 OF i8)

26



TYPICAL CASE —INPUT VALUES FROM TABLE II

9 ITERATIONS

INPUT DATA

1.833000€

28

5.150000€ 01

¥ ,B50000€ 0}

2.001000€ Of

2.000000€ Q¢

7.350000€ 0¥

15,200000E G2

t . 4500006 00

{.15000CE
1010000

1.01000CE

4.000000E

Ba

t.£00000T

a0
ag
239

02

_ 2,8230006-02

{Bls]

DATA FOR CXIDE

TIME INCREMENT

}

9.00000CE ©2
9.000000€-0t

1.0CO000E O

8.000000E 05
}.00CO00E 00
4.782050€ 02

{ .000BOCE OO
7.702000€-01
9.123300€-0}

{ ., DOBCO0E 00
1 .DOD000E 00

7.854000€E-Ch

1. 450000 60
1, 1000C0E 00

6.6 70000E-01

58

{.000000s OO

| , 64 OB00E-Df

{ ., 0CDODRE OO
1 .0D0C00E 60

3,900000E~05

G.

C.

3,5000006-0t

3.100000E O
7.60000CE 03
t .008000€e 00

{ ,DODOGOE CO0
1 .8750C0€E-Ct

8.280000E 93

6£.000000E OO
O

3.1240008-02

.300000E OC

TIME {12

1,3000C0€ OC

FILM BUILD-UP CALCULATION

ash (13

t.11800CE 80

Uiz (1

8,460000E-CI

pRPC_t1}

~0.

t . 00C0B4CE Ot

1 .0C0O0CE D2

=l

AT

3,600000¢ 02

Output

8,0C000CE 05

—~

£, 0700808 00

T.350000€ Ot

FIGURE
( PAGE

.

‘Data from Sample Problems, Incipient Boiling Calculstio

t

5.000000e-01

1. 050000 0D
1.100000E OO
4. DNOOROE Q1
0.

5,29B1 00€~0]
1. 000000E-05

A-7
OF 9)
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TYPICAL CASE —InpuUT VALUES FROM TABLE i
HOT PLATE - NARROW CHAMNEL

DEL T 8N vV I DEL T BHS V BHS H HS DEL ¥ FiS TS #HS QMax

1.8538365 02  3.892267¢ 0% 1.853836F 02 4.284506EF O} 16848875 J%  |,387399f 02 %.453235¢ g2 2.3376508 06
____;5_4‘___4,\*_ﬂ___;__,_____‘_4ﬁ____¥‘;*____gﬁ;‘__,__ﬁ‘4____“¥‘____g‘ —£=2270:Ue J6

HOT PLATE - WiIDg CHANNEL
___;4‘4*_____,"\__~__A4_¥‘__~__‘_4_____;‘\4_____;‘4‘____;‘m4____‘ﬁ4v____;\‘4____‘4_q_____‘______¥4k\____*_¥‘___4,

OEL T BN vl DEL T BHS vV BHS H HS DEL T FHS TS HS GMax

1.2563635E D2 B HTETDIE B1  1.256361E G2 u.588853F O 1«620354F Ou 1.8426548 02 3.911015€ 32 2.3376105 06

FACTORS CAUSIMG DEFLECYIONS

PRESS. OiFF, DELTA TF N DELTA TF A DELTA TF w T _SIDE PLATE
*_\,,Aﬁ_____ﬁgﬁ____‘g‘;‘____‘4‘4_____;ﬁgv____‘¥_ﬁ_____*‘4*____4W**____ﬁw4____‘4ﬁg_____¥kg_____ﬁ¥ﬁ____hAﬁ___‘,;¥_

3.277002¢ oo 1.588821F 02 1. 26058%E 72 9.896053¢ 0Oy 1.837C89F G2

PLAYE DEFLECTIONS

PRESS. DEFL. FP BUCKL N FP BUCKL A FP BUCKL w HC DEFL H HC DEFL ¢

- 2:316561E 00 1,72373i¢ g) -BO9217E Of 1.138392¢ 03 9.sy70i4e go =5.971625€ 00

TEMP DIFF N TEMP DIFE i VOL EXP N VOL EXxp A VOL EXP W HS DEFL # HS DEFL ¢
"2.257695F ng 2.0u1720¢ 0C 5.384759E-D] 4, 7828258-0] 4, 218L73E-01 3.132948€ 01 3.145139E Ag
£PS HOT Ul HOT U2 HoY EPS CCLD . Ui colp U2 ctoLp - -
€Ps Hev T ———EPS 0D wuycotp oLt -
4,250G0NE O B.4323495-74 1.3214858-5 4.250000E G1  9,1873375-7; 1.255292¢ G
FIGURE a-7

{ PAGE 2 OF 9)
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L TYPICAL CASE -(NPUT VALUES FROM TABLE II

HOT CHANNEL
DEL T BN Vi DEL T BHS ¥ BHS

. 1.B35985F 02 2.8911996 N1  2.395043¢ 02 4.8u7203E 00

H HS

1.937655E 3

_ZENKEV ICH-SUBBGTIN BURNOUT CORRELATION K ¥ _6.380630E-0]

DEL T BN v I DEL T BHS V BHS

Vo 185809F 02 3.84LIS9F OF 1.,546888F 02 Y, SH9TISE €0

P HS

7.352849€ C2

DEL T FHs TS Ks QMAX
1.16C9T3E 03 .521677E C3 _ 2.2u9565¢ 06
Ts T Sat Q

6. 1188236 (2

5.0927CkE T2 1.u35384F 06

COLD CHANNEL

DEL T BN v 1 DEL T BHS ¥ BHS

H HS

DEL T FuS

§.835985€ .02 3.891199€ 04 20198226E 02 4.162289F 0

1.7T20BUO6F Oy

(. 376335¢ 02

TS S LY

4.786560E €2 2, 368805 06

ZENKEVICH-SUBBOTIN BURNOUT CORRELATION K # 1.363932 00

OEL T BN VI DEL 7 BHS Vv 8RS

2,480104F 02 329231756 01 2.96%%32E 02 4,439656¢ 21

P HS

7.352078E 62

T s

5.939407€ 02

T SAT Q

S.U92588E 02 3.225647€ 08

AT CONVERGENCE, Q/A # 1.26B904E 06 AND R{D) # 9.999973e-01

FIGURE A-7
( PAGE 3 OF 9)
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TYPICAL CASE — START OF FUEL CYCLE - 607 PS:

T ITVERATIONS

INPUT DATA

1.8330008 780
1.450000E 00
1.0100C08 00
1,010900T 03
4.000CO0E N2
0.

