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ABSTRACT

The HFIR target design was investigated to determine the interaction of

Pu loading, number of 3/8-in.-diam target rods, neutron flux, and batch
252

irradiation time on the production of Cf. The study indicates that irradia

tion time and heat flux are the most important variables in determining the

252
■ Cf production.

The interface between the pellet and tube was studied to determine the

effect of resistance to heat transfer on the maximum rod temperature. A

temperature of 900°F was selected as an upper limit for normal reactor

power. A metallurgical bond or heat transfer equivalent between the pellet

and tube would permit a maximum heat flux of 1-5 x 10 Btu hr" ft" . A

radial clearance of 0.8 mils or less would permit a maximum heat flux of

1 x 10 Btu hr"1 ft"2.

The maximum permissible loading based on this analysis of the present

2^-2
design and the target material presently on hand is 310 g of PuO (27^ g

2I4.2
of Pu) in 31 rods. It is recommended that this loading, which is about

an optimum loading for 18 to 2k months of irradiation at a heat flux of

1 x 10 Btu hr"1 ft"2, be used.

The plutonium feed material available for the first target loading

OOQ 2^1
contains about lfo Pu and l°jo Pu. The inclusion of these fissionable

materials in the target results in a heat flux at the beginning of target

irradiation that is slightly more than that associated with the peak Cm

concentration later in the cycle. However, the maximum rod temperature is

less than 900°F.
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INTRODUCTION

The plutonium loading previously specified forhthe island'target

in the HFIR was ~300 g Pu plus ~3 g Pu, the latter isotope concen

tration being limited to'one percent so that the initial heat generation

rate would not exceed that associated with the subsequent buildup of

Cm (ref. 2). At the time these calculations were made, the weight

ratio of aluminum to plutonium was estimated to be 5> and the irradiation

time was assumed to be one year. The 300 g loading represented an opti-

252
mum loading, in terms of maximum Cf production, for these conditions „

239
Since that time structural changes plus the inclusion of J Pu in the feed

material on hand necessitated a revaluation of the target loading and

aluminum to plutonium weight ratio.

The target consists of PuO -Al cylindrical pellets encased in 3/8-

in.-OD by 20-in.-active-length aluminum tubes (shown by Fig. 3), whi-ch are

bundled together to make up an assembly. An important heat transfer pa

rameter associated with this type of design is the thermal resistance of

the bond (or lack of bond) between the pellets and the tube. A variation

in this resistance has a significant effect on the permissible heat flux

and thus the metal-to-water ratio and/or weight of plutonium in the target.

1 ■METHOD OF ANALYSIS .

A parametric study, based on a conceptual target design, was made on

252
the production of ^ Cf in the HFIE target region. The concentration of

Pu and Al was varied in the target region with the following constant

parameters: (l) 5-in. island diameter, (2) 3/8-in. individual target rod

diameter, and (3) 100 Mw reactor power level. The variations in Pu

loading and number of rods, as given in Table 1, were used to determine

the average neutron flux in the target region with Modric . These

average neutron fluxes were used in conjunction with the results of the

2 252
minimum production scheme of Claiborne to give the Cf production for

batch irradiation times of k, 10, 12, 18, and 2h months. However, a

maximum production scheme and contributions from nonthermal capture were
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Table 1. Pu-Al Parameter Variations

_ T ,. No. of - v», ~..
Case Loading 3/Qn m& Rods g/R'od

g

1 150 15 10.0

2 150 18 8.55

3 150 21 7.1U

4 150 24 6.25

5 150 27 5.55

6 175 18 9.72

7 175 21 8.35

8 175 24 7.29

9 175 27 6.48

10 175 50 5.85

11 200 21 9.52

12 200 24 8.55

15 200 27 l.kl

14 200 50 6.67

15 225 24 9.55

16 225 27 8.55

17 225 50 7.50

18 225 21 10.7

19 250 24 10.4

20 250 27 9.26

21 250 50 8.55



included in the isotopic concentrations for maximizing,the average heat

generation to evaluate the heat removal problem. This average heat gener-

l2l+2 252
ation included the fission heat from the fissionable Pu- Cf chain

members and the deposition of gamma rays from the fuel element.

