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STARTUP DATA REPORT FOR NRC/PNL HALDEN ASSEMBLY IFA-513 

INTRODUCTION 

This report presents data from the first month of operation of IFA-513, 
which is a heavily instrumented 6-rod test assembly in the Halden Reactor in 
Norway. The assembly is jointly sponsored by the Halden Project and the 
Nuclear Regulatory Commission (NRC), and is part of a series of irradiation 

tests sponsored by the NRC to verify its single-rod fuel modeling computer 
programs. All the rods in the series are of the basic BWR-6 design with 
variations in gap size, fuel type, fill gas composition, and fill gas 

pressure. 

The first two tests in the series were IFA-431 and IFA-432. These were 
identical 6-rod assemblies, each containing the same variations of gap size 
and fuel pellet types, but operating at different power levels and burnups. 
The present assembly, IFA-513, is the third in the series; its 6 rods are all 
identical, except for variations in fill gas composition and pressure. The 
fourth and last assembly, designated IFA-527, is yet to be built, and will 

study the effects of fuel pellet cracking and relocation. 

The measurements made in IFA-513 and the earlier tests include: 
• fuel temperature and power (both steady-state and transient) 
• total cladding elongation, and 
• fill gas pressure. 

The above measurements are made on a continuous basis, providing a record of 
their variation with both power and burnup. 

Along with the data, this report includes some analysis to put the 
IFA-513 startup data in perspective to similar data from IFA-431 and IFA-432. 
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ASSEMBLY DESCRIPTION AND INSTRUMENTATION 

The IFA-513 assembly was designed with three purposes in mind: 

1. to provide instrumented, irradiated rods, which are thoroughly charac

terized as to fabrication parameters and thermal history, for reuse in 
transient tests at the PBF reactor in Idaho Falls; 

2. to extend the NRC Halden test series to include rods with known fill gas 

mixtures at several points between pure helium and pure xenon (and in
cidentally to check for segregation of those mixtures in-reactor} and 

3. to quantify the variability among rods of contemporary design that have 
been fabricated identically and also operated identically. 

The general design features of IFA-513, -527 and IFA-431, -432 are listed 
in Table 1. The specific variations for each rod in all four assemblies and 
the instrumentation for each rod is listed in Table 2. Figure 1 is a sche

matic of the IFA-513 assembly. 

TABLE 1. General Design Characteristics 
For NRC/PNL Test Assemblies 

Item IFA-513 527 IFA-431 
Number of Rods 6 6 
Cladding: 

Material Zircaloy-2 Zircaloy-2 
I D x OD ( m) 1.09 X 1.28 X 10-2 1.09 X 1.28 X 

Tube Length (m) 0.824 0.61 
Fuel Pellets: 

Material uo2 uo2 
Enrichment (%U-235) 9.9 10.0 
!DxOD(m) 0.175 X 1.07 X 10-2 0.175 X 1.07 
Pellet Length (m) 1.27 X 10-2 1.27 X 10-2 

Active Pellet Column Length ( m) 0.78 0.57 

Pellet Density (%TD) 95 95' 92 
Fuel Rod: Plenum Length (m) 2.9 X 10-2 1.9 X 10-2 

Poison Pellet length 
10-2 10-2 (each end) (m) 0.7 X 0.7 X 
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TABLE 2. Experimental Matrix 

Power(a) Fuel(b) 
-6 Initial Fill Gas 

Oetectors(c) Assentlly Oiametral "'· Jll X 10 lOOl He 1001 He ,, 
& Rod ~ - ~ 230 380 0.1 MPa >0.1 HPa 0.1 MPa UTC LTC E5 PT SPNO 

IFA-431 351 -, 
I 955 ' ' ' ' ' ' 2 955 ' ' ' ' ' 3 955 ' ' ' ' ' 4 955 ' IOOl< ' ' ' 5 925 ' ' ' ' ' ' 6 92U ' ' ' ' ' ' 

lFA-432 50!35 7 
I 955 ' ' ' ' ' ' 2 955 ' ' UT ' ' 3 955 ' ' ' ' ' 4 955 ' IOOl< ' ' ' 5 925 ' ' ' ' ' ' 6 92U ' ' ' ' ' 