_ 2.8230006-32

PRESSURE

5.150000¢ )

4,B8500CCE CI

2.00000CE O

2.,000N0COE OO

6.000C00E 02

9.0C0000e-01

1,006002E QOO

8,0CCO00C G5
1.90C000e 0O

4.782050E 02

1.00000C€ 0O
7.7020C0€-01

9.123302E-01

i .0000C0DE 00

1.0023C0e 00

7.8540005-Ck

1 ,00000CF 0C
1 .B8C000CE 00

3,900000£-05

g.
D

3.,5C00C0CE-CY

3.100000¢8 04
7.600000€ 03

i »000000E 00

t,000000E 00
1.8750C0E-01t

8.2800C0E 03

7.350000F O1

. §50000F 03
1.£000C3F ©0
6.6TL00GE-T)
6.0N0COCE 00
0.

3. 12400UE-02

1.200000€ 02

[§

1.00000C0E OO0
1,640GE0E-4
1.000000E O

{ . 000000E 12

5.000000F-01

1.450000E N0

t.05003C8 00

1.i0C00CE 00

 4.GODDOOE Ul

o.
5.2981 OBE-T

_1.000000E-05

t.10000CE OO 1,300C0CE OC i.300000:c GG i.41800CE OC &.,u600C0e-01 -C. -C.
DATA FOR OXIDE FILM BUILD-UP CALCULATION
TIME INCREMENT TIME (1} Q/A (1} Uiz {n DPC ¢1)
} O. 8.0C00C0E 05 1 .0300C00€ 00 7.350008¢t O
FIGURE

A-7

{ PAGE 4 OF 9)
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_ TYPICAL CASE - START OF FUEL CYCLE - 600 PSI PRESSURE

HOT PLATE - NARROW CHANNEL
DEL T 8N ¥ 1 DEL T BHS ¥ BHS

1.9627h5€ 72  3.898560c 01  1.962785€ 02 Y.238W59E Ol

H HS

| . 70735BE Qb

HOT PLATE - WIDE CHANNEL
DEL T 8N v 1 DEL T BHS Vv BHS

1,330323E 12 b.u85422E 01 1,330323¢€ G2 4,712879€ Ci

FACTORS CAUSING OCEFLECTIONS

PRESS. OIFF.  DELTA YE N DELYATE A DELTATE
3,255295F 00 G C. 0.

PLATE DEFLECTIONS
PRESS. DEFL. FP BUCKL M FPp BUCKL A FP BULKL ¥

§.976321F 00 9.890839F 0C  ®.560uuw2f OC

TEMP DIFF N TEMP DIFF ® yoL FXP N

9.298350 -1 9,2%8351€-014 3,903349E-01

EPS HCT Ul HOY Uz HOY

J

6.CuA2056-01 4,257

™~

4,2580u0F TG 8.757585E~01

Iy
[

T.2773u0E OO

yoL EXP A

3, A5 810E-01

£PS CCLD

ace O

H HS

1.642005€8 O

MC DEFL #

T.665512¢ 00 -5.8067CCE OF

CEL T FHS TS HS QMAX

1.4519168 02 L,626660E 02 2,&78§h0E pLY

HC DEFL €

YOL EXP W HS DEFL H HS DEFL T
3.3663726-01 1.8451308 01 1.330ui7E 0D
L1 COLD y2 LuLs

2. 066589E-T1

1.0260808 OO

FIGURE
( PAGE 5

DEL T FHS TS HS QKA

{.509704E 02 %,352026E 02 2.478940E 06

OF 9)
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TYPICAL CASE - START OF FUEL CYCLE - 600 PS1 PRESSURE

HOT CHANNEL

DEL T BN vt DEL T 8MS v BHS W OHS DEL T FHS TS HS amMAX
1.9438UiE 02 3.697498: 0f 2.W41559¢ 02 2.31ub89E C1  ;.493537FE Ok  2.)90092F 92 5.B4366:€ 02 3.2709%0E 08

ZENKEVICH-SUBBOTIN BURNOUT CORRELATION X # 8.3486156-0)

DEL T BN L DEL T 8HS vV 8HS P HS TS T SAT Q

1.633957E C2  3.878094E 0§ 2.04B8571€ [2 2.2441938 Tt 4,652188F 02 5.579585F G2 4. 002714E 02 2.730773E G6

COLD CHANNEL
,DELJ;“Mﬁ*;ﬁA_JLé,‘_;,_%i,lﬂﬂl,g__l,Eﬁ_,g__gliii,A‘ﬁﬁDE;Lfﬁi‘,_ﬁﬂﬂidiﬁﬂAﬁ,,oﬁﬁk

1.9Lb3841E T2  3,89T498% 0f 2.358357¢ (2 4.0350852 0§ 1.729806E C4 $.452733% 02 5.023C90€ 02 2.512944F 06

HOT

ZENKEVICH-SUBBOTIN BURNOUT CORRELATION K # 1.165143E 00

DEL T BN Vi DEL T BHS V BHS P HS TS T SAY Q

~2:2555T4E 02 3.943531€ 0i  2.736566F 02 4.163784C O1 _ 4,651964E 22 5.493155E 02 %.602665E 02  2.927939E 06

AT _CONVERGENCE, G/A # 1,345625E C6 AND K{0) # 1.000002& 00

FIGURE A-7
( PAGE 6 OF 9)



_TYPICAL CASE - START OF FUEL CYCLE - 605 PSI

I ITERATIONS

IRPUT BATA

 1,833000E 03

5.150000€ 01

PRESSURE - 100KW OPERAT[ON

%.850000c 0Of

2.08000Ce Ot

2 .000CEC0E 04

7.350800¢ 8t

f,20C00CE N2

i.1500C0€ 30
{.01000CE 29

1.0100000€ 29

6.CTO000E 02
?.00000G0E-GY

{ .00000CE 06

8.00000CE 05

1., 008000 UG

4.782050¢ 02

t.000000E O
T.70200C€E-01

9.123300€-01

t ,O00000E 03

1.000000€ CC

7.854000E-On

t150000€ OO
t. 10000DE 00

6.670000e-01

o
e

{.00C00CE 00

1.640000F-01

4.000000F 22
0.

2.82330C€E-32

t.00000CE OC
£.00000CE GO

3.9C000CE-25S

C.

-

Ue

3,5C0000E-C8

3.10000Ce ©4
7.60000GE ©3

{ .00000CE B0

1.0000008 00
b 87S50COE~-O1

5.2800C0¢ 03

6,000006 00
¢

3.424000E~82

+.003008E Ot

t . 00CO0DCE G2

5.00000CE-01

$. 100000 03 t «30C00CE 0C 1.300800F 00 f.11830Ce 00 8.46030C0E-C1  -C. -0,
DATA FOR OXIDE FILM BUILD-UP CALCULATION
TIME INCREMENT TIME (1) Q/A (1) ulz i1 oeL ()
Vo C. 8.,CCagose s i.CDDDGBE ais] 7.35CC0O0E Gi

14500008 00
t.05000UE 00

t. 1000008 0O

_4,000000F Ny

0.

