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Abstract

A series of post-irradiation anneals has been carried out on fuel taken from an experimental stringer from
Hinkley Point B AGR. The stringer was part of an experimental programme in the reactor to study Ihe effect
of large grain size fuel. Three differing fuel types were present in separate pins in the stringer. One variant of
large grain size fuel had been prepared by using an MgO dopant during fuel manufacture, a second by high
temperature sintering of standard fuel and the third was a reference, 12/um grain size fuel. Both large grain size
variants had similar grain sizes around 35,um.

The present experiments took fuel samples from highly rated pins from the stringer with local burn-up in
excess of 25GWd/tU and annealed these to temperatures of up to 1535°C under reducing conditions to allow a
comparison of fission gas behaviour at high release levels. The results demonstrate the beneficial effect of large
grain size on release rate of MKr following interlinkage. At low temperatures and release rates there was no
difference between the fuel types, but at temperatures in excess of MOOT the release rate was found to be
inversely dependent on the fuel grain size. The experiments showed some differences between the doped and
undoped large grain size fuel in that the former became interlinked at a lower temperature, releasing fission gas
at an increased rate at this temperature. At higher temperatures the grain size effect was dominant.

The temperature dependence for fission gas release was determined over a narrow range of temperature
and found to be similar for all three fuel types and for both pre-interlinkage and post-interlinkage releases, the
difference between the release rates is then seen to be controlled by grain size.

1. INTRODUCTION

During normal operation the fuel grain size has little influence on the release of fission products.
However, following a period of high temperature operation or extended burn-up, where the grain
boundaries have become saturated with fission gas so that interlinkage of porosity and enhanced fission
product release has been initiated, then it is expected that the grain size will determine the rate of release
of fission products. This effect is due to the reduced grain boundary surface area and the longer diffusion
distance to the grain boundary within a larger grain.

In order to evaluate large grain size fuel in a commercial reactor, an experimental stringer was
loaded into Hinkley Point B reactor. This stringer contained pins filled with standard fuel as a reference
and two types of large grain sized fuel pins, one with MgO doped fuel and the other with a high
temperature sinter fuel. The mean grain size of both variants was greater than 30 microns, whilst the
standard fuel had a normal grain size of around 12 microns. The pins examined had burn-ups in excess
of25GWd/tU.

The PIE fission gas release measurements made on the large grain size pins confirmed that they
had behaved normally during the irradiation, and the fission gas releases were similar to those found in
the standard pins (around 0.15%). The stringer had not been subjected to high temperatures in the reactor,
and on discharge none of the fuel was found to have significant grain boundary porosity.

The present report describes post-irradiation annealing experiments carried out on this fuel, to
determine if the expected reduction in fission gas release rate does occur in these large grain size fuel
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samples during high temperature anneals. The release rate of the long lived rare gas isotope MKr was
monitored from the samples during the anneals. The release rate of this isotope is assumed to be
representative of the stable inert gases released during the experiments.

2. EXPERIMENTAL

2.1 SAMPLES

The samples were taken from three pins irradiated in Element 3 of a CAGR stringer, comprising
a large grain size pin, a standard pin and a doped pin respectively. Each sample was a randomly shaped,
pellet fragment, each had a similar weight and came from a random radial position of the appropriate
pellet. The burn-up of all the samples was 25. lGWd/tU. Table I gives details of the samples used and
the an indication of the initial anneal of each.

2.2 ANNEALS

The anneals were carried out using a shielded furnace capable of reaching 1700°C under controlled
atmospheres. The furnace is described in more detail in Reference [1]. The anneals were carried out in
a flowing atmosphere of 2% hydrogen in helium to ensure that the samples were close to stoichiometric
composition throughout the anneals.

The purpose of the present experiments was to determine the difference in release behaviour of
large and small grain size fuel, so the anneal temperatures were chosen to give significant gas release
during an initial experimental period of a few hours. Initial tests indicated that a temperature of 1410°C
was suitable, but it should be noted that this temperature is lower than that found for similar releases in
previous work with stoichiometric UO2 [1].