!FA-513 40/28 9 
I 955 ' ' ' ' ' ' 1 955 ' 0.3 MPa ' ' ' ' 3 955 ' ' ' ' ' ' 4 955 ' " ' ' ' ' 5 955 ' ' ' ' ' ' 6 955 ' 231 ' ' ' ' 

Fuel Relocation 14/10 9 
I 955 ' IOOl< ' ' ' ' 1 955 ' IOOl< ' ' ' ' 3 955 ' IOOl< ' ' ' ' • 955 ' 100< ' ' ' ' 5 955 ' IOOl< ' ' ' ' 6 955 ' IOOl< ' ' ' ' 

1•1 Linear power is given for upper and lower thermocouple positions respectively. 
lol Three fuel types are used, all enriched to lal U-235. 

955 • 951 TO, Stable 
925 • 921 TO, Stable 
92U 921 TO, unstable 

lei UTC Upper Thermocoup 1 e 
LTC Lower Thermocoup 1 e 
E5 Elongation Sensor 

" Pressure Transducer 
SPND Self-Power~d Neutron Detector 

UT Ultrasonic Thl!rmometer 
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The major differences between IFA-513 and the two previous assemblies are 
as follows: 

• Active fuel length of IFA-513 is 0.78 m; that of the previous assemblies 

is 0.57 m. 

• The gas pressure transducers are installed on all 6 rods and are of a new 

type that continuously record pressure. 

• Two extra vanadium self-powered neutron detectors are included between 
the top and bottom thermocouple planes to better define the axial flux 

shape. 

As noted in Table 2, ~fuel rods in IFA-513 are of the same fuel pellet 
type and the same fabricated gap size; the only variation is in the pressure 
and composition of the fill gas. Rods 1, 3, and 5 have pure helium fill gas 
at one atmosphere pressure (at room temperature). Rod 2 has helium fill gas 
at three atmospheres pressure, which is a new BWR design feature. Rods 4 and 

6 have helium-xenon mixtures with 8% and 23% Xe, respectively, at one atmo
sphere pressure. The reason for the specific fractions chosen was to provide 
gas with a thermal conductivity approximately 75% and 50% that of pure 

helium. 

The assembly design included special provision for the disconnection and 
reconnection of the thermocouple leads, so that individual rods might be re
used (with instrumentation) in Power Burst Facility (PBF) transient tests. 

The operation of the assembly has also been planned with its various 
purposes in mind. "Staircase" approaches to power throughout the life of the 
assembly have been requested so that the resistance-versus-power curve for 
each rod can be unequivocably defined. These curves have proven beneficial in 
analyzing the thermal performance. (1) Similarly, both linear and rapid 

power decreases have been requested on a periodic basis, since the resulting 
data can be used both to check the thermocouple performance and verify the 
steady-state data trends. (1, 2) 

The next section discusses preliminary data on temperature and power for 
the IFA-513 assembly. 
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POWER AND TEMPERATURE DATA 

ASSEMBLY CALIBRATION AND ESTIMATE OF LOCAL POWER 

The total assembly power is calculated by Halden from an average of the 
neutron detector readings, designated ND: 

Assembly power =KG (ND), where KG is a calibration factor.(a) 

The calibration factor is determined from a series of calibration runs 

during which the assembly power is held constant and the subcooling level of 

forced circulation coolant is varied. The subcooling power, Qsc' is defined 
as the apparent assembly power determined from the coolant inlet flow and 
inlet/outlet temperature change. This figure only equals the assembly power 

when boiling is completely suppressed. Otherwise, a fraction of the assembly 
power is going to boiling water as well as heating water, and the actual 

assembly power is greater than Qsc· The boiling power, Qb, is determined 
from between the inlet and outlet flow rates, plus an assigned slip factor, 
which accounts for the differing flow rates of water and steam. The apparent 
subcooling power is corrected for heat inflow from the moderator, Qm. 
Taking all this into account, we write: 

Qb + Qsc - Qm = Oassembly 

Halden has found that the most accurate way to find the true assembly 
power is to permit some boiling {to provide good coolant mixing), and to 

extrapolate a plot of Qb versus (Qsc - Qm) to Qb equals 0. Such plots 
are shown in Figures 2, 3, and 4, which summarize the three calibration runs 
for IFA-513. Note that these runs were performed at approximately 100%, 50% 

and 40% of full power. Values for NO and estimated true assembly power are 
noted on the figures. From this data, a consistent value of 1.98 was found 
for KG. 