The average heat flux found from the above mentioned heat sources

was converted to a hot spot value . A radial maximum-to-average power

ratio was determined from the radial neutron flux distribution, whereas

a constant value of 1.29 was used for the axial maximum-to-average value

as found in reference 1. A local uncertainty factor of 1.25 was also

applied with the flux peaking values to give a maximum heat flux. The

product of the average heat flux and the three peaking values defines

the heat removal problem for a design analysis .

252
The effects of the three variables on the Cf production are shown

in Fig. 1 for batch irradiations. Figure 2 gives the maximum heat flux

2I4.2
versus Pu loading for a specific number of rods . As can be seen from

Fig. 1, the surfaces for about 10 to 15 months of irradiation time dis-

252
play almost no preference for loading, but gains in Cf production are

made with increased heat flux, (lower metal-to-water ratio).

Since heat flux and maximum rod temperature are so intimately re

lated, the final design must consider the temperature problem also. An

investigation of the rod temperature pattern was conducted with the

following assumptions:

1. Minimum local heat transfer coefficient was applied as recom-

mended by Gambill.

2 . Al 0 formation was given by the equation of Griess .

3. The oxide formation-was for 6 months' operation at 3/^ of

'the hot spot heat flux.

k. The minimum bulk water velocity was kO ft/sec.

5. The bulk water temperature at the hot spot location was 130°F.

6. The thermal conductivity of the Al was 125 Btu hr"1 ft"1 (°F)~ .

7- The thermal 'conductivity of the PuO -Al powder compact was

50 Btu hr"1 ft"1 CF)"1.

8. No axial heat conduction.

9. Eighty-five percent of the-heat was generated in the pellets

and 15$ in the containment tube .



With these assumptions, three cases were studied for the present

fabrication technique of separate pellets contained in a tube as shown

in Fig. 3- The cases were:

1. Metallurgical bond or heat transfer equivalent.

2 . A clearance containing gas.

3- A heat transfer resistance with no clearance.

All three cases had the same temperature distribution for the con

tainment tube and also all cases had the same temperature profile for the

pellets . The only difference in the three cases was the temperature drop

at the interface. An analysis of the temperature pattern was performed

for Case 1 for different heat fluxes, and the maximum temperature results

are shown in Fig. k for a bond between pellet and containment tube. The

other two cases increased the maximum temperature by the temperature drop

at the interface as given in the following discussion.

For Case 2, two equations were written for a uniform clearance be

tween the pellet and tube. The first equation relates the difference in

expansion of the pellet and tube with the initial tolerance. The clearance

at power will be the difference in expansion of the pellet , the expansion

of the tube, and the .initial clearance as given below:

t = C - (T£ - T2) aE (1)

where

t = clearance at temperature, mils;

Tp = average temperature of tube, °F;

T, = average temperature of pellets, °F;

Q! = linear coefficient of expansion, 13 x 10 in. in. (°F)~ ;

R = radius of pellet, 125 mils;

C = initial clearance, mils.

The second equation is a rearrangement of the conduction equation

with constants to convert to the dimensions as used in the above equation.

The second equation is

1.5F



where

t = clearance at temperature-, mils;

k = gas thermal conductivity, Btu hr" ft" (°F)~ ;

AT = temperature drop across clearance at temperature, °Fj

S 6 -1 -P
F = fractional part of a 10 Btu hr ft heat flux at

outside surface of containment tube.

The average temperatures were expressed as functions of F and AT ,

and the two equations were solved simultaneously for

A 615 c - 108F

mg J+.92 k *
1 + ^r-2

A conservative estimate of AT was obtained by assuming (k .92 k )/F
§ g •<

was negligible in comparison to 1. This was reasonable, for the heat

fluxes studied because the clearance was assumed, for design purposes, to

contain mostly fission gases. Thus, an error of about 10$ was made in re

ducing Eq. (3) to

AT = 6l5C - 108F . (k)

Equation (k) resulted in a AT of 300 to i+00°F with an initial

clearance of 3/U mil for the range of heat fluxes considered. The

initial clearance will almost disappear with thermal expansion. In fact,

the clearance at temperature will be less than the combined initial sur

face roughnesses of 125 M-in. Thus, the pellet will probably have metal-

to-metal contact and will be considered as Case 3. A temperature of 400°F

was added to Case 1 to obtain Case 2 as shown in Fig. k as the curve for

a 3/^-mil initial clearance.

