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Abstract. A summary of the DR3 reactor and HPl rig design is
given followed by a detaiiled description of the calculation
procedure for obtaining linear heat rating and burn-up values
of fuel pins 1irradiated in HPl rigs. The calculations are
carried out rather detailed, especially regarding features
like end pellet contribution to power as a function of burn-up,
gamma heat contributions, and evaluation of local values of
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1. INTRODUCTION

The research reactor DR3 at Ris¢ has now been used during more
than ten years for irradiation of test fuel pins manufactured
at Ris¢g. As it seems still more important to obtain accurate
power histories for the irradiated assemblies, e.g. in case of
high burn—-up rods and power ramps, the procedure for power
evaluation has been revised. This report presents the currently
used procedure.

A summary of the reactor and rig design is given. Then follows
a detailed description of the calculation procedure for ob-
taining the linear heat rating and burn-up of the fuel pins.
These calculations involve some more details than previously,
especially regarding features like end pellet contribution to
power as a function of burn-up, gamma heat contributions, and
evaluation of local values of heat rating and burn-up. Included
is also a description of the existing fast flux- and cladding
temperature calculations.

2, EXPERIMENTAL CONDITIONS

2.). Reactor design and operation

The DR3 reactor, shown in Fig. 1, is a 10MW(th) research reactor
moderated and cooled by heavy water. The core consists of 26
vertical fuel elements, each compose . of concentric fuel tubes.
Each fuel element initially contains highly enriched U=-235

(120 or 150 g) alloyed with and clad in aluminium. The fueled
length (i.e., the reactor core height) is 610 mm. A 50 mm
diameter hole in the center of the fuel element may accomodate
an irradiation rig,



The reactor core and heavy water are contained in an aluminium
tank of 2 m diameter. Vertical and horizontal test holes of 100
and 175 mm diameter are located in the radial Dzo reflector.
Outside the aluminium tank is a 300 mm graphite reflector with
100 mm vertical test holes.

The reactor is controlled by means of cadmium absorbers. There
are seven coarse control arms and one fine control rod. The
coarse control arms move like signal arms between the rows of
fuel elements. The fine control rod and two safety rods are situ-
ated in corners of the core.

The normal reactor cycle comprises 2 Ms (23% days) at full reac-

tor power and 0.4 Ms (4% days) shut-down for exchange of exper-
iments and maintenance.

2.2. Irradiation rigs

Two rig types named HPl and HP2 have been developed.

Cooling of HP1l rigs is performed by a cooling jacket connected

to a special light water experiment cooling system, while cooling
of HP2 rigs takes place through the reactor primary heavy water
coolant circuit. This report only deals with irradiations in

HPl rigs.

The HP1l type rig is designed for operation in the hollow fuel
elements. The HP1l-MK II rig - Fig. 2 - has an aluminium alloy
pressure vessel permitting operating pressures up to 8.2 MPa.
The fuel pin is surrounded by a special 2r disc arrangement,
acting as a flow guide for the primary cooling water. The heat
developed in the fuel pin is transferred by local, natural con-
vection to the pressure vessel wall. The pressure vessel is
cooled by a secondary cooling jacket; the secondary cooling
water flow rate and temperature rise are measured continuously,
permitting an accurate determination of the total rig thermal
output,



The HP1-MK III rig - Fig. 2 - has a 2Zr pressure vessel permit-
ting operating pressures up to 15.3 MPa. The fuel pin is sur-
rounded by a concentric riser tube. The primary cooling water
circulates upwards along the fuel pin by natural convection and
reverts outside the riser tube, where the heat is transferred
through the pressure vessel wall to the secondary, metered
coolant flow.

2.3, Outpile systems

The irradiation rigs are serviced by outpile systems as illus-
trated in Figure 3. A small flow, about 103 mm3/s is continu-
ously taken from the primary coolant for cleaning in an ion
exchanger and then returned to the rig. Downstream from the

rig, this flow passes a radiation monitor, which also serves as
indicator for fuel pin cladding failure; the calculated flowtime
from fuel pin to monitor is ~ 360 s. One outpile system can
service up to four rigs in series. The primary coolant system

is pressurized by mecans of He. In PWR-type irradiations, the pH
is increased by addition of a predetermined N, + H, mixture to
the He cover gas, thereby obtaining an N2 + 3H2 : ZNH3 equilib-
rium. Typical levels of conductivity and pH of the primary cool-
ant are as follows:

Condition BWR PWR
Conductivity (uS/m) 50 1200
pH 5.8 10

As a result, only very thin surface deposits have been observed
on fuel pins even for irradiations lasting several years. These
deposits are easily removable in the hot cells. No firmly ad-
hering crud layers have been observed.