(a) Halden calculates ND for IFA-513 by the following equation: 

__ 1 [ND1 + ND2 + ND3 ND6 ND =- + 2 3ND 1 
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It should be noted that the average values of Qsc - Qm when boiling 
is suppressed (ramps 1 and 2) do not equal the extrapolated value. The dif
ference is about 4.5%. It is felt that the zero-boiling data points are 
biased (possibly by poor coolant mixing), and therefore the extrapolated value 
is the more accurate. To get local power along the rod, Halden used to ratio 
the nearest single detector to the average (ND), multiply by the average rod 

power and divide by the fuel length. Recently, however, Halden has corrected 
for radial flux tilting by translating the detector readings to the rod center 

lines prior to the final multiplication to get local power. In order to check 
the above method we took a somewhat different approach, the steps of which are 

listed below: 

1. The detector readings at the thermocouple elevations were translated to 
the center line of the rods. At each elevation, the flux plane ~(x,y) 

was explicitly found in the form 

Ax + By + C = ~ 

To do this, we used the coplanar detector readings, together with their 
coordinates in x-y system with the assembly center as the origin. Then 

the value at each center line was calculated from the rod coordinates. 

2. A similar operation was performed at the elevations of detectors 4 and 
5. The upper flux plane function was presumed to apply at detector 5 

elevation and the lower plane function at detector 4 elevation. The 
appropriate ratio (ND4/ND1 or ND5/ND6) was applied to the respective 
plane function. 

3. Each rod was, therefore, characterized with 4 pseudo neutron detector 
readings evaluated at the rod center line at the 4 elevations of the flux 
measurement. The flux was presumed to vary linearly between points of 

measurement. 

4. The flux variation seen by the fuel below the lower thermocouple was 
estimated by extrapolating to zero flux at the core base plate. The flux 
for the fuel above the upper thermocouple was extrapolated from the pre
vious segment. 

5. The flux along each rod was integrated with respect to axial length. 
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6. The flux integrals for all six rods were summed. The calibration factor 
(CALIB) was defined as the ratio of the assembly power to the sum of 
integrals. 

7. The heat ratings at thermocouple sites were calculated directly by 

multiplying CALIB times the pseudo reading at that site. 

Because we were handling large amounts of data, these steps were pro
grammed into a computer. The linear heating ratings calculated by this method 
compare within 1.5% to the Halden values when the Halden-quoted assembly power 

is used to establish CALIB. 

TEMPERATURE AND RESISTANCE DATA 

Rather than plotting temperature versus power, we have found it both 
convenient and more revealing to plot resistance versus power, where 

resistance, R, is defined by: 

R = 
Tcenter - Tcoolant 

Power 

The various advantages of this form of data plot are discussed in Reference 
1. In brief, the major convenience is that the relationship of temper-

ature to power can be summarized for a broad range of power by a single num
ber. Furthermore, the curvature of the resistance-versus-power plot is 

correlated to the "state" of the rod, e.g., whether it is in firm contact with 
the cladding. The transition power range from little or no fuel-cladding 
contact to firm contact is easier to determine from a resistance-power plot 
than from a temperature-power plot. 

Resistance data is plotted versus power for all six IFA-513 rods in 
Figures 5-10. The data comes from the first two weeks of operation. The 
least squares-fit curves for the rods are brought together in Figure 11. The 

startup resistance ranges at specific powers for the 230~-gap helium-filled 
rods from IFA-431 and 432 are also noted in Figure 11. The resistances of the 

helium- filled IFA-513 rods are very nearly the same as their counterparts 
from the earlier tests. The resistance variability of these 230~-gap, 
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helium-filled rods is also much less at the high-power, upper thermocouple 
locations than at the low-power, lower thermocouple locations. This is 

probably because there is simply less gap (at power) in the higher-power 
locations. Finally, it appears that the additional helium pressure in rod 2 

does not significantly change its resistance. 

The mixed-gas IFA-513 rods display resistances somewhat higher than the 
helium-filled rods, which is to be expected due to their degraded gas con
ductivity. However, as the following discussion will show, the magnitude of 
the resistance increase is not what would be expected from either simplistic 
assumptions or current NRC computer codes. 