In Case 3, the assumption is made that the pellet and containment

tube have intermittent areas of metal-to-metal contact'. Parallel heat

flow paths will be established with both gas and metal conductance con

tributing to the heat removal process . An idealized model for predicting

the thermal conductance between metallic surfaces has been proposed and

is in good agreement with the experiment data. The analysis depends on

surface roughness, apparent contact-pressure, .gas and metal conductivities,



number of contact points, and area of contact. The reference predicts

the thermal conductance versus apparent pressure for Al—U surfaces at a

mean contact temperature of 75O°F, a 150-rms combined surface roughness,

with assumed profiles obtained from Al and iron samples and a 50$> He +

50$) (Xe + Kr) by volume gas mixture. The use of the above predicted con-
7

ductance should be conservative since the lower Al pellet yield stress

would provide more contact area than the U for the temperature range of

interest. ■ An approximation to the thermal conductance is

h = 1000 (pa)i/2 (5)

where

-1 -2 -1
h = contact thermal conductance Btu hr ft (°F)

P. = apparent pressure, psi

An additional equation is the expansion of the tube and pellet which

is written as

P R2
(T1 - T2) an = c + -|_ (6)

where

T? = average temperature of tube, °F

T, = average temperature of pellet, °F

a = linear coefficient of expansion, 13 x 10~ in. in." (°F)~

R = radius of pellet, 0.125 in.

C = initial fabrication clearance, in.

6 -2
E = modulus of elasticity of tube, 10 x 10 lbs in.

b = thickness of tube, 0.125 in.

The heat flux at the contact surface can be written as

(l.5)(.85)(F)(io"6).= h^?c (7)

where

F = fractional part of 10 Btu hr"1 ft"2 heat flux
-1 -2 -1

h = contact thermal conductance Btu hr ft (°F)

AT = temperature drop at contact surface, °F



" )

and when combined with Eqs . (5) and (6) yields

ATc = 615C - 108F + 615 (2 XAt°- F)' ' (8)

The last term in Eq. (8) is negligible in comparison with the other terms

for this study. Therefore, the equation for the temperature drop at the

contact surface is .

AT = 6l5C - 108F (9)

which is the same as Eq. (h). Therefore, Case 2 and'Case 3, produce about

the same temperature drop at the pellet and tube interface and the tempera

ture is shown in Fig. k for a 3/^-niil initial clearance.

RESULTS AND CONCLUSIONS

With rod temperatures calculated for the heat, flux range of interest,

the selection of a maximum temperature for design purposes will be dis

cussed. The maximum rod temperature was fixed at 1220°F. (This corre

sponds to the melting point of aluminum in order to eliminate any

possibility of settling of the PuO particles.) This gives a 1090°F

maximum temperature difference between the maximum rod temperature and

bulk water temperature. This value was reduced by 30% to be consistent

with the design of the reactor control system, since the power level scram

point is set 30% greater than the 100 Mw design power level. In addition,

a 10% reduction is taken for contingencies. The application of the above

factors gives 900°F as the maximum rod temperature. Applying the 900°F

temperature criterion to Fig. k establishes the heat flux at 1 x 10

-1 -2
Btu hr ft for the target design shown in Fig. 3- Limiting the heat

6 -1 -2 2k-2
flux to 1 x 10 Btu hr ft in Fig. 1 gives an optimum Pu loading

of 190 g for one years' irradiation time. The corresponding number of rods

as determined from Fig. 2 is 26 . . .

The aforementioned optimization was determined to meet one HFIR

252
design objective which was to maximize the Cf production in one year

of target irradiation. It is evident from Fig. 1 that this design ob-

2^2
jective is not seriously compromised with large variations in Pu

loading (e.g., a 50% change in Pu loading produces a 10% variation in



Cf production). Therefore, other objectives could be considered in

2^2
determining the Pu loading. Such considerations could be the amount

of material to process, establishment of a recycle schedule, or longer

irradiation periods. Thus, the question arises: What is the maximum

loading for the target design shown in Fig. 3?

