
NUREG-0085  

THE ANALYSIS 
OF  

FUEL DENSIFICATION  

Office of Nuclear Reactor Regulation  
U. S. Nuclear Regulatory Commission  



Available from
National Technical Information Service

Springfield, Virginia 22161
Price: Printed Copy $5.00; Microfiche $2.25



NUREG-0085

THE ANALYSIS OF FUEL DENSIFICATION

R. 0. MEYER

Manuscript Completed: June 1976
Date Published: July 1976

Division of Systems Safety
Office of Nuclear Reactor Regulation
U. S. Nuclear Regulatory Commission

Washington, D. C. 20555



Abstract

A chronology is given of NRC reviews of analytical models that

are used by U.S. fuel manufacturers for the analysis of fuel densi-

fications. A new NRC densification model, which is based on a

17000C - 24 hr resintering test and non-instantaneous kinetics, is

also described. Statistical methods are presented for applying the

model to production quantities of fuel. The NRC densification model

is being used in licensing activities, but it was not developed with

the intention of replacing approved vendor models.
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I. Introduction

In April and May of 1972 during the refueling of a commercial

PWR1 it was observed that some fuel rods had short flattened or

"collapsed" sections. Thus began an era of concern and wide publicity

over the phenomenon of fuel densification. In November 1972 the AEC

Regulatory (now NRC) staff published an extensive report (1) on these

early densification observations describing the effects of densification

and prescribing certain methods for analyzing these effects. Subse-

quently the requirement to take fuel densification into account was

included in the Standard Review Plan and appears explicitly in the

Regulations (Appendix K to 10CFR50). Briefly stated1 in-reactor densi-

fication (shrinkage) of oxide fuel pellets (a) may reduce gap conductancef

and hence increase fuel temperaturest because of a decrease in pellet

diameter; (b) increases the linear heat generation rate because of the

decrease in pellet length; and (c) may result in gaps in the fuel column

as a result of pellet length decreases -- these gaps produce local power

spikes and the potential for cladding creep collapse.

In its original report (1). the Regulatory staff conservatively as-

sumed, for analytical purposes, that fuel densification was instantaneous

and resulted in a geometric pellet density of 96.5% of theoretical density

(-97% of true density), regardless of the initial density of the pellet.

Other assumptions related to analyzing power spikes were also given. Using

these assumptions, portions of the required safety analyses were reevaluated

by licensees for operating nuclear plants. Resulting calculated steady-state

fuel temperature increases caused a number of plants to exceed the peak clad-

ding temperature criterion for the postulated loss-of-coolant accident (LOCA).
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Subsequently power reductions or operating restrictions were imposed

on ten operating reactors , * and other new plants not yet operating at

full power were similarly affected by fuel densification.

After the discovery of fuel densificationl all U.S. fuel

manufacturers initiated developmental programs to improve the

densification resistance of their fuels and to develop more realistic

analytical models than the conservative AEC densification model.

This work is now substantially complete. Current commercial fuels

are relatively stable compared with the early fuels that brought

attention to fuel densificationt and prepressurization is utilized

in all PWR fuels to avert cladding creep collapse and improve thermal

conductivity.

Analytical models have now been developed by all U.S. fuel manu-

facturers to describe the effects of fuel densification. These models

have been extensively reviewed by the NRC staff and, in some cases,

modified prior to their approval for use by licensees. While (non-

proprietary versions of) the vendor analytical models and the NRC staff's

reviews are available in the Washington, D.C. Public Document Room,

these reports are not always widely circulated. Therefore, Section II

of this report contains portions of the recent NRC (AEC) safety evalu-

ations that address vendor densification models. These NRC documents

summarize the vendor models, give the basis for NRC modifications and

approval, and provide insight into the technical developments of the

past three years.

*Dresden 2, Maine Yankee, Monticello, Nine Mile Point 1, H. B. Robin-

son 2, Surry 1 and 2, Turkey Point 3 and 4, Vermont Yankee.
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In addition to vendor efforts, a number of independent research

programs have contributed significantly to an understanding of fuel

densification. Most notable among these are the programs codiicteId

by the Halden Project (.,3) and by the Edison Electric Institute

(now managed by the Electric Power Research Institute) (k,.). Other

major reports on fuel densification have been published by Stehle &

Assmann (6), Banks (Z), Mac Ewen & Hastings (Q), and Carlson (2).

With this information in hand, a new NRC densification model, which

is simple, conservative and non-proprietary, has been developed. This

model is currently employed in GAPCON-THERMAL-2 (10), which the NRC

uses for audit calculations, and the model has been used in other

licensing activities; but the NRC model was not developed with the

intention of replacing approved vendor models. The NRC model, along

with related assumptions and procedures, is described in Section III.
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II. Review Chronology of Vendor Densification Models

The information included in the following subsections consists

of excerpts from NRC safety evaluation reports that have been issued

in the past. These excerpts summarize the analytical models devel-

oped by different fuel manufacturers and describe the NRC approval

to use these models in licensing activities.

A. General Electric

The following review is reproduced from the December 1.4, 1973

safety evaluation (11) of GEGAP-III, which includes Marlowe's densifi-

cation model. Section 4 below is reproduced from a later internal

memorandum (12) and discusses subsequent minor changes to the GE densi-

fication model.

1. Densification of Uranium Dioxide (12-14-73)

In the GE model approved previously it was assumed that (I3)

densification of all fuel occurs instantaneously, increasing the geo-

metric fuel density to 96.5% of theoretical density (TD) in accordance

with the earlier AEC guidelines (1). In the present GE model, GEGAP-III

(14) time-dependent densification kinetics are obtained from a theoretical

model (15), which is verified by comparison with recent in-reactor ex-

perimental results.

The theoretical densification kinetics model used in GEGAP-III was

reported earlier by Marlowe (j5). In the original report (15), and also

in Appendix D of the GEGAP-III report, both densification and fuel swelling

are included. However, in the GEGAP-III program, the fuel swelling component

is handled separately as described in Section 3.1.4.3 of reference 14. There-

fore, only the densification portion in Section 3.2 "Densification Kinetics" is

used, and the discussions here will be directed toward that portion of the model.
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The densification model is based on a modified form of Coble's

thermally activated sintering model, which in the modified form can

be represented as

AP - (M/A) in ( + ADt/G 3 ).
0

In Equation (1), Ap is the density change that occurs in time t, D

is the applicable diffusion coefficient, G is the initial grain size,0

and M and A (defined below) are rate parameters for representative

fuel obtained from measurements on archive or production fuel material.

Equation (1) is converted for in-reactor application by replacing the

thermal diffusion coefficient D with a radiation-induced diffusion

coefficient D. = D F, where F is the fission rate and Dirr irr irr

is a constant.

The form of Equation (1) is not universally accepted, however,

and justification for its use is stated by Marlowe to be that the

form of the equation fits many reported sintering data within exper-

imental uncertainty (16,J!7). With respect to the appropriateness

of using Equation (1) in a predictive model, the accuracy or conser-

vative nature of a first-principles calculation depends on the accuracy

of parameters that are used in the model. The rate constants M and A

are measured in out-of-reactor thermal tests on the fuel pellets of

interest (see ref. 15) in order to characterize the fuel material for

the analysis.

The rate constant A is defined as

33 3A =(G - G. )/Dt, (2)
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where G is the grain size after a thermal simulation anneal for time t.

The rate constant M is defined as

M = A Ap/In(l + ADt/G!). (3)

The accuracy of M and A depends on the ability to measure grain sizes

and densities. In addition, M and A will depend on the actual densi-

fication and grain-growth kinetics if they are different from the

assumed forms (it is assumed that densification has a logarithmic time

dependence and that grain growth proceeds as t1/3).

Figure 1 shows a measured densification curve for alumina, which

is given as an example of a typical ceramic. iThis figure is from

reference 17, which was used by Marlowe to justify the logarithmic.

time dependence in Equation (1). The curve is linear below about

90% TD, but above 90% TD it is decidedly curved. Assuming that the

same behavior is found in UO-2, M will not be uniquely defined above

about 90% TD, the region of current interest, and the value of M deter-

mined from a resintering anneal will depend on the resintering time.

Similar comments may apply to grain growth curves.

It is further seen that the value of A depends directly on the

diffusion coefficient D that has been chosen to represent fuels to

which the model is applied. The uranium diffusion coefficient for

UO-2 depends strongly on the stoichiometry and structural properties

of the material, and measured values vary over several orders of

magnitude from one investigator to another (18,19). It therefore

seems inappropriate to presume that a single value for the diffusion

coefficient is known and will suffice for all fuels.
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Fig. 1. Densification of several alumina compacts heated inoxygen (0) and hydrogen (H), respectively; from Coble, ref. 17.
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In addition to indirectly containing D, the GE model explicitly

contains D , an irradiation-induced diffusion constant. Only two
irr

measurements of this quantity are known (20_,2I) and these values

differ by approximately 20%. In view of the large variance usually

obtained in out-of-reactor diffusion measurements, this apparently

good in-reactor agreement should not be relied on for confirmation

of an absolute value for the diffusivity of uranium.