5.298100€-C1

1 ,0000C0E O;

FIGURE A-7
( PAGE 7 OF 9)
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TYPICAL CASE - START {F FUEL

LYCLE - 600 PST PRESSURE -

HOT PLATE - NARROW CHANNEL

i0GMW OPERATION

90T

DEL T BN vl DEL T BHS Vv 8HS H OHS DEL T FHS TS S MAX
J41834665 02 3.883957F 03 1.1B3466F 02 W .DIOTSTE ) 1.5166976 0%  9.717036C 01  3,567I70E 02 1.473780F D6
HOY PLATE - WIDE CHANNEL
DEL T BN vl DEL T BKS v BHS M OHS DEL T FHS TS HS QMAX
B.005694E 31 4.331267€ 01  8.005694E D1 4.589013E C)  1.462857E O4  1.007usT€ 02 3.M20036E 02 1.4737808 06
FACTORS CAUSING DEFLECTIONS
PRESS. DIFF, DELTA TF N DELTA TF A DELTA TF W T SIDE PLATE
3.385969€ G0 O, C. o. 1.634761E 02
PLATE DEFLECTIONS
PRESS. DEFL. FP BUCKL N FP BUCKL A FP BUCKL W HC OEFL K HC DEFL C

1.8710592 70 5,517u74€ OC

4.816771F 00

4.139442E 0O

6.903378E Q0

~5.878231€ 00

TEMP DIFF N TEMP DIFF W VOL EXP N VOL EXP A VOL EXP W HS DEFL H HS DEFL €
5.1 3usLhE- S.ifCee2e-01 2.678535E-01 2.50420VE=01 2.329896E-01 1.033524E Ut 7.006995E-131 T
EPS HOT Ui HOTY U2 ROT EPS CCLD Ul COLD U2 CoLD

$.2500G0€ ©1  B.88543%5-04

7.955558£-01

4,250C90€ O

9.054788£-C1

1.082722€ 070

FIGURE A-7
{ PAGE 8 OF 9)



TYPICAL CASE - START OF FUEL CYCLE - 600 PSI PRESSURE - iD0OMW OPERATION

HOT CHANNEL

DEL T BN vi DEL T BHS ¥ BHS H HS

DEL T FHS

1.336525€ 02

TS HS QMAX

3.99949TE 02 |.922258E 06

{.172067€ 02  3.8u2981E 0) 1.450972E 02 2.87HVI9E 01 1.43B25iE Ok

LENKEVICH-SUBBOT IN BURNOUT CORRELATION K # 1.567100E GO

DEL T BN vi DEL T BHS vV BHS P HS

i.B14S6IE 02 3.889899E OI 2.246392E 02 3.0u3262E Ct 4.652038€ 02

TS
5.543595€ 02

T SAT Q ;
B.8D2681E U2 3.012370€ 06

COLD CHANNEL

DEL T BN Vv DEL T 8HS ¥ BHS H_HS

DEL T FHS

1S HS amAX

Vo 172047E 02 3,842981E D} 1.423B38E 02 3.71944TE Cf 1.529853E Q%

9.649119E O

3.600746E 02 (.4T74173E Q6

LENKEV ICH~SUBBOTIN BURNOUT CORRELATION K # 1.%634b66€ CO
DEL T 8% Vi DEL T 8HS ¥ BHS P HS

- 2.25967T8E 112 3.913720 01 2.Tu511BE 02 u.115291E G1  4.651965€ 02

Ts
5.495338E 02

T SAT Q

4,602665E 02  2.896422E 06

AT CONVERGENCE, Q/A # 1.§06113E 06 AND KIO) # 1.765283€ GO

'FIGURE A-7
{ PAGE 9 OF 9)
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C TYPICAL CASE ~IMPUT VALUES FROM TABLE I1 { TITLE CARD)

0 ITERAT IONS { NUMBER OF OVERALL ITERATIONS PERFORMED }
INPUT DATA {LISTED (N SAME ORDER AS ON INPUT DATA SHEET)
Al A{2) A{3) A4) A (5} A(8) AL7) A(8)
vrltsisggggfggpvfs.;ggggqg¢gg”7 4,850000E 03 2.000000F 01 2.000C00F CQ _ 7,350000f O 1.200000F G2 "“35?%5? oo
i
E"SQGDDf 00 9.00DGDO0E 92 8.0G0000E 05 4.00GOGCE U8 §.00O0GDE OO0 :.350C006 90 O. a.oifgggs h
ALIT 2
1.010000F GO 9,C00COCE-01  1.000GO0E OO 7.%¥020008-G:  1,00G0QDE 90 1,3C0000E RO 1,0000008 OC  4.¢0CQ0GE OO
A{25) A(32)
__1.010000E 00 1,000000f 00 %.782050€ 02 9,1233008-01  7.854000€~0%  6.07J0C0E-01  1.8GJO0E-At 4. DODDODE Ul
A (33]) A(40]
4.000000¢€ 02  (.0GO000E Q0 G. 3.10000CE Ot 1.000000E 00 4.000000F 00 1.00ODGOE o4 Q.
A4 A{48)
. 1.000000E 0O GO, 7.6000008 03 1,875000e-01 O 1.00000CE 02  §.2981C0E-N)
A149; A{58)
__2.8230D0¢-02 _ 3,9G0000E-95  3.500000g-01  1.0050006 OG 6.280003¢ G3  3,1240006-02  5,0000006-01 _ §.0COGOOE~GS
A{B7) A1sD)
1.100D00E D0  1.30000CE GO 1.30C0O0DE GO 1.1BCOCE SO 8.460000E-CV  -O. -0,
DATA FOR OXIDE FILM BUILD-UP CALCULATION
TIME INCREMENT TIME (I} Q/a 41} U2 41y DPC H1Y

! 3.600000E 02 8.000000€E DS 1.000000e OO0 7.350C00€ DI

{TIME STEP NO.} 1 (i) (Q7A ) U (i) AP core (i)

_NOTE: , .

{, ALL CALCULATION STEP NUMBERS APPEARING ON THE FOLLOWING 2 PAGES CORRESPOND

TO THOSE OF SECTION I "HOT SPOT SUBROUTINE™AND OF SECTION IL "HOT SLOT

~_ BURNOUT CALCULATION PROCEDURE® S

2. STEPS ARE LISTED BY SECTION AND NUMBER (EG.TI[-5 SIGNIFIES SECTION IL,STEP 5)

3, SYMBOLS GIVEN FOR OUTPUT NUMBERS ARE THOSE EMPLOYED IN THE EQUATIONS OF
_ SECTIONS I aND TT. _ FIGURE A-8 . __
4. ALL OUTPUT NUMBERS ARE FROM THE FINAL (TERATION. { PAGE | OF 3)

Pig., A-8. Correlation of Burnout Cutput Data with Calculation Steps.