2.2.1 Atmosphere determination

During die experiments on-line measurements were made of the oxygen potential of the exit gas
using a solid state, yttria stabilised zirconia oxygen probe operating at 820°C. This device gave a
measurement of ~460kJ throughout the experiments, with no significant variations observed during the
tests. However, because of the low temperature at which fission gas release occurred, gas
chromatography was carried out on the flow gas used in the experiments and an impurity level of 20-30
vpm of oxygen was found. This value for the oxygen impurity level was in agreement with the on-line
measurements of the exit gas oxygen potential. With this atmosphere the sample stoichiometry will not
rise above 2.0001 during the experiments and oxidation is not believed to be significant.

2.2.2 Temperature determination

The sample temperature was monitored using two Pt/Pt-13%Rh thermocouples located in the
sample support tube with the tips approximately 4mm from the sample. The sample was annealed in the
centre of the furnace hot zone which is approximately 90mm long. The furnace temperature was controlled
from a separate W/WRe thermocouple in the windings. Some of the initial experiments experienced
problems with the temperature controller, and the sample hold temperatures fluctuated, by typically 15°C,
around the nominal setting. Later experiments in the series were under manual control and the
temperature variation was reduced to around 5°C.

2.2.3 Sample anneals

In order to determine the behaviour of the differing fuel types, two different series of anneals were
undertaken. For the first the samples were ramped to around 1410°C at 0.PC/sec and held at mis
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temperature for several hours. Subsequently these samples were further annealed at higher temperatures
and in some cases annealed in an oxidising atmosphere of 1 %CO/CO2, to try to achieve 100% gas release
to enable accurate calibration of die gas release during the earlier anneals. The second series of anneals
were carried out using a ramp and hold technique, with steps of around 50°C and hold times of an hour.
The intention of these anneals was to see if there was any differences in the initiation of gas release
between the fuel types. Full details of the anneals are given in Table II.

One final experiment was carried out on sample B4^ following a prolonged isothermal anneal after
the ramp experiment. At tiiis time the sample was releasing gas at a reasonably constant rate, so the
temperature was reduced in 5(fC steps to determine the rate of release as a function of temperature. The

Table I: Sample details, including base irradiation fission gas release measurement.

Sample
identity

Al
A2
A3
BO
Bl
B2
B3
B4
Cl
C3

Initial Anneal

to 1410°C
to 1420°C
Ramp test

CO,
to 1410°C
to 1410°C
Ramp test
Ramp test
tol400°C
Ramp test

Weight (mg)

416.26
470.24
353.97
427.50
243.85
263.76
397.80
369.94

397.55
428.90

Type

High
temperature

sinter

Standard grain
size fuel

MgO doped fuel

Gas release
(%)

0.158

0.107

0.229

Density
(Mg.m3)

10.76

10.65

10.54

Grain size

35-40

11- 14

35-50

Table II: Sample anneals and 85Kr releases.

Sample

Al

A2

B0

Bl
B2

Cl

A3
B3
B4

C3

Atmosphere

2%H,
2%H7

2%H7

1%CO/CO,

i%co/co,
1%CO/CO,

2%H7

1%CO/CO^
2%H2

2%H,
2%H7

2%H,
2%H,
2%H,_

2%H,
2%H7

2%H,
2%H7

2%H,

Temperature (°C)

1410
1420
1502
1230
1300
1340
1670
1350
1410
1410
1515
1390
1450
1506

Ramp
Ramp
Ramp

Ramp down
Ramp

Hold time
(hours)

1.5
62
2.5
15
27
20
5
24
60

12.5
42
15
••3

15

Incremental "Kr
release (%)

10
52
1
10
18
10
61
61
82
72
10
12
2
11

Cumulative KKr
release (%)

10
52
53
54
82
92

61
92
82
72
82
12
14

25

6
22
50
50
6
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temperature hold periods were short and the cumulative release of gas during the experimental period was
small, so that the fission gas profile in the sample is not believed to have changed significantly during the
test.

2.3 BETA COUNTING

Continuous beta counting of the released 85Kr was carried out by monitoring the furnace exit gas.
The system was calibrated by two methods, the first was to pass a known volume of standard ^Kr through
the system and record the cumulative counts for the known quantity of gas. The second method was to
record fee cumulative counts for two samples which were annealed at high temperatures in 1%CO/CO2

to give total release fractions approaching 100%. To compare the two methods, the total 85Kr content of
the samples was calculated from the irradiation history at the time of the annealing experiments
(4.85mCi/gmUO2). The two calibrations techniques were found to be in agreement to within 10% for
samples BO and A2 which were calculated to have released in excess of 90% during the annealing
experiments.