If the GE densification equation is examined carefully, however,

it is found that in the only place where the diffusion coefficients

appear, they appear as the ratio Di /D. Since these coefficientsirr

may depend on materials properties in a similar manner, their ratio

may be insensitive to many materials variables. It is likely that

the model will be well behaved, but values for the diffusion-coefficient

ratio are treated with uncertainty, along with M and A, and subject

to calibration.

To qualify the densification model for predictive use, GE has

compared recent in-reactor data from the Halden reactor to predictions

of the model. Most of the Halden data have been published separately

(2), and additional information from Halden was submitted in references

22 and 23. The fact that GE calculates good agreement with most of

the Halden data without adjusting any parameters gives substantial

credibility to the model. It must be pointed out, though, that the

GE model does not correctly or conservatively predict the small density

changes that occurred in the 92% and 95% TD "stable" fuels, which are

presumably similar to the GE production fuels. A remedy for this is

described below.
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In view of the small discrepancy in the predicted densification

of high density "stable" fuels and the inherent difficulties in ob-

taining accurate values of M, A, D, and D? , as discussed above, twoirr

provisions are to be applied to the GE densification-kinetics model:

1. The model should be adjusted such that the predicted maximum

density, including sintering and swelling, occurs.no later

than 4,000 MWd/tU.

2. The model should be adjusted such that the maximum predicted

density, including sintering and swelling, is no smaller than

the resintered density achieved at 1700 C for 24 hours, as

measured on a statistically significant sampling of archive

pellets.

Justification of Provision 1

In-reactor sintering (or porosity elimination) and in-reactor

swelling of fuel pellets are concurrent and competing processes.

For a given swelling rate, the slower that densification proceeds,

the lower will be the pellet density at any time. Thus slower densi-

fication is less conservative, from a reactor safety standpoint, than

faster densification.

The rate of densification can be gauged by the burnup (time) at

which the maximum density occurs as determined by these two competing

processes. The burnup at which the predicted peak density occurs can

be seen (14,15,22,2a) to depend on the magnitude of the rate con-

stants M and A in the GE model. Since information is available from

operating reactor experience on burnup at which the peak density

actually occurs, it is desirable to conservatively limit the prediction

of the peak according to observed values.
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Some of the Halden data (2), against which the GE model was

tested, are shown in Figure 2. These curves generally indicate a

peak density (maximum reduction in length) at about 4,000 MWd/tU,

although one of the curves indicates an even lower burnup. In ad-

dition to the Halden data, non-proprietary Westinghouse data (24)

indicate a maximum density at an exposure between 4,000 and 10,000

MWd/tU, and these these data are shown in Figure 3. While no sta-

stical analysis has been performed by us on these data, it is clear

that a predicted maximum density that occurred significantly later

than 4,000 MWd/tU would be neither realistic nor conservative. We

believe that rate constants similar to the ones currently being used

by GE (14) will produce density maxima at about 4,000 MWd/tU and

that a 4,000 MWd/tU restriction will have little or no effect. How-

ever, if smaller rates constants are found that are similar to

earlier values used by GE (Q_), the 4,000 MWd/tU restriction may

affect the result significantly and in a conservative manner.

Justification of Provision 2

The extent of densification predicted by the GE model will be

affected by uncertainties or errors in the rate constants that are

used. For a check on the prediction, we have found that an appropriate

out-of-reactor resintering test correlates well with in-reactor densi-

fication at its maximum value, which occurs around 4,000 MWd/tU.
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The appropriate resintering test to be used is an anneal at

1700 0 C for 24 hours. In order to make the data comparison, re-

sintering data have been adjusted to 1700 0 C for 24 hours using an

assumed activation energy of 82 kcal/mole. This is the same acti-

vation energy used by Marlowe (15).

Figure 4 shows a comparison between in-reactor stack length

changes and resintering length changes for pellets resintered at

17000C for 24 hours. The original resintering data were taken at

1625 0 C for 5 hours. The extrapolation also utilized sintering curves

supplied by GE (25).

Figure 4 exhibits excellent correlation between resintering

pellet-length changes and in-reactor pellet-length changes around

0
4,000 MWd/tU. Points below the 45 equavalence line indicate greater

out-of-reactor densification and are thus conservative. Since out-

of-reactor dimensional changes are isotropic and in-reactor dimensional

changes are anisotropic (1), all points will be moved downward. If

AL/L is taken as 1/2 AV/V, a factor of 2/3 would apply to the in-

reactor values, moving all data points below the equivalence line and

implying that in-reactor densification is less than densification

produced out-of-reactor at 17000C for 24 hours.

In a recent paper Brucklacher and Dienst (26) compare out-of-

reactor sintering to in-reactor densification. They claim that

sintering at 12500C gives equivalent densification to low temperature

irradiation with a fission rate of 6 to 8 x 1012 f/cm3 sec. Their

crack-width measurement are a less sensitive means of obtaining densities
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than immersion-density measurements'and the large extrapolation to

1700 0 C (using again 82 kcal/mole) is uncertain; nevertheless, going

through the exercise yields an equivalent burnup of 10,400 MWd/tU for

an anneal of 1700°C for 24 hours. While little confidence can be

placed in this result alone, it is consistent with the other data and

indicates conservatively the use of the resintertng test.

Based on theoretical considerations, the GE model (15) discusses

explicitly the equivalence between in-reactor den5sricatiori and out-

of-reactor sintering. From Figure 11 of reference 15 it is seen that

sintering at 1700 C for 24 hours is predicted to be equivalent to a'

burnup of 5,000 MWd/tU. Thus the GE model itself predicts the validity

of the resintering restriction almost exactly as it is being applied,

although our confidence in the use of such a test is derived primarily

from the experifnental data. Because of the compatability of the re-

sintering test with the G.E. model, it is believed that the imposition

of the resintering test as a restraint will not significantly alter the

performance of the GE model when its predictions are realistic.

Rather than rely solely on the theoretical GE model, we have thus

required that restraints be placed on the model to protect against

possible unrealistic predictions due to uncertainties in several input

parameters. The two provisions we have required are empirically

derived from a rather broad data base. The provisions are also com-

patible with the GE model and should provide no serious handicap to,

the model when it is predicting densification realistically.
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2. Linear Heat Generation Rate Model (12-14-73)*

The linear heat generation rate model to accommodate fuel

densification is the same as previously described in reference 13.

3. Power Spike Model (12-14-73)*

The General Electric Power Spike Model is unchanged from the

model presently used by General Electric and described in reference

13 except that the irradiation growth of the cladding was decreased

from the staff value of 0.4% used in reference 1 to 0.25%.

The new irradiation growth factor of 0.25% is based on data pre-

sented in reference 27. It is based on measurements on 32-mil and

40-mil-thick BWR cladding from Big Rock Point, Humboldt Bay and Dresden

2 reactors. The staff has examined these data and concluded that a

value of 0.25% is justified for use in calculating gap size.

4. Proposed Modifications to the GE Model for Power Spike

and LHGR (1-31-74)

A new General Electric fuel densification-kinetics model (14,

15) has been accepted with some modification (11) by the AEC for use

in calculating fuel-cladding gap thermal conductance. In a later

submittal (L8), GE has proposed modifications to their power-spike

and linear-heat-generation-rate (LHGR) calculations, and these modi-

fications are consistent with the approved densification model.

The maximum axial pellet gap AL, which is input to the power-

spike calculation, is proposed to be

AL = (Ap 5 0 0 0 /2 + 0.0025)L, (.4)

*Later revised as described in Sect. 4.
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where L is the fuel column length and 0.0025 is an irradiation clad-

ding growth term. The term AP5000 is the density change measured

on archive pellets during a resintering anneal at 1700 0 C for 24 hr.

The expression used to calculate the decrease in fuel column length

for the LHGR calculation is quite similar;

AL = (AP50 00/2)L. (5)

Equations (4) and (5) are identical to the previously approved ex-

pressions used in power-spike and LHGR calculations except that

Ap5000 replaces 0.9 6 5-pi, where p. is the initial pellet density

This latter term is the time-independent density change assumed in the

previous AEC formulation (1). The term Ap5000 corresponds to the

density change at the time this value is a maximum in the new time-

dependent density model.

The term Ap5 0 0 0 should be more completely defined to distinguish

it from a similar term used in the gap-conductance calculation (14).

Ap 5000 in Eqs. (4) and (5) is expressed as a fraction of the theoret-

ical density, whereas density changes used in the gap-conductance

calculation are expressed as a percent. The value for Ap 5000 should

be obtained from the same resintering tests prescribed by Provision 2

(Sect. 1 above) of the AEC modification to the GE-densification model.

Ap 5000 should be the average value of density-change measurements

made on a statistically significant sampling of archive pellets.

This corresponds to utilizing the average initial density pi in the

previous accepted calculations for power spike and LHGR. Justifica-

tion for using average values is described in an earlier AEC report

(13). In contrast, the density change prescribed in Provision 2
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(Sect. 1 above), which relates to gap conductance, is not an average

value, but is biased high. This value, as described in Appendix G

of reference 14, is the upper 2oor upper 95 percentile value of the

resintering density measurements.