The basis for discussion is Figure 12, which is a plot of resistance data 

taken from selected IFA-431, -432, and -513 rods at the upper thermocouple 
locations at 35.0 kW/m. The abscissa of the plot is the conductivity of the 

fill gas (at power) relative to that of pure helium .. Figure 12 shows upper 
thermocouple resistance data for all of the IFA-513 rods, together with the 
data from Rods 1 and 4 of IFA-431, -432. Rod 1 in each assembly was helium
filled and had a 230~-gap. Rod 4 of IFA-432 had the same gap size but was 

filled with pure xenon. 

The average gap size for the helium-filled rods can be inferred by 
applying the following reasoning (the same as that employed with GAPCON, 

FRAPCON, and other related codes). 

1. With radial heat flow only, the fuel surface temperature TFS can be 
inferred from the relation 

f reenter nf 
KdT = "'-

T 4n 
FS 

where q is the local power {kW/m) and f is the 11 flux depression factor 11 

~0.835 for the annular 10% enriched pellets under discussion. 
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2. The cladding inner surface temperature can be estimated from the relation 

q 

where res• rei are cladding outer and inner radii. respectively, 
hf is film coefficient, and 

Kc is thermal conductivity of cladding at average 

temperature 

3. The gap conductance can now be calculated as 

4. 

5. 

The effective gap size is given by 

Kgas/hgap = deff' 

where Kgas is the gas therma 1 conductivity. 

The physical gap size is given by 

dphys = deff - gl - 92 

where g1 and g2 are the temperature jump distances at the two 
surfaces. 

For an average resi5tance of 2.7 x 10-2 K-m/W, Tcenter = 1185°e at 
35.0 kW/m. The effective gap size is 34.1~m when the assumptions listed in 
Table 3 are used. If we assumed that this gap size did not change, effective 
resistance versus gas conductivity would be reflected by the dashed curve 
plotted in Figure 12. This curve far overpredicts the resistance at low gas 
conductivity. Apparently the gap size at low conductivity is much less than 
the 34~m we assumed. We conclude that the reduction of the gap with 
increasing fuel temperature must be accounted for. 

11 



TABLE 3. Assumptions Used to Infer Gap Size 
From IFA-513 Data 

Item 

Fuel Thermal Conductivity 

Flux depression factor (f) 

Film Coefficient (hf} 

Conductivity of He at rv38QDC 
(hgap} 

Conductivity of Zry·2 at 
"-28Doc (Kd 

T coo 1 ant 

Temperature Jump Distance 
(gj + 92} at "-38D0C for 
He at 0.2 MPa 

Model or Assumption 

Lyons Equation(3} for 
95% To uo2 
BRT-1 Code(4} 

Jens-Lottes Correlation 

Chapman-Enscog,(5) modified 
by Wilke 

Data of Scott(6} 

Halden Standard Operating 
Conditions 

GAPCON-2 Model(?} 

Value 

0.8346 

50 kW/m2-K 

0. 26 W/m-K 

15 W/m-K 

513K 

Thus, we should use a fuel modeling code to estimate the gas effect. The 
results from the NRC code GAPCON-3( 8} are also plotted in Figure 12 for the 
case of no relocation assumed in the calculation. It, too, overpredicts the 
data although not so severely as hand calculations with the simplistic assump
tion of no gap closure. This indicates that both thermal expansion and re
location are closing the gap. The same is indicated by FRAPCON-1. (g_}_ 

TRANSIENT RESPONSE OF THE RODS 

Two types of transients have been performed: a linear power decrease at 

a rate of 0.36%/sec~ and fast power decreases at rates greater than 1.3%/sec. 

We will consider the results of the 11 linear 11 power decrease first. As 
Lanning has stated,(l, 2) the linear power decrease can be used to verify 
steady state resistance trends, at least qualitative_ly, and the cross-check is 

quantitative if the power change is truly linear with time. 
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The normalized cobalt self-powered neutron detector {SPND) readings from 
the first linear power decrease for IFA-513 (run 117) are plotted in Figure 
13, together with the normalized temperatures from the lower thermocouples of 
rods 1, 2, and 6. As indicated in Reference 1, the ratio of temperature and 

power slopes is connected to the resistance-versus-power {R-vs-P) behavior. 
Furthermore, this correlation applies to calculated slope ratios as well, and 
is little affected by the model chosen to make the calculation. Thus, by com
paring calculated and measured normalized slope ratios, we can make a good 

cross-check on the accuracy of the initial thermocouple reading, which is the 
normalization constant. 