Two further calibrations were carried out during each experiment. One was to ensure that the gas
flow, and hence dilution of the released fission gas, was constant. A fixed flow rate of 15ml/min was
used. The second important calibration was to periodically measure the background counts in the counter
during the experiments. The latter was carried out by switching the gas flows so that clean argon was
passed through the counter whilst the active gas was carried through a bypass line. The background was
found to vary considerably throughout the experiments with the background rising following large releases
of fission gas. The regular monitoring of the background permitted an accurate estimate of the true count
rate to be made throughout the experiments.

The count rates are integrated to give the cumulative release fractions shown in this paper, and
a reasonable estimate of the integrating error due to the background is 20%. This error will be greater
for long anneals with low release rates, and will be a random error. The other major error source, due
to calibration of the system, will be systematic and all the tests will be biased by this error in a similar
manner. The systematic errors are expected to lie within 20%, but will not affect comparative
measurements between the different experiments.

3. RESULTS

3.1 RAMP AND HOLD ANNEALS

The initial phase of these experiments was a ramp to temperature at a rate of 0.1°C followed by
a prolonged hold. The cumulative releases for the first few hours of the anneals for all of the ramp and
hold samples are given in Fig. 1, which compares the results for the standard and large grain size samples.
The corresponding temperature histories are given in Fig. 2. The figures show that gas release is first
detected as the temperature of each sample reaches 1280°C, and that by the time the temperature has
reached 1400°C the samples are releasing a considerable fraction of their gas content. The cumulative
releases observed at the end of the long term hold anneals are shown in Table II.

The major result is that the release from the standard fuel is typically three times the level seen
for the large grain size samples. However the results do not permit discrimination between the release
from sample Cl, the doped fuel, and fee other large grain size samples, Al and A2. This is because there
were small temperature differences (approx 15°C) between these three samples, with the highest
temperature giving the highest release.
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FIG. 1. Fractional release as a function of time. The figure shows the cumulative release for the
first five hours of the "Ramp and Hold" anneals. The dashed lines are a simple diffusive
model with grain sizes ofl2^m and 35/um. The diffusion coefficient, D, is taken as 6.5x10
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Annealing temperatures. The figure shows the annealing temperatures of the samples Al,
A2, Bl, B2, and Clfor the first five hours of the anneals. The origin of the timing is the
attainment oflOOCfC during the ramp to temperature.
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A simple way to analyse the data is to use the diffusive model due to Booth [2], which gives the
fractional release, F, during post-irradiation annealing as:

for F< 0.77 (1)

F = 1 - — expf -TZ2~I for F > 0.77 (T)
•K2 { a2)

where D is the diffusion coefficient, / is the anneal duration and a is the radius of a spherical diffusion
volume. For the present case the radius, a, is taken as 0.75 x the mean linear intercept grain size. Figure
1 also shows Booth release curves calculated for 12/̂ m and 35^m fuel, utilising a nominal diffusion
coefficient selected to approximate to the data. It is clear that the releases are approximated by the model,
which does not include effects of changing temperatures and interlinkage, and it does demonstrate the
magnitude of the expected grain size effect which is comparable to the effect observed. At the longer
annealing times (Table II) the effect of grain size remained, with the large grain size fuel having released
significantly less fission gas than the standard fuel.

3.1.1 Step ramp anneals

The onset of fission gas release was seen to occur at temperatures below the hold temperature for
the long term anneals, so a ramp and hold sequence of anneals was undertaken to allow measurement of
die initial release mechanism. The same temperature ramp rate of 0. l°C/sec was used in these tests, but
hold periods of one hour were used at approximately 50°C steps. The hold sequence was initiated at
1000°C and the samples were held at 128(7C, following five temperature steps, for 16 hours overnight
before the ramp and hold sequence was restarted. The second part of the temperature cycle is shown for
samples A3, B3 and C3 in Fig. 3. A longer hold was carried out at 1440°C, for two hours, as the release
rate was seen to increase significantly during this hold.