30T



 TYPICAL CASE ~INPUT VALUES FROM TABLE It

HOT PLATE - NARROW CHANNEL ( ALL NUMBERS UNDER THIS HEADING FROM STEP IL-1, NARROW CHANNEL CALCULATION }

OEL T BN VI DEL T 8HS vV BHS H HS OEL T FHS

__1.853B36FE 02 3.,892267F Ot §.B53836F 02 4,204506F Ot 1.684887E€ Ob  1.387399€ 02

TS5 HS QMAX

4,453235E 02 _2.337610F 06

I-2 I-9 I-u I-13 I-14 I-15

ATg nom Vi ATghs  Vhs hhs AT¢imhs Tshs
HOT PLATE - WIGE ChAnNEr ( AL NUMBERS UNDER THIS HEADING FROM STEP II-i, WIDE CHANNEL CALCULATION } _

DEL T 8N v I DEL T BHS vV BHS H HS DEL T FHS

1.25636¢E 02 ‘h.k?B?DlE O - 102563418 02 4.6BBB63E O1 §,62035KE 04 f.,Uk265LE 02

{ STEP NUMBERS AND SYMBOLS IDENTICAL TO THOSE FOR NARROW CHANNEL )

I-17 I-18
(Q/A)max hs

TS HS QMAX

3.94I0¥5F G2 2,337610E D6

FACTORS CAUSING DEFLECTIONS

PRESS. DIFF, DELTA TF N _DELTA TF A DELTA TF W T SI0E PLATE
3,277002E OG0 1.568B24E 02 - 1.26C544E 02 9.896053E 01  1.837089E 02
-2 II-3 -3 II-3 II-5
~dp  ATgy ATyg ATsw  Tside plate
PLATE DEFLECTIONS
PRESS. DEFL. FP BUCKL N FP BUCKL A FP BUCKL W HC DEFL K HC BEFL C
L Zs316561E O . 1.723731E O . }.409207E 01 1.138392E Gf . 9.587014E 00 - -5.0741625€-00
II-7 Ii-6 -6 II-6 -10 Jiggle;
5 8Tn 81‘0 STw 8streak,H Sstreak,c
TEMP DIFF N TEMP DIFF W VOL EXP N VOL EXP a VoL EXP W HS DEFL H
T 2.257695E 00 Z.Out720F 00 5.3647596~01  WL.T762825E-01  4,21B4T3E~01  3.132948E 01
- - - - - H-1i
8T,n-cv 8T,w—ca : 8vn ~ 8Va~ va, - Ohs,H
. EPS ROT .U HOY _.uz Hat __EPS CCtOD Ui COLLb Y2 Coto
4.250000€ Ot 8.432349E-0t  (.3214856~0F  «.250000E OF  9.187337:-01  1.055292E OO
-2 I-13 I-14 II-12 I-i13 II-i4
€y Ui Uz u €¢ Uie Uzc

HS DEFL C
3.185139F 00
=it
3 hs,C

FIGURE A-8
(PAGE 2 OF 3)
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TYPICAL CASE -INPUT VALUES FROM TABLE 1I

. {TITLE CARD}
OT CHANNEL | ALL NUMBERS UMDER THIS HEADING, INCLUDING BURNOUT LINE, FROM STEP IL-15, HOT CHANNEL CALCULATION]

DEL T BN v 1 DEL 7 BHS VvV BHS H HS DEL T FHS TS HS QMAX
 1.835985¢ 02 3.691i99€ DI 2.3950U3E 02 4.847203€ 00 §.937655F 03 i.16C973c 03 1.521677€ C3 2.249565F G6
I-2 I-S I-ii I-13 I-i4 I-i5 1-i7 I-15
ATgnom Vi ATghs Vhs P hs ATsiim s Tshe {Q/AY max hs
ZENKEVICH-SUBBOTIN BURNGUT CORRELATION K ¥ 6.3806306-0% ( STEP IL a-7, SYMBOL K}
DEL T BN v I DEL T BRS V 8HS P HS TS T SAT 4]
}.:858096 02 3.8443598 04 §.5L6888E 02 4.5497165 00 7.352Bu9F 02 6.118823¢ 02 S5.0927048 (2 JLu353680 06
I-2 i-% I- i I-13 I-14 I-i5 -7 i-i5
ATgnom Vi ATghs  Vpg s AT¢iims Tshs {Q/AY max hs

coLo cHanvel { ALL NUMBERS UNDER THIS HEADING, INCLUDING BURNOUT LINE, FROM STEP IL-15, COLD CHANNEL CALCULATION)

CEL T BN v DFL T BHS vV BHS M HS ___BEL T FnS __¥5 HsS QMAX

1.835985E 02 3.891§99c 03 2.198226E 32 4.162289t U} 1.7208C6F O §.376335¢ 02 4.786560 02 2.368L05¢ Dé\

SYKBOLS aND

e > STEP NUMBERS
ZENKEVICH-SUBBOTIN BURMOUT CORRELATION K # 1.361932E 00 IDENTICAL TO

DEL T BN v DEL T BHS V BHS P HS T8 T SATY Q HOT CHANNEL

2.480106E 02 3.9231756 01  2.969%32E (2 4.%39658% 01 7.352078E 02 5.939407€ £2 5.092586E U2 3.225647¢ Toj DATA,

AT CONVERGENCE, Q/A # 1.268904F 06 AND K(D) # 9.999973£-01
o-i7 II-i6
(Q/A) pew K

FIGURE A-8
{ PAGE 3 OF 3}
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TYPICAL CASE —-INPUT VALUES FROM TABLE 11}

24 ITERATIONS

INPUT DATA ;

t.83300CE 00 5.150000€ 04 b4,.850000€ O} 2.000000€ O 2.0000C0E DO 7.35000CE OF2  1.200000E 092 §.k500006_ 00
t.1500006 90 9.00CO0OF 02 8.00COGCE 05 1.00000CE 60 +.0000CCE 00 1.150000E 00 0. {.050000E 0O
+.010000E 00  9.00000Ce-0t  :.0000D0F OO0 7.7020006-00 1.000CEDE OC  4,100CO0E OO0 1,D000O0E 00+, 4OCOOCE OO
1.010000€ 90 1,00000CE GO 4.7820506 02 9.1233006-0t  7,.854000C-04  6.67000OE~D1 1 .640000E-01  4.000DOOE O
4,000000€ B2 1.00000CE 0OC -2.00C00CE G0 3.100000 ©© (.000000E 03 6.000DC0E O +.0000CCE Of 0.
0. t.000000F ©f 6. 7.600000€ 03 1.8750006-01 O, 1.0G0C0CE 02 5.2981 GOE-O)
2,823000£-02__ 3.90070GE-05  3,500000E-0(  1,0000G7€ 07 8.280000€ 03 3.1240006-02  5.000000€-71 _ 1.000000E-35
$.100000€ 13 1.30000CE OC 1.300000E 00 +.118000E B0 8.460O00E-0f  -0O. -0.