2.4. Fuel pin assembly

An irradiation test usually consists of one, two or three fuel
pins inserted as a whole assembly into the irradiation rig, (see
Figure 4). A full-length pin ("maxi®) normally has a fuel stack
length of 500 msm; half-length ("midi®", 210 mm) or third-length
(*mini®", 128 mm) pins are screwed together axially, using 2r
dusmy pins as required to make up the length corresponding to a
maxi pin. The whole assembly is screwed onto a lifting rod (SS
tube), suspended from a flange on the rig top. The bottom pin
has a short nose piece fitting into the centering hole in the
bottom of the rig pressure vessel. Pins longer than "maxi* can
be accomodated geometrically by shortening the lifting rod; the
upper part of the pin will then see lower neutron flux levels,

It is easy to remove a test from a rig during a shutdown and
insert a new irradiation experiment. A movable lead box can be
placed above a rig and a test pulled up for visual inspection.
A test with intact cladding can be taken to the Ris¢g Hot Cells
in a shielded transport flask that will accomodate up to four
tests at a time. After nondestructive examination, a test can
be returned to the reactor for continued irradiation; pricr to
reassembling with a 1lifting rod the combination of individual
pins may be changed as required. A failed fuel pin is unloaded
from the reactor while remaining in the rig; the rig is then
transferred to the hot ceils and the fuel pin unloaded.

3. DETERMINATION OF RIG POWER

3.1. Calorimetry

The rig power is calculated from measured flow and temperature
rise in the se~ondary cooling water:

QIRIG] = p « ¢y « C - AT, Watt (1)
P



wvhere: ¢ = density ’ kg/-3
V = flow ., m3/s
Cp = specific heat » J/kg/K

AT = temperature rise , K
The flow measurement is made by means of the pressure drop over

an orifice and the temperature rise is measured by differentially
coupled Chromel-Alumel thermocouples in inlet and outlet.

3.2. Flux proportioning

For prediction purposes, estimates of rig power values can be
ocbtained from neutron flux calculations (refs. 1,2) briefly to
be described here.

For a given core position the mean thermal flux depends upon the
content of U-235 in the surrounding driver element and the total
content of U-235 in the core. At a reactor power of 10 MW and
for a core content of 2485 g U-235, ¢[TH,CURVE,10 MW] is given
in Figure 5, where the content of U-235 in the driver element at
the beginning of the period and the position group are par-
ameters. The thermal mean flux is then proportioned to the actual
core content of U-235 (X g) using the expression

, 2485
X

¢[TH, 10 MW] = 3[TH, CURVE, 10 MW] (2)

At reduced reactor power (Y MW) the mean thermal flux is calcu-
lated from the eyuation:

$imH, v MWl = 3(H, 10 mi] - I B¥ (3)
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3.3. Reactor power

During start-up and operation measurement of the thermal flux by
an ion chamber (MRLR-signal, Multiple-Range-Linear-Reccrder) is
used for reactor power control.

The total heat output of the core is-measured calorimetrically
with stationary temperature conditions in the reactor. After
correction of the measurement for the power added by circulation
pumps this calculated reactor power is used for calibration of
the MRLR signal.

4., EVALUATION OF TEST PARAMETERS

4.1, Heat rating and burn-up

The heat balance of a rig with a test fuel assembly during ir-
radiation is shown in Figure 6. The total amount of heat gener-
ated (Q[RIG]) is removed by cooling water and determined calor-
imetrically as described in section 3.,1. Heat is generated in

the test fuel from fissions (31.4 * 0.3 pJ/U235 fission and

32.4 £ 0.3 p3j/Pu239 fission, see Appendix B). The gamma field

from surrounding fuel elements induces heat in the various
assembly- and rig components, the amount depending upon irradiation
position in the core and core power.

Evaluation of burn-up distribution and heat rating is based upon
Q[FISS] as shown in Figure 7, which gives a general view of the
sequence of calculations leading to a desired resulting value.
Q[FISS], which is the power due to fissions in the fuel, is found
from

Q[FIss] = QIRIG] - Qlvy] . (7)



- 11 -

Qly] is determined from
Qlyl] = (Qly,FUEL] + Q[Y,METAL] + Q[Y,LIFT.ROD]
+ Qly,RIG MAT'LS]) - CPF (8)

Qly,FUEL] is the product of fuel weight W[FUEL] in the‘test fuel
assembly and the specific gamma heat G[Y,FUEL] relevant for the
actual irradiation position at a core power of 10 MW (Table l);
Qly,METAL] is the product of the weight of metal parts, W[METAL],
constituting the assembly, i.e. tubing, plugs, coupling pieces,
nose cone and in some cases dummy pins,and the specific gamma
heat G[y,METAL] relevant for the actual irradiation position at
a core power of 10 MW (Table 1).

Ql[y,LIFT.ROD] is estimated to 50 W at a core power of 10 MW.
Qly,RIG MAT'LS] is the experimentally measured heat output of
the rig without the test fuel assembly minus the power generated
by gamma absorption in the water column replacing the assembly

Qf{y,RIG MAT'LS] = Qly,RIG] - Q[Y,HZO] (9)

Qly,RIG] and Q[Y,Hzol are found for the relevant irradiation
positions from Table 1 and apply to 10 MW core power.

CPF is a correction factor to be applied for core power # 10 MW,
as the gamma field in the core is assumed to vary linearly with
core power,
Q[FISS] may thus be calculated from

Q[Fiss] = QIRIG] - (Q[Y,RIG] - Qlv,H,0] + QlY,LIFT.ROD] +

Qly,METAL] + Q[Y,FUEL]}) + CPF (10)

QI[FISS] is a measure of the fission rate and may therefore be
used directly in the calculation of the burn-up distribution.
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As for the heat rating calculations, the total amount of heat
transported in the fuel material, Q[FISS] from fission plus
Q[Y,FUEL] from absorption of gamma radiation from the external
field, has to be considered.