No fission gas release was observed during the initial ramps, nor during the overnight hold at
1280°C for the A3 and B3 samples, whilst the C3 (MgO doped sample) did give a small burst of release
at around 1100°C. Continuous release of fission gas was initiated for all three samples on heating to
133O°C and the rate of release increased at each subsequent temperature rise. The release rate curves for
these three samples are given in Fig. 4. It can be seen mat the samples all gave similar releases at the start
of me ramp sequence. The MgO doped fuel sample was the first sample to show signs of interlinkage as
an increasing release rate was observed during the second and third hold periods. Similar increasing
release rates were also observed for the other samples during subsequent, higher temperature hold periods.
These increases in release rate at constant temperature are due to an increase in the fuel surface to volume
(SAO ratio as the fission gas causes interlinkage of grain boundary porosity. Table II notes the cumulative
fractional release from the three samples at the end of die step ramp sequence, and it is worthy of note that
the cumulative releases are lower dian would be anticipated from the results of the long term anneals
described in die previous section.

3.1.2 Fission gas release rates during controlled cooling

Sample B4 was held at temperatures in excess of 1500°C for over 20 hours following die step ramp
test. By this time die release fraction was around 50% and die release rate of fission gas was falling
slowly. It was decided to try to estimate die activation energy of die release process by altering die
temperature and following die change in release rate.

The final experiment was carried out widi die sample temperature first raised to 1535°C, held for
4 hours and men reduced in four steps of half hour hold duration, to 135O°C at which temperature mere
was no further measurable release of fission gas. The integrated release during die lower temperature
holds was less tiian would have been released during an extra 20 minutes at 1535°C. The rate of change
of release at die higher temperature was around 5% per hour, so die change in gas concentration witiiin
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FIG. 3. Temperature of samples A3, B3, andC3. The hold times were usually 1 hour duration
and the ramp rate 0. ]"C/s~'. The samples had already been ramped to 1280'C and held
for 16 hours.
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FIG. 4. Count rate of the A3, B3, and C3 samples during the ramp anneals.
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the sample is expected to have changed by less than 2% during the latter part of the anneal. The results
of the experiment are shown as an Arrhenius plot in Fig. 5 where an extra point has been added to the
diagram by extrapolating the release rate measured at 1515°C.

4. DISCUSSION

4.1 GENERAL CONSIDERATIONS

As noted in the previous section, the releases found from these samples are larger than those found
in similar previous experiments [1]. The enhancement is not only seen in the quantity of gas released, but
the onset of release is also observed to occur at a lower temperature. Typically the temperature for onset
of significant fission gas release under reducing conditions had been found to be around 1500°C compared
with tiie onset temperature of I410°C observed in the present experiments. One possible reason for higher
gas release would be oxidation of the sample [3], but in the present experiments the use of a flow gas
containing 2% hydrogen which was continually monitored would seem to eliminate this possibility during
the anneals, despite the low level of oxygen impurity found. It remains possible that the samples were
affected during the ramp to temperature by the oxygen impurity but the equilibrium atmosphere at
temperature will have been strongly reducing to UO2, and no gas release was observed at temperatures
below 1000°C due to oxidation.

A second possible cause is the effect of burn-up on fission gas release. Such an effect has been
observed for fuel with burn-up in excess of 20GWd/tU, for both reducing and oxidising anneal
atmospheres. The present fuel has a burn-up of 25GWd/tU which is a high burn-up for CAGR fuel, and
it is possible that this has influenced the results. One further influence on the release could well be the
thermal history of the post-irradiation anneal. In these experiments there was rather less release from the
samples from the 'step ramp1 series of tests. For these tests the main difference was a long hold (16 hours)
at 1280°C, a temperature just below that at which release occurred.

2.50-n

2.00-

o

1.00-
5.50 5.60 5.70 5.80

10.000/TEWPERATURE (1/K)
5.90 6.00

FIG. 5. Release rate as a function of reciprocal temperature for the down ramp. The figure
shows the logarithmic release rate during the final stages of the B4 anneal. The fitted line
has a slope of 46OkJImol.
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The post-irradiation annealing of UO2 is best carried out as a comparative study, and as there is
no reference sample of lower burn-up nor an oxidation comparison, it is not possible to further examine
the possible cause of the high releases seen. However the comparisons made between the differing
samples within the study are not expected to be influenced by any such consideration.