Figure 
quite flat. 
be close to 

11 shows the tendency of R-vs-P curves for the thermocouples to be 
Thus, we would expect the slope ratios for the thermocouples to 

1.0. This expectation is confirmed by the slope ratio data re-
corded in Table 4.* 

Rod 

TABLE 4. Results for Linear Power Decrease (Run 117) 
(Power Slope = 0.34%/sec) 

Calculated 
Number Thermocouple 

Measure~ 
Slope Ratio a) Slope Ratio(a,b) 

1 upper 1.06 1.13 
1 lower 1.10 1.05 
2 lower 1.06 1.02 
3 lower 1.08 1.06 
4 upper 1.11 1.17 
4 lower 1.05 1.04 
5 upper 1.05 1.12 
5 lower 1.08 1.05 
6 upper 1.08 1.15 
6 lower 1.00 0.971 

(a) All measured and calculated values have a standard deviation of 0.04 (1cr). 
(b) The calculated slope ratios were gained from inputting the IFA-513 rod 

design, the measured R-vs-P behavior, and the measured Run 117 power 
history to the transient temperature calculator MWRAM, which is described 
in Reference 1. 

*These numbers are "close" to 1.0, relative to the maximum possible range 
for the slope ratio, which is from~0.50 to 1.30. 
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Calculated slope ratios for the various thermocouples are also recorded 
in Table 4. The agreement between calculated and measured values is within 
experimental error in most cases, thus confirming the thermocouple readings. 
There is a chronic trend in the data, however, which is somewhat disturbing; 
the measured slope ratio values for the lower thermocouples are in every case 
larger than the calculated values, while the opposite is true for the upper 
thermocouples. There are at least two possible causes for this: 

• The centrally located cobalt detector may only approximate the change in 
relative power at the thermocouple locations. The actual change in 

relative power may not be uniform along the length of the assembly. A 1% 
discrepancy in the relative power change translates to a 5% discrepancy 
in slope ratio estimation for 20% power drops (1%/20% = 5%). 

• The power change in this run is by no means perfectly linear. This 
reintroduces some model dependency on the calculated slope ratio values. 

The first of these causes is the most likely, and is certainly most like

ly to be apparent in IFA-513 than in the shorter previous assemblies. 

Now let us consider the results from fast power drops. We have found a 
way to plot data from these runs that is both highly revealing as to the 
probable modes of heat transfer in the rod and relatively independent of the 
effective thermocouple time constant. The quantity to be plotted against time 
is -ln(TN-a), where 11 a11 is the ratio of power before and after the step, and 
TN is the normalized temperature defined earlier. 

In the limit of an ideal step decrease and no temperature dependence of 
thermal parameters, calculated plots of -ln(TN-a) versus time are straight 
lines. The slopes of the lines are highly characteristic of the total 
resistance and somewhat sensitive to the partition in resistance between fuel 
and gap. The slopes are totally independent of the thermocouple time 

constant. 

When temperature dependence of thermal parameters is considered, calcu

lated plots of -ln(TN-a) are no longer straight lines. However, the depar
ture of the plots from linearity is characteristic of the heat transfer modes 
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assumed in the model, and the curvatures of the plots have been shown to be 
quite independent of the thermocouple time constant. 

The fact that the 11 fast" power decreases provided by Halden are by no 
means quick, clean, step drops frustrates forming a quantitative statement 
about heat transfer modes based on current data. But qualitative conclusions 

are well confirmed, as will be shown. 

rod: 

Consider for example, two extreme views of heat transfer in the fuel 

Model 1: In this model there are no fuel cracks. This means there are 
no crack-caused impediments to radial heat flow. The con
ductivity is considered to be of the Lyons form( 3) for 95% 

dense uo2• The changes in gap conductance with power are 
assumed to be dominated by the thermal expansion of the fuel 

and cladding, which in turn is related to their respective 

temperatures. 

Model 2: In this model, the fuel has many small and randomly oriented 

cracks. This results in impediments to the radial flow of 
heat, which can be accounted for by a temperature-dependent 

multiplier on the fuel thermal conductivity. The fuel is 
envisioned to be fully relocated to the cladding, so that over 
the range of the power decrease there is little change in the 
gap conductance. The change in resistance with power is pre

sumed to be totally due to the change in effective conduc
tivity, dominated by the crack factor. 