The heat rating P[FUEL] may therefore be written in the general
form

P[FUEL] = P[FISS] + P[Y,FUEL] + COF (11)

In cases, where the heat rating values are to be used in hy-
draulic calculations, the heat transport to the cooling water
also involves the heat due to absorption of gamma radiation from
the external field in the cladding tube material.

4,1.1. End pellet effect

The ratio RP[E/C] between fission densities of end pellets with
initial enrichment E% and central pellets with initial enrich-
ment C% varies with burn-up because of different rates of Pu
build=-up.

Reactor physics calculations of RP[E/C] as a function of burn-up
of the enriched pellet, BUIC], has been carried out for two en-
richment combinations E/C = 0.71%/1.5% and E/C = 0.71%/2,28%
(Appendix 1).

Because other combinations of enrichments are encountered there
is a need to extend the calculations to an arbitrary combination
of low enrichments.,

The following calculation technique is based upon the assumption
that the fraction of the total number of fissions in the driver-
element plus test fuel, which occurs in the test fuel pellets

at an arbitrary infinitesimal time interval, is a linear function
of the initial enrichment of the pellets.

From Table 1, Appendix A, an approximated linear function is
derived for each of the irradiation times 0, 30, 60, 120, 180,
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240, 300, 360 and 420 days:
%8 fission = F(enrichment) _ (12)
The functions are plotted in Figure 8.

Similarly for each irradiation time the approximated linear
function

Burn-up = F(enrichment) (13)
is derived. The functions are plotted in Figure 9.

From these figures, nine values of

_ % Fiss[E%]

RP[E/C] = 5§Tssics]

(14)

as a function of BU[C] may be derived for the arbitrary enrich-
ment values E = @ and C = 2 in the following way:

From Figure 8 (% fission [#]) and (% fission[2]) are found for
each value of irradiation time and

_ % Fiss[@s]
Rlo/2] = S FiSS[2%]

(15)
is calculated.

From Figure 9 BU[Z] is found for each of the corresponding ir-
radiation times.

In this way nine corresponding values of RP[@/Z2] and BU[Z] are
obtained.

To obtain a mathematical expression
RP[E/C] = F(BUI[C]) (16)

the curve points are fitted with an expression of the general
form
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y=a- xb +c,vy 2 1l (17)

When y according to this equation is found > 1, it is set equal
to 1, as RP{E/C] cannot exceed 1 when end peaking effects are
neglected.

For BU[C] values obtained in irradiation times between 0 and
30 days a linear function is used.

Expressions have been formed for the two combinations of enrich-
ment of Appendix A, 0.71%/1.5% and 0.71%/2.28%, and the calcu-
lation technique described above has been used to make ex-
pressions valid for the enrichment combination 2.28%/3.16%.

Values of a, b and ¢ are given in Table 3 together with burn-up
limits of validity.

4,1,2, Calculation of assembly values

The average assembly fuel heat rating is

Q[F1ss] + Q[y,FUEL] - CPF

P[FUEL,ASS'Y] = LI{FUEL]

(18)

The accumulated burn-up at any time is the sum of burn-up in-
crements - BUI[ASS'Y] - from preceeding irradiation periods:

_ [FISS,i] « IT[il]
BU[ASS'Y] = i WIFUEL, ASS'Y (19)

The heat rating due tc fission in central pellets alone is im-
portant for later calculations leading to local values.

The heat load of enriched pellets is

= Q[FISS]
P(FISS,C] = 1RSS5y, cT + LIASSTY,E] - RPIE/CT ’ (20)

where RP[E/C] has o be calculated by iteration with

p[FIssS,c] ¢« L[FUEL,C] « IT (21)

BUI[ASS'Y,C] = W[FUEL,C]
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'and

BU[ASS'Y,C] = ¥ BUI[ASS'Y,C,i] (22)
i
BU[{ASS'Y,C,i~1l] is used for a first calculation of RP[E/C]
(section 4.1.1.).

With this preliminary RP[E/C] value in equation (20) a preliminary
P[p1ss ,C] is obtained which can be used for calculating

Re[E/C] = a (BUlAss'Y,c,1] + Blassty,c,ihP + ¢ (29

according to egs. 17,21 and 22 (a, b and ¢ to be chosen according
to BU[C], see Table 3).

A new RP value based upon the improved RP-value of equation 23
is used for determining an improved P[Fiss,C], etc.

The iteration is continued until subsequent values of RP[E/C]

differ by less than 10-3.

4,1.3. Calculation of local values
The distribution of heat rating and burn-up within an assembly

is based on gamma scans. Because of the increase of RP[E/C] with
burn-up scanning curve areas corresponding only to central
pellets are used.

Cs-~137 scans are normally used, but may in special cases be re-
placed by scans of other isotopes.

Because gamma scans represent an integrated number of fissions,
axial depletion effects and flux shape changes contribute to

the measurement with their time averaged effect. Thus, the heat
rating and burn-up distributions will not be fully correct. A
comparison of scans of long~lived isotopes with those of short
lived isotopes indicate, however, that the error is less than
5%, In cases where drastic changes in flux shape are expected,
e.g. where assemblies to be ramp tested are moved from their
preconditioning irradiation position to the ramp position, inter-

o
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mediate gamma scanning is carried out. The scanning curves thus
obtained are used for the distribution calculation corresponding
to the pre-ramp irradiation. After ramp-testing scanning on
short lived isotopes, e.g. Ba/Lal40, vields the scans wvalid for
distribution calculation corresponding to the ramp situation.