4.2 RELEASE MECHANISMS

The results from the 'ramp and hold' tests were presented in Fig 1 as cumulative release plots with
a superimposed fitting of a Booth diffusive release model. It is clear that this model does not adequately
describe the release rates observed in these experiments and attempts to model the total releases with a
single diffusion coefficient were not successful.
The reason for the model failure, particularly the high early release, could be due to release of gas
previously deposited on grain boundaries as the fuel interlinked or be due to a high burn-up effect.
Whatever the reason, the important feature of the results is that there is a consistent and significant
difference in the release rates of the standard and large grain size samples. The difference in release levels
between the two sample types can be well described by a function that is proportional to the inverse grain
size, as would be predicted by a diffusion based model. This result will be independent of all systematic
errors in die calculation of cumulative release, and the comparative values will be accurate to the level of
the statistical counting errors and errors due to the differing burn-ups of the samples. These errors are
believed to be less than 20%.

4.3 STEP RAMP ANNEALS

The problems with analysis of the ramp and hold experiments led to isochronal type experiments
being undertaken. The analysis of the release is again based on a diffusion model, and utilises the
approximate Booth release formula, (Eqn (1)), rearranged to give Dtla2 as a function of F for F <
0.77.

For values of F < 0.1 eqn (3) can be simplified to give

£i - JLF2

a2 36 ( 4 )

Figure 6 shows a plot of F2 against time for the early stages of the A3 and B3 anneals. The slope
of the straight line regions of the plot were measured as were the straight line portions of similar plots for
the other samples and temperatures. The full equation (3) was used in the analysis of samples B3 and B4
when the release was above 10%, and flie right hand side of Eqn (3) was plotted against time. Values of Dtla 2

are derived from the least squares fits and are shown in Table III.

The results in Table in are given only for regions where there was no significant curvature in the
plots, such as arose for sample C3 during interlinkage at around 1400°C and the early part of the 1430°C
anneal of sample B3. These values of the effective diffusion coefficient, Dla 2, are plotted in Fig 7.

Examination of Figure 7 shows that the data fall into three roughly parallel sets and the figure
gives an indication of the slope of the data with lines of slope 75,000K superimposed on the data. The first
set is at temperatures below 1400°C where there is no difference between the large and small grain size
samples. The other two data sets show a clear distinction between the different grain sizes. The
explanation is due to the interlinkage phenomenon, and the low temperature release comes from a small
surface area of the fuel and is not affected by grain size or dopant. Following interlinkage the effect of
the grain size is seen and the effective diffusion coefficient is an order of magnitude larger for the small
grain size samples.
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Table III: Effective diffusion coefficient calculated from 85Kr release curves.

Temperature (°C)

1325
1335
1355
1370
1390
1400
1430
1475
1500
1475

Calculated value of D/a2 from measured slope of F2 against time (1010sec')
A3

0.303
-

1.06
2.30

-
93
243
510

-

B3

0.23
-

0.803
-

2.43
-

1500
1960

4800 (Eqn 3)
2050 (Eqn 3)

C3
-

0.90
-

not linear
not linear

-

85
190
390

-

B4

_

-

0.17
-

-

560
1500
3600

4500 (Eqn 3)
-

10

9

T
2

to

3-

2-

1-

24.40 24.80 2&20 25.60 26.00 26.40
Jim. OF ANNEAL (HOURS)

26.80 27.20

FIG. 6. Squared cumulative release from samples A3 and B3. The squared cumulative release
is shown for three hold periods. The dotted line is a least squares fit to the hold period at
137(TCfor sample A3.
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FIG. 7. Effective diffusion coefficient as a Junction ofreciprocal temperature. The figure shows
the effective diffusion coefficient (D/a2) calculated from the fits to the squared cumulative
release curves of the step ramped samples. The dotted lines have a slope equivalent to an
activation energy qf64OkJ/mol.

Despite the comparatively small temperature range available it is possible to measure the activation
energy of the effective diffusion coefficient if the data from the large grain samples are grouped togemer
at high temperatures and all the samples are grouped at the lower temperatures. The results give high
values for the activation energies, which are presented as equivalent temperatures. For the pre-interlinked
data the best fit is given as 85,000K, at the higher temperature the large grain size sample fit is 60,0OQK
and 50,000K for the standard grain size samples.