In summary, the proposed modifications to the power-spike and

LHGR calculations are straight forward applications of a new densi-

fication model to old length-change calculations. All components

of these modifications have been previously approved by the AEC and

we find the modifications themselves to be acceptable.

B. Exxon Nuclear

The following review is reproduced from the December 17, 1973

safety evaluation (21),,..of the Exxon BWR model for evaluating densi-

fication effects (30). A similar PWR model (3_) was later reviewed

by the NRC (a2). Fuel pellet densification and linear heat generation

models were identical for the BWR and PWR cases, so only the power

spike portion of the later report (32) is presented (Sect. 4).

1. Fuel Pellet Densification (12-17-73)

The previous Exxon model (33.) for fuel pellet densification

followed earlier AEC guidelines (_L), which assumed instantaneous

densification to 96.5% of theoretical density (TD). The current

Exxon densification model predicts densification to the same maximum

value given by reference 1,. but achievement of this maximum density

does not take place instantaneously.

In the Exxon model submitted in reference 30, the densification

kinetics were parabolic in time such that the density change at zero
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time was zero, Ap = 0, and at 1,000 effective full power hours (EFPH)

the density change was Ap = Ap max. This parabolic kinetics expression

was not adequately justified and has been revised by Exxon.

The revised kinetics expressions (34), applicable to fuel of

> 92% TD nominal, are defined as:

Ap = APmax[0.2198 ln(t) - 0.5184], 20 < t < 1000; (5a)

Ap = APmax[0.007 tQ t < 20; (5b)

AP = Apmax, t > 1000; (5c)

where t is time in hr (EFPH) and Ap is defined in reference 1.
max

For fuel between 87 and 92% TD nominal, the following expressions

apply:

Ap = AP max[0.185 in (t) - 0.2779], 10 < t < 1000; (6a)

AO = APmax [0.0148 t], t < 10; (6b)

A0 = APmax, t > 1000. (6c)

The revised densification model, Eqs. (5) and (6), are based in

part on recent in-reactor data from the Halden reactor (a). The

Halden data cover a time range of approximately 20 . 1000 EFPH and,

in this range, display a logarithmic time dependence of the ,form of

Eqs. (5a) and (6a). The logarithmic form is also similar to the

theoretical time dependence discussed by Marlowe (15). When compared

with the Halden data, the kinetics expressions in Eqs. (5) and (6)

bound all of the data including data for the Halden "unstable" fuels.
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2. Power Spike Model (12-17-73)

The Exxon power spike model is acceptable as it is described

in Reference 1 as long as it us used in conjunction with a maximum

gap size* given by the following equation:

AL =% 2 6 - p i + 0.004)L

where AL =maximum axial gap length

L =fuel column length

P = mean value of measured initial pellet density (geometric)

0.0041 = allowance for irradiation induced cladding growth and axial

strain caused by fuel-clad mechanical interaction.

3. Linear Heat Generation Model (12-17-73)

The following expression should be used to calculate the decrease

in fuel column length in determinations of the linear heat generation

rate.

AL 0.965 -p )
2

where AL =decrease in fuel column

L =fuel column length

P mean value of measured initial pellet density (geometric)

Credit can be taken for fuel column length increase due to thermal

expansion, and for the actual measured fuel column length.

41. Revised Maximum Gap Size (2-27-75)

Exxon uses a maximum gap size AL at a core height Z given by.

'Later revised as described in Sect. 41.
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the equation,

AL(Z) = (Ap/2 + 0.004)Z, (7)

where Apis a density change and 0.004 is a cladding growth allowance.

When applicable resintering data are not available, Ap is taken as

A = 0.965 -Pis (8)

and the initial density P. should be the mean as-fabricated pellet geo-S1

metic density, as currently used by Exxon. This is identical to the

previous AEC Model.

When Ap is obtained from resintering tests,

AP. p(1700C, 24h) - Pj. (9)

In this case Pi is the test pellet initial density and not the batch

average density, p is the resintered test pellet density and Ap is

obtained from each resintered test pellet. The validity of the

thermal fest to simulate terminal in-reactor densification was demon-

strated previously by the Regulatory staff (11) and is acceptable if

the resintering data are sampled and analyzed in the following manner.

A statistically significant sampling of production pellets should be

used in resintering tests. Since it is only necessary to describe

the average pellet when calculating column shortening, Ap should be

taken as the mean of the resintered density changes, and then biased

such that the value bounds the mean of the total product population

with 95% probability (i.e., 95/50). A minimum density change of

0.3% TD will be required to account for uncertainties in density

measurements.
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C. Westinghouse

The following review is taken from the May 14, 1974 safety

evaluation (35) of the Westinghouse densification model (36). In

a later submittal (37), Westinghouse sought approval to apply the

densification model (36) to a pilot batch of fuel produced by a new

process. That request was not approved, and the methods of the new

NRC densification model (see Sect. III) have been used for that fuel.

1. Densification Model (5-1-74)

The Westinghouse model of time dependent incore fuel densifi-

cation is entirely empirical and no theoretical description of

densification mechansms has been utilized. From examination of

commercially irradiated fuels (i.e., power reactors using A fuel),

Westinghouse has concluded that the amount of fuel densification

during irradiation decreases with increasing fabrication sintering

temperature, and, consequently, they have chosen sintering tempera-

ture as the key variable in the model.

The empirical correlation, Equation (1) of WCAP-8218 (36), con-

tains the sintering temperature, inital pellet density, fuel swelling

rate, and burnup. This correlation for the fuel column fractional

length change (AL/L ) is a best fit to a large number of column length0

changes measured in Westinghouse pressurized fuel in operating PWR's.

Equation (1) is compared with actual measured values in Fig. 3.10

of WCAP-8218 (36). A great deal of scatter of the data .is seen in

this figure as a result of the inability of a single parameter (sin-

tering temperature) to characterize the process precisely. However,

it will be seen that the manner in which the expression is used leads

to conservative predications.
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2. Radial Dimension Changes (5-1-74)

The radial dimension of the fuel pellet plays an important role

in determing heat transfer properties of the pellet-cladding gap, and

changes in pellet diameters affect the stored energy calculations.

The Westinghouse design model assumes an isotropic relationship be-

tween the fractional diameter change AD/Do, the fractional length

change AL/Lo, and the fractional density change Ap/p;
0 0

AD i Ap AL
D 3P L ' (10)
0 0 0

where AL/L is the best-fit correlation derived from the in-core
0

column length change measurements described above. Since it is known

(1) that actual length changes are generally larger than those calcu-

lated by assuming isotropy, Equation (10) introduces a conservatism

into the prediction of density and diameter change.

Verification of the conservative nature of Equation (10) for

Westinghouse fuels is shown in Fig. 3.14 of WCAP-8218 (36). In this

figure, predicted densities are compared with densities measured by

mercury pycnometry on fuel pellets that experienced a wide range of

burnups in several Westinghouse reactors. Mean sintering temperatures

were used in the calculations. The figure shows that the predicted

values conservatively bound all of the data, which represent the

Westinghouse product line. To check the validity of this figure, we

have obtained sintering temperautes, burnups, and specimen identifi-

cation for data in Table A.1 of WCAP-8218 (36). In addition, we have

audited some of the calculations.
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The verification afforded by Fig. 3.14 is adequate by itself.

However, Fig. 3.17 shows a comparison of predicted and measured

values of AD/Do, excluding cracks. This comparison also demonstrates

that the predicted values conservatively bound all of the data. The

Westinghouse densification model for radial dimension changes is,

therefore, acceptable for use in calculating gap conductances and

stored energy.

3. Axial Dimension Changes (5-1-74)

Fuel column length changes are needed as input for power spike

calculations and also for calculating linear heat generation rates

(LHGR). The empirical expression for AL/Lo, described above and given

in Equation (1) of WCAP-8218 (36), is not suitable as input for these

calculations since it is a best-fit correlation. To obtain a suitable

input, conservatisms, as described below, are applied to the empirical

expression for AL/L . Furthermore, for both the power spike and LHGR
0

inputs, instantaneous densification is assumed and the maximum densi-

fication value obtained from the AL/L calculation is utilized.
0

a) Linear Heat Generation Rate Input

Fuel stack height reduction for LHGR calculations is discussed in

Section 5.3 of WCAP-8218 (36_). Two conservatisms are imposed on the

empirical densification expression. The first of these is the use of

a lower 2a sintering temperature (Tint -2a ) rather than a mean

sintering (Tsinter). Calculated maximum length changes utilizing this

lower 2a temperature are shown in Fig. 3.11 of WCAP-8218 (36), where

it is apparent that the result is still not conservative. To achieve
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the necessary conservatism, maximum predicted length changes are

multiplied by an arbitrary factor of 1.5 (50% added conservatism).

Although the adequacy of the stack-height reduction expression

is illustrated if Figure 3.11 of WCAP-8218 (_.6), further clarification

of the figure is necessary. If the calculated value of fuel stack

length decrease is multiplied by 1.5, all points move upward above

the 45 equivalency line. Subsequently, if the vertical scale is

multiplied by 2/3, all the points return to their original location,

and the equivalency line will be moved downward. The dashed "50%

Model Conservatism" line in Figure 3.11 is the equivalency,.line after

such a manipulation. The line can be seen. to conservatively, bound

all of the Westinghouse data.