Figure 10 shows a typical schematic gamma scan shape for three
pins constituting an assembly. The sum of the three hatched

curve parts is equivalent to the integrated number of fissions in
the enriched pellets.

The average height H[C] of the three curve parts over the hatched
area therefore represents the average linear heat load of en-
riched pellets P[ FISS,C], as calculated in section 4.1.2.

The heat rating at an arbitrary axial position of enriched
pellets may be calculated from the coivesponding gamma scan
height H[X], using

H

Lasml

X]

P[FUEL,POS X] = - P[F1ISs,c] + P[Y,FUEL] - CPF (24)

e

The burn-up in the position is found from BU[ASSY,C], (section
4.1.2.) as

BU[POS X] = %%-} » BU[ASS'Y,C] (25)

The determination of heat rating and burn-up of an end pellet
(pos.y) necessitates calculation of BU[POS X] for all preceding
irradiation periods for the adjacent enriched pellet in pos.x.

With

BU[POS X] = BU[POS X,i-1] + BUI[PO? X,1) (26)

RP[E/C,i] for the pellet pair is similarly determined according
to section 4.1.1l., whereupon

H[X]

p [FUEL,POS Y] = Atlc

- p[rISs,c] - RP[E/C]+ P[Y,FUEL] * CPF
(27)
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and

BU(POS Y,i] = Z BUI[POS X,il + rRe[E/C,i] (28)
i

4,1.4. Calculation of pin average values

Calculation of pin average values may be carried out easily,
provided that

PIE,PIN X] _ PIC,PIN X] (29)
PIE,PIN Y] PI[C,PIN Y]
at any period in time during irradiation.

This is usually the case when the pins of an assembly are iden-
tical and the flux profile is flat.

The ratio é%%é%l between the gamma scan are corresponding to
the eiriched pellets of pin 2 and the sum of these areas for all

pins in the assembly may then be used to distribute Q[FISS]
among the pins to give P[FUEL,PIN]:

__ QlF1ss]-alz,cC]

P[FUEL,PIN Z] = iT%ﬁEET?Tﬁ—ETfETET (30)

and for BUIPIN.Z]
= [FIss,i]-IT[i] , AlZ,C]

BU[PIN 2] = i Q—W[ﬁm —Aréj— (31)
1f

P[E,PIN X] P[C,PIN X]

PIE.PIN ¥] * PIC.PIN YT (32)

the calculation of pin average values requires the calculation
of Q[FISS,E,PIN 2] from

Q[PISS,E,PIN 2} = P[FISS,E1,PIN 2] « L[FUEL,E1,PIN Z] +
P[FISS,E2,PIN 2] + L[FUEL,E2,PIN Z] (33)

and Q[F1sSs,C,PIN Z] from
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Q{Fiss,C,PIN 2] = Q{Fiss,C] - éﬁ%é%l (34)
- QIFISS,C,PIN 2]+ Q[FISS,E,PIN 2]
P(FUEL,PIN 2] Q'—“x’:rmT,ﬁ%—ﬂ—’—'—'— +
p(y,FUEL] - CPF (35)

Similarly for the burn-up

_ (QIFISS,C,PIN 3,i]+Q[FISS,E,PIN 2,i])-IT(i]
pofery 2] = P

(36)

4,2, Fast flux

The fast flux in a fuel element position depends on the distance
of the position from the core center and on the U235-content of
the fuel element in the position. Actual flux levels are obtained
from activation of a Ni-wire, which is used as a monitor for
neutrons with energies in the range 0.016-1.,160 pJ (0.1-10 MeV)
and with a maximum at 0.320 pJ (2 MeV), see ref, 3.

The actual fast flux levels in the fueled length of the

cladding are obained ass follows:

From Pigure 5 (lower part) the fiux level for a given position
is found taking into account the U235 content in the driver ele-
ment; this flux level applies to the driver element position
without a rig, and is jindependent of the total U235-content in
the core,

It must be corrected by the flux contribution from fissions in
the fuel inside the cladding (ref. 1ll).
For pins with 12,7 mm fuel diameter and 1.5% enrichment:

bg = by 5 % 1.64 (37)

For pins with 9,3 mm fuel diameter and 3.2% enrichment:

bg = bpyqg.5 X 2.02 (38)
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4.3. Cladding surface temperature

Subcooled boiling on the cladding surface begins at surface heat
fluxes around 500 kw/m2 (slightly different for BWR and PWR
pressures, in both cases corresponding to about 20 kW/m). Above
this level, the cladding surface temperature is given as the
coolant saturation temperature minus a depression (estimate:

4 K) due to dissolved He, plus the wall superheat obtained from
the Jens and Lottes equation (ref. 4). The 4 K estimate of de-
pression corresponds to an assumed 50% saturation of He. The
equations used at BWR (7.2 MPa) and PWR (15.3 MPa) system press-
ures are as follows:

At 7.2 MPa:

T = 554 + 1.45 x @0*23 (39)
and at 15.3 MPa:

T = 610 + 0.40 x @°*2% , (40)

giving temperatures in K, when Q, the surface heat flux, is
given in kw/mz.