4.4 FISSION GAS RELEASE ON COOLING

The final experiment of the series measured the fission gas release rate during a step cooling ramp.
The basis for die analysis is the diffusion equation:

J = - D VC (5)

where J is the flux of gas atoms across the surface of the diffusion volume and C is the concentration of
gas atoms within the volume. The experimental measurements of release rate at 1535°C show a change
of less than 2% within the time scale of the experiment. The assumption is therefore made that VC is
constant during the cooling time. With this assumption tiie release rate is then proportional to the diffusion
coefficient and the temperature dependence of D can be determined from Fig 5. The best estimate of the
activation temperature from the figure is 55,000K.
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5. EFFECT OF GRAIN SIZE ON RELEASE OF 85-KRYPTON

The results of the experiments carried out on the large grain size samples, whether doped or not,
show a reduced release rate of fission gas compared to the standard material once interlinkage has taken
place. Long term isothermal anneals show cumulative releases that are one third of those observed from
standard fuel, and measurements of the effective diffusion coefficient between 1400°C and 1500°C show
an inverse dependence on grain size, with no difference in activation energy. The best estimate of the
activation temperature for diffusion in this temperature range obtained from all the data is 55,000K with
an uncertainty of 10,000K.

There is no effect of grain size on the release rate at temperatures below 1300°C where release
is arising from the geometric sample surface area and interlinkage has not occurred.

There is a difference in the behaviour of the MgO doped fuel during the ramp anneals. This
sample started to show signs of interlinkage, as shown by the increasing release rate at constant
temperature, at lower temperatures than the two undoped samples. At intermediate temperatures around
1350°C the doped sample was releasing gas at the highest rate. Similar early interlinkage and lower final
release of fission gas has been observed previously with chromia doped fuel during irradiation [4].

The high temperature sinter samples did not show this early interlinkage, and the onset of
enhanced release was seen at the same temperature as the standard sample. The difference between this
sample type and the standard reference seems to be solely one of grain size.

5.1 EFFECT OF MEASUREMENT ERRORS ON THE ANALYSIS

A major problem with post-irradiation annealing experiments is the calculation of absolute release
values from integrated release rate measurements. Calibration of the counting system is a source of
possibly serious systematic error and long annealing times with low release rates can be vulnerable to small
errors in the background determination. For the present experiments the maximum release measured is
92% following an anneal at high temperatures in an oxidising atmosphere. This result limits the maximum
underprediction error in the measurements to around 10%, but overprediction error is harder to establish
and could be greater. The analysis is based on finding the slope of a function of F2, which will double
any measurement error in the determination of a diffusion coefficient.

A further problem arises when a burst of gas is released due to some non-diffusive mechanism, for
example sample cracking. The consequent cumulative fractional release will be systematically in error
by an additive constant. An example of this problem is seen in the low temperature measurement of the
effective diffusion coefficient of sample C3. This sample gave a small burst of release during heating but
gave releases identical to the other samples at 133O°C. The inclusion of the burst release fraction has given
rise to an effective diffusion coefficient x3 higher than the other samples, as shown in Figure 20. This
problem becomes less significant as the cumulative release rises.

Fortunately, despite the potentially large errors in the determination of absolute values for the
effective diffusion coefficients, the technique of post-irradiation annealing is capable of accurate
determination of relative values. The systematic errors drop out of the determination of activation energies
(relative temperature measurements) and the effect of grain size (relative release rate measurements). The
reliability of the comparative measurements in this paper are therefore limited only by tiie small random
errors of the counting system and other random errors in the determination of the physical properties used,
for example mass, burn-up and grain size. These errors are calculated to be below 20%.

6. CONCLUSIONS

The release of fission gas from high burn-up CAGR type fuel is inversely proportional to the grain
size once interlinkage has been established. This dependence, derived from a diffusion based model of
gas release, holds even when the releases cannot be simply explained by a single diffusion coefficient.
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The temperature dependence of release rate is the same for the three sample types within the
experimental errors and is found to be 55,000K for interlinked fuel, corresponding to an activation energy
of 460kJ/moIe. The temperature range for which this activation temperature was found is 1535-1400°C
for the reference fuel and 1430-1500°C for the large grain size fuel.

Before interlinkage had been established in the fuel the releases of fission gas from three fuel types
were indistinguishable.

The MgO doped fuel interlinked at a lower temperature than either the reference fuel or the high
temperature sinter fuel. There is therefore a range of conditions for which this fuel type releases gas at a
higher rate than standard fuel.
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