DATA FOR OXINE FILM 8UILG-UP CALCULATION

TIME INCREMENT TIME {1} Q/A 1) Utz (13 pPC_ {1}

4 3.6000C0E 2 8.00000CE 05 1. 0000C0E 03 7.35C0008 Ot

___ABOVE DATA LISTING IS IDENTICAL TO BURNOUT OUTPUT, FIG A-8 PAGE |

NOTE:

L. ALL CALCULATION STEP NUMBERS APPEARING ON THE FOLLOWING 5 PAGES
CORRESPOND TO THOSE OF SECTION I"HOT SPOT SUBROUTINE" AND OF
SECTION IIT "HOT SLOT INCIPIENT BOILING CALCULATION PROCEDURE."

. _2.STEPS ARE LISTED BY SECTION AND NUMBER (EG. IIT-5 SIGNIFIES
SECTION III, STEP# 5 ).

3. SYMBOLS GIVEN FOR OUTPUT NUMBERS ARE THOSE EMPLOYED IN THE
EQUATIONS OF SECTIONS I AND II. : FIGURE A-9
4. ALL OUTPUT NUMBERS ARE FROM THE FINAL ITERATION. ( PAGE | OF 6)
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{ TITLE CARD )
TYPICAL CASE -INPUT VALUES FROM fASLE 11 o THIS STATEMENT SPFCIFIFS WHETHER MNEXT 2-SHEETS APPLY TO HOT OR COLD CHAN.)

THE FOLLOWING QUTPUT IS FOR THE COLD CHANMEL CALCMLATICN ?

ROT PLATE - NARROW CHANNEL [ ALL NUMBERS UNDER THIS HEADING ARE FROM STEP IT-1, NARROW CHANNEL CALCULATION)

DEL 1 BN vl DEL T $RHS v BHS RS DEL T FHS 7S nS QMAX
2.085967E G2 3,9C523CE T% 2.085967% 02 4.27786415 0 $.731638¢ 0h 1,528028E 02 U4,5219Q908 32 2.639057E 26
I-2 I-9 I-i1 I-13 I-14 -15 I-17 - 15
 ATgpom Vi ATghs Vs his ATtimhs Tshs (@A max hs
HOT PLATE - WiDE CHANNEL{ ALL MUMBERS UNDER THIS HEADING ARE FROM STEP II-1, WiDE CHANNEL CALCULATIONS)
DEL T 3N vV i Jci T 3HS ¥ BHS H HS DEL T #HS TS #S QMAX
Jo#13951E 02 4.892713E 0% 1.413951F 02 4.7395%1E 01 1.66539LE O {.5646LUE 02 14,21759SE 02 2.639057E 06

[ STEP NUMBERS AND SYMBOLS IDENTICAL TO THOSE FOR NARROW CHANMNEL )

FACTORS CAUSING OEFLECTIONS

PRESS. DIFF. OELTA TF N DELYA TF A DELTA TF W T SIDE PLATE
2.229024c A0 i.793707C C2 1.423097 D2 1. 1172208 02 t.2576LE (2
-2 -3 a1-3 -3 -5 B o
dp ATep, AW ATy Tside plate
PLATE DEFLECTIONS
PRESS. DEFL. FP_BLCKL N FP BUCKL A FP BUCKL W HC DEFL M HC DEFL C
2.54i80ug 3C $.993211E O 1.626013F Q) P.350019¢ (04 t 00435228 04 -u,828884F 00
IT-7 ar-6 Ii-o -6 -0 Hr-10
’Ys'g'pﬁm N TEM?I}”FF W vo?gg N VOLSE;(VPV A vo?%igegk H HS ?%E Sﬂh’ghs DEFL C o T
2.8031710E 0O 2, 55h866’ gc S. 9h”8398 =01 Se 261657E K] 4, 6&7“85E ai 3.6192248E 4 3.671980¢c a0
I-8 -9 -1 IT-if
ST,n a STw—a;&%n—aw*—%—&hﬁ—f*ﬁ 8‘-:;,(:
EPS HOT Ut HOT U2 Hov Ut CGLD b2 CULD
4,2500C008 O¢ 0. Je 4,2500008 O 9.227036E-04 1. 064004E 00
-2 I-i3 -4 -2 -3 i-i4
€ 015 Uz, n €¢ Ui Ue,c FIGURE A-9

{ PAGE 2 OF 6}
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TYPICAL CASE ~INPUT VALUES FROM TABLE II {TITLE CARD)

not cannet ( ALL NUMBERS UNDER THIS HEADING, NOT INCLUDING BURNOUT LINE, ARE FROM IO -15 )

DEL T BN vt DEL" T BKS W BHS H HS DEL T FMS TS HS QMAX
2.065869¢ 02 3,904150E O 2,462823€ 02 4.305039E 01 1.773827F 04 1.512144F G2 5.186969€ 02 2.6B2286E 06
I-2 I-9 I-11 I-13 I-14 I-15 I-17 I-15
ATgmon Vi ATghs  Vhs Phs AT¢iim hs Ts,hs  (Q/A)max hs
BERGLES=R. BURNOUT CORRELATION x # _t.ooo003e o ( STEP [f~5 SYMBOL K}
DEL T BN v oI CEL T BHS YV BHS . PHS TS T SAT W
2.0658876 02 3.906150F Of 2.%628¥5E 32 uw.3050k3E Gl 7.3519M8E 02 5.7u54u7E 02 5.3005540 02 2.687303¢ 06
. Im-23 -5 II-22 m-1i5 II-16 II-i5 m-17 II-15
ATgnom ib!!;; 9! ATy ip Vhs Phsip Ts, vo Tsqeip  (1-15)

(Q/A)max hs

COLO CHANNEL

___DEL T BN v i __DEL T 8HS v BHS __HHS DEL T FMS _TIs ms GMAX g _
2. E 02 3.904150€ Of 2.562823F U2 %.305039€ Cf 1.773827€ Ou  {§.512086E 02 5,186969¢ 02 2.6 a6
THESE LINES
I . | ARE_REPEAT __
BERGLES=R. BURNGUT CORRELATION K \OF THE
DEL T 6N VoI BEL 7 BHS TS T SAT 2 ABOVE HOT

2.065867E G2 3,9041508 O 2,462845E

7305043 01 7.351948E 02

yuvE (12 5.0925608 02 2.682333¢ U6 § CHANNEL
DATA AND MAY

BE IGNORED.

A ERGENCE, Q/A # 1.432543E C6 AND K(O) # #.000008E 0O o S
T-24 Iir- 27
(Q/A) ib K
FIGURE A-9

( PAGE 3 OF 6)

€TT



_ TYFICAL CASE -IMPUT VALUES FROM TABLE 11

7 ITERAT IOMS

INPUT DATA

_1.333000¢
v. 1 50000¢
1.010000¢
1,03 CIC0F
i, J00aO0LCE

J.