The target assembly has 31 matrix positions with two proposals for

utilizing these positions • One proposal has all 31 positions occupied

with target rods, whereas an alternate proposal has 30 target rods with

a centrally located rabbit facility. The solution to the above question

corresponding to each proposal can be determined from Fig. 2 for a heat

6 ^6-1-2 n 2^-2
flux of 1 x 10 Btu hr ft . The maximum loadings are 283 g of Pu

(318 g of PuO2) in 31 rods and 265 g of Pu (300 g of PuO2) in

30 rods.

2.k2
An examination of Fig. 1 for about 275 g of Pu and a heat flux

6 -1 -2 252
of 1 x 10 Btu hr ft indicates about optimum Cf production for

irradiation times of 18 to 2k months. Therefore, it is recommended that

piio 2^2
each target rod contain 10 g of PuO (8.83 g of Pu) so that either

30 or 31 target rods can be inserted in the target region withoutcexceed-

252
ing the heat flux criterion or appreciably decreasing the Cf production.

252
An'investigation was conducted on the effect on Cf production of

the initial clearance between the pellet and the containment tube . The

2^2
maximum temperature was held constant at 900°F by adjusting the Pu

loading as the clearance was varied. The study indicated that 8.83 g

, 2^-2
Pu (10 g PuO ) per rod would be permissible for initial clearances

up to 0.8 mil between the pellet and containment tube. Larger clearances

2U2 252
required lower Pu loadings; consequently, the production of Cf

252
would be reduced. The Cf production as a function of the aforementioned

clearance is shown in Fig. 5• The figure illustrates the need to guarantee

that the target rods have an initial radial gap no greater than 0.8 mil

between the pellet and the containment tube . Destructive tests indicate

a maximum initial clearance of 0.5 mil.

Another problem analyzed was the permissible reactor power level for

239 2*kL
a target rod that contains Pu and Pu as the heat source. While

these isotopes will disappear exponentially with time due to neutron

absorption, the heat generation at, any time will be proportional to the



number of fissionable atoms present. Thus the heat generation can be

related to the initial value as

H±(t) =Y H.(o^ exp [-(<j° + a[) 0 t J (ll)

where

H(t) = heat generation at time t, Btu hr ft ;

H(o) = initial heat generation for the i— isotope, Btu hr ft ;

c ,_ , , . . .th . , 2
a. = neutron capture cross-section for 1— isotope, cm ;

a. = fission cross-section for i— isotope, cm ;

1 -2 -1
0 = neutron flux, neutron,cm sec ;

t •= irradiation time, sec.

The average heat generation can be-converted to an average heat flux for

the rods by using the average, neutron flux. The average neutron flux is.

proportional to the power level; thus, employing the proper conversion

constants, the heat flux per megawatt is given by

(Q7I)f) (7660)(af)(Mw) N.(o).exp - (1.28 x1 10~6)(a*" + a?) Mwd (12)
- I—i ! 1 ! !

where

(Q/A) = average heat flux, Btu hr ft ;

Mw = power level of reactor, megawatts;

a. = fission cross-section for i— isotope, barns;

a. = capture cross-section for i— isotope, barns;

d = irradiation time, days;

N.(o) = initial concentration of i— isotope, moles/rod.

Q

The average Al gamma heating in the target region is assumed to be O.65

watts per gram- per megawatt. This can be converted to an average heat

flux on a target rod by the relation

(Q7A) = (133O)(Mw) .- (13)
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Combining Eqs. (12) and (13) for the total average heat flux gives

(q/A) = W766O af± N^o) exp - M..78 x 10~6J (V + of) Mwd + 1330I (Mw) .

(Ik)

The maximum-to-average nuclear peaking factors for the radial and

axial direction are 1.06 and 1.29, respectively. In addition, a hot spot

factor of 1.25 was chosen to cover all contingencies. The product of the

above three factors with the combined average heat flux gives the peak or

"hot spot" heat flux as

7660 CTi m(o) exP "If1-78 x 10; (al + al) Mwd 33[ (
(15)

The heat removal for this case must satisfy the same restrictions as

previously discussed. The only change will involve the assumptions made

regarding the aluminum oxide formation on the outside surface of the con-

r

tainment tube. The target rods have not accumulated sufficient environmental

5 ■'•
exposure to produce a thick Alp°o film which negates assumptions 2 and 3

on page 6. Using the previous analysis with the above exceptions permits

the maximum temperature in a rod to be written as

T = 622 + 224 x 10 (Q)/A) (16)

where

T = maximum rod temperature, °F

(q/A) = heat flux at the outside surface, Btu hr~ ft" .