The validity of this comparison depends on the accuracy of the

incore and post-irradiation data, which are shown in the figure. The

accuracies of the methods used to obtain these data were discussed

in Sect. 3 of ref. 36 and were found to be satisfactory. The Westing-

house densification model for calculating stack height reduction is,

therefore, acceptable for use in LHGR calculations.

(b) Power Spike Input

Maximum total gap (MTG) size for the power-spike calculation is

discussed in Sect. 4.5.3 of WCAP-8218 (36). The proposedmodel

corresponds to a length change similar to the one for LHGR described

above, plus corrections for irradiation cladding growth.
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The method for predicting MTG size utilizes the 1.5 factor (50%

conservatism) used in the LHGR calculation, but the empirical expression

is evaluated with the mean sintering temperature and not the lower 2a

temperature. From Figure 3.10 of WCAP-8218 (36), it can be seen that

the predictions bound the average (of many measured pins within a

reactor region) AL/L values, which represent the data from pressurized0

fuel in 19 reactor regions.

Generation of a significant power spike in an operating core is a

cooperative phenomenon involving a number of nearby fuel pins. Figure

4.5 of WCAP-8218 (3§) shows that the calculated spike factor will be

the same whether the actual frequency distribution of MTG's or the

average value of MTG for a reactor region is used. It is thus appropri-

ate in calculating power spikes to use a region-averaged MTG rather

than the actual distribution or the worst-case value of MTG. The

Westinghouse densification model is therefore acceptable for use in

power-spike calculations.

4. Range of Applicability of the Empirical Expression (5-1-74)

From Figure 3.12 of WCAP-8218 (_36), it can be shown for the power-

spike and LHGR cases that the new Westinghouse densification model may

predict values for final densification in excess of the previous

accepted (J) geometric density limit of 96.5% theoretical. This is

particularly true for the older fuel fabricated at lower sintering

temperatures. When this occurs, the previous Staff model (j) may be

used to obtain the density change. This procedure is acceptable since

both the old (1) and new (36) densification models are derived from a
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similar Westinghouse data base, and practically all of the immersion

density data are still conservatively bounded by 97% theoretical

density (equivalent to a geometric density of 96.5% TD). Overpre-

diction by the new model is a consequence of the simplicity of the

model, as described above in Section 1.

However, for recent Westinghouse fuel fabricated at higher sinter-

ing temperatures and higher densities, the new model does not contain

excessive conservatism. Therefore, it is emphasized that the new

model applies only to fuel fabricated within the envelope of fabri-

cation conditions from which the empirical expression was derived.

This is true not only for the explicit variables, initial density

and sintering temperature, but also for implicit variables, such as

sintering time. For fuel whose manufacturing parameters differ from

those of this fabrication envelope, the fuel densification model is

not applicable.

D. Combustion Engineering

The following review is taken from the August 19, 1974 safety

evaluation (38) of the Combustion Engineering fuel evaluation model

(_U). In our safety evaluation report we required Combustion Engi-

neering to submit confirmatory data from tests then in progress in

the German reactor MZFR. A memorandum (4j) approving this confirma-

tion is reproduced in Sect. 4.

1. Burnup Dependent Densification (8-19-74)

The Combustion Engineering densification model (3.9,.41) is an

empirical time-dependent model that utilizes a demonstrated equivalence
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between an ex-reactor resintering test and in-reactor densification.

The concept of equivalence between these two phenomena was introduced

theoretically by Marlowe. The General Electric application of Mar-

lowe's model was modified empirically by the Regulatory staff (.11)

with a provision that the predicted maximum density should occur no

later 4,000 MWd/tU and that the predicted maximum density should be

no smaller than the resintered density of a prescribed anneal.

Combustion Engineering has utilized fuel-stack-length-change

versus time data from the Halden DE-1 experiment (also reported by

Hanevik et al. (2) to derive an empirical kinetics expression, and the

form of the kinetics expression is such that a terminal maximum value

is predicted by 4,000 MWd/tU burnup. The densification kinetics

expression has been shown to describe all of the Halden data well,

and these data include results for five different fuel types ranging

from 87% TD "unstable" to 95% TD "stable" fuel pellets. Achievement

of the maximum density by no later than 4,000 MWd/tU has been found

(11) to be relaistic or conservative based not only on the Halden

data (L), but also on non-proprietary Westinghouse data (24). Pro-

vided a suitable value for the terminal density is utilized, the

Combustion Engineering densification kinetics expression will predict

fuel densification conservatively.

The terminal density, or more precisely the terminal density

change (terminal density minus initial density), will be obtained

by Combustion Engineering for use in the kinetics expession in one

of two ways. For older "unstable" fuels, the terminal density change
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will be given by

ApT = 96.5 - pi + 2 a, (11)

where pi is the initial mean geometric density (% TD) and a is the

standard deviation of the initial densities P.. This method will

yield densities after 4,000 MWd/tU in exact agreement with the pre-

vious AEC model (_), but, of course, densification would follow the

kinetics expression and not be instantaneous. Since 96.5% TD (geo-

metric) is a virtual upper limit for observed densified fuel, and

since 2c accounts for statistically low pellet densities, the use

of Eq. (11) in the kinetics expression will produce a conservative

prediction.

A second method of obtaining the terminal density change will

be used for Combustion Engineering's new "stable fuels," although it

could also be used for the "unstable fuels" as well. Under this

method the terminal density change will be obtained from ex-reactor

resintering tests. Combustion Engineering has made extensive compar-

isons of in-reactor densification with ex-reactor resintering. These

comparisons included measurements on Battelle Research Reactor (BRR)

test fuels, on Edison Electric Institute (EEI) test fuels and on Halden

test fuels. From these measurements Combustion Engineering has shown

that their resintering test adequately describes in-reactor terminal

densities, as illustrated in Fig. 5.

To insure that the measured resintered densities adequately repre-

sent the pellets that are most susceptable to densification and also
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represent the production fuels under consideration, the value utilized

in the kinetics expression will bound 95% of the measured values at

the 95% confidence level. To account for uncertainties in density

measurements, especially those associated with stable fuels, a minimum

terminal density change of 0.5% TD will be required for use in the

kinetics expression. Any change in minimum sintering temperature, pore

former type, powder vendor source, conversion process, or minimum

number of furnace cycles will necessitate the performance of new re-

sintering tests for the affected fuel lots. To further confirm the

appropriateness of the densification model, Combustion Engineering

is required to submit densification data to the Staff from tests in

progress in the German reactor, MZFR. With this provision, the Com-

bustion Engineering burnup dependent densification model is acceptable

to the Staff.

Pellet diameter changes used in calculating gap conductance are

related isotropically to the density changes in a straight-forward

manner. Application of the densification model to augmentation (power

spiking) and linear heat generatin rate (LHGR) changes are done

separately from the FATES code and will be discussed below.

2. Maximum Gap Size (8-19-74)

As densification of fuel pellets takes place the fuel column will

tend to shorten and settle towards the bottom of the fuel rod. If

some of the pellets hang-up on the cladding, i.e., if there is some

mechanical interaction between the pellets and cladding, gaps in the
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fuel column will occur. An additional contribution will be made to the

size of gap by elongation of the cladding due to irradiation growth

of the zircaloy.

The worst case or maximum gap size AL in the CE model is

AL/Z = (Ap/2) + E, (12)

where Z is the axial location, Apis the density change due to densifi-

cation, and e is a cladding growth term. Use of the factor 1/2 in

Eq. (12) was required by the Staff to preserve some conservative

anistropy in relating density changes to pellet length changes. Even

though the densification process itself might be isotropic, retention

of the 1/2 factor will accommodate other phenomena, which can cause

small gaps, such as pellet creep and surface irregularity deformation

under the weight of the fuel column.

The cladding growth term E is a function of burnup, is consistent

with common industry practice, and is acceptable. Density changes

are obtained in two ways, depending on the stability of the fuel.

For older "unstable" CE fuels,

Ap = 96.5 - pi, (13)

where pi is the initial mean geometric density (% TD). No standard

deviations need be added to this expression since fuel column shortening

depends on densification of many pellets and statistical fluctuations

will average out. This is identical to the previous AEC model (1).

For newer "stable" CE fuels, Ap will be obtained from ex-reactor

resintering tests utilized in the CE burnup dependent densification
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model. Since it is only necessary to describe the average pellet

when calculating column shortening, Ap is taken as the 95% confidence

level of the mean resintered density change. A minimum density change

of 0.3% TD is required to account for uncertainties in density measure-

ments. These bounds on Ap for axial gap size calculations are justi-

fiably less restrictive than those used in calculating radial pellet-

to-cladding gaps, where the individual low density pellet is important.