0o

5.,15C000E O}

4.8500C00E T4

2.000C0CE Ot

2.0CGC00E TO

7.350000€ 94

v, 2000008 02

1.850000 OO

a0

ale]

eI

062

2,823000£-02

9.00CaG0F 02
9.000000E-01

1.003000¢ G9

8.00COCJE 05
{ . 00000CE 0O

4.782050: 02

t.000C0CE CO

7.7020008-01

9.123300£-01

1.000000e ©O
{O0070COE Q.

7.85430CE-04

1.t50000E 00
1.100006E CO

5.6700C0E-01

3,
1.0C0GA0E oo
| «6830C0E-0;

1.0500800E GO
1. $00000E U0
4, COCOBIE Ot

i .GNOCO0E GQ
| OCI03CE GC

3.90C00CE-0S

-2.000000 00

C.

3.50C0006E-01

3.106000e 01
7.600303¢ 33
1. 000COCE OO0

1.0000c0Ge 30
1.875J00E~T¢

8.280000E 93

6.0000C0E 5O
U.

3.1240C3e-02

t« D0DJO0OE 01
t.3030C0E 02

5.00C0000F-01

Jde
5.298 BCE-D)

1.03000GE-05

1.10000CF O .300000E OC  1.30C000E 0O 1.i38000E 00 8.460000E-01 -0 -1,
DATA FOR OXIDE FILM BUILD-UP CALCULATION
TIME INCREMENT TIME (D) 0/A 11) vi2 i1 pPC (1)
1 3,6000006 2 8.0E000CE 05 1.0B00C0E 80 7.350003E O
{ THIS PAGE IDENTICAL TO PAGE })
FIGURE A-9
{ PAGE 4 CF 6}
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(JYPICAL CAST ~INPUT VALUES FROM TABLE I

THE FOLLOWING DUTPUT 1S FOR THE HOT CHANNEL CALCULATION
HOT PLATE - NARROW CHANNEL

_UDEUT RN V1 DEL T BHS ¥ BHS

H HS CDEL T FHS TS HS _gMax

Vo5491u5F 02 3.8703008 01 1.5191458 02 u.104787€ 1

1.608338¢ 0% (.184308E 02 3.915853€ 02 1.904768BE 06

HOT PLATE - WIDE CHANNEL
DEL .T BN vor - “DEL T BRS V 8HS

 £.,028856E 02 B.456373F 01 §.028856E 02  8.617945€ OI

H HS DEL T FHS TS HS QMAX

1.547390E O §,230955E 02 3.47I8V4E 02 {,904768E 06

FACTORS CAUSING DEFLECTIONS

PRESS. DIFF, ODELTA TE N DELTA TF & DELTA TF

3.3361168 110 1.2946278 02 F.027136E 02 8.363653€

T.S10€ PLATE

ot 1.720990E B2

PLATE DEFLECTIONS

_ PRESS. DEFL. FP BUCKL N FP BUCKL A FP BUCKL HC DEFL H HC DEFL €
2.157906E 00 1.349875E Ol 1.1074588 ©1  B.9BLBISE 0O  8.62978TE DO  -5.319%47E 0O
T YEMP OIFF N TEMP OIEF W VOL EXP N V0L EXP A VOL EXP W HS BEFL H HY DEFL T

$.6551700 DO b u9TE29E CT 4.,529248¢-01 k,DB37856E-01 3.593384E~0} 2.4573328 3t 2.824169€ 00

EPS HCT Ut HOT U2 HoY EPS CCLD

Uyl COLD uz TOLD

4.2500008 31 8,595 44E-C1} %,221752e-01 4,250000 Ot 9.227036E-01 1. BaaB0KE B

OQUTPUT ON THIS PAGE IS IDENTICAL TO THAT OF PAGE 2
EXCEPT IT APPLIES TO THE COLD CHANNEL CALCULATION.

FIGURE A-9
( PAGE 5 OF 6)
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ROT CHANMNEL

DEL T BN DEL T 8RS v BHS H HS

THESE LiNES
| 1,5UB51ME G2 __3.8692u4E [} 1.923LO5ERE .523052€ 01 113950 LDu33270 02 5.180485E 02 2.328031% GO ARE A REDPESRT
LOF THE COLD
7 OHANMEL DATA

BERGLES-R. _ BURNOUT CORREL e GRELGW anl
DEL T DEL T 8HS v B3Hs P HS Q AY BE
14504528 (.926nghs 02 1.523032E 03 T.352333F L2 6.070690f 02 5.G92624% 02 308037 as + IGNORED.
—~—
e e T S - S . S
coLD CTHANMEL
 DEL YBN NI pEL Y BMS o veds B HS__ pEL T FMs TS WS GHAX -
1.50BSIHE 02 3.86923ME O 1.925h66% 02 1.523032F 01 1.339533F O 2.043022€ 02 5.1080488E 32 2.32803i¢ 96
BERGLES-RK. BURNOUT CORRELATION X & 1.0000098 00
DEL ¥ 8N v i DEL T BHS Vv BHS P HS TS T SAT G
_,_.L§Q“53§E__Q§_j:Sf??l“.‘iﬁji,,,,,5t?&i‘ﬁ“}_ﬂ?— 1.523032E 04 7.352333F EL_Q&L%?DE,Q%,?_-QB?M‘ﬁEJ_Z_LQB,QLS_ 06 e
AT COMVERGENCE, Q/A # t.033952€ 06 &ND KiDy ¥ 1.00Q0D05E GO : . o o

OUTPUT ON THIS PAGE IS IDENTICAL TO THAT OF PAGE 3 EXCEPT THAT iT APPLIES
TO . THE COLD CHANNEL _CALCULATIONS AND THE FIRST TWO. LI NES_ _SHOULD BE
OMITTED RATHER THAN THE LAST TwO.

FIGURE A-9
{ PAGE 6 OF &)
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APPENDIX B
HOMOGENEITY INSPECTION SPOT SIZE REQUIREMENTS

Introduction

The high heat transfer performance requirements of HFIR meke it
essential that the heat transfer analysis and fuel element fabrica-
tion and inspection technigues consider as many of thé potential
sources of local hot spots és possible. One of these sources, which
must be considered, is that of local fuel segregation; Nondegtruc-
tive testing techniques are available for measuring the total fuel
content of a given area of the fuel plate, but they are not capable
of measuring the degree of local segregaﬁion within this area. Con-
sequently, in order to insure that HFIR fuel plates will not exceed
the anticipated hot spot opérating characteristics, it is necegsary
to specify an inspection spot size sufficlently small to insure that
local fuel segregation within this spot will not be a problem. An
analysis of the‘problem has shown that a spot size can be arrived at
that will result in a percentage increase in heat flux equal to the
percentage increase in fuel content within the spot. This diametef,
however, is dependent on the locaticn across the width of the fuel
plate because of the variation in thickness of the fuel core. The
smallest dlameter occurs where the fuel core is the thinnest, and
the use of this diameter in other areas results in a higher predicted
heat flux than would actually occur. As a matter of convenience iﬁ
inspection and in order to be on the conservative side a spot diameter
corresponding to the minimum thickness portion of the fuel core was
specified for use over all portions of the fuel plates for both the
inner and outer elements. This inspection spot size was established

by the following calculations:

Method of Analysis and Regults
The model used to examine the effects of segregated fuel is

shown in Fig. Bl.
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ORNL-DWG . 67-8069

«—Heat transfer coeff. = 15,000 Btu/hr.fi-°F
\\\épOth sides of plate) P nominal + excess fuel
!