4.4. Comparison of calorimetric and radiochemical burn-up

determination

The accuracy of the calorimetrically determined local burn-up

may be found by comparison with the chemically determined burn-
up values. Burn-up values are given in refs. 6 and 7, where cor-
rections are applied - except for one case - for difference in en-
ergy per fission and for difference in fission yield of the burn-

up monitor Ndl48 for fissions of J and Pu,

The standard deviation of the experimental burn-up is 2,.2%
(ref. 5).
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The results are compared in Table 4, where an excellent agreement
is found for four of the five cases. The relatively large devi-
ation for the last case may be attributed to the absence of the
necessary data for making the above mentioned corrections.

5. CONCLUSION

The calculation of linear heat rating and burn-up of test fuel
pins in HPl rigs, irradiated in DR3 at Ris¢, has been described
in detail together with the calculation of fast flux in the
cladding and the cladding surface temperature.

A good agreement between measured and calculated local burn-up

values has been found. This gives confidence to the detailed
treatment of the data.
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Table l. y-Capture Constants.,

Values at 10 MW Core Power

! Qfy,RIG]  a) | Q[Y,H,0] b)
rradiation oly,LIFT.ROD]|G(Y,METAL] |G[Y,FUEL]
Irradiation group HP1,Mk II |HP1,Mk III |BWR |PWR c) c) c)
Jposition position Lw kW kW XW KW W/g W/g
3 c4 1 6.8 8.4 1.49 1.93
3 B4 D3 D4 2 6.1 7.7 1.30 1.68
2 C5 3 5.6 7.1 1.16 1.49
2 B5 D2 D5 4 5.1 6.5 0.20 |0.,11 |0.05 1.03 1.32
2 A3 E2 E3 5 4.7 6.1 0.94 1.22
1 A4 Cl C6 El E4|6 4.2 . 0.80 1.03
Bl B6 D1 D6 7 3.9 4.9 0.74 0.95
a) Ref. 10
b) Ref. 9
c) Based on refs. 3 and 8

-2 -
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Table 2. VWeight of assembly details.

W[COUPLING PIECE]
q

W[NOSE PIECE]

(PWR)

14 m= 0.D. 15.3 5.0
(BWR)
10.7 | OUD- ‘.' 3.8
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Table 3. Numerical constants and burn-up limits for
RP[E/C] = a + BU[CI® + c.

E/C a b c BUIC] limits
GJ/kg U

0.71%/1.5% | 1.12-1073 |1 0.552 0 - 70
0.3743 0.1242 | o 70 - 3013
1 0 0 3013 - «

0.71%/2.225| 8.80-1074 |1 0.40L 0 - 92
0.1916 0.2033 | 0 92 - 3387
1 0 0 3387 - »

2.28%/3.16% | 1.70-10"% |1 0.750 |0 - 121
0.504 0.0818 | 0 121 - 4342
1 0 0 4342 -~ o
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Table 4. Comparison of local burn-up values.

Pin/sample|Locaticn | Exp.BU,GJ/kg U Calc.BU,Gg/kg U Rel.diff,J

PA29-4/3 central 4011 3997 +0.4
PA29-4/6 end 3388 3402 -0.4
M2-2C/4 central 3591 3586 +0.1
M2=-2B/5 central 2327 2335 -0.3

M20-1L/4 central 2797 2659 +5.2
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Fig. 7. Calculation of test values



- 34 -~

A% FISSION 36.3 Ms
/

31.1 Ms
ff——fffa4f—/ﬂfa—f4——//r//a/r——fa’f”””’.25£3h45
- 20.7 Ms

15.6 Ms

’ 1Q£Ms
5.2Ms

2.6 Ms
/ o

! ! 1o
1.0 2.0 3.0 ENRICHMENT %

FPig. 8. 3 fission = F (enrichment, irr. time)



- 35 -
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Fig. 9. Burn-up = F (enrichment, irr. time)
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Position i i i i i i
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//// /// / /////
Pin 1 Pin 2 Pin 3

Top end of pins are to the left.

Fig. 10. Tvpical schematic gammascan shape for 3 nins
irradiated together,.
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APPENDIX A

POWER RATIOS FOR DIFFERENT ENRICHMENTS AND PELLET DIAMETERS

F. He¢jerup, T. Petersen
Reactor Technology Department, Ris¢

When a fuel pin with low enrichment is placed in the centre of
a highly enriched fuel element it may be assumed that the
neutron current into the fuel pin is determined essential by

the properties of the highly enriched fuel element. Thus the
current into the fuel pin will be constant along the entire
length of the pin even if it consists of fuel pellets with
different enrichments. The approximation may be expressed as

za¢ = constant, where ta is the average absorption cross section
and ¢ the average flux of the fuel pin.

According to the approximation there is no axial coupling
between zones of different enrichment in the fuel pin. The
power/cm of a zone in the fuel pin may be calculated as the
power/cm in an infinite cylinder having the same geometric cross
section as the fuel pin and fuel element. The ratio between the
power of zones of different enrichments in the fuel pin may
therefore be found as the ratio between the pin powers determined
in two such calculations wheie the pin enrichments have the
appropriate values.

The ratio between the power density in fuel pellets made from
natural vo, and 1.5% enriched vo, has been calculated. The result
is Pnat/Pl.St = 0.55. This is in good agreement with the result
obtained from a y-scan on a fuel pin made from 1.5% enriched
pellets and end pellets made from natural uranium. The burn-up

of the pin was small: ~ 0.7 GJ/kg U (8 MWd/tU).
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Since za¢ will scarcely be affected by changing the radius of the
fuel pin within reasonable limits, the results may also be used
for othe. pin radii.