3. Linear Heat Generation Rate (8-19-74)

Densification can change the linear heat generation rate (LHGR)

because of contraction of fuel pellets and fuel columns. There are,

however, compensating factors. Thermal expansion of the pellets-tends

to counteract the effects of contraction by densification. Low density

pellets, which might tend to densify more, will Plso have low fuel

(fissile) content, and this would tend to lower LHGR opposing the effect

of the densification.

Combustion Engineering utilizes multiplicative factor to adjust

LHGR, and this factor includes the effects of linear thermal expansion

and anistropic densification Ap/2. The density change Ap is obtained in

one of two ways.

For the older "unstable" fuels,

Ap = 96.5 - Pi, (14)

where pi is the initial mean geometric density (% TD). Although the

individual pellet that might densify more than average is of concern,

according to this model, such a pellet would have a lower than average
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initial density. This low density would have a low fuel content

and would therefore not contribute to additional increases in LHGR.

Therefore, it is appropriate to use the mean initial density rather

than a low 2a density (I3).

For the newer "stable" fuels, Ap is obtained from the Combustion

Engineering resintering test. In this case the individual pellet

that densifies more than average cannot be related to a low initial

desity pellet since the distribution of resintered pellet densities

is, in fact, related to many process variables. Consequently a biased

value for Ap must be used, and the 95/95 value utilized in calculating

radial dimension changes should be used as described in Sect. 1 above.

Using a biased value of Ap for stable fuels should not lead to any penalty

under hot core conditions since thermal expansion will likely over-

compensate for the entire effect of densification on LHGR.

4. Combustion Engineering Confirmatory Densification Data (1-10-75)

Combustion Engineering (C-E) has submitted a report, MZFR Fuel

Densification Experiment, December 1974 (42), which includes the

data required by our Technical Report on Densification of Combustion

Engineering Reactor Fuels, August 19, 1974. These MZFR data, as shown

in Fig. 6, provide excellent confirmation of the resintering test

that was approved for C-E, and their report satisfies our requirement.
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E. Babcock & Wilcox

The following review is reproduced from the September 8,1975

safety evaluation (3) of the Babcock & Wilcox model for predicting

in-reactor densification (44).

1. Densification Kinetics (9-8-75)

Babcock & Wilcox (A4) uses Marlowe's model (15) for in-reactor den-

sity change Ap as a function of time t. This model has the basic form

Ap =ln( + Bt), (15)
A (5

which depends on two unknown rate parameters (M/A) and B. These

parameters are determined from two resintering tests on each test

pellet, thus eliminating the grain-size measurements of the original

Marlowe model. For in-reactor use, B in Eq. (15) is replaced with

B where
0

Dirr
-- (16)

D• 0 is an irradiation-induced diffusion coefficient, and D is a

irr

thermally activated diffusion coefficient.

In our original review (11) of the Marlowe model we pointed

out that diffusion coefficients for UO-2 were not well known and

we believed that an accurate value of the ratio D. fD could not be
irr

determined. In view of this it is interesting that B&W has arbitrarily

chosen a different (larger and more conservative) value for D0 /D than
irr

chosen by Marlowe. Because of such uncertainties, we maintain that

the Marlowe model cannot be relied on as a first-principles predictor,

but when "calibrated" against prototypical in-reactor data, the model

becomes an excellent semi-empirical method. The fact that little ad-

justment has been required to the original coefficients is considered

fortuitous, but, nevertheless, adds confidence to the model.
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2. Comparison With Data (9-8-75)

As indicated above, verification of the model with in-reactor

data is essentlal. For verification, B&W utilized the Edison Electric

Institute (EEI) Fuel Densification Project data, which have recently

been published (5). B&W compared model predictions with all of the EEI

results, which include 16 different fuel types with burnups ranging

approximately from 200 to 3500 MWd/tU. The comparison was favorable;

most in-reactor density changes were either accurately predicted or

conservatively overpredicted. Only a small fraction of the data were

underpredicted, and the underpredictions were by less than 1% TD in

all cases. Other favorable comparisons of the model were made with

BRR and Halden data, although these data were neither as extensive nor

as accurate as the EEI data. We thus consider the Marlowe model as

used by B&W to be acceptable for use in licensing applications.

3. Application to Production Fuel (9-8-75)

B&W proposes to determine the extent and kinetics of densification

for a "batch" of fuel by resintering representative pellets selected

from the batch. This is appropriate as long as the "batch" is defined

as the original core loading or reload quantity of fuel for which the

required densification analysis is desired, and the sampling is done

on a random basis.

The proposed B&W method statistically groups similar lots of pellets

within a batch and selects the group (of lots) with the largest predicted

mean density change. The selected group is then used to characterize the



-38-

batch. This procedure should be modified to select a group of lots

based on the total measured resintering density change rather than

based on predicted values. The use of the selected groups will be

discussed in more detail in Section 7.

A selection process that picks the group (of lots) with the

largest measured mean is appropriate for stack length change analysis

where average pellet behavior within the rod is important and where

pellets in a rod generally come from the same lot. For this analysis,

however, the 95% confidence limit on the true mean of the group should

be used and not simply the mean of the sampled pellets. Normality

may be assumed for density changes within the group.

For individual pellet effects such as in stored energy and linear

heat generation rate (LHGR) determination, however, the group (of

lots) selected above may not adequately represent the pellets with the

greatest tendency to densify. This is illustrated in Fig. 7 where it

is seen that that procedure would focus on the 95/95% UTL of Group I

and overlook a large number of pellets in Group II that would densify

more extensively. For individual pellet effects, therefore, B&W should

select the group (of lots) with the largest 95/95% UTL to conservatively

characterize the batch. Presumably the density changes in this group

would be normally distributed and statistical methods for normally

distributed data could be used. But since the normality assumption

is more critical when evaluating the "tail" of the distribution than

when evaluating the mean, the data must not be markedly non-normal.
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This should be tested with the "W" test (A5) at the 1% level of signifi-

cance. If the data are found to be non-normal, non-parametric statistical

methods should be used. It is interesting to note for the B&W data

example (Table 5-2 of ref. 44), that the non-parametric method gives a

95/95% UTL that is only 0.35% TD larger than the B&W method.*

4. Model for Fuels Without Resintering Data (9-8-75)

For early B&W fuels (i.e., pellets fabricated prior to 1976) it is

acceptable to use the previous AEC model values for pellet radius and

pellet length change as peak values, and to combine these peak values

with a non-instantaneous kinetics expression. The kinetics expression

may be adjusted to achieve a peak density at 4,000 MWd/tU when the peak

density change is <4% TD. When the peak density change is >4% TD,

however, the kinetics expression should be adjusted to give the peak

density at 1,000 MWd/tU. The peak density change to be compared with

4% TD is (96.5-P.) for stack length considerations and (96.5-P.+2)1 *1

for stored energy and LHGR considerations, where p. is the mean fabri-1

cated geometric density and G is the standard deviation of the fabricated

*density values. These peak-density burnups are based on Halden data but

are somewhat different from values used in a proposed Regulatory Guide

model because the B&W model approaches a mathematical maximum very

gradually.

* For this data example, the subgroup (III) with the largest mean

also has the largest 95/95% UTL so that the difficulty illustrated
in Fig. 7 did not occur. Furthermore, we found that the subgroups
used in this example did not exhibit non-normality as indicated by
the "W" test.
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5. Diametral Shrinkage (9-8-75)

The isotropy assumption is acceptable; however, the diameter

equation should be altered to read

d = do 1 ip (173 (17)

where p. is the initial (mean or nominal) pellet density rather than

the 100% TD value appearing in the B&W report. The diameters d and

d and the peak density increase Ap are as defined by B&W. This0

alteration is almost trivial in consequence, but will leave the

equation in a more mathematically correct form.

6. Axial Shrinkage (9-8-75)

The anisotropy assumption is acceptable, but, as above, the

equation should be altered to read

L = L  p (18)

where L and L are lengths as defined by B&W. For fuel column length
0

change calculations, Ap should correspond to the 95% confidence

limit on the mean pellet density change, as mentioned above. For

LHGR calculations, however, the 95/95% UTL value should be utilized.

This latter requirement should not result in a penalty since thermal

expansion will probably overcompensate the effect of densificaton on

LHGR.
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7. Burnup at Peak Density (9-8-75)

B&W proposes to utilize the average of the predicted peak-density

burnups from the selected group (of lots) for determining the kinetics

parameters. This is not appropriate for stored energy or LHGR calcu-

lations. While the resulting model equation would characterize the "bad"

pellet with a biased (95/95% UTL) maximum density change, it would

predict average rate kinetics. In fact, we expect pellets that densify

more extensively to also densify more rapidly.

B&W should modify the application of their model as follows, and

the method will differ for stack-length considerations and for stored

energy and LHGR considerations.

Stack length chanaes

As described in Sect. 3, the group of lots should be selected

that has the largest measured mean total resintering density change.

Since two resintering anneals are performed on each pellet, two dis-

tributions of density changes will be obtained -- one for the first

anneal and one for the combined anneals. The 95% confidence limit

on the mean density change for each case should be obtained, and

these two values will allow determination of M/A and B. These re-

sulting constants should be used for making stack length change pre-

dictions for the batch.