Each of these two models can be adjusted to match a particular R-vs-P 
plot. Once so adjusted, they will produce nearly identical estimates of 
normalized temperature/power slope ratio during a linear power decrease. Thus 
neither steady-state data nor linear power decrease provides much information 
as to which is closer to the real heat transfer in the fuel rod. But these 
models do not produce the same cladding temperatures in LOCA-type calculations 

so it is important to know which is correct. A possible answer can be found 

by examining the fast-drop data. 
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A few days after the assembly was first brought to power, a typical fast 
power drop of 20% in 15 seconds was performed. A plot of the normalized power 
for this case (Run 115) is shown in Figure 14. We will concentrate on the 
data from this run for Rod 6 (23% Xe, 77% He fill gas) since, with its low gas 
conductivity, this rod is the most sensitive to assumptions about fuel cladding 
gap size and gap size changes. 

A plot of -ln(TN-a) is shown for the upper thermocouple location of 
Rod 6 for Run 115 in Figure 15. Also shown in Figure 15 are MWRAM-calculated 
responses using both model 1 and model 2. (a) It is evident in Figure 15 

that model 2 is doing a much better job than model 1 in matching the data 
slope. Figure 16 illustrates this more graphically: the absolute calculated 

versus measured differences are plotted versus time. One should expect a 
rather constant difference (based on equality of curvature) in the time range 

from about 15 to 25 seconds if the model is correct. The information in 
Figure 17 indicates that, if model 2 is retained but the conductance is 
increased to 10.0 kW/m2-K (with corresponding adjustment to the fuel 

conductivity) the agreement is even better. 

The transient data thus indicates that the fuel is in firm contact with 
the cladding (light contact would only produce a conductance of ~2.0 kWtm2) 

and that the effective fuel conductivity is significantly degraded. The 
elongation data for this rod at this time, interestingly enough, shows 
definite pellet-cladding interaction, which further supports the conclusions 
from the transient data. 

Next to be considered is the data from the lower thermocouple of Rod 6. 
The data and calculations of models 1 and 2 are shown in a -ln(TN-a) plot in 
Figure 18. Again we see that model 2 matches the data curvature far better 
than model 1. However, no contact or only light contact is indicated (see 

Figure 19). 

(a) Both tuned to resistance-power (R-P) data for Rod 6. 
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The helium-filled rods are less sensitive to the different assumptions 
about gap size~ but some surprisingly definite concludions seem evident from 
the helium-rod data. First, the lower thermocouples all operated at low power 

and (due to the helium fill) at center line temperatures below 1100°C. In 
these relatively benign conditions the pellets appear to retain enough integ
rity to shrink, such that the gap widens upon power decrease, and model 1 
seems more appropriate than model 2 (Figures 20-23).(a) On the other hand, 

the upper thermocouple location, which operated at center line temperatures in 
excess of 1400°C, appears to have cracked more, making model 2 more appro
priate (Figures 24 and 25). The conductance distinction between light and 
heavy contact is much less for a helium-filled rod than for Rod 6 such that a 

prediction about interaction between pellet and cladding (PCI) is not possible 
on the basis of this data. However all the He rods did evidence PCI on the 
first power rise, as indicated in cladding elongation vs power plots. 

In summary, the linear power decrease does provide confirmation of the 

thermocouple readings--within experimental error. The fast power decreases 
have led to tentative conclusions about fuel structure and heat transfer modes 

which are at variance with current thermal performance modeling, but which 
nonetheless are valid. 

(a) Particularly in Figure 20 (Rod 1) we see that the model 1 difference 
between measured and calculated values is constant, whereas the model 2 
difference continually increases. Again, the more correct model should 
achieve a constant measured-calculated difference. 
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CLADDING ELONGATION AND GAS PRESSURE DATA 

CLADDING ELONGATION MEASUREMENTS 

The total elongation of the cladding is continuously measured by a linear 
variable displacement transducer (LVDT) at the lower end of each rod. The 

rods are laterally supported as they hang in the assembly. Thus, in the ab
sence of coolant temperature changes with power, which might expand or con
tract the stay rods, the LVDT reading should be a direct indication of clad
ding elongation. 