By the use of the described method for calculating the power
density the ratios Pnat/Pl.S% and Pnat/PZ.ZB% are calculated.
The results are given in Table al.



Burn-up of

$ Fissions in

Time nat., U 1.5% enrich. U|2.28% enrich.u 1.5% |2.28%|Pnat |Pnat
Ms |days |GI/kg U|MIA/tUIGI/kg U|MWA/tU |GI/kg U|MWd/tU [nat.U|enr.U{enr.U|P1.5%|P2.28¢
0 0 0 0. 0 0 0 0 3.69 |6.68 |9.20 [0.55 |0.40
2.6 |30 |as 517 70 813 92 1062 |4.87 |7.69 |10.06]0.63 }0.48
5.2 |leo |02 1170 151 1746 [193 2230 |6.13 |8.79 |11.03|0.70 |0.56
10.4|120 |258 2991 |352 4078 |431 4993 |8.49 |10.93|12.99]0.78 |0.65
15.6{180 [462 5348 |596 6901 |710 8213 [10.97]|13.20|15.11[0.83 [0.73
20.7|240 |718 8305 |[888 10278 (1033 11957 {13.7415.77(17.53|0.87 |0.78
25.9|300 [1034 11972 (1237 14321 (1411 16329 [17.08|18.86{20.450.91 |o0.84
31.1|360 {1432 16578 {1660 19216 {1857 21498 |21.38)22.82]24.17]0.94 |0.88
36.3][420 [1942 22472 2184 25278 2397 27741 |27.44)28.28(29.19]0.97 [0.94

V¥ a1qelL

- 6 -
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APPENDIX B

ENERGY RELEASED PER FISSION

F. Hgpjerup, T. Petersen

The energy released in a fission process comprises the kinetic
energies of the fission fragments, fissions neutrons, B-par-
ticles, and neutrinos as well as the y-radiation emitted during
the fission or from the decay of fission products. Furthermore,
energy is released by capture of neutrons (as y-radiation).

For this work the following values which have been taken from
ref. (Bl) are used:

Table Bl
Energy per fission
0235 fission Pu239 fission
PJ MeV PJ MeV
Fission fragments 26.63+0,21 166.2+1,3 27.,68+0.30 172.8:1.9
B-particles l1.12 t+0.05 7.0 0.3 0.98 20.10 6.1 0.6
neutrons 0.77 t0.02 4.8 0.1 0.95 $0.02 5.9 0.1
prompt Y 1.28 0,13 8.0 0.8 1.23 $0.22 7.7 1.4
decay vy 1.15 +0.18 7.2 =*1.1 0.98 *0.21 6.1 1.3
(n,y) 1.28 +0.16 8  :1  1.28 :0.16 8 =1

* these numbers are not from ref. Bl; they are evaluated in the
. following text.
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In these experiments the fuel rods are placed in a calorimeter.

In Figure Bl a cross section of the calorimeter is shown. All of
the energy absorbed inside the He-gap will contribute to the
energy measured by the calorimeter. In order to calculate the
burn-up of the fuel pin from the calorimeter measurements the
energy absorbed inside the He-gap per fission must be known.

The energy of the fission fragments and f-particles will be
absorbed directly in the fuel. Because of the large amount of
water in the calorimeter it is assumed that the kinetic energy
of the fission neutrons will be absorbed inside the He-gap.
Thus only the contributions from y-r-.diation must be estimated.

Reactor physics calculations show that the neutrons captured in
the materials in the calorimeter are shared approximately equally
between water-zirconium and Uoz. The energies liberated per
capture in some important nuclides are:
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Q-value

huclide
pJ/capture |MeV/capture

H 0.35 2.2
2r 1.30 8.1
y23s 1.04 6.5
U238 0.91 5.7
Pu239 1.04 6.5

The rate of capture in the different nuclides will vary during
burn-up, but, as can be seen from the table, the average energy
liberated per capture can not deviate much from ~ 0.96 pJ (6 MeV),
considering the given zr-nzo mixture.

To get the energy liberated by neutron capture per fission we
must multiply the energy liberated per capture with the effective
mumber of captures per fission. In the beginning, when all
fissions are U235-fissions, this number must be (v235-1) x fle
~ 1,2, with Vy3g = 2.47 and the leakage probability, fl

ak
~ 0.80

eak
If all fissions were Pu239 fissions the corresponding number
would be ~ 1.5, with Va3g9 = 2.89,

These are the limits, 1.2 is the starting value and 1.5 will
never be reached.

Thus the energy liberated by capture per fission will be in the
range 1.15-1.44 pJ (7.2-9 MeV).

To calculate the y-absorption of the calorimeter the latter is
treated as a homogeneous cylinder having density as 002 and the
same mass per unit length as the calorimeter. This equivalent
cylinder turns out to have a radius of 13.0 mnm.

The problem is now reduced to that of calculating the y-absorp-
tion in a 13.0 mm ¢ cylinder in two cases:
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1) When the y-source is uniformly distributed across the
cylinder (corr:sponding to capture Y's)

2) When the y-source is confined to the inner 6.3 mm radius
cylinder (corresponding to prompt y's and fission product
decay Y's).