Stored energy and LHGR

As described in Sect. 3, the group of lots should be selected

that has the largest 95/95% UTL for total resintering density change.
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For this group the 95/95% UTL for both the first anneal and the

combined anneals should be obtained. These two values will allow

determination of M/A and B that should be used in stored energy and

LHGR predictions.

8. Approval (9-8-75)

Subject to modifications in application of the model that are

explicitely described in the above sections, the B&W model for

predicting in-reactor densification is acceptable for licensing

calculations.
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I A new NRC fuel densification model, which is simple, conservative,

and non-proprietary, has been developed. This model is currently em-

ployed in GAPCON-THERMAL-2 (10), which the NRC uses for audit calcu-

lations, and the model has been used in other licensing activities;

but the NRC model was not developed with the intention of replacing

approved vendor models. The NRC model includes empirical correlations

for the maximum density change and for the kinetics of densification.

In addition, the model includes statistical methods and assumptions

needed for the analysis of fuel densification in licensing applica-

tions. The following subsections discuss the technical basis for the

NRC densification model.

A. Maximum Densification

The process of in-reactor fuel densification is active during the

first hundreds of MWd/tU burnup and is virtually complete by the first

few thousand MWd/tU burnup. This can be seen from Figs. 2 and 3 in

Sect. II-A as well as Fig. 9 of ref. 5. We will, therefore, refer to

fuel densities that appear between -2000 and -10,000 MWd/tU as maximum

densities since below-2000 MWd/tU densification is usually incomplete

and above -10,000 MWd/tU fuel swelling becomes important.

Although in-reactor densification and ex-reactor thermal sintering

undoubtedly involve mechanistic differences, all investigations have

found that both processes depend on the same important mictostructural

variables. Thus, fuels that are thermally unstable (i.e., densify ex-

tensively when heated) are also unstable with respect to in-reactor

densification. It is not surprising, then, that analytical correlations
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between thermal stability and in-reactor densification have been

identified and are used in several vendor models (15,31,41,44).

While mechanistic differences seem to rule out the existence of

a rigorous theoretical relation between in-reactor and ex-reactor

densification, a resintering anneal at 1700 0 C for 24 hr gives a

density change that bounds most in-reactor density changes for a

very wide range of fuel types. Figure 8 shows ex-reactor density

changes under these resintering conditions compared with maximum

density changes in-reactor. These densification data from the

EEI/EPRI densification program (15) provide an excellent basis

for establishing a maximum densification correlation. Figure 8

presents data for 14 different fuel types -- 8 types fabricated by

Battelle Northwest and 6 commercial fuel types contributed by com-

mercial fuel manfacturers. A wide range of fabrication conditions

is represented including sintering temperatures from 1500 to 1700 0 C

and fabrication with and without organic pore formers. Densities before

and after irradiation were measured with accurate immersion techniques,

as they were for the ex-reactor resintering tests on sibling pellets.

All in-reactor data in Fig. 8 are for fuels with burnups in the

range from 2000 to 4000 MWd/tU and heat ratings in excess of 5 kW/ft.

Ex-reactor density changes corresponding to a 24-hr anneal were inter-

polated linearly between the measured values at 14 and 48 hr on a plot

of density change versus logarithm of total sintering time.

The 1700 C - 24 hr test conservatively predicts maximum in-reactor

densification for 13 of the 14 fuel types in Fig. 8, and the exception
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is underpredicted by <1% TD. While verification of the 1700°C - 24 hr

test is based primarily on these EEI/EPRI data because of their ac-

curacy and direct applicability to the correlation, other sources of

data also confirm this conclusion. The Halden data in Fig. 4 (Sect.

II-A) show good agreement between maximum in-reactor densification and

the 1700 0 C'- 24 hr test, and a wide range of fuel types was also in-

cluded in the Halden study. These data, however, are not as good for

this comparison as the EEI/EPRI data because rather severe extrapola-

tions were needed to interpret the Halden resintering values, and

density changes were inferred from fuel column dimensional measure-

ments. Figure 9, on the other hand, shows a variety of data ranging

in accuracy between the EEI/EPRI and Halden data discussed above.

These data, the details of which are held proprietary by several

fuel vendors, represent numerous fuel types (test and commercial)

irradiated in six different reactors (test and commercial) both in

the U.S. and abroad. Figure 9 is included to emphasize the fact that

we have seen no data that significantly violate the 17000 C - 24 hr test.

Other resintering parameters were considered for an appropriate

test. It is possible to achieve a good correlation at 1700 0 C using

annealing times other than 24 hr. Figure 10 shows sintering curves

(i.e., density versus time) for four of the EEI/EPRI fuel types.

Sintering time during fabrication is included in the total sintering

time in Fig. 10, and when fabrication sintering was not at 1700 0 C, an

equivalent time at 1700 0 C was obtained based on an assumed activation

energy of 82 kcal/mole. It is seen that densities change very rapidly

below about 10 hr, but later approach a nearly constant value. If
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the total sintering time (fabrication time plus resintering time)

exceeds u25 hr, the final density will be rather insensitive to the

exact annealing time, as seen in Fig. 10. Since a resintering time

of 24 hr quarantees this amount of total sintering time, regardless

of the fabrication time, the 24 hr anneal is advantageous. Shorter

anneals would cause the resintering test result to depend strongly

on fabrication time as well as on time/temperature measurements, and

longer anneals would be unnecessary.

Resintering tests at other temperatures were also considered.

Figure 11 shows EEI/EPRI data corresponding to a 1600 0 C - 48 hr

test, a resintering test that was discussed in ref. 5. These data

suggest a correlation line with a slope different from unity and a

non-zero intercept. Used as a one-to-one correlation between ex-

reactor and in-reactor behavior, however, the 1600 0 C - 48 hr test

underpredicts many of the unstable fuels data. The 1700 0 C - 24 hr

test is thus more appropriate as a universal conservative test.

For very stable fuel types, small negative density changes

(swelling) can occur as seen in Fig. 11. These negative density

changes not only occur during resintering, but they appear to cor-

relate with in-reactor behavior. It is noted (5), however, that

pellet types that appear to experience a density decrease at low

fission rates exhibit no significant density decrease at high fission

rates. As a conservative measure, therefore, it seems appropriate to

restrict predicted in-reactor density changes to non-negative values.

Finally on the subject of maximum densification, some comment about

the earlier (j) AEC postulated maximum value of 96.5% TD (geometric)
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is appropriate. The original Westinghouse densification data ex-

amined by the AEC exhibited a maximum density of 097% TD as measured

by mercury pycnometry. Making a I1/2% TD correction between .immersion

and geometric densities gives 96.5% TD, the often-quoted value.

Subsequent to these. early observations, many more densification

data have been obtained. Most of these data exhibit maximum immersion

densities less than 97% TD confirming the original assumption, but some

exceptions have been found. Of the 150 EEI/EPRI measured densities,

for example, a few of the pellets had initial densities >97% TD, and

all of those pellets were very stable (-0.07% TD average ex-reactor

resintering density change). Nine of the remaining 136 lower density

pellets had final densities >97% TD, with the maximum reported (im-

mersion) density being 97.86% TD.

Other examples of fuel densities in excess of 97% TD can be found.

The British some years ago developed a high activity powder that was re-

ported (46) to achieve local densities in excess of 99% TD. Density

measurements on those fuels, however, were made by microscopic pore

counting (vis-a-vis the moreaccurate immersion techniques), which may

have introduced some bias into the results.

Obviously 97% TD is not a fundamental upper limit for the density

of UO-2 fuels. Furthermore, the assumption of 97% TD as a maximum

density provides an incentive to manufacture high density fuels rather

than stable fuels. While it is true that high density fuels have less

potential for large density changes and tend to be more stable than

similar low density fuels, it is now known (5) that densification stability

is not strongly dependent on pellet density. Therefore, the postulated

96.5% (geometric) or 97% (immersion) maximum theoretical density value

is no longer recommended.
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B. Densification Kinetics

It is possible to combine the maximum density change discussed

above with a kinetics factor that varies from zero (at zero burnup)

to unity (at an appropriately high burnup) in order to obtain an

analytical model for the in-reactor density change Ap as a function

of burnup BU. Such a kinetics expression has been obtained in a

simple manner from the Halden data (j,3).

While the Halden data were less than ideal for obtaining absolute

density change values, these data are excellent for a study of densi-

fication kinetics since the measurements were made continuously for

burnups from zero to '10,000 MWd/tU. Figures 12 and 13 show density

changes as a function of burnup for eight Halden fuels of Varying de-

grees of stability. During the period of most rapid density change, it

is. noticed that Ap varies approximately linearly with the logarithm of

burnup. For all these fuels except the 87% TD unstable fuels, best-fit

lines through this portion of the data (these best-fit lines are not

shown in the figures) have an apparent zero Ap intercept 520MWd/tU and

approach the maximum density at "2000 MWd/tU. It is clear from examining

these data that the exact locations of the apparent intercept and maximum

densification depend on the densification stability of the fuel. For

the 87% TD unstable fuel, the apparent intercept is I5 MWd/tU and the

maximum occurs at '500 MWd/tU.