This equation was obtained by expressing the temperature changes as func

tions of the outside surface heat flux. Equation (h) was used with a

0.8-mil fabrication clearance to establish the temperature drop at the

pellet-tube interface. A 900oF maximum temperature, a limitation previously

discussed, is substituted into Eq. (l6) and is solved for the heat flux as

Q/A = 1.24 x 106 . (17)

This can be inserted into Eq. (15) along with the cross-sections for Pu "*
24l

and Pu to give the permissible power level as
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7.88 Nl(o)

where

N,(o) = Pu loading, moles/rod:
2^1

Np(o) = Pu loading, moles/rod;

Mw = power level, megawatts;

d = irradiation time, days.

9

The material on hand to fabricate the recommended target loading

of 8.83 g of 2 2Pu per rod will have 239Pu and ""tu loadings of O.O795

and O.O892 g/rod, respectively. The solution of Eq. (18) for the above

concentrations per rod gave a permissible nominal reactor power level of

120 Mw at the beginning of a target irradiation. This allowable power

level permits substitution of unirradiated target rods that are fabricated

239 -r
with the aforementioned Pu and £""Ta'Purod concentrations for irradiated

target rods without altering the-normal reactor operating power level-.

The final calculation made for the target rod design' was the burnout

heat flux. A pressure of 200 psia and a water temperature of 1^0°F gave

a minimum burnout heat flux of 3.8 x 10 Btu hr" ft" , utilizing Gambills'

burnout heat flux equation. The above burnout heat flux gives a factor

of 3 or greater for the burnout margin at any time during the target rod.

irradiation cycle. This is a conservative calculation because the nominal

operating pressure is 600 psia and the reactor scram point is set at 375

psi. - •

IRRADIATION OF TARGET PROTOTYPES

Four HFIR target-prototype irradiation rods were inserted in the.

ETR on October 28, 1963, and irradiated with an average heat flux of about

0.6 x 10 Btu hr~ ft" . The first of the rods was removed on April 13,

196^, after an estimated peak unperturbed exposure of 1.7 x 10 neutrons/
2

cm . The remaining three rods are still being irradiated as planned, to



Ik

21 ^"
a level of integrated, peak, unperturbed exposure of 3-2 x 10 neutrons/

2 *'*
cm . However, to evaluate a prototype exposed to average conditions which l

closely approach the predicted operating hot-spot conditions in HFIR,

plans are under way to irradiate one prototype in a peak unperturbed ther

mal flux of 3-75 x 10 neutrons/cm" sec~ . In this neutron flux, the

prototype will be subject to an average heat flux of 10 Btu hr~ ft" .

With the exception of some detailed metallography, the examination

of the first target prototype is nearly complete. The tubing-to-hex-can

spacing and length of the capsule were unchanged. The capsule-to-hex-can

attachments were sound. All surfaces of the aluminum were covered with a

thin layer of off-white oxide. Gamma-ray scanning indicated almost uniform

flux distribution, with a slight peak about k l/2 in. from the top of the

pellet column. Cobalt-activation analysis of the central aluminum fin in-
pi

dicated an integrated flux exposure of 1.27 x 10 nvt. Subsequent burnup

analyses from the peak pellet, which was about 10$ above the average,

indicated a heavy-element burnup of kk at. $ (31 at. $ fissioning or

1.1 x 10 fissions/cc in the fuel composite). The peak-to-average ratio

and the actual fissioning are in remarkable agreement with the preirradi-

ation predictions and thus tend to substantiate all the operating con

ditions intended to be comparable with the actual HFIR targets .

Fission-gas samples were taken from three locations on the proto

type, from each of the void spaces provided at the ends of the target and

one by drilling into a centrally located pellet. The amount of gas re

moved from these regions indicated that there was nearly a complete sepa

ration of the voids>, one from another, and that up to this level of

irradiation most of the gas was retained within the pellets . Based on
Or-

the Kr recovered from both of the end plenums, less than 2$ of the

fission gas had been released to the plenums.

The rod was sectioned through the fuel material which revealed a

tightly packed fuel sample with no apparent gap between the various

tubes . There was no evidence of melting or void formation in any of

the sections . . r'
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