0.03d Al 7% cladding

nominal fuel

0.010A1 cladding

ane o
Toe

where
D = inspection area diameter,
d = diameter of segregated area within inspection area,
t = thickness of meat.

The value of d can be as small as permitted by the limitations as-
sociated with the density of the Usz0g particles and their maximum
packing fraction (assumed to be 0.7h, based on closely packed
spherical particles). The largest value of d is D.

A relationship between d and D can be obtained as follows:

" a® . d?
Wiy, = X b Xeg X (p.£.) i Pn
2
Wt = ¢

n mzwqpn
where

Wt = weight of U30g within inspection area in addition to
nominal,

th = weight of nominal U30g within inspection avea,

p = volumetric density of UsOg,
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p, = surface density of nominal fuel, g U30g/cm? of fuel plate
surface,
(p.f.) = packing fraction of U30g spheres within volume defined by

diameter d and height t.

Dividing Eq. (1) by Eq. (2) gives

) -
we, 4?6 oo (pef.) pn1 .
- 2

Y i
Wt D? b ]
n n
Where Wta
T = fractional increase in fuel over nominzl in volume

th defined by diameter D and height t.

Solving for D, ~
a o, 1/2
il (p.f.) =1 ‘ (4)

Suppose now that a twd—dimensional;analysis of the temperature
distribution is made for the case indicated in Fig. Bl, assuming heat
to be transferred symmetriéally in the radial and axial directions,
and assuming that heat generation sources in the fueled regions to
ve proportional to the fuel densities. A curve such as that shown

in Fig. B2 would be obtained,

ORNL-DWG . 67-8070

P (p£.)/p,

o 4

Fig. B2. Effect of Segregation Spot
Diameter on Heat Flux Pesaking Value



where

4. = ratio of peak heat {lux on fuel plate surface to that
n achleved with only nominal fuel densities.

For d = 0, q = qn} and for 4 = o,

weight of all fuel in avea "d"
weight of nominal fuel in area "d"

4.
a,

72

Wd 1.
Tt (p-f.) _ t o, (p-f.)
md? Py
4 "n

From Fig. B2 a relationship between d and q/qn can be obtained for

specific values of ¢ and (p.f.). Therefore, Eq. (4) can be rewritten

as
£ ( - ) .1/2
D = W_E{En_... E__O_, t (p.f.) — ]J (5)

For the HFIR analysis a curve such as that in Fig. B2 was ob-
tained for the minimum value of t (0.010 in.) in the HFIR fuel plates,
for the maximum packing fraction (0.74), for the cladding thickuesses
shownin Fig. Bl, and for an essentially infinite radial extent of
nominal fuel surrounding the segregated spot. In addition, the
thermal conductivity of the segregated volume was considered to be
a function of the packing fraction, although only one packing frac-
tion was considered.

Reducing the packing fraction has the effect of spreading the
"additional"” fuel within area "D" over a larger area, thus changing
the thermal conductivity and changing the value of the peak heat flux.
It was assumed in the HFIR analysis that the maximum peak heat flux
would occur with the maximum packing fraction. The use of a minimum
value of t also results in a maximum peak heat flux.

The calculated q/qn vs. 4 curve for the HFIR is shown in Fig. B3.
As indicated, the entire curve was not obtained, making it necessary

to extrapolate. The extrapolated curve was approximated with the



following equation:

2
q.- q'fl . 0.10 Xﬂ‘d
a,  5.814 x 1077 in.3 " 4

where for this particular case

t = 0.010 in.,
(p‘f') = O-.?‘{!"
po = 10 g/cmB) ,
p_ = 0.0178 g/cm2 (consistant with 0.010 in.-thick meat in fuel
®  plate of inner element). ‘
From Eq. (5)
d 10 g/cm’ D s om
D= % 0:01 in. X 2.54 <X
Y [0-0178 g/cm? ~ in.

1/2 -

d
0,74 - 1 =77 A 3.1 7
} FlZ ()

]1/2

= 0.0272 in.

From Eg. (6)

4 - | 2:814 X 107° in.?
- 0.010 in.

(q - 1/2
(8)
\

From Egs. (7) and (8)

‘ 4 a, 1/2 :
D = 0.08%4 in. | ——/F (9)
e |2/

As a matter of convenlence EFw——— was set equal to F; resulting in
an inspecfion spot diamete? of 0.084 in. of ~5/64 in.

As indi@ated above the ingpection spot size 1s a function of a
number of parameters. For instance, if t were increased, the slope
of the curve in Fig. B3 would be less, resulting in a larger value
of D for given values of q‘/qn and F. For a given value of D the
peak heat flux would be less, a condition that could be taken ad-

vantage of for hot spots away from the narrow portion of the fuel
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contour. Another parameter of interest in associated with the pos-
8ible variations in power density adjacent to the hot spot. These
variations are controlled to some extent by fuel distribution speci-
fications and detection technigques. It is possible that some of the
unexplored combinations would result in somewhat smaller values of
D; that is, the curve in Fig. B3 would have a steeper slope. Off-
setting this effect is the straight line extrapolation of the above

curve which tends to give a conservative ansver.
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Fig. B-3. Effect of Size of Segregation Spot on Local Heat Flux Heating.
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APPENDIX C

INFLUENCE OF FUEL SEGREGATION ON
INCIPIENT BOILING POWER LEVEL

The HFIR fuel element specificationsl require a NDT' inspection for
fuel concentration as measured for any 5/64%-in.-diam spot (0.00hS in.®
area) within the makimum fuel core outline. The data obtained from the
scan shall be averaged to provide both local and average fuel concen-
tration deviations resulting from fuel segregation for the Hot Spot Analy-
sis. The influence of both types of deviations on the Incipient Boiling
Power Level (IBPL) was investigated with the Hot Spot Codek(see Appendix A)
using the typical input parameters of Table II except for the following:

AP core = T3.5, 90, 100
P = 333, Luh, 666, 1000
AP core (i) = 73.5, 90, 100
713 = 1.10, 1.125, 1.15, 1.175, 1.20
Ul6 = UL7 = 1.20, 1.225, 1.25, 1.275, 1.30
o, = 0.0
a, = 1.0

The computational results for the influence of fuel segregation deviations
on IBPL are shown in Fig. Cl.

The information obtained from this study could be incdrporated into
the fuel element speclflcatlons to gain the flexibility of specifying
different combinations of local and average fuel Loncentratlon deviations
for a particular Incipient Boiling Power Level. The ability to accept ‘
various combined tolerances on fuel concentration could increase the fuel

plate rejection rate as compared to fixed tolerance bands for each variable.

1g. M. Ademson, Jr. and J. R. McWherter, Specifications for High
Flux Isotope Reactor Fuel Elements, ORNL-TM~902 (Aug. 1964).
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APPENDIX D

HFIR MODES OF OPERATION

The HFIR has been provided with three general modes of operation

- which must be investigated for the corresponding meximum operating power
levels. The modes éan be briefly outlined as follows. Mode 1 {(normal
operating mode) is for pressurized operation ( 600 psi) with coolant f'lows
between 2,100 and 15,000 gpm. The steady state power level 1s restricted
to 0~100 Mw for normal full flow and to 0-10 Mw for shutdown coolant flow.
Mode 1 also provides for continued operation at reduced power in the event
of an electrical power outage. Mode 2 provides for unpressurized opera-
tion (vessel head removed ) with the flow from three pony-motor-driven
pumps (2,100 gpm). The permissible maximum power level under these con-
ditions is 2.5 Mw. Mode 3 permits unpressurized operation at a maximum
power level of 100 kw with no forced flow.

Mode 1 has beenkthoroughiy analyzed in the body of this réport for
the effect of pressure and fuel element flow rate on the inciplent boiling
power level. The results of the analysis are presented in Figs. £ and 10.
The design criteria require that the safety level trip point for each mode
be 1.3 times the corresponding nominal full power level, and that the calcu-
lated minimum incipient boiling power level be equal to or greater than the
safety level trip point. : '

Mode 2 operation was alsoc analyzed in the text of the report; the re-
sults are shown in Fig. 10. Using a minimum expected inlet pressure of 25
psia, and a minimum expected flow rate of 2,100 gpm to the fuel element,
the incipient boiling power level was calculated to be 11.5 Mw. This cor-
responds: to a permissible maximum power level for Mode 2 0pefation of 11.5/
1.3 = 8.8 Mw. The actual operating level selected was set at 2.5 Mw so
that asymmetric operation of thé control rods could be tolerated, if so
desired. During symmetrical operation of the control rods, the level could
be increased to 8.8 Mw.

In ﬁhe calculations for Mode 3 operation heat removal was assumed to

take place only by natural convection cooling with no external return flow
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1 con-

passages. The results of a natural convection experimental program,
ducted specifically for the HFIR, indicated a nominal critical heal flux
of 13,000 Btu/hr'ft2 for the case of no external return flow passage, 3
pressure of 25 psia, a channel width of 0.052 in., and a heated length of
17.5 in. The minimum hot spot channel width at this burnout level is
expected ta be about 0.033 in., and the effective length in terms of bulk
water temperature is significantly less than the 17.5 in. because the hot
spot condition is localized. A critical heat flux correlation proposed by
Gambill® for the case of no external return flow passage and for hydraulic
diameters greater than 0.1 in. indicates that the critical heat flux is
proportional to (De)l.S/Lh, where De is the hydraulic diameter and Lh is
the heated length of a uniformly heated channel. Gambill also found that
for De <0.1 in. surface tension effects reduced the critical heat flux be-
low those predicted by the above correlation; however, sufficient data for
a correlation that would include this effect and thus cover a range that
would include the minimum HFIR channels are not available. It is believed
that this can be compensated for by the fact that in the experiments the
actual burnout heat flux in some cases was significantly greater than the
critical heat flux, for which the above correlation was derived. For a 2-
ft long channel (0.087 in. wide) the ratio of heat flux resulting in a
1210°F plate temperature (burnout for aluminum plates) to the critical heat
flux was about 5. In the HFIR this ratio would not be so large because of
excessive plate buckling and loss of strength at the elevated temperatures;
even so, it appears that the ratio is at least large encugh to compensate
for the surface tension effect associated with the very narvow channel.
Using an uncertainty factor of 1.2 in connection with the measured heat
flux of 13,000 Btu/hr'ftz, which is now interpreted as the burnout heat

flux with a surface tension correction, and correcting for the differences

1W. R. Gambill and R. D. Bundy, Burnout Heat Fluxes for Low Pressure
Water in Natural Circulation, ORNL-2036, December 20, 1960.

*W. R. Gambill, Prediction of Critical Heat Flux for Natural Convec-
tion of water in Blocked Vertical Channels, ORNL-(F-64-5-39, May 1964
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in channel widths, using the above relationship, gives a hot spot burnout
heat flux of 13,000 (0.003/0.052)*'5/1.2 = 5,400 Btu/hr-ft?. No correction
was made for length beceuse of g lack of sufficient data. This omission
and the assumption regarding no ekternal return flow passage constitute a
conservative approach.

In order to determine the corresponding core averaged heat flux and
thus burnout power level several of the "hot spot" factors in Table 3 were

used and are summarized below:

la /a1, 1.45
(o 1, /la,1, 115
Us 1.05
U1l 1.1
U16 1.3
U18 1.118

The resulting power level was 230 kw, which is considered to be the maximum
permissible level trip. The maximum permissible operating power level for
Mode 3 should be at least thirty percent less than this and should also be
equal to or less than the incipient boiling power level. From ref. 1 it is
estimated that the incipient boiling heat flux in the experiment was no
more than a factor of seven less than the burnout heat flux. According to
Gambill* a decrease in channel width from 0.052 to 0.039 in. (minimum
channel width at incipient bolling power level) has a negligible effect on
the incipient boiling heat flux. Therefore, for Mode 3 operation the in-

cipient boiling heat flux would be
13,000/1.2 % 7 = 1,500 Btu/hr-ft?

The corresponding power level is 65 kw and is the minimum power level at
which nucleate boiling would be expected. Actually, it is believed that

there is enough external return flow passage to increase both the incipient

*W. R. Gambill, "Review of Draft of Report on HFIR Fuel-Element Steady-
State Heat Transfer Analysis," Intra-laboratory Correspondence to T. E. (Cole,
Februvary 8, 1965.
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boiling and burnout power levels significantly. For this reason the maxi-
mum operating power level for Mode 3 has been set at 100 kw instead of 65
kw. The levcl rip was set at 130 kw as a matter of consistency in main-
taining the 1.3 ratio. TIf through experience with a particular core it

is found that a significant amount of boiling does not occur until con-
siderably higher powers are achieved, it will be possible to increase the
operating power level and of course the level trip point until the latter

reaches a limiting value of 230 kw.
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APPENDIX E

FUEL ELEMENT DRAWINGS






Tuel Element Inner Side Plate.
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HFIR Inner Fuel Element — Fuel Plate Loading Details.
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Inner Fuel Element — Assembly.
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Fig. B-13. HFIR Outer Fuel Element — Bottom Combs.
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