Employing these observations, solid lines have been constructed

in Figs. 12 and 13 going from zero to the maximum density change

estimated from the data.. These solid lines correspond to the fol-

lowing definitions, which constitute the desired kinetics model:
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For fuels that densify less than 4% TD,

Ap = 0;

Ap = m log(BU) + b;

Ap = Ap.
max

0 < BU < 20 MWd/tU,

20 < BU < 2000 MWd/tU,

BU > 2000 MWd/tU,

(19a)

(19b)

(19c)

where the coefficients m and b are given by

0 = m log(20) + b,

Ap = m log(2000) + b,max

(20a)

(20b)

and Ap is the estimated in-reactor maximum density change.
max

For very unstable fuels that densify more than 14% TD,

AP = 0;

Ap = m log(BU) + b;

AP = APmax;

0 < BU < 5 MWd/tU,

5 < BU < 500 MWd/tU,

BU > 500 MWd/tU,

(21a)

(21b)

(21c)

where the coefficients m and b are given by

0 = m log(5) + b,

APmax = m log(500) + b.

(22a)

(:22b)

The solid lines are seen to approximate very closely, with a small

conservative bias, the measured changes from about 40 MWd/tU. It is,
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of course, artificial to assume a zero density change below 5 or

20 MWd/tU, but in this small burnup range the true density changes

would be very small and inconsequential. While verification for very

unstable fuels (i.e., Ap >4 % TD) was provided by only one fuel typemax

(87% TD unstable), few if any commercial fuels will fall in this

stability range.-

In applying the kinetics expression, Apmax will not be known as

in Figs. 12 and 13, and a value Apsntr from the resintering test

would be used. Figures 14 and 15 show the Halden data compared

with the kinetics model utilizing measured resintering values AP
sntr*

While this demonstrates application of the total densification model,

it is not as meaningful a demonstration of the chosen kinetics ex-

pression as provided in Figs. 12 and 13 because of large uncertainties

in the Halden resintering data.

Further verification of the kinetics expression is not necessary.

Limits on operating conditions that arise from the analysis of fuel

densification are generally related to the extent of densification,

and the kinetics are of lesser importance. Since the Halden data

are similar to other reported kinetics data (5,24), the kinetics ex-

pressions given here are adequate for the safety analyses that are

required.
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C. Product Sampling

In the previous sections it has been assumed that a one-to-one

correlation (with some conservative bias) exists between in-reactor

densification and ex-reactor resintering AP sntr* For a given pro-

duction quantity of pellets, there will exist a range of values for

APsntr and the distribution of these values must be evaluated. If

Apsntr were known for every pellet in the population (nearly 20 mil-

lion pellets in some cases), characteristics of the distribution could

be evaluated with complete (100%) confidence. This obviously cannot

be done, and only a small sample number of pellets will be resintered.

From this sample, characteristics of the total population can be esti-

mated, and the level of confidence in these estimates can be varied.

We will choose 95% as the level of confidence* desired in these estimates

since this is consistent with past AEC requirements (j) and since 95%

confidence is a commonly used requirement in statistical problems of

this nature.

Characteristics of various distributions of numerical data are

discussed in many textbooks (e.g., ref. 47). It is useful to consider

the most common of these distributions, the normal distribution, because

certain advantages may accrue if the resintering data fit a normal

distribution. The major advantage here is that the required statis-

tical statements can be made from a small sampling of the population.

To justify using the methods of normal statistics, a test should be

applied, and a suitable test (45) is given in the American National

* A 95% confidence statement refers to correctly bounding the true
value with the estimated value for 95 out of 100 samples such as
the one that has been described.
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Standards Institute (ANSI) standard N15.15-1974. In this case the

test is used to demonstrate non-normality, and if non-normality is

not indicated, normality may be assumed. If non-normality is dem-

onstrated at the 1% level of significance, a search may be made

for an appropriate functional form to describe the population of

interest. Otherwise, general, or non-parametric, statistical methods

may be used and these methods may require somewhat larger numbers

of pellets in the sample.

Since both of the statistical methods used below (normal and

non-parametric) are based on random sampling of the population, it

is obvious that periodic sampling, selection from the top of the

sintering boat, or certain other convenient sampling methods would not

be adequate. An example of a suitable random method could involve the

serial numbering of a time interval required for a pellet to pass a

point in the production line, and then the use of a random-number table

to determine the times at which samples are to be drawn.

1. Individual Pellet Effects

In a manner consistent with earlier AEC methods (1), the analysis

of the effects of densification on stored energy and linear heat gener-

ation rate (LHGR) should take into account pellets with the greatest

propensity for densification. In some applications of the original

model, the use of average values was approved (1_3) for LHGR calcula-

tions since a pellet that densified more than an average amount had a

low initial density. and, hence, a low initial fissile content. According

to current densification models, however, the pellet that densifies more
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than average is not related to a low initial density and the distri-

bution of resintered density changes is, in fact, related to many

process variables. While there is clearly some relation between

initial density and degree of densification (k,5), it is conservative

to neglect this relation since it is not quantified.

Thus, for both of the individual-pellet effects (stored energy

and LHGR), a resintering density change value Ap** should be used
sntr

that conservatively bounds a large fraction of the population.* Since

safety analyses for licensing applications are reported on a plant-by-plant

basis, the statistical population of pellets that is of interest is the

initial core loading or reload quantity for which the safety analysis,

and hence the densification analysis, is being performed. The portion

of the population to be bounded is taken as 95% since, in a typical fuel

rod containing n200 pellets, the chance of finding one of the 10 (i~e.,

>95%) worst pellets in the broad peak power location is significant.

Combining the 95% confidence level described above and the bounding

of 95 percent of the population defines Ap** as the upper one-sided
sntr

95/95 tolerance limit for the density changes. This 95/95 tolerance

limit is entirely consistent with the early AEC requirement (1) to use

a bias of 2 standard deviations on the pellet density. The early re-

quirement was incomplete, however, since it did not specify, but rather

presumed, a sufficiently large statistical sample.

* If APntr** is less than 4% TD, Eqs. (19) and (20) in Section III-B
should be used; if Ap** is greater than 4 % TD, Eqs. (21) and (22)sntr
should be used.
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Evaluation of tolerance limits using methods of normal statistics

has been discussed by Hahn (48), and evaluation using non-parametric

methods has been discussed by Sommerville (4_I). The tabulations and def-

initions given below are straight-forward applications of these methods.

Normal Distribution

AP** = s + c s, (23)
sntr sntr

where APsntr is the mean of the sample data, s is the standard devi-

ation of the sample data, and c' is given below (48):

Number of
Observations c

4 5.15

5 4.20

6 3.71
7 3.4O
8 3.19
9 3.03

10 2.91
11 2.82
12 2.74
15 2.57
20 2.40
25 2.29
30 2.22
40 2.13
60 2.02

100 1.93
200 1.8 4
500 1.76

01.64

Non-normal Distribution

A -** Ap(m) (24)
sntr sntr

(in) th
where Ap is the m largest Ap value in a ranking of the

sntr sntr

observed values of AP st from the sample. The integer m depends
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on the sample size according to the following table (49):

Number of
Observations m

50
55
60 1
65 1
70 1
75 1
80 1
85 1
90 1
95 2

100 2
110 2
120 2
130 3
140 3
150 3
170 4
200 5
300 9
400 13
500 17
600 21
700 26
800 30
900 35

1000 39

Notice that a minimum of 60 observations is required to produce a mean-

ingful result by this method.

2. Cooperative Pellet Effects

Fuel column length changes, which can result in axial gaps in

the pellet stack, are determined by average pellet behavior. In this

case, however, the population to be considered may not be the whole core

or reload quantity characterized above, if some subpopulation can be
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identified that has different average characteristics from the total

population. This is likely to occur since core quantities of pellets

are usually produced in identifiable subquantities called lots. A

pellet lot is defined as a group of pellets, made from a single UO-2

powder source, that has been processed under the same conditions. It

is intended that subgroups be identified as separate lots if there is

any reason to expect that their resintering behavior would differ

measurably based on differences in their fabrication history.

If individual lots can be identified within the total population,

it is expected that all pellets in a given fuel rod would come from

a single lot. Therefore., cooperative pellet effects should be based

on the lot-average behavior of pellets in the lot that has the greatest

average tendency to densify. For this purpose it is adequate to select

the lot with the largest mean Ap sntr value based on measurements from

the lot sample.

To analyze effects related to column length changes, resintering-

based densification models should utilize a density change value Ap *
sntr

that conservatively bounds the selected pellet lot mean with a high

degree of confidence.* Utilizing the 95% confidence level described

above, Ap* is seen to be the upper one-sided 95% confidence limit
sntr

on the mean density change of the selected lot and can be obtained

from the lot sample values using the method outlined below.