Earlier calculations by means of a Monte Carlo method have shown
that 55% of the y-energy generated uniformly within a UO2 cylinder
with radius 6.3 mm escapes from the cylinder. This result is
scaled to a UO cylinder with radius 13.0 mm by the following
method.

2

It is assumed that y—quanta are absorbed at their first collision.
From collision probability theory it is known that given an
infinite cylinder in which particles are emitted uniformly the
fraction of particles that escapes the cylinder without colliding
with the atoms of the cylinder is given approximately by

4 3 .
pryaill ey (1)

where L is the mean cord length and & is a dimensionsless number.
For an infinite cylinder & is equal to the diameter given in
units of mean free paths. By means of (Bl) the mean cord length
for a UO2 cylinder with radius 6.3 mm may be calculated. The
result is & = l.14. The mean free pa*th r for vy in uo, is then

r =1.26/1.14 = 1.11 cm.

The mean cord length for the 1.30 cm cylinder is

2, = 2 x 1.30/F = 2,35 (B2)
By means of (Bl) it is seen that ~ 65% of the energy from the
(n,y) reactions is absorbed in the calorimeter.

As stated earlier Monte Carlo calculations show that ~ 55% of

the energy from prompt y's and y's from decay of fission products
escape from the 2zone of radius 6.3 mm. Some of this energy is
absorbed in the annulus with radii 6.3 mm and 13.0 mm., This ab-
sorption is calculated as if the annulus were an infinite slab
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of the same thickness as the annulus. The fraction of energy
absorbed in the slab is

1 - e 2t/T 4 9.70 (B3)
where t is the thickness of the slab.
The total fraction of energy from prompt v's and y's from the
fission products absorbed in the calorimeter is then ~ 84%.

(0.45 + 0.55 « 0.70) ~ 84%.

The energy released per fission to the calorimeter is given in
Table B2.

Table B2. Energy per fission released to calorimeter.

0235 fissions Pu239 fissions
pJ MeV pJd MeV

Fission fragments 26.6320.21| 166.2:1.3 | 27.68:0.30] 172.8+1.9
B-particles 1.12 $0.05| 7.0 +0.3|0.98 +0.10| 6.1 +0.6
neutrons 0.77 x0.,02} 4.8 $0.110.95 z0.02}] 5.9 0.1
prompt Y 1.07 #0.13{6.7 +0.8}1.04 £t0.22] 6.5 1.4
decay vy 0.96 +0.18| 6.0 +1.1]0.82 £0.21| 5.1 1.3

(n,y) 0.88 $:0.16 | 5.5 =1 0.88 :0.16] 5.5 1

Total 31.4 20.3 | 196 +2 32.4 £0.3 202 2

REFERENCE

(Bl) JAMES, M.F., "Energy Released in Fission", AEEW-M863, 1969.
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APPENDIX C

EXAMPLE OF CALCULATION OF POWER AND BURN-UP DISTRIBUTION

The procedures for calculating assembly values (section 4.1.2),
local values (section 4.1.3) and pin average values (section
4.1.4) have been implemented on a PDP 11/10 minicomputer (ref.
Cl). The input required for a given calculation is given on the
following page, while the corresponding output is seen on the
continuing page.

REFERENCE

1) BAGGER, C. (1979). Program HP, Version PDP/1l, til effekt-
og udbrandingsfordelingsberegning p& HP-1 stave”. Internal
Report B472.
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CALCULATION OF HEAT RATING AND BURN UP
INPUT TO PROGRAM HP/PDP/1

HP - test no.: 069 . Pins {max. 3) 5 irr. per’s Y
PIN INFORMATION FUEL LENGTH WEIGHTS
Pin no End peliets | Total End Central Pin
L. Bottom| Top | stack pellets pellets total
NG 13- Y los |log | 12.%9 ‘—qu.o 75.0 Zu.o
RG 13- 3 .o [1.e¥ | 1£¥%| (Y.0o 3.0 {24.0
G 13 -C 102 | 0% | 125 4o 3.5 1740

Rig type MK I/m: [ Gi__ ) BWR/PWR: [ PWKR | Weight couplings:

Enc. init., end peliets: | Enr, init., central pellets:
RP - calculation parameters according to RP=A - gub.c, D- BUpax. GJ/kgV
A B - C D
.32 &E~Y 1.0 0.-%+50 1Zr. Linear eq. ot low BU
0. 50Y 0.0%(% 0.0 L X4 Power eq. ot higher BU
Gamma scan information. Isotope: 45 2v/Nb
Curve heights in pos. 1-6 (bottom first): ‘[596 [59.5 | 59.5 ] 59.51 5% 7 |55-8
Average height of central pellet scans: 5% 4
Central pellet scan curve areas (bottom pin first): 1629964 % [62%0
lrrudiotionﬁ;aramoters — continued

Core Irr, | Rig Core Irr. Rig
OR 3 per| DR 3 power | time | power OR 3per.| DR3 power | time | power

No, pos. MW h kW No. pos. MW h kW
S 1] 0.0 | ¢SO ] 22 I ST (N
5¢ | A1 wo | 5261 2651} .