The occurrence of pellet-cladding mechanical interaction {PCMI} can be 
estimated by a departure of the cladding elongation from that expected on the 

basis of cladding expansion alone. Thus, the estimate of cladding axial ex
pansion is an integral part of the analysis of cladding elongation data. 

Because the fuel rod has an axial power profile, cladding elongation can be 
estimated by summing estimates of expansion for various sections of the total 
cladding tube. These calculations are tedious, and therefore, a computerized 
approach was taken: 

1. The computer program developed to test the assembly and local powers was 
used to develop 6-point power profiles of each rod at each 15-minute time 
step of a power ramp. 

2. Previous to the calculation of power, the vanadium SPND readings were 
corrected for time lag by a device recently developed for another 
program. 

3. The peak powers and power profiles and times were input to the GAPCON-3 
computer program (which can handle time-varying axial profiles). The 
GAPCON-3 program was modified to include the MATPR0-10 functions for 
zircaloy expansion. 

Results of this exercise for the first rise to power for the assembly are 
the estimated total cladding presented in Figures 26-30. The solid lines 

elongation due to thermal expansion (~10%). 

gat ion. All rods show some evidence of PCI, 

are 

The dots 
although 

are the measured elan

rod 6 shows the strong-
est elongation. The relaxation of elongation after each power step is also 
evident. 
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The elongation data for rod 1 for the next two power ramps are shown in 

Figures 31 and 32. The zero-power elongation detector reading has shifted 
upward for some unknown reason. Accordingly the calculated estimate of clad
ding elongation is set up to this same point. The measured elongation now 
diverges from the corresponding calculated value for thermal expansion alone. 

The reason for this behavior is not clear, but it repeated in both ramps by 
rods 1-5. The elongation behavior of rod 6 in these two power ramps is shown 
in Figures 33 and 34. Again, there is a scale shift and a diminution of the 
signal, but the slope of the elongation versus time is still greater than the 

slope of expansion versus time, indicating some PCI. 

GAS PRESSURE MEASUREMENTS 

There are two trends of interest with respect to the gas pressure meas
urements: the change in pressure as a function of power and as a function of 
burnup. From the startup data, we only have the gas pressure as a function of 

power. 

We have compared the calculated volumes within the fuel rods to the meas

ured free volume found at Kjeller, and we conclude that the following appor
tionment of the volume (in cm3) holds approximately for all 6 rods: 

Plenum volume (with spring) 2.5 
Gap volume 3.3 
Pressure detector volume 

Total 
3.0 
8.8 cm3 

The decrease in volume of this system going from room temperature to hot 
standby (zero power) at 240°C is negligible. The expected pressure at zero 
power can thus be calculated directly from the ratio of Kelvin temperatures. 

1 x 0.1013 x 533 
= 0.1843 MPa for rods 1, 3-6 

293 

3 x 0.1013 x 533 = 0.5530 MPa for rod 2 
293 
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Halden has adjusted the reported values to match the above, by additive 
constants. In the case of rod 2, the correction is very large (0.20 MPa). 

The relative measured increase in pressure for Ramp 1 is shown in 
Figure 35 for rods 2 and 6. The average increase at full power is about a 
factor of 1.25,with rod 6 increasing the most, as would be expected from its 
higher fuel temperatures. To check the reasonableness of this measured in
crease, GAPCON-3 was run with the IFA-513 design as input. 

The calculated relative pressure increase was 20%, which is fairly close 
to the measured value. 

21 





SUMMARY 

The startup of IFA-513 was generally very successful. Five of the 33 
measurement instruments failed on startup: two upper fuel centerline thermo
couples, two pressure transducers, and one cladding elongation sensor. The 

loss of this instrumentation, however, did not seriously impair the test. 

Initial centerline temperature and power data is highly consistent with 
that from previous tests. The new data emphasizes again the conservatism of 
both FRAPCON-1 and GAPCON-3 with respect to fuel temperatures. Transient 

temperatures from linear power decreases confirm the steady-state resistance 
versus power curves. The transient temperatures from fast power decreases 

definitely indicate higher conductances and lower effective fuel conductivity 
than those presumed by GAPCON-3. 

Cladding elongation and gas pressure measurements are generally following 
expected trends as a function of rod power. 
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