• If AP* ntris less than 4% TD, Eqs. (19) and (20) in Section III-B
should be used; ifApt is greater than 4% TD, Eqs. (21) and (22)
should be used. sntr
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Ap* - Jp c
sntr sntr C (25)

where A r is the mean of the sample data from the selected lot, s'wher Esntr i

is the standard deviation of the sample data from the selected lot,

and c is given below (48):

Number of
Observations c

4 1.18
5 0.95
6.. 0.82
7 0.73
8 0.67
9 0.62

10 0.58
11 0.55
12 0.52
15 0.45
20 0.39
25 0.34
30 0.31
40 0.27
60 0.22

100 0.17
200 0.12
500 0.07

C0

This method assumes that the resintering data are distributed nor-

mally. Since we are interested in the mean and not the 50th percentile

value (the mean may be different from the median for some non-normal

distributions), the non-parametric methods utilized in Sect. III-C-I

would not be useful here. However, as a consequence of the central limit

theorem and the fact that a fairly large number of observations would be

involved, a non-normal distribution may be treated as a normal distribution

for the purpose of determining a confidence limit on the mean (47). Thus,

AP* may be obtained by the method given above and no test for normality
sntr ma b

need be performed.
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D. Isotropic Assumptions

In the original AEC densification report (1) it was assumed that

pellet fractional length changes AL were 1/2 of the fractional volume

changes while pellet fractional diameter changes AD were 1/3 of the

fractional volume changes. This length change assumption AL/L = Ap / 2P

was based on anisotropies seen in the-early Westinghouse data. It

was argued that the greater shrinkage that was observed in the outer

(peripheral) pellet region, when combined with a dished pellet shape,

could amplify length changes. Recent data are in conflict on this

point (5,50).

Other mechanisms not related to densification can also contri-

bute to fuel stack shortening and the formation of axial gaps. List

and Knudsen (51) have demonstrated pellet stack shortening as a re-

sult of fuel-cladding mechanical interactions. Stack shortening can

also occur by a settling and deformation process that removes small

pellet-surface irregularities, which initially hold the pellets apart.

Since these mechanisms are not usually modeled explicitly in fuel per-

formance analyses, retention of some conservatism in predictions of

the axial dimension.change is appropriate.

Current Westinghouse data (24) confirm the need to assume some

axial densification anisotropy. As reported in Sect. II-C, the basic

Westinghouse densification equation, which is a best-estimate fit to

stack length changes, conservatively bounded all of the immersion

density measurements. An additional 50% conservatism (the difference

between 1/3 and 1/2) was used by Westinghouse in order to bound stack-

length measurements. Thus under commercial reactor conditions, pellet

length changes appear to be greater than pellet diameter changes.
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Under uniform flux and isothermal conditions, irradiation-

induced densification may be isotropic. Marlowe (15) reports

isotropic shrinkage for test pellets that were operated under rather

uniform conditions (natural uranium pellets at <250 0 C). However,

for fuel pellets irradiated under commercial reactor conditions, the

original anisotropic assumption is warrented until it can be shown

that a less restrictive value is justifiable.

E.. Density Change Measurement

Any method for measuring the density change that does not intro-

duce a systematic error into the result should be acceptable since

random errors will be taken into account by the statistical analysis

discussed above. Absolute densities are not required in resintering-

based models as the models directly predict a density change, and the

relative diameter change (AD/D) and length change (AL/L) of interest

are relatable to the relative density change (Ap/p). Methods such as

vacuum impregnation/water immersion, mercury immersion, gamma-ray

absorption and mensuration may yield different absolute values of

density, but they should all produce the same density change without

significant bias if the "before" and "after" measurements are made

identically.

It would also be possible to relate the resintered density change

APsntr /p to a resintered diameter change ADt/D if ex-reactor

densification during thermal resintering were isotropic:

APsntr/P = 3 ADsntr/D. (26)
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None of the arguments used in discussing in-reactor anisotropy imply

anisotropy out of reactor. Babcock & Wilcox (52) has studied the

thermal resintering of commercial pellets from different fabrication

lots. In some cases AL/L was larger than AD/D, while in other cases

it was smaller. Their data indicate no significant anisotropy.

General Electric (5.) has compared AP sntr/P with 3 AD sntr/D for a large

number of prototypical pellets that were resintered. Their comparison

is shown in Fig. 16. No significant bias is seen in this comparison and

the discrepancies are small in magnitude. Any vaporization losses

that might be incurred during a high temperature anneal would increase

the apparent density change and thus introduce a conservatism. There-

fore, it can be concluded that measuring diameter changes, which may be

simpler than measuring density changes, does not introduce a systematic

error and is an appropriate way to obtain relative density changes.

Accuracy in temperature measurements is needed primarily because

temperature errors will tend to be systematic. Optical pyrometer

sightings into a production furnace would be influenced by uncalibrated

emissivities, and, in general, temperature variations within the

furnace and within the boat would not be known. The use of optical

methods utilizing blackbody cavities or the use of thermocouples would

avoid these systematic uncertainties. Such considerations strongly

suggest the use of a special laboratory-quality resintering furnace

for these measurements.
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Even under ideal conditions, there will be some calibration uncer-

tainty in the temperature measurement and a range of temperatures in

the resintering furnace. Because of the non-linear dependence on

temperature of sintering, temperature uncertainties 6 should all be

maintained on the conservative side of the desired test temperature

+C o
(e.g., 1700_o C).

Because of the strong dependence of the rate-controlling uranium

diffusivity in UO-2 on the oxygen-to-uranium (O/U) ratio, test re-

quirements should include precautions to ensure that a composition

close to stoichiometry is maintained throughout the test. General

Electric (5a) has investigated this requirement, and their discussion

is.given in the following paragraphs.

The requirement to maintain stoichiometry places, a practical

upper limit on the maximum temperature for heat treatment in hydrogen

atmospheres. Excessive temperatures (greater than about 1800 C)

in dry hydrogen can lead to substoichiometry at temperature and a

resulting modification of the diffusion and densification kinetics.

On cooling, precipitation of free uranium and, in hydrogen, sub-

sequent hydriding of the uranium can lead to microcracking or even

gross cracking of the fuel, depending on the microstructure. The

cracking leads to inability to accurately measure the fuel density,

which adds further uncertainty to that already produced'by the

modification of the densification kinetics.
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If the U0-2 specimens are essentially stoichiometric at the start

of the test, at temperatures in the range 1600-1800 0 C the O/U ratio

should be maintained within 0.001 of the stoichiometric ratio (1.999

to 2.000). Thermodynamics indicate that maintaining that O/U ratio

range requires H 20/H2 ratios of 0.0005 to approximately 1.1. For

hydrogen or cracked ammonia atmospheres, that H 20/H2 ratio range

necessitates that the dew point be between -25 and +50 0 C.

To evaluate the real need for maintenance of the slightly oxi-

dizing atmosphere in view of the dearth of data on the effect of

stoichiometry on the diffusion or densification kinetics in the

range of interest, an experimental test was performed (5.a). Forty three

sets of samples of two sibling UO-2 pellets were selected encompassing

several powder sources and types. Thermal heat treatments at 1700 C

for 24 hours were conducted using a dry hydrogen atmosphere (< -20°C

dew point) for one set of the samples and a wet hydrogen atmosphere

(-25 0 C dew point) for the other sample set. Statistical analysis

(analysis of variance) of the density change data, which are shown

in Fig. 17, indicated that there was no statistically significant

difference in the density increase results for the wet and dry at-

mosphere conditions.

Based on this result, it is concluded that the theoretical

requirement for dew point control on the atmosphere for the thermal

test of UO-2 densification resistance can be relaxed and that nomi-

nally dry tank hydrogen or gas mixtures (e.g., N 2-H 2) can be used

in either refractory metal or oxide refractory test furnaces.



-73-

RELATIVE DENSITY CHANGE IN DRY ATMOSPHERE

Fig. 17. Comparison of density changes in wet and dry atmospheres;
from G.E. data (5a).
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IV. Summary

A chronology has been given of NRC reviews of analytical models

that are used by U.S. fuel manufacturers for the analysis of fuel

densification. All U.S. fuel vendors have NRC-approved models, and

the NRC safety evaluations of these models have been excerpted and

reproduced without alteration in Sect. II.

A new NRC densification model has been developed. The model

consists of a maximum density change, which is based on a 1700°C -24hr

resintering anneal, and a (non-instantaneous) kinetics expression

derived from Halden data. The model is expressed mathematically in

Eqs. (19) through (22). Statistical methods are presented for applying

the densification model to production quantities of fuel. Individual

pellet effects of densification on stored energy and linear heat

generation rate are evaluated at the 95/95 upper tolerance level of

the core (or reload) population of pellets. Cooperative pellet effects

of densification on power spiking and cladding collapse are evaluated

at the 95% confidence level of the mean of the most densifying lot of

pellets within the core (or reload). Tables of statistical parameters

needed in the analysis are presented.

The isotropy assumptions of the early AEC densification model (I)

are retained in the new NRC model, but the assumption of 96.5% TD

(geometric) as a maximum density for all fuel types is no longer

recommended. Techniques used in resintering tests are also discussed.

The NRC densification model is currently employed in GAPCON-

THERMAL-2, which the NRC uses for audit calculations, and the model

has been used in other licensing activities; but the NRC model was

not developed with the intention of replacing approved vendor models.
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