87 | A1 | .o | s58 [ 0.9

B

IO SN SRR S -

— e e

e — o m——

May be continued up to 74 entries
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HF-TEST &% RIG TYPE _MARK 3 PIN TYPE PWR

TABLE C1
IRRADIATION FARAMETERS AND ASSEMBLY RESULTS
DR3.FPER FOS CORE FOWER IRRT Q(RIG) HEATRATING BURN-UFP BURN-UF

ND M HRS KW KW/M GJ/KG_U_MWD/TUDZ2
185 Al 10.0 650 22,5 24.4 147.6 1710
186 Al 10.0 526 21.3 41.3 293.6 2994
187 Al 10,0 S59 20.9 30,2 324.1 4327
TABLE C2
PIN AVERAGE VALUES
AG17-6 AG17-7 AG17-4
TOP-FIN CENTER-PIN BOTTOM-PIN
POWER BURN UP POWER BURN UP POWER BURN UP
: oo o L TUDD
43.5 163.9 1672, 45.1 170.9 1743. 44.7 169.0 1724,
40,5 287.1 2929. 42,0 299.3 3053. 41.5 296.0 3020,
39.5 414.7 4230, 40.9 432.3 4411. 40.5 427.6  4362.
TABLE C3
LOCAL VALUES
AG17-6

FOSITION E6 POSITION Cé6 POSITION CS POSITION ES

POWER BURN-UP POWER BURN-UF POWER BURN-UF POWER BURN-UF
Ul GJ/KG U KW/M GJ/KG U KW/M __ GJ/KG U KW/M  GJ/KG U
33,7 124.0 43,8  164.9 46,1 173.4 35.4 132.64
32,1  222.9 40.6 288.3 42,7 303.3 33,8 235.0
32,2  326.5 39,4  415.5 41.4  437,1 34,0 344.5

TABLE C4

LOCAL VALUES
AG17-7

POSITION E4 FOSITION C4 FOSITION C3 FOSITION E3

FOWER BURN-UF FOWER DBURN-UF FOWER RURN-UF POWER BURN-UF
KW/M GJ/RG U KW/M  GJ/KG U KW/M GJ/KG U KW M GJ/7KG U
35.7 134,55 46.7 175.8 46,7 175.8 35,9 134.3
34,3 238.4 43.3 307 .4 43,3 307.4 34.3 238.4
34,3 349.4 42.0 443,1 42,0 443.1 34,5 349 .4

TABLE CS

.OCAL VALUES
AG17-4
FOSITION E2 FOSITION C2 FOSITION C1 FOSITION E1

FOWER BURN-UF FOWER BURN-UF FPOWER BURN-UF FOWER BURN-UF
KW/M GJ/KG U KW/M GJ/RKG U KW/M GJ/KG U KW/M GJ/RG U
35,9 134,35 46,7 173,8 46.3 174,3 35.6 133.3
34,3 349,4 42,0 443.1 41,5 439.4 34,2 346.3

Note: Position numbers in Tables C3, C4 and C5 are defined in
‘Figure 10 in the main text.
The letter "E" or "C" in front of the position number refers
to end or central pellets, respectively.
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NOMENCLATURE AND UNITS

Main parameter

BU[~]
BUI[-]
CPF

Accumulated Burn-Up

Burn-Up Increment

Core Power Factor

Actual DR3 core power in the irradiation
period in question, MW, divided by the
nominal core power = 10 MW

Material specific gamma power

Height of a curve

Irradiation Time (often one DR3 operating
period)

Length of material

Power, linear heat rating

Heat, power

Ratio of Power

Temperature increase

Volume of flow per time

Weight of material

SI-unit

GJ/kg U
GJ/kg U

W/g

kW/m

kW

m3/s
kg
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Text in bracket

This text specifies in general the main parameters with regard
to origin, time and location. If unspecified, the main par-
ameter refers to the whole assembly.

A list of non-self-explanatory text is given below.

AVG Average

ASS'Y Assembly

C Central pellets

E End pellets

El First of two end pellets

E2 Second " " " "

FISS Due to fissions only

FUEL for QIFUEL]: heat power due to fissions and
y-absorption

GAMMA,Y Due to y-absorption

POS X Position of central pellets

POS Y Position at end pellets
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TABLE OF CONVERSION FACTORS

9.869 kp/cm® = 9.869 at.

1 MPa =1 MN/m2

1 kW/m2 = 0.1 Wem?
1 kW/m = 10, W/cm
11.57 MWA/tU
1 GJ/kg U =
10.20 MWa/tuo,
"1 pd = 6.24 MeV
3.169+10"2 year
1.157-10"° day
ls =1 2.778-1074 nour

1.667-102 minute
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Title and author's)
CALCULATION OF HEAT RATING AND BURN-UP FOR
TEST FUEL PINS IRRADIATED IN DR3.

t
Ds;huary 1980

Oepartment or group
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A summary of the DR3 reactor and HPl rig design
is given followed by a detailed desc:iptién of
the calculation procedure for obtaining linear
heat rating and burn-up values of fuel pins ir-
radiated in HPl rigs. The calculations are
carried out rather detailed, éspecially regardindg
features like end pellet contribution to power .
as a function of burn-up, gamma heat contributiorns,
and evaluation of local values of heat rating
and burn-up. Included in the report is also a
description of the fast flux- and cladding
temperature calculation techniques currently used.-

A good agreement between measured and calculated
local burn-up values is found. This gives confi-
dence to the detailed treatment of